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Preface
Marine Compounds and Cancer: Where Do We Stand?
In Western countries, cancer is among the most frequent causes of death. Despite striking
advances in cancer therapy, there is still an urgent need for new drugs in oncology. Current
development favors so called “targeted agents” or drugs that target the immune system, i.e.,
therapeutic antibodies that enhance or facilitate an immune response against tumor cells (also
referred to as “checkpoint inhibitors”). However, until recently, roughly 60% of drugs used in
hematology and oncology were originally derived from natural sources, and one third of the
top-selling agents are either natural agents or derivatives [1]. There is justified hope for the
discovery and development of new anticancer agents from the marine environment.
Historically, this habitat has proven to be a rich source of potent natural compounds such as
alkaloids, steroids, terpenes, macrolides, peptides, and polyketides, among others.
Interestingly, marine agents and cancer treatment have had a special relationship from the
beginning. One of the first marine-derived compounds, discovered in 1945 that was later
developed into a clinically used drug, was spongothymidine [2–4], which was the lead
compound for the discovery of cytarabine [5]. Until today, cytarabine remains one of the most
widely used agents in the treatment of acute myeloid leukemia and relapsed aggressive
lymphomas.
To date, four marine cytotoxic substances, namely cytarabine, trabectidin, eribulin, and
monomethylauristatin E (vedotin, derived from dolastatin 10, as part of an antibody–drug
conjugate together with brentuximab), have made their way into clinical routine. Many more
are in different phases of testing within clinical trials, and a plethora of substances has already
been tested for their in vitro and in vivo activity.
More and more precise research tools allow the dissection of the molecular mode of action
of these cytotoxic substances, thereby uncovering the specific drug targets in cancer cells.
This development will potentially blur the edges between “targeted” and “untargeted” therapy
in the future, and will hopefully lead to a more targeted use of cancer medicine in general,
based on a substance’s molecular mode of action and increasing knowledge regarding specific
tumor characteristics on an individual level, i.e., by next generation sequencing.
The Special Issue “Marine Compounds and Cancer” (http://www.mdpi.com/journal/
marinedrugs/special_issues/marine-compounds-cancer) of the open access journal, Marine
Drugs (ISSN 1660-3397) was running for two years (2013–2015). It comprises 39 articles in
total, a quarter of which are reviews, summarizing the current state of the art in different
topics. It covers the full scope from agents with cancer-preventive activity, to novel and
previously characterized compounds with anti-cancer activity, both in vitro and in vivo, and the
latest status of clinical development of marine agents used in clinical trials.
The Issue covers a representative selection of different classes of natural or syntheticallyderived biomolecules, such as polysaccharides, peptides, lipids, and small-molecule secondary
metabolites, isolated from different marine organisms—sponges, ascidia, holothurians, algae,
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marine fungi, bacteria, and others. Of note, several research articles and reviews submitted to
our Special Issue independently from each other, chose the topic of the anticancer properties
of the polysaccharide fucoidan, indicating that this compound has become one of the most
promising and “hot” topics in the field of marine drugs. Likewise, several articles describe
different aspects of trabectedin. In contrast to fucoidan, trabectedin may be considered to
“have made it already”—it is one of first marine-derived anticancer drugs which has been
approved for clinical use.
In the following sections, we want to provide a short overview of what the reader will find
(and hopefully will also find interesting!) in this Special Issue.
Review Articles
This Special Issue contains 11 reviews on different topics related to anticancer properties
of marine natural compounds. López-Saiz and colleagues from Mexico review the cancerpreventive lipid compounds from shrimps, based on their structures and mechanisms of
action [6]. Fedorov and colleagues from the Russian Federation discuss structural diversity,
biological activity, and the molecular mechanisms of action of polysaccharides from
different classes of marine organisms, such as macro- and micro-algae, as well as marine
fungi, bacteria, and marine animals [7]. Another related review by Kwak from Korea
specifically focuses on the polysaccharide fucoidan, derived from brown algae. This review
provides information on its promising cancer-preventive and anti-cancer activity and
mechanism of action both in vitro and in vivo, and, in addition, summarizes the current status
of its preclinical development [8]. A review on the anticancer activity of small-molecular
and polymer compounds isolated from seaweeds is provided by another Korean group,
represented by Moussavou and colleagues [9]. The activity of different compounds, with
special emphasis on the polysaccharide fucoidan against colon and breast cancer is reviewed.
Kumar and colleagues from Japan contribute a review of the anti-cancer effect of the
carotenoid, fucoxanthin, including its multiple mechanisms of action in vitro and in vivo
[10]. Newman and Cragg from the USA discuss marine-derived anti-cancer compounds
which were under investigation within late pre-clinical development, up to clinical trials in
Phases I–III by the end of 2013. Besides cytotoxic (in particular, antibody-drug-conjugates)
agents, they also focus on agents that show promising activity against cancer-related pain
[11]. Galmarini and colleagues from Italy discuss the mechanisms of action of the marinederived anti-cancer agents, trabectedin and plitidepsin. Interestingly, besides direct effects
against cancer cells, these substances also exhibit action against the so called tumor
microenvironment [12]. Another review on trabectedin is provided by Petek and colleagues
from the USA. The authors discuss the mechanism of action of the drug, and its activity and
development in the treatment of soft tissue sarcomas [13]. Stonik and Fedorov from the
Russian Federation provide an up-date on marine cancer preventive small-molecule
compounds. The literature published between 2003 and 2013 is analyzed, and mechanisms of
action are described [14]. Farooqi and colleagues from Pakistan and Taiwan discuss the ROS
modulating effects of marine-derived compounds, mainly their connection to the regulation
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of apoptosis and especially autophagy. The effect of both marine- and non-marine derived
autophagy modulators (both inducers and inhibitors) in cancer therapy is discussed [15].
Aminin and colleagues from the Russian Federation summarize recent findings on anticancer
activity of triterpene glycosides derived from sea cucumbers, and their molecular
mechanisms of action [16].
Research Articles
Recent findings in chemistry and biology of anticancer compounds isolated from marine
animals can be found in this Special Issue in 28 original research articles. Yang and
colleagues from China report the apoptosis-inducing activity of the polysaccharide fucoidan,
isolated from Undaria pinnatifida, in human hepatocellular carcinoma cells in vitro. A ROSmediated mitochondrial pathway is suggested to be critical for this process [17]. Another
comparative study analyzing cytotoxic (apoptosis-inducing) effects of native fucoidan and
fucoidan lipid nanoparticles on osteosarcoma cells in vitro and in vivo is provided by
Kimura and colleagues from Japan [18]. Zovco and colleagues from Slovenia, Sweden, USA,
and Italy show that APS8 (a synthetic analog of 3-alkylpyridinium polymer from the marine
sponge Reniera sarai) inhibits the growth and induces apoptosis in non-small cell lung cancer
cells, while normal lung fibroblasts are not affected. APS8 also reduces anti-apoptotic and
pro-proliferative effects of nicotine [19]. Li and colleagues from China apply a global
proteome screening approach to identify the molecular targets of sinulariolide (a compound
from the cultured soft coral Sinularia flexibilis) in melanoma cells. The results suggest that
sinulariolide-induced apoptosis might be related to activation of caspase cascades and
mitochondria dysfunction pathways [20]. Li and colleagues from China isolated five new
anthranilic acid derivatives, penipacids A–E, from the marine sediment-derived fungus
Penicillium paneum SD-44. Penipacids A and E are cytotoxic to human colon cancer RKO
cells [21]. Walsh and colleagues from the USA describe caspase-dependent and mitochondrial
pathway-related apoptosis in leukemia cells in response to treatment with epigonal
conditioned medium from the bonnethead shark, Sphyrna tiburo [22]. Su and colleagues
from Taiwan and Egypt investigate the mechanism underlying the cytotoxic action of
(1ƍR,5ƍS,6ƍS)-2-(3ƍ,5ƍ-dibromo-1ƍ,6ƍ-dihydroxy-4ƍ-oxocyclohex-2ƍ-enyl)
acetonitrile,
previously isolated from the sponge Pseudoceratina sp., in leukemia cells. The effect is
associated with mitochondrial dysfunction-dependent apoptosis, and the process is mediated by
oxidative stress, induced through inhibition of IKK/NFkB and activation of PI3K/Akt
pathways [23]. Ishikawa and colleagues from Japan examined anticancer activity and the
mode of action of hippuristanol isolated from the Okinawan coral, Isis hippuris, on primary
effusion lymphoma cells. The authors show that this compound induces cell cycle arrest and
apoptosis and suppresses several pro-survival pathways in vitro, and growth and invasiveness in
vivo [24]. Esmaeelian and colleagues from Australia report the bioassay guided isolation of
semi-pure tyrindoleninone and 6-bromoisatin from an egg mass extract of the marine
gastropod, Dicathais orbita. The compounds induce apoptosis and G2/M cell cycle arrest in
colorectal cancer cells [25]. In a subsequent manuscript, in vivo activity of the synthetic 6-
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bromoisatin in a mouse model of colorectal cancer cells was reported from the same group
[26]. Király and colleagues from Hungary and Spain investigated the effect of hypoxia on the
efficiency of the substance elisidepsin (Irvalec®). The authors show that hypoxia
significantly inhibits the anti-tumor effect of elisidepsin, and they show that this is mediated
by reduced levels of 2-hydroxy lipids in the cancer cell membranes [27]. Li and colleagues
from Korea and China investigated the in vitro anti-cancer activity of the alkaloid
fumigaclavine C, isolated from the marine-derived fungus Aspergillus fumigatus, using a
breast cancer model. They show regulation of several apoptosis- and proliferation/migrationrelated proteins, as well as inhibition of the NFkB pathway [28]. Pereira and colleagues from
Portugal investigated the effect of an extract of the sea star Marthasterias glacialis L. on
human breast cancer and neuroblastoma cells. Palmitic acid and ergosta-7,22-dien-3-ol are
the main components of the extract responsible for the anti-cancer activity [29]. GarcíaCaballero and colleagues from Spain report in vitro and in vivo anti-angiogenetic activity of
the pyrrolidinedione AD0157, isolated from the marine fungus Paraconiothyrium sp. They
attribute the activity to an inhibition of the Akt signaling pathway, which could place the
substance in the group of targeted agents in the future [30]. Hamilton from Austria
investigated the cytotoxic effect of the marine spongean alkaloid fascaplysin in small cell
lung cancer cells. The mechanism of action appears to be multi-factorial, and can be related to
alteration of topoisomerase I activity, impaired integrity of DNA, and ROS generation [31].
Fuwa and colleagues from Japan report the induction of both apoptotic and non-apoptotic cell
death by (í)-8,9-dehydroneopeltolide—a synthetic analog of the marine macrolide (+)neopeltolide—under cellular stress conditions. The induction of non-apoptotic cell death was
explained by an intracellular ATP depletion induced by the compound [32]. Akl and
colleagues from USA, Jordan and Kuwait describe the ability of araguspongine C (a
macrocyclic oxaquinolizidine alkaloid isolated from the marine sponge Xestospongia sp.) to
act as a tyrosine kinases receptor inhibitor, providing even more evidence that naturally
occurring substances might act like targeted agents. Interestingly, this inhibitory effect
induces autophagic cell death in breast cancer cells [33]. Kasper and colleagues from
Germany report the results of a Phase I study of gemcitabine in combination with trabectedin
in advanced soft tissue sarcomas. The study had to be stopped due to excessive toxicity,
which adds important clinical information for further development of combination therapies
in patients with advanced and/or metastatic leiomyosarcoma or liposarcoma [34]. Kwon and
colleagues from Korea present data on the synthesis and in vitro anti-cancer activity of
derivatives of pachastrissamine—a marine sphingolipid initially isolated from the marine
sponge Pachastrissa sp. An enyne/diene-ene metathesis reaction was used as the key step of
the synthesis. One of the derivatives synthesized exhibits more potent sphingosine kinases
inhibitory activity in comparison with the mother, pachastrissamine [35]. Wu and colleagues
from China describe the anticancer activity of the synthetical bis-(2,3-Dibromo-4,5dihydroxy-phenyl)-methane, initially isolated from marine algae Rhodomelaceae
confervoides. The compound inhibits proliferation, migration, and invasion of hepatocellular
carcinoma cells, which is explained by modulation of the ȕ1-integrin/FAK signaling pathway
[36]. Kim and colleagues from Korea investigated the anticancer effect of
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(1S,2S,3E,7E,11E)-3,7,11,15-cembratetraen-17,2-olide, isolated from the marine soft coral
Lobophytum sp., in fluorouracil-resistant human colon cancer cells. They suggest that the
mechanism of action is related to the activation of TGF-ȕ signaling [37]. Song and colleagues
from China report the isolation of two new and three previously known C-glycoside
angucyclines from an extract of the deep-sea sediment bacteria Streptomyces sp. Several of
these compounds exhibit strong cytotoxic activity in human cancer cells, comparable to
cisplatin [38]. Morgan and colleagues from the USA studied bioactivity of the lipopeptide
kalkitoxin, which was previously isolated from the marine cyanobacteria, Moorea producens
(Lyngbya majuscula). The compound inhibits angiogenesis, disrupts cellular hypoxic
signaling, and blocks mitochondrial electron transport in human cancer cells [39]. Wang and
colleagues from China describe the ability of the marine anthraquinone derivative SZ-685C
(isolated from the fungus Halorosellinia sp.) to induce apoptosis of primary human
nonfunctioning pituitary adenoma cells. The effect is explained by the ability to inhibit the
Akt pathway [40]. Kim and colleagues from Korea studied the ability of dieckol (or 2,7Ǝphloroglucinol-6,6ƍ-bieckol) isolated from brown algae Ecklonia cava to inhibit the
migration of human breast cancer cells. Expression of several metastasis-related genes is
regulated in cancer cells treated with the compound [41]. Zhang and colleagues from China,
Saudi Arabia, and the USA report the ability of esters of the sipholenol A—a sipholane
triterpenoid from the marine sponge Siphonochalina siphonella—to specifically reverse Pglycoprotein-mediated multidrug resistance, and in vitro and in silico analyses are presented
[42]. Chen and colleagues from Canada and China describe the suppressive effect of
xyloketal B, isolated from the mangrove fungus Xylaria sp., on glioblastoma cell proliferation
and migration. Another “targeted” action via inhibition of TRPM7-regulated PI3K/Akt and
MEK/ERK signaling is suggested as the underlying mechanism [43]. Finally, Perina and
colleagues from Croatia, Israel, and the United Kingdom studied the role of the highly
conservative FAU gene from the sponge Suberites domuncula. The authors describe a proapoptotic activity of both spongean and human FAU proteins. These findings provide an
opportunity to use pre-bilaterian animals as a simpler model for studying complex interactions
in human cancerogenesis [44].
In summary, this Issue covers a broad spectrum of excellent work recently done in the field
of marine compounds and cancer. It will serve as a valuable source for current state-of-the-art
knowledge in the field, comprising both exciting new research and up-to-date reviews. The
guest editors are thankful to all scientists currently working in diverse research institutes,
universities, and commercial companies all over the world, namely in Australia, Austria,
Canada, China, Croatia, Egypt, Germany, Hungary, Israel, Italy, Japan, Jordan, Korea,
Kuwait, Mexico, Pakistan, Portugal, the Russian Federation, Saudi Arabia, Slovenia, Spain,
Sweden, Taiwan, the United Kingdom and the USA, who contributed to the success of our
Special Issue “Marine Compounds and Cancer”. We are all looking forward to new exciting
discoveries!
Dr. Sergey A. Dyshlovoy and Dr. Friedemann Honecker
Guest Editors
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Shrimp Lipids: A Source of Cancer
Chemopreventive Compounds
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Abstract: Shrimp is one of the most popular seafoods worldwide, and its lipids have been studied
for biological activity in both, muscle and exoskeleton. Free fatty acids, triglycerides, carotenoids,
and other lipids integrate this fraction, and some of these compounds have been reported with
cancer chemopreventive activities. Carotenoids and polyunsaturated fatty acids have been
extensively studied for chemopreventive properties, in both in vivo and in vitro studies. Their
mechanisms of action depend on the lipid chemical structure and include antioxidant,
anti-proliferative, anti-mutagenic, and anti-inflammatory activities, among others. The purpose of
this review is to lay groundwork for future research about the properties of the lipid fraction
of shrimp.
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1. Introduction
Shrimp is one of the most popular seafoods of traditional diets [1] worldwide, and the top ten
shrimp-producing nations include some of the richest and poorest nations in the world [2]. World
shrimp production has increased in the last few years, from 2.85 up to 3.12 million tons (2002 and
2008, respectively) [3]. Shrimp muscle is rich in high quality proteins and minerals, and is low in
fat content [1,4]; in addition, its lipids exhibit chemopreventive and chemoprotective activities,
which are important biological properties in thin product.
Several biological activities have been reported for methanolic and lipidic extracts from shrimp
muscle [5,6] and waste [7]. These activities, which are capable of modifying biological
processes [8], have been related to cancer prevention throughout mechanisms grouped in a term called
chemoprevention, a term that is used to describe the use of natural or synthetic substances to prevent
cancer development [9]. Cancer, the leading cause of death in economically developed countries and
second in developing countries [10], affects approximately one of three individuals in Europe and
in the United States of America, appearing as one of one hundred different kinds of this disease,
with a mortality rate of approximately 20% [11]. By the year 2020, world population is expected to
increase up to 7.5 billion, and approximately 17 million new cancer cases will be diagnosed [12].
In addition to socioeconomic status [13,14], geographic variability [13,15], age [16], and
physical activity [13,17], nutrition is one of the factors that may influence the development of
cancer and other human diseases. Nowadays, changes in the life style that include the consumption
of chemopreventive compounds, such as those found in a great variety of foods, are highly
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recommended. In this review, the mechanisms of action of compounds that are found in a very
popular seafood such as shrimp, especially in its lipidic fraction, will be discussed.
2. Chemoprevention
2.1. Definition of Chemoprevention
Epidemiological studies have provided convincing evidence that naturally occurring bioactive
extracts or isolated compounds may benefit human health through the inhibition of carcinogenic
processes and cell death mechanisms [18,19]. New technologies and genetic engineering have accounted
for unlimited possibilities in scientific discoveries, which have raised a potential for a number of
health beneficial products such as chemopreventive compounds [20]; this constitutes an area of
research in disease prevention [21]. Chemoprevention was originally defined by Sporn (1976) as the
use of natural, synthetic, or biologic chemical agents, in order to reverse, suppress, or prevent cancer
progression [9]. Chemoprevention strategies address four goals: inhibition of carcinogens, logical
intervention in persons at genetic risk, treatment of pre-malignant lesions, and translation of leads
from dietary epidemiology to intervention strategies. Agents that may be useful to achieve at least
one of these goals are broadly classified into three categories: blocking agents, suppressing agents,
and those that reduce tissue vulnerability to carcinogenesis [22,23].
2.2. Types of Chemopreventive Activities
Chemopreventive compounds can be subdivided according to the benefit they offer to human
health; among those are antioxidant, antimutagenic, antiproliferative, antiinflamatory, and antiangiogenic.
Antioxidant chemopreventive compounds prevent or delay oxidation at low concentrations,
offering protection against oxidation mainly due to free radicals [24], molecules that are
characterized by high reactivity due to non-paired electrons of external orbitals in some of their
atoms. Free radicals have mechanisms of action that harm cells and body tissues, damage proteins,
DNA, and lipids [25]. Antioxidants prevent cellular damage by reacting with oxidizing free
radicals and promoting their elimination from the organism; these free radicals may be present in
the cell at an oxidative stress event or during an event induced by an external source such as chemical
compounds or ionizing radiation (including singlet oxygen, hydroxyl radical, peroxyl radicals,
superoxide anion, hydrogen peroxide, nitric oxide, among others). Antioxidants can be found in
foods as micro and macronutrients and may be able to promote the regression of premalignant lesions
and inhibit their development into a cancer [26].
Antimutagenic chemopreventive compounds offer protection against cell DNA mutation caused
by mutagenic agents (that alters the DNA) and slow cancer initiation [27], while antiproliferative
compounds interfere in the cell cycle preventing and/or slowing down uncontrolled cancer cell division.
Inflammation promotes cell proliferation and is linked to carcinogenesis. Although proliferation
alone does not cause cancer, a sustained proliferation in an environment rich in inflammatory cells,
growth factor, activated stroma, and DNA-damage-promoting agents, potentiates and/or increases
neoplastic risk [28]. Anti-inflammatory compounds might help to prevent the development of
suitable environments for tumors [21]. Finally, antiangiogenic compounds prevent proliferation of
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cancerous cells by reducing the amount of blood nutrients in the tumor environment. Angiogenesis,
described as the formation of new blood vessels that allow sustained tumor growth [29], is the
result of loss balance between pro- and anti-angiogenic factors.
Molecules with these activities are directed to one or more cancer stages, including
anti-initiation, anti-promotional, and anti-progression strategies (Figure 1). Nature is a vast source of
novel therapeutic compounds with diverse origins in plants, animals, and marine species, as well as
from microorganisms that have been also reported as chemopreventive. Most chemopreventive
compounds have been found in fruits and vegetables [30,31]; however, the marine environment,
due to its extensive biodiversity, is a rich source of biological active compounds, such as lipids,
sterols, proteins, polysaccharides, among others [32–34] yet to be discovered and studied.
Figure 1. Stages during cancer development where chemopreventive compounds exert
their activity.

3. Chemopreventive Compounds in the Lipidic Fraction of Shrimp
More than 15,000 natural compounds and extracts have been obtained from marine organisms [35]
and have been tested for biological activities. These include compounds such as peptides and
depsipeptides, extracted from tunicates, sponges, and mollusks [36]; shark’s cartilage [37], and
squalamine [38], obtained from the squalidae family; lipidic extracts, isolated from yellowtail
fish [39], shrimp [5], and octopus [40]; marine pigments, among others. Some of these, such as
carotenoids, appear to fit the criteria for the development of functional food ingredients [34].
Contribution of the marine environment to therapeutic approaches for cancer and other
chronic-degenerative diseases are expected to increase in the future [41]. Shrimp is a marine
organism in which chemopreventive molecules have been detected, such as lipids and lipophylic
compounds. Wilson-Sanchez et al. (2010) [5] demonstrated that several compounds in the lipidic
fraction of shrimp muscle have antimutagenic and antiproliferative activities. Also, Sindhu and
Sherief (2011) [42] proved antioxidant and antiinflamatory activities in carotenoids and lipids
obtained from shrimp shell. Different compounds integrate the lipidic fraction of shrimp and their
mechanisms of action are diverse, which mainly depend on their chemical structures; these issues
will be discussed in the subsequent sections.
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3.1. Lipidic Content of Shrimp Muscle
The lipid fraction represents the 1%–2% [43] of shrimp muscle weight (dry basis) and it is
integrated by carotenoids, phospholipids, neutral lipids (including cholesterol, triglycerides, free
fatty acids, diglycerides, and monoglycerides) and glycolipids. Carotenoids have been studied for
chemopreventive properties and they constitute the main group of pigments found in aquatic
animals [44] producing colors from yellow to dark red [45]. The main chain of their chemical
structure is 40 carbon long, highly unsaturated, inflexible, and easily oxidizable [46], most of them
symmetrical around the central carbon atom. These pigments are lipophylic and those with polar
hydroxyl and keto functionalities have increased affinities for lipid/water interfaces [47,48]. To
date, more than 750 carotenoids have been identified in nature and over 250 of those are from
marine origin [49]; nevertheless only 24 have been identified in human tissues.
Fatty acids, known as any aliphatic monocarboxylic acid that may be released by hydrolysis of
natural fat [50], have a carboxyl group at the head end and a methyl group at the tail end [51], and
constitute the starting point in many lipid structures [52]. Fatty acids can be classified as saturated,
monounsaturated, and polyunsaturated, according to the number of double bounds in their
structure. The polyunsaturated compounds are characteristic in marine animals. Their mechanisms
of action involved in cancer chemoprevention are discussed in the next section.
3.2. Carotenoids
Carotenoids are synthesized by members of the plant kingdom and they are transferred to
animals through the food chain [48]. The industrial use of these compounds for animal feed
supplementation has been suggested in order to enhance the pigmentation of fish skin and flesh,
and also as a human nutraceutical [53]. Since various natural carotenoids (such as zeaxanthin,
lycopene, ȕ-cryptoxanthin, fucoxanthin, astaxanthin, capsanthin, crocetin, and phytoene), have
proven to have anticarcinogenic activity, they have been proposed for cancer treatment and
bio-chemoprevention [54] at concentrations obtained from food supply. Higher concentrations have
been related to adverse effects on cellular function, and even augment cancer risk [55].
ȕ-Carotene and cantaxanthin have proved chemopreventive activity in induced skin cancer in
female Swiss albino mice [56]; these carotenoids have a protective effect against indirectly-induced
skin and breast cancer, and also against directly-induced gastric carcinogenesis [57]. Thus, many
studies have been focused on proving that dietary carotenoids are in fact chemopreventive agents,
highly valued information that could be used for the benefit of general population.
Shrimp is a source of different carotenoids; the main one found in the Penaeidae family is
astaxanthin, a keto-oxycarotenoid that contains oxygen functional groups on the lateral rings, which
classifies it among the xanthophylls. This carotenoid is found in high amounts in the exoskeleton of
crustaceans, in the flesh of salmon and trout, and in other marine organisms as well [58].
Astaxhantin esters [59,60], ȕ-criptoxanthin, Į-carotene, ȕ-carotene [61], meso-zeaxanthin [62],
canthaxanthin, lutein, zeaxanthin, and crustacyanin [63] can also be found in this organisms at
lower concentrations (Figure 2).
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Figure 2. Chemical structure of the main carotenoids found in shrimp.

Carotenoids have been associated to cancer prevention, which may undergo by five mechanisms
of action: (1) membrane antioxidant [64]; (2) involvement in the control of cell differentiation and
proliferation [65]; (3) antimutagenic effect; (4) as anti-inflammatory agents; and (5) their ability to
produce an immune response in cancer (Figure 3).
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Figure 3. Mechanism of action for chemopreventive/chemoprotective activity of
shrimp’s carotenoids.

3.2.1. Antioxidant Mechanism
A number of studies have shown that carotenoids act as antioxidants by quenching singlet
oxygen and free radicals [66]; this antioxidant activity directly emerges from the molecular
structure of carotenoids [64], specifically due to the vibration of the polyene C=C and C–C bonds,
where the energy of the singlet state oxygen is transferred to the carotenoid by direct
contact [67,68].
The quenching activity of the different carotenoids mainly depends on the number of conjugated
double bonds of their molecule and is influenced to a lesser extent by the functional end groups or
by the nature of substituent in carotenoids containing cyclic groups [69]. In fact, carotenoids
containing nine or more conjugated double bounds in their structure are potent singlet oxygen
quenchers, a biological function which is independent of the provitamin A activity [70].
Astaxanthin and its esters, the main carotenoids present in the lipidic fraction of shrimp, have
reported strong antioxidant activity in in vitro assays, as well as in membrane model system using
phospholipid liposomes [7]. This carotenoid has a higher antioxidant activity than Į-tocopherol,
Į-carotene, lutein, ȕ-carotene, lycopene [71], and even higher than trolox [72], a synthetic
antioxidant with a known high antioxidant activity. Martínez et al. (2008) [73] proposed the creation of a
donor-acceptor map by measuring the electro-donating and the electron-accepting power; using this
method, astaxanthin had the most effective antiradical effect in terms of its electro-acceptor capacity
compared to other dietary carotenoids. This efficient antioxidant capacity is attributed to the unique
structure of the terminal ring moiety. Due to these characteristics, astaxanthin may inhibit the
production of lipid peroxides [74], as well as maintain the mitochondria in a reduced state even
under oxidative challenge [75]. Liang et al. (2009) [48] suggested that astaxanthin scavenges
radicals in the water/lipid interface and transfers an electron from a non-polar and more reducing
carotenoid in the membrane. In cell cultures, astaxanthin has been able to act as an antioxidant even
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at high concentrations, when cells are exposed to oxidative stress [76]; however, other studies have
reported pro-oxidant behavior in the same concentrations [77–79] this effect is reported when the
experimental conditions include a low Į-tocopherol diet, this compound usually helps carotenes to
be regenerated; if there is an absence it can induce the formation of peroxyl radicals and or
augment the rate of carotenoid auto-oxidation.
In in vivo studies, astaxanthin attenuates the promotion of hepatic metastasis induced by restraint
stress in mice, throughout inhibition of the stress-induced lipid peroxidation [80]. In another study,
when rats were exposed to mercuric chloride (a nephrotoxic compound that increases reactive
oxygen species by decreasing glutathione levels due to its affinity to SH groups) and astaxanthin, the
xantophyl was able prevent the increase of lipid and protein oxidation and attenuated histopathological
changes [81].
Although these studies have proved the antioxidant activity of carotenoids, these compounds
may shift into a pro-oxidant effect, depending on different factors such as oxygen tension or
concentration. Mixtures of carotenoids alone or in association with others antioxidants may
increase their activity against lipid peroxidation [69].
3.2.2. Intervention in Cell Cycle
The cell cycle, a sequence of events by which a growing cell duplicates and divides into two
identical daughter cells [82], involves numerous regulatory proteins that drive the cell throughout a
sequence of specific events called cycle phases: G1, S, G2, and M [83]. Cells in G1 phase can,
before commitment to DNA replication, enter into a resisting state called G0, the state where most
non-growing and non-proliferating cells are in human body [84]. G1 and G2 phases are the “gaps” in
the cell cycle that occur between the two landmarks, DNA synthesis (S) and mitosis (M); during G1
and G2 phases, the cell is preparing for DNA synthesis, and for mitosis, respectively [83].
Each of the cell cycle phases involves a number of proteins that regulate cell’s progression such
as cyclin-dependent kinases (CDKs) and cyclin proteins [83,85]. Cancer cells are frequently
associated with genetic or epigenetic alteration and these proteins help cells to sustain proliferation
independent of external mitogenic or anti-mitogenic signals [84]; therefore, the regulation of the
cell cycle may constitute a strategy to inhibit proliferation of cancer cells. It has been proposed that
carotenoids affect differentiation and proliferation of cancerous cells. Different carotenoids (such
as Į-tocopherol, ȕ-carotene, lycopene, and lutein) show different abilities to control cell cycle [86].
ȕ-Carotene has been associated to both, cell apoptosis and inhibition of cell cycle throughout
different mechanisms of action. In the cell cycle of normal human fibroblasts, ȕ-carotene has
a delaying effect on the G1 phase [87] which is related to the expression of p21waf1/cip1 protein (an
inhibitor of CDK) [88]; in colon cancer, the presence of ȕ-carotene has been associated to a reduced
expression of cyclin A (regulator of G2/M progression) [89]; in leukemia cells, the inhibition of cell
cycle progression is attributed to the up-regulation of PPARȖ signaling pathway and the expression
of Nrf2, an important transcription factor in Keap 1-Nnf2/EpRE/ARE signaling pathway [90];
therefore, the in vitro effect of ȕ-carotene on the cell cycle depends on the studied cell line. On the
other hand, ȕ-carotene influences and enhances cellular apoptosis by modulating the expression of
regulatory genes in cancer cell lines such as colon [89], leukemia [91], melanoma [92], and
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breast [93]. The mechanism of action is the suppression of apoptosis blocking proteins (specifically
the protiens Bcl-2 and Bcl-xL) [91–93].
Astaxanthin has also been related to both, the inhibition of cell growth and apoptosis, in
in vitro [94] and in vivo [95] studies. The apoptosis mechanism in hepatoma cell cancer has been
attributed to depletion of GSH levels [94], and in leukemia cells to down-regulation of Bcl-2
protein [96]. The inhibition of cell cycle progression and apoptosis mechanisms are attributed to
the up-regulation of PPARȖ signaling pathway and the expression of Nrf2, an important
transcription factor in Keap 1-Nnf2/EpRE/ARE signaling pathway [90].
Lycopene has been related to the insulin-like growth factor I (IGF-I); a factor that, at high blood
levels, is related to breast and prostate cancer. This carotenoid changes the amount or affinity of
IGF-I receptor signaling and cell cycle progression; therefore, lycopene has been related to the
inhibition of cell progression at the G1 phase throughout the reduction of cyclin-dependent kinase
(cdk4 and cdk2) [97] as well as the decrease in cyclin D1 and D3 [98]. In other in vivo studies
including Į-tocopherol, ȕ-carotene, lycopene, and mixed carotenoids, in which they were used to
treat cancer-induced hamsters, these carotenoids acted as suppressors of the cell cycle inhibiting the
expressions of proliferating cell nuclear antigen (PCNA) and cyclin D1 [86].
3.2.3. Antimutagenic Activity
Individual carotenoids such as astaxanthin and its esters, meso-zeaxanthin, ȕ-carotene,
zeaxanthin, Į-carotene, among others, as well as their mixture, have been tested in the Ames test [99].
Researchers have found that these structures are able to produce an antimutagenic activity [99,100].
The inhibition of mutagenicity depends on both, the structure of the carotenoid and the mutagenic
agent used.
Using sodium azide, ethidium bromide, and hydroxyl amine as control mutagens, astaxanthin
and its esters, have shown high antimutagenic activity followed by lutein, ȕ-carotene, violaxanthin,
zeaxanthin, and Į-carotene; however, a mixture of different carotenoids has shown higher
inhibition of induced mutation in Salmonella typhimurium tester strains [99]. These results are
supported by the study by González de Mejía et al. (1998) [100]; they assert that carotenoids
have synergistic effect when the tester strains are exposed to 1-6-dinitropyrene (1,6-DNP) and
1,8-dinitropyrene (1,8-DNP) as control mutagens. However, not only those carotenoids have
antimutagenic activity, meso-zeaxanthin has also proved biological activity when tested with
sodium azide, 4-nitro-O-phenylenediane, and N-methyl-Nƍ-nitro-N-nitrosoguanidine, as control
mutagens. Meso-zeaxanthin showed 41 to 93% of mutagenesis inhibition in all Salmonella tester
strains used [62]. ȕ-Carotene also showed positive results when tested against 1-methyl-3-nitro-1nitrosoguanidine and benzo[a]pyrene as control mutagens in Salmonella typhimurium TA100 tester
strain [101].
Canthaxanthin and commercial carotene have been able to inhibit neoplastic transformation in
cell culture exposed to the carcinogen 3-methylcloranthrene; this inhibition stopped after the
removal of the carotenoid treatment [102].
In in vivo studies, the antimutagenic activity can be described as the ability of a compound to
inhibit the mutagenic effect of a known mutagen in an animal model. In this sense, the mechanism
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of action for meso-zeaxanthin is the inhibition of CYP450 enzymes, which was demonstrated in a
rat model, where even low concentrations of meso-zeaxanthin showed inhibitory effect towards
various isoforms of CYP450 [63]. ȕ-carotene has also proved in vivo activity in a Haffkine Swiss
mouse tumor model [101], as well as in a Fisher 344 rats model [103] in which cancer was induced
with N-ethyl-N-nitrosourea; the authors attributed the effect the unmetabolized ȕ-carotene molecule,
they concluded that this compound is absorbed, stored, and exerted antimutagenic effects against the
chemical carcinogen without being transformed in the gastrointestinal tract.
3.2.4. Anti-Inflammatory Mechanism and Tumor Immunity
The mechanism by which carotenoids enhance the immune system is still unclear. Studies have
revealed that astaxanthin can prevent inflammatory processes by blocking the expression of
pro-inflammatory genes, as a consequence of suppressing the nuclear factor kappaB (NF-țB)
activation; moreover, carotenoids inhibits the production of nitric oxide and prostaglandin E2, and
the pro-inflammatory cytokines tumor necrosis factor-alpha (TNF-R), as well as the interleukin-1
beta (IL-1ȕ) [104]; this cytokines are molecules that mediate cell-to-cell interactions [105].
The immuno-regulatory action of carotenoids have been demonstrated through their role in
tumor immunity [105]. These carotenoids enhance lymphocyte blastogenesis, increase the
population of specific lymphocyte subsets, increase lymphocyte cytotoxic activity, and stimulate
the production of various cytokines [106].
Wang et al. (1989) [107] demonstrated the inhibitory effect of carotenoids (beta-carotene,
lycopene, and crocetin) on the growth and development of the C-6 glioma cells inoculated in rats,
cells whose growth was inhibited in 57%–67% after 7 weeks without any observable
hepatotoxic effect.
Lutein decreases H2O2 accumulation by scavenging superoxide and H2O2, and the NF-țB
regulates inflammatory genes, iNOS, TNF-Į, IL-1ȕ, and cyclooxygenase-2, in lipopolysaccharide
(LPS)-stimulated macrophages [108].
In other in vivo studies, dietary astaxanthin heightened immune response in domestic cats, which
was attributed to the enhanced delayed-type of hypersensitivity response, peripheral blood
mononuclear cell proliferation, natural killer cell cytotoxic activity, and increased T cell
population [109]. In a similar way, dietary astaxanthin in dogs enhances lymphocyte proliferation,
and natural killer (NK) cell cytotoxic activity; it also increases concentrations of immunoglobulin
G and M (IgG and IgM), and B cell population. Therefore, dietary astaxanthin heightened
cell-mediated and humoral immune response, and reduced DNA damage and inflammation in
dogs [58,71]. In rats, astaxanthin was able to modulate the expression of NFkB, COX-2, MMPs-2/9,
and ERK-2; therefore, it had an anti-inflammatory effect [95].
3.3. Polyunsaturated Fatty Acids
Polyunsaturated fatty acids (PUFAs) in shrimp account for about 40% of the total fatty acid
content [110] with about 15% occurring in the form of Ȧ-3 and Ȧ-6 fatty acids such as
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) (Figure 4). Therefore, the quality of
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the fatty acid profile is similar to that of most of the marine fish species in terms of EPA and DHA
content [1]. Both, fat and unsaturated fatty acids contents in shrimp muscle vary with diet [44],
species [1], and maturity stage [111]. PUFAs are a subclass of bioactive components divided into
two groups Ȧ-6 and Ȧ-3 fatty acids, both studied for cancer chemoprevention [112].
Figure 4. Chemical structure of polyunsaturated acids eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA).

The polyunsaturated fatty acids have been identified to have a role in ameliorating various
human diseases [113]. The pioneering epidemiological work on Greenland Inuit [114,115]
suggested a possible link between the low incidence of heart diseases and the high consumption of
seafood. Recently, the Women’s Intervention Nutrition Study (WINS) provided evidence that
dietary lipids may influence local or distant recurrences, and in turn influence survivorship of
woman in breast cancer treatment [116]. PUFAs uptake has also been inversely related to
prostate [117], breast [118], and colorectal [119,120] cancer. Nevertheless, the association between
fatty acid consumption and the reduction of cancer is still controversial. Some studies have related
it with no effect [121,122] or even an increase in the risk for cancer [123], whereas clinical trials on
the effect of polyunsaturated fatty acids are currently being conducted [124]. The inconsistent
association observed in epidemiologic studies has been attributed mainly to three reasons [125,126],
(1) the intake of the long-chain fatty acids used in the studies was too low to produce a protective
effect; (2) in observational research, there has been weakness in estimating PUFAs consumption,
mainly due to the difference in oil content between the different species of fish; and (3) the
inclusion of low variability within-population in the intake of fish or Ȧ-3 fatty acid.
Zhang et al. (2010) [127] proved three different oils diets containing Ȧ-3, Ȧ-6, and Ȧ-9,
suggesting that diets rich in Ȧ-3 fatty acid oil attenuates the neoplastic effect of acrylamide-induced
neoplasia in mice, while diets rich in Ȧ-6 and Ȧ-9 oils seemed to promote this activity.
The mechanisms of action for the chemopreventive properties of Ȧ-3 fatty acids are presumably
five [125]: (1) suppression of arachidonic acid-derived eicosanoid biosynthesis[128]; (2) influence
on transcription factor activity [129]; (3) increased or decreased production of free radicals and radical
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oxygen species; (4) mechanisms involving insulin sensitivity and membrane fluidity; and (5)
antiangiogenic potential (Figure 5).
Figure 5. Mechanisms of action for the chemopreventive/chemoprotective activity
of polyunsaturated fatty acids (PUFAs).

3.3.1. Anti-Inflammatory Effect of Polyunsaturated Fatty Acids
As mentioned above, PUFAs have been associated to cancer chemoprevention through the
inhibition of the arachidonic acid-derived eicosanoids formation. These compounds, characterized
by 20 carbon long lipophilic molecules derived from arachidonic acid, are powerful regulators of
cell function.
The generation process of eicosanoid compounds consists in a series of steps beginning with the
mobilization of arachidonic acid from the cellular membrane glycerolipid pools by phospholipase
A2 (PLA2). Then, arachidonic acid can be oxidized by three different enzymes: (1) the
cyclooxigenases (COX-1 and COX-2) to form prostanglandins, protacyclin or tromboxanes;
(2) lypoxigenase (LOX) to form 5(S)-, 8(S)-, 12(S)-, and 15(S)-hydroxyeicosatetraenic acid
(HETE) leukotrienes, lipoxins, and hepoxilins; and (3) P450 epoxygenase (EOX) to form HETEs
and epoxyeicosatrienoic acid (EET) [130].
The overexpression of eicosanoid-forming enzymes [COX, LOX, and prostaglandin E synthase
(PGE)] has been related to cancer development in a wide variety of human and animal tumors [131].
These enzymes promote tumor proliferation and angiogenesis, and inhibit apoptosis [132]; for
example, COX2 is normally absent in most cells, however, is highly induced in early stages of
tumor progression [133].
Some studies have proved that PUFAs enhance the anti-inflammatory response in people with
other conditions such as rheumatoid arthritis [134,135], and it has even been concluded that fatty
acids can even be used as non-steroidal anti-inflammatory drug (NSAID) in patients with this
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pathology [136]. This type of drugs has been reported to be beneficial, since they reduce the risk of
developing solid tumors in breast, colon, lung, and prostate cancers [137,138].
Gogos (1998) [139] carried out a randomized prospective study with patients with solid tumors
who received fish oil supplementation; patients treated with Ȧ-3 PUFA had an increased
immunomodulating effect and prolonged survival.
The anti-inflammatory effect of PUFAs may also be attributed to their action on
macrophages [140]; they decrease the production of IL-1, IL-6, and the tumor necrosis factor-Į
(TNF-Į) when feeding Ȧ-3 PUFA containing oil to rats [141].
3.3.2. Influence in Transcription Factor Activity
According to Larsson et al. (2004) [125], one of the chemopreventive mechanisms of PUFAs is
the modification of gene expression and signal transduction involved in the cell cycle. One of the
transcription factor regulated by fatty acids is the peroxisome proliferator-activated receptors
(PPARs), which are members of the nuclear hormone receptor family, the largest family of
transcription factors [142]. Three PPAR have been identified including PPARĮ, PPARȕ/į,
and PPARȖ [143], all of them can be activated by naturally occurring fatty acids or fatty acid
derivatives [144]. Their functions underlie a multitude of cellular and physiological processes by
directly modulating target gene expression and indirectly modulating other transcription
factors [142,143].
The effect of activating PPARȕ/į in cancer models and cancer cell lines depends on the cell line.
Colon cancer is the most studied type of cancer and one of the proposed mechanisms of regulation
is throughout the up-regulation of the adenomatous polyposis coli (APC)/ȕ-CATENIN/transcription
factor 4 (TCF4), pathway in which PPARȕ/į is activated by COX2-derived ligands (such as
prostacyclins), leading to the expression of target genes that increase cell proliferation and promote
tumor growth. Another proposed mechanism is the ligand activation of PPARȕ/į, which mediates
terminal differentiation of colonocytes and inhibits cell proliferation [145]. Most fatty acids are
considered PPARs agonist; nevertheless DHA suppresses its activation. This statement was
demonstrated by Lee and Hwang (2002) [146] in colon tumor cells (HCT116).
3.3.3. Increased or Decreased Production of Free Radicals and Radical Oxygen Species
Free radicals and reactive oxygen species (ROS) produced in cells seems to attack fatty acids
present in the cell, in order to form a variety of by-products from lipid oxidation, including more
free radicals and reactive aldehydes [50]. These metabolites potentially generate pro-mutagenic
compounds, which eventually can lead to cancer development [147]. Nevertheless, highly
polyunsaturated fatty acids, specifically EPA and DHA present in fish oil, have been proved to help
up-regulate some antioxidant enzymes such as glutathione transferases and manganese superoxide
dismutase in an in vivo study with mice [148].
The metabolites from the oxidation of n-3 PUFAs inhibit breast [149] and colon [150] cancer
cells. This effect, observed in cell culture studies in vitro, was related to the formation of lipid
peroxidation products, but the inhibitory effect is lost when they are exposed to vitamins that have
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antioxidant activity (specifically vitamin C and E [149]). Nevertheless, clinical trials have
demonstrated that the DNA damage decreases with the intake of vitamin E when a high intake of
PUFAs is taken [151].
3.3.4. Antiangiogenic Potential
A high rate in neovascularization in solid tumors has been associated with a negative prognosis
for cancer patients [152,153], since cancerous cells need the nutrients from the vascular system.
Therefore, antiangiogenic agents may be helpful in cancer.
EPA [154] has proved in vitro antiangiogenic activity with a dose-dependent response for
inhibition. PUFAs has also been used in an in vivo study, to prove an enhanced response of
docetaxel (a drug used for antiangiogenic purposes in chemotherapy) with the aid of DHA [155],
where both, micro and macrovascularization in the Sprague-Dawley rat model, were inhibited.
Two mechanisms have been suggested for the anti-angiogenic potential of PUFAs: the
suppression of motility of endothelial cells [156], and alterations in the expression of the
pro-angiogenic vascular endothelial growth factor (VEGF)-Į [157].
3.4. Ȧ-3 Fatty Acids as a Co-Treatment during Chemotherapy
In in vitro studies, DHA and/or EPA have been found to improve the cytotoxic effects of
several anticancer drugs toward cell lines such as breast, colon, bladder, neuroblastoma, and
glioblastoma [158,159]. This observation has also been made in animal models in different types of
cancer such as lung, colon, mammary, and prostate [51]. The proposed mechanism of action for
this beneficial effects is attributed to the change of the phospholipids in the cell membrane to more
polyunsaturated fatty acids, mainly DHA and EPA; this alters the physical properties of the plasma
membrane, resulting in an increase in membrane fluidity, enhancing the uptake of the
chemotherapy drugs [160]. However, they can only be used at a maximum dose of 0.3 g/kg,
according to a phase I clinical trial where adverse effects, mainly diarrhea and vomit, were
observed [161].
Xenographic studies have been carried out to explain the benefits of a diet rich in PUFA’s in
chemotherapy treatment. Atkinson et al. (1997) [162] inoculated fibrosarcoma tumor cells into
Fisher 344 rats and fed them with diets containing different proportions of safflower oil and DHA
oil, and treated them with arabinosylcytosine (AraC) or saline. Authors concluded that
consumption of a diet rich in DHA could slow tumor growth, prevent hyperlipidemia, and enhance
bone marrow cellularity, compared to a moderate-fat diet rich in Ȧ-6 fatty acids. In a similar work,
Cha et al. (2002) [163] investigated the effect of dietary supplementation with DHA in
combination with AraC chemotherapy and found that DHA diet (1.8 g DHA/kg/day) can be
associated with a longer life span and no incidence of death due to drug toxicity; nevertheless, the
overconsumption of DHA (up to 4.5 g DHA/kg/day) shorten survival time, increases circulating
tumor cell burden, and reduces red blood cell concentration.
The increased permeability of the small intestine of mice caused by methotrexate has been
reported. Horie et al. (1998) [164] proved that oral administration of DHA protects the small
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intestine from the effects of methotrexate by reducing the permeability. Gomez de Segura et al.
(2004) [165] studied the effect of DHA in male rats treated with 5-fluorouracil (5-FU), an
antitumoral drug, and concluded that enriching diet with DHA protects the intestine from lesions
produced by 5-FU.
In dogs with lymphoma, treated with doxorubicin chemotherapy in combination with PUFAs
and arginine, Ogilvie et al. (2000) [166] observed that subjects with higher DHA plasma levels had
better diet tolerance, and increased disease free interval and survival time.
A very specific example of the beneficial effects of Ȧ-3 fatty acids was reported by Pardini et al.
(2005) [167]. They reported that an old man diagnosed with malignant fibrous histiocytoma of the
lungs, declined the conventional chemotherapy and elected nutritional intervention by changing his
diet to a high Ȧ-3 and low Ȧ-6 supplementation. This study demonstrated that the size of the
tumors was reduced, which was attributed to the intake of DHA, specifically to the Ȧ-6/Ȧ-3 ratio.
A proposed mechanism for the effect of the Ȧ-3 fatty acids in chemotherapy is through the
inhibition of the NF-țB transduction way, which suggests Ȧ-3 PUFAs may be used during
chemotherapy in cancer treatment [168].
4. Conclusions
There is an extensive research effort aimed to obtain efficient chemopreventive compounds in
nature, mostly from vegetable sources. However, since the number of cancer cases is constantly
increasing, the search, isolation, and study of chemopreventive compounds, has become an important
area of research. Many of this research has focused on land organism; however, the great
biodiversity that characterizes the marine environment, makes the search for bioactive compounds
in this ecosystem a topic of great interest.
The lipidic fraction in shrimp is a source of chemopreventive compounds because its’
component, mainly attributed to carotenoids and PUFAs, have proved biological activity in both, in
vivo and in vitro studies, as well as in xenographic research. Carotenoids exert their
chemopreventive/chemoprotective activity mainly by four mechanisms: antioxidation,
antiproliferation, antimutagenisis, and anti-inflammatory action, and these activities are mainly
attributed to their chemical structure. On the other hand, PUFAs exert their chemopreventive
potential mainly throughout four mechanisms: antiinflamatory and antiangiogenic activities, the
ability to influence the transcription factor activity and the increased or decreased production of
free radicals.
PUFAs could also be used as a co-treatment in cancer patients in order to enhance chemotherapy
treatment as well as a chemopreventive agent without adverse toxic effects.
Based on the above, the lipidic fraction of shrimp represents an important commodity with high
potential for the search of chemopreventive agents. However, in order to select the appropriate
compound to be proposed as chemotherapeutic agent, a good knowledge is required concerning the
pathways that each type of compound may modulate.
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Abstract: Many marine-derived polysaccharides and their analogues have been reported as
showing anticancer and cancer preventive properties. These compounds demonstrate interesting
activities and special modes of action, differing from each other in both structure and toxicity
profile. Herein, literature data concerning anticancer and cancer preventive marine polysaccharides
are reviewed. The structural diversity, the biological activities, and the molecular mechanisms of
their action are discussed.
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1. Introduction
Polysaccharides are characteristic metabolites of many marine organisms, particularly of algae.
Macrophytes such as brown, red, and green algae are known as traditional food ingredients for
people populating seaboard geographic areas. In many countries, brown algae belonging to
Laminaria, Saccharina, Fucus, Alaria, Sargassum, Undaria, Pelvetia genera, green algae such as
Ulva spp., Caulerpa lentilifera as well as red algae such as Gracilaria spp., Porphyra spp. and
others represent an important part of diet, while the purified gelling and thickening ingredients are
predominant as food products of algal origin in European countries and the USA. Nowadays, algae
have been marketed worldwide as constituents of dietary supplements due to their antimutagenic,
anticoagulant, and antitumor properties as well as the high content of so-called dietary fiber.
High content of polysaccharides not only in algae, but also in many other marine organisms,
their unusual structures and useful properties make these compounds promising natural products
for medicinal and dietary applications, and are utilized in various biotechnologies [1].
Polysaccharides are used in drug compositions, burn dressings, as materials for encapsulation, in
various drinks, etc. The therapeutic potential of marine polysaccharides enables their utilization for
cell therapy and tissue engineering [2].
Many polysaccharides and/or their derivatives such as degraded and semi-synthetic products,
obtained by chemical modifications, demonstrate anticancer and cancer preventive properties. They
can possess either a direct inhibitory action on cancer cells and tumors or influence different stages
of carcinogenesis and tumor development, recover the broken balance between proliferation and
programmed cell death (apoptosis) and are useful for cancer prophylactics. Some of these marine
natural products have advantages due to their availability, low toxicity, suitability for oral
application as well as having a great variety of mechanisms of action [3]. The methods of
extraction, fractionation, and purification of polysaccharides from various sources are well known
and have been published in many articles [4–8].
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Herein, we review some of the literature data concerning anticancer and cancer preventive
activity of marine polysaccharides with particular attention to results of the last 10 years.
2. Polysaccharides from Brown Algae
2.1. Fucoidans
Polysaccharides from brown algae (Phaeophyceae) are well known for their anticancer and
cancer preventive properties [9]. These compounds have various important biological functions
including a protective role against heavy metal toxicity [10].
Fucoidans can be roughly divided into structural types as follows: Į-L-fucans, galactofucans,
fucomannouronans and other intermediate structures [11]. Fucoidans isolated from many edible
brown algae contain mainly sulfated L-fucose residues attached to each other by Į-1,3- or
interchangeable Į-1,3- and Į-1,4-bonds. The regular structures may be masked by random
acetylation and sulfation. Some fucoidans have branched structures. As a rule, fucoidans from
different algal species differ from each other and vary not only in positions and level of sulfation
and molecular mass, but sometimes in the structures of the main carbohydrate chains [12,13]. For
example, the fucoidan from the brown alga Saccharina (=Laminaria) cichorioides is 2,4-disulfated
1,3-Į-L-fucan (Figure 1), while the fucoidan from Fucus evanescens (Figure 2) contains blocks of
Į-1,3-fucooligosaccharides and Į-1,4-fucooligosaccharides sulfated at the position 2 in fucose
residues [14–17].
Figure 1. Fucoidan from Laminaria cichorioides.
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Figure 2. Fucoidan from F. evanescens.
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Galactofucans in contradistinction from Į-L-fucans demonstrate considerable structural
diversity [18,19]. Sulfated and often acetylated galactofuɫans are also widespread in brown algae,
including edible ones, such as Undaria pinnatifida and Laminaria japonica. The main chain of
galactofucan can be constructed of blocks or of alternating residues of fucose and galactose. The
type of bonds between the monosaccharide residues in galactofuɫans, the structure of branchings,
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the position of sulfates or acetates, as well as the molecular weight can be very multifarious [13,20].
For example the structural fragment of galactofucan from L. japonica [21] is provided in Figure 3.
Figure 3. Galactofucan from L. japonica.
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Some brown algae species contain other fucose-embracing heteropolysaccharides such as
rhamnofucanes, uronofucanes, etc. For example, the main structure of the fucoglucuronomannan
from Kjellmaniella crassifolia is [-4-D-GlcpUAȕ1-2(L-Fucp(3-O-sulfate)Į1-3)D-ManpĮ1-]n [22].
Uronofucanes are often named as U-fucoidans.
The structural diversity of fucoidans has not yet been sufficiently studied. The structural
complexity of fucoidans, the existence of many sub-classes of these glycans in their biological
sources as well as a lack of automatic sequencing methods for these polysaccharides have
stimulated structure-function studies on the so-called fucanomes in the corresponding marine
organisms [23,24]. This research is necessary for the solution of problems of standardization of
preparations on the basis of fucoidans, which have attracted attention as practically nontoxic natural
products [25–27] with antitumor, immunomodulatory, and other useful properties [24,28–30].
The anticancer properties of fucoidans have been established many times by in vitro and in vivo
experiments [9,12,13,31–33]. It was reported that Cladosiphon fucoidan prevented the attachment
of Helicobacter pylori to the mucin of the gastric tract and, therefore, reduced the risk of associated
gastric cancer [34]. While using AGS human gastric adenocarcinoma cells and fucoidan from
Fucus vesiculosus, it was established that treatment with fucoidan resulted not only in apoptosis of
these cells, but also in autophagy with the formation of autophagosomes in fucoidan-treated cells,
the conversion of microtubule-associated protein light chain 3 to light chain 3-II and the increase of
beclin-1 level [35]. Several reports have also suggested cancer preventive effects of fucoidans on
different cellular models. Galactofucan from U. pinnatifida inhibited proliferation of prostate
cancer PC-3, cervical cancer HeLa, alveolar carcinoma A549, and hepatocellular carcinoma HepG2
cells in a similar pattern to the commercial fucoidan from F. vesiculosus [20]. Fucose-containing
sulfated polysaccharides from brown algae Sargassum henslowianum and F. vesiculosus decreased
the proliferation of melanoma B16 cells in a dose-response manner. Flow cytometric analysis by
Annexin V staining established that both preparations influenced the translocation of membrane
phospholipids and activated caspase-3 followed by apoptosis of tumor cells in in vitro
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experiments [36]. Fucoidan from Ascophyllum nodosum induced the activation of caspases-9 and 3 and the cleavage of PARP led to apoptotic morphological changes and altered the mitochondrial
membrane permeability [37]. Sulfated polysaccharide isolated from the enzymatic digest of
Ecklonia cava had an effect on caspases-7 and -8 and controlled the cellular membrane molecules
Bax and Bcl-xL [38]. The fucoidan from Sargassum filipendula showed antiproliferative activity
on HeLa cells [39] and induced apoptosis by mitochondrial release of apoptosis inducing factor
(AIF) into cytosol, but was not able to activate caspases [40]. The caspase-independent apoptotic
pathway was demonstrated for fucoidan from Cladosiphon novae-caledoniae [41]. The differences
in the mechanisms of apoptosis probably depend upon the structural characteristics of fucoidans
and the type of cell lines. Fucoidans were shown to induce apoptosis of some other cancer cells, for
example HT-29, HCT116, and HCT-15 human colon cancer cells [42,43] as well as MCF-7 (breast
adenocarcinoma) [44], melanoma SK-Mel-28, breast cancer T-47D [45], and human promyeloid
leukemic cell lines [46]. MAPK pathways are involved in cellular proliferation, differentiation, and
apoptosis induced by fucoidans. The fucoidan from F. vesiculosus clearly decreased the
phosphorylation of ERKs but not p38 [47]. Another group reported that the pro-apoptotic effect of
fucoidan from F. vesiculosus was mediated by the activation of ERKs, p38 and by the blocking of
PI3K/Akt signaling pathway in HCT-15 cells [42].
Angiogenesis is a multistep process whereby the new blood vessels develop from the preexisting vasculature. It involves migration, proliferation and differentiation of mature endothelial
cells, and is regulated by interactions of endothelial cells with angiogenesis-inducing factors and
extracellular matrix components [48]. Fucoidans may suppress tumor growth by inhibiting
tumor-induced angiogenesis. Natural and oversulfated fucoidans suppressed the VEGF165 induced
proliferation and the migration of human umbilical vein endothelial cells (HUVEC) by preventing
the binding of VEGF165 to its cell surface receptor and inhibiting the VEGF-mediated signaling
transduction [49]. In addition, the growth of two types of murine tumor cells inoculated into the
footpads of mice was suppressed by administration of natural and oversulfated fucoidans. The
relationship between sulfate content in fucoidan from U. pinnatifida and the proliferation of human
stomach cancer cell line AGS was published [50]. These data showed that antiangiogenic and antitumor
activity of fucoidans can be potentiated by increasing the sulfate groups in the molecule [51]. The
relationship between the sulfate content of fucoidan and its inhibitory effect on the proliferation of
U937 cells was also reported [52]. These results indicated that oversulfated fucoidan induced
apoptosis through caspase-3 and -7 activation. The effect of the molecular weight of fucoidan
from U. pinnatifida on the inhibition of cancer cell growth has been investigated. The anticancer
activity of fucoidans could be increased by lowering their molecular weight whereby they are
depolymerized by mild hydrolysis without a considerable amount of desulfation [53]. The
mechanism by which fucoidans inhibited the invasion/angiogenesis of tumor cells has not been
clearly elucidated. VEGF is a known angiogenic factor. Fucoidan from C. novae-caledonia kylin
digested with the abalone glycosidase was responsible for the reduction of MMP-2/9 activities and
the decrease in VEGF expression with subsequent inhibition of invasion and suppression of tubules
formation in tumor cells [54].

31
Fucoidans are able to inhibit metastasis of cancer cells. Cell surface receptors belonging to the
integrin family have been demonstrated to be involved in the invasion and the metastasis of tumors.
The fucoidan from A. nodosum inhibited adhesion of MDA-MB-231 (breast adenocarcinoma) cells
to fibronectin by binding it and modulating the reorganization of the integrin 5 subunit and
down-regulating the expression of vinculin [55].
Cancer preventive properties of fucoidans have been shown in many experiments. For example,
decrease of clonogenic growth of tumor cells was demonstrated after treatment with
fucoidans [30,45,56]. The inhibition of cell transformation provided evidence on the anti-tumorigenic
potential of fucoidans from A. nodosum [57], S. japonica, U. pinnatifida, Alaria sp., and
F. evanescens [29,45,58].
Fucoidans may enhance the anticancer action of some low molecular weight compounds. For
example, the fucoidan from the Far-eastern brown seaweed F. evanescens at a concentration of
500 ȝg/mL was not cytotoxic in human malignant lymphoid MT-4 or Namalwa cells. Pretreatment
of MT-4, but not Namalwa cells with fucoidan followed by the exposure to DNA topoisomerase II
inhibitor etoposide led to about a two-fold increase in the relative apoptotic index as compared with
etoposide itself [56]. The fucoidan from S. cichorioides enhanced the antiproliferative activity of
resveratrol at nontoxic doses and facilitated the resveratrol-induced apoptosis in the HCT116 cell
line. Furthermore, the cells were sensitized by the fucoidan to the action of resveratrol and the
inhibition of HCT116 clonogenic capacity was indicated [59].
Some fucoidans showed cytoprotective properties. It is important that fucoidan may be useful
for the recovery of 5-fluorouracil (5-FU)-treated antigen-presenting dendritic cells, because this
clinical anticancer agent induces immunosuppression in cancer patients as a side effect [60].
In the majority of cases, molecular mechanisms of anticancer and cancer preventive actions of
fucoidans were established by in vitro studies. Many fucoidans induced apoptosis of tumor cells
through activation of the caspases and by enhancing mitochondrial membrane permeability.
Sometimes this mechanism involved the reactive oxygen species (ROS)-dependent JNK activation
as was shown for partly digested fucoidan from commercially available seaweed C. novae-caledoniae
using MCF-7 and MDA-MB-10A tumor cells [41].
Fucoidans modulate the immune system and may induce functional maturation of human
monocyte-derived dendritic cells (DC) [61]. Ligand scavenger receptor class A (SR-A) indirectly
participates in maturation of human blood dendritic cells via production of tumor necrosis factor
followed by stimulation of T-cells. Thereby, fucoidan acts as a scavenger receptor agonist and
maturation is eliminated by pretreatment with TNF-neutralizing antibodies [62]. At a later date, it
was confirmed that SR-A plays a crucial role in affecting the DC-mediated presentation of cancer
antigens to T cells in human cancer cells, and it was also established that fucoidan promoted the
DCs maturation. The fucoidan-treated DCs stimulated the CD8+ T limphocytes to release
more interferon-Ȗ than non-fucoidan-treated cells. It was found that fucoidan enhanced the
cross-presentation of NY-ESO-1 cancer testis antigen to T cells and it led to the increase of T-cell
cytotoxicity against NY-ESO-1 human cancer cells [63]. Cytotoxic activities of natural killer cells
were also activated in vivo after administration of fucoidans from Sargassum sp. and F. vesiculosus
to mice [36].
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Fucoidan from F. vesiculosus inhibited the migration and the invasion of human lung cancer
cells decreasing the cytosolic and nuclear levels of kappa-B nuclear factor [64]. Treatment of
mouse breast cancer cells with fucoidan showed that the enhanced antitumor activity was
associated with decreased angiogenesis via the down-regulation of vascular endothelial growth
factor and increased induction of apoptosis [65].
It has been suggested that the anticarcinogenic action of fucoidan from S. cichorioides is
connected with its ability to interact directly with epidermal growth factor (EGF) and prevents its
binding to EGF receptor (EGFR). Actually, in experiments with neoplastic transformation of JB6
mouse epidermal cells induced by EGF or 12-O-tetradecanoylphorbol-13 acetate, a RussianKorean group of scientists reported that inhibition of EGFR phosphorylation was followed by
inhibition of the activities of some extracellular signal regulated kinases that resulted in the
inhibition of AP-1 nuclear factor transactivation [66,67].
Ultraviolet irradiation is known to induce skin aging and cause skin cancer. UVB stimulates the
activation of cellular signaling transduction followed by the production of metalloproteinases
(MMPs). Fucoidans suppressed the UVB induced MMP-1 expression and inhibited ERKs activity
in human skin fibroblasts in a dose-dependent manner. They inhibited significantly MMP-1
promoter activity and increased type I procollagen mRNA and protein expression. It was concluded
that Costaria costata fucoidan may be considered as a potential agent for the prevention and
treatment of skin photoaging [68–70]. The fucoidan from F. vesiculosus post-translationally
regulated MMP-9 secretion from human monocyte cell line U937 [71].
Thus, the molecular mechanisms of anticancer and cancer preventive actions of fucoidans are
rather complicated and may include inhibitory effects against cancer cell proliferation and
induction of tumor cells apoptosis. In addition, these polysaccharides stimulate immunity and
inhibit angiogenesis. The cancer preventive action of fucoidans includes such useful properties as
anti-inflammatory, anti-adhesive [72], antioxidant and antiviral effects [73–76] as well as their
capability to bind heavy metals. Moreover, these compounds may delay and decrease the action of
such factors of carcinogenesis as some tumor promoters (EGF, phorbol esters), defend against UV
radiation and inhibit the tumor invasion by modulation of metalloproteinases. Possibly, these
effects depend on the differences in the structures of fucoidans isolated from various biological
sources and on their physico-chemical characteristics such as molecular weight.
Daily consumption of fucoidan-containing algae was proposed as a factor in the lowering of
postmenopausal breast cancer incidence and mortality. Urinary human urokinase-type plasminogen
activator receptor concentration is higher among postmenopausal women breast cancer patients. It
was shown that this concentration was decreased by about 50% after seaweed supplementation [77].
In addition, fucoidans reduced the toxicity of chemotherapy for patients with unresectable advanced
or recurrent colorectal cancer. Fucoidan may enable the continuous administration of such drugs as
oxaliplatin plus 5FU/leucovorin and, as a result, may prolong the survival of patients [78]. In some
countries food supplements and drinks containing fucoidans are used to treat patients having
different cancers. In many countries fucoidan-containing extracts are used as a remedy in
traditional medicine.
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In our opinion, the perspectives of studies on fucoidans are connected with further search for
new structural variants of these types of polysaccharides and the relationships established between
the structures and the biological activities. The great diversity of fucoidans, presenting in brown
algae and covering a much broader range than only those having a fucan backbone, provides
potential for the future discovery of numerous new polysaccharides of this class and their
derivatives. Fucoidan bioactivities depend on the extraction and the purification methods used,
because fucoidans obtained from the same biological source using different methods differ from
each other in the content of sulfate groups and in the impurities [79]. Furthermore it is known that
the content and structure of fucoidans depends on the seaweed species, the parts of the plant, the
harvest season and mainly on the stage of development of the algae [58,80,81].
The recent rapid progress in studies on fucoidans has been achieved by application of modern
methods of structural investigation such as 2D NMR, MALDI-TOF and tandem ESI
mass-spectrometry [82,83] as well as new techniques of molecular biology and pharmacology such
as fluorescent staining, flow cytometry, mi-RNA, Western blot, etc.
2.2. Laminarans
Important results have been obtained in the studies on other algal polysaccharides from brown
algae laminarans, as potential cancer preventive agents. Laminarans are low molecular weight
polysaccharides (MW about 3–6 kDa) consisting mainly of 1,3-linked ȕ-D-glucopyranose residues
with a small number of 1,6-bonded ȕ-D-glucopyranose units in the main and the branching chains.
Their carbohydrate chains are terminated with D-mannitol residues (so-called M-chains) or contain
glucopyranose residues only (so-called G-chains) (Figure 4). Sometimes terminal residues of
M-chains may be additionally glycosylated or M-chains may be completely absent [84]. Branching
at positions 2 and 6 was found in the laminaran from Saccharina longicrucis [85].
Figure 4. The structures of G- and M-chains of laminarans.
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High molecular weight laminaran (19–27 kDa) was recently isolated from the brown seaweed
Eisenia bicyclis. It was shown that this 1,3;1,6-ȕ-D-glucan contained 1,6-linked glucose residues in
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both branches and the main chain, basically in the non-reduced ends of the molecules. This
laminaran and its products of enzymatic degradation inhibited the colony formation of SK-Mel-28
and colon cancer DLD cells. The increase of the content of 1,6-linked glucose residues and the
decrease of the molecular weight improved the anticancer effect in this series of substances [85]. It
is known that algal glucans suppress angiogenesis in tumor growth. Recent findings show that they
enhanced the tumor response to photodynamic therapy in C57BL/6 mice, administered
subcutaneously with Lewis lung carcinoma cells. Ten days after implantation, the mice were treated
with sodium porfimer, 24 h prior to laser irradiation with or without oral administration of
ȕ-D-glucans. When algal ȕ-D-glucan was used, significantly reduced tumor growth was indicated [86].
Laminarans noticeably inhibited the formation of putrefactive and harmful compounds, such as
indoles, p-cresol, ammonia, phenol, and sulfide, produced by the fecal microflora. These
putrefactive compounds in rats fed low molecular alginate also tended to be lower. In both
experiments (with laminaran and with alginic acid) the intestinal bacterial flora of rats was
changed. Polysaccharides were fermented into propionic and butyric acids by intestinal microbiota,
similar to the effects of prebiotics. These results suggest that the fermentation of laminaran by
intestinal bacteria could suppress the risk of colorectal cancer [87,88]. It is of special interest that
not only laminarans, but also other ȕ-D-glucans, isolated from yeast, fungi and cereals
demonstrated anti-cytotoxic, anti-mutagenic, and anti-tumorigenic properties, making this class of
polysaccharides a promising promoter of health [89].
Tumor metastasis is connected with expression of heparanase, an endo-ȕ-D-glucuronidase that
degrades the main polysaccharide constituent of the extracellular matrix and the basement
membrane. In fact, expression of the heparanase gene is associated with the invasive potential of
tumors. Laminaran sulfate inhibited heparanase enzymatic activity and reduced the incidence of
metastasis in experimental animals [90].
2.3. Alginic Acids
Alginic acids are widely distributed in the cell walls of brown seaweeds. These anionic
polysaccharides were proved to be linear polymers containing blocks of 1,4-linked
ȕ-D-polymannouronate and Į-L-polyguluronate (so-called M- and G-blocks) (Figure 5). Molecular
masses of alginic acids ranged between 10 kDa and 600 kDa. These polysaccharides are used in the
pharmaceutical industry and in biotechnology, particularly for cell immobilization and encapsulation.
Figure 5. Structure of alginic acid.
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Alginic acid-coated chitosan nanoparticles have been constructed as an oral delivery carrier for
the legumain-based DNA vaccine. It was shown that this vaccine could effectively improve
autoimmune response and protect against breast cancer in mice [91].
Biopreparations containing alginic acids probably have some cancer preventive properties
because of the ability of polysaccharides to bind toxins and heavy metals in the intestines and
transform these dangerous compounds into less harmful forms.
3. Polysaccharides from Red Algae
Red algae (Rhodophyta) contain several classes of well known polysaccharides, having wide
application in microbiology, biotechnology and other fields, mainly due to the ability of their
aqueous solutions to form strong gels. Sulfated galactans such as agar, agarose and carrageenans
usually contain repeating disaccharides of ȕ-(1ĺ3)-linked and Į-(1ĺ4)-linked galactopyranosyl
(Galp) residues. Several red algae species contain other polysaccharides, for example mannans and
xylans [92].
All carrageenans consist of either galactose or galactose and 3,6-anhydrogalactose
monosaccharide units and differ from each other in monosaccharide composition, level of sulfation,
positions of sulfate groups and molecular weights. Three groups of carrageenans, so-called kappa-,
iota- and lambda-carrageenans, are of commercial significance (Figure 6). Hybrid forms of
carrageenans are also known.
Figure 6. Structures of repeating units of some carrageenans.
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Some representatives of this polysaccharide class demonstrate properties connected with cancer
prevention, mainly due to antiviral, antioxidant properties, and stimulation of antitumor immunity.
As is known, certain sexually transmitted human papillomavirus types are associated with the
development of cervical cancer. Recently, it was established that carrageenan in nanomolar
concentrations inhibits papillomavirus. However, clinical trials are needed to determine, whether
carrageenans are effective as antiviral drugs against genital human papilloma viral infection or
not [93].
ț-Carrageenans degraded by an oxidative method involving hydrogen peroxide (H2O2) treatment
were evaluated as scavengers of superoxide anions and hydroxyl radicals by application of flow
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injection chemiluminescence technology. The values of IC50 of degraded ț-carrageenans labeled A,
B, C, and D against the superoxide anion showed a positive correlation with molecular weight. As
for hydroxyl radical scavenging, the EC50 values of degraded ț-carrageenans A, B, C, and D showed
the same correlation. Therefore, these results indicated that ț-carrageenans with lower molecular
weights have better antioxidant properties and may be promising for cancer prevention [94].
Carrageenan oligosaccharides from the red alga Kappaphycus striatum were perorally
administrated during 14 days into mice inoculated with S180 tumor cell suspension. This resulted
in growth inhibition of transplantable sarcoma cells, increased macrophage phagocytosis, enhanced
antibody production, increased lymphocyte proliferation, stronger NK cell activity, and elevated
levels of IL-2 and TNF-α. These results suggested that the studied oligosaccharides exert their
antitumor effects by promoting the immune system [95]. In vivo antitumor activities for
κ-carrageenan oligosachharides and low molecular Ȝ-carrageenan from Chondrus ocellatus have
been established. The latter also potentiated the antitumor effect of 5-FU [96,97]. Similar data were
obtained in studies of sulfated polysaccharide from the red alga Champia feldmannii [98]. Thus,
low molecular carrageenans and carrageenan oligosaccharides seem to be more promising cancer
preventive agents than high molecular natural products belonging to this class of polysaccharides.
However, harmful gastrointestinal effects of both native and degraded carrageenans followed by
the induction of neoplasms in animal experiments were reported [99]. Later, it was confirmed that
degraded carrageenan induces colitis in rats in vivo and induces inflammation. However, in
experiments in vitro, the preparation inhibited proliferation of THP-1 cells and arrested the cells in
the G1 phase [100]. In another review concerning the toxicological effects of carrageenan on the
gastrointestinal tract, it was demonstrated that systematically perorally administrated carrageenan
was not carcinogenic. It was noted that previous toxicological studies involved administration of
doses that exceeded those to which humans are exposed by several magnitudes [101]. Similar
conclusion about the safety of peroral application of κ-carrageenan was made as a result of a
90-day dietary study in rats [102].
Thus, further investigations are needed to determine the applicability of partly degraded
carrageenans as cancer preventive agents.
4. Polysaccharides from Green Algae
Among marine macrophytes, marine green algae have been less studied in comparison to brown
and red algae as sources of polysaccharides with anticancer and cancer preventive properties.
However, their antitumor properties have been sometimes reported, mainly for the polysaccharides
belonging to the so-called ulvans. Ulvans, water soluble sulfated polysaccharides from the cell
walls of green algae are characteristic of the plants, belonging to the genera Ulva, Enteromorpha,
Monostroma, Caulerpa, Codium, and some others. They are composed of repeating disaccharide
moieties, containing sulfated rhamnose and uronic acid (glucuronic or iduronic). The structure of
the disaccharide moieties of ulvans resembles that of glycosaminoglycans, which occur in the
extracellular matrix of connective tissues of animals. Some ulvans include also xylose residues
(Figure 7) [103].
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Figure 7. Structure of the main repeating disaccharide in Ulva rigida.
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The highly pyruvated 1,3-ȕ-D-galactan sulfate from the Pacific Codium yezoense and the similar
polysaccharide from Codium isthmocladium represent another type of polysaccharides found in
green algae [104,105]. Sulfated ȕ-D-mannans like that isolated from Codium vermilara [106] have
also been found.
Promising antioxidant and antiproliferative activities were recently found in the sulfated
polysaccharides isolated from several tropical species of green algae. HeLa cell proliferation was
inhibited between 36.3% and 58.4% after 72 h incubation with the polysaccharide isolated from
Caulerpa prolifera [107]. Two polysaccharide fractions obtained from the green alga Caulerpa
racemosa showed antitumor activities, and their inhibition rates of H22 tumor transplanted in mice
were 59.5%–83.8% (48 h) and 53.9% (14 days) at a dose of 100 mg/kg/day, respectively [108].
In vivo and in vitro stimulation of immunity was indicated as the action of water-soluble sulfated
polysaccharide fractions from Enteromorpha prolifera. These polysaccharides significantly
increased ConA-induced splenocyte proliferation and induced the production of various cytokines
via up-regulated m-RNA expression [109]. The ulvan from Ulva rigida induced more than a two
times increase in the expression of some cytokines, stimulated the secretion and activity of murine
macophages as well as inducing an increase in COX-2 and NOS-2 expression [110]. Ulvans from
Ulva pertusa had little cytotoxicity against tumor cells, but significantly stimulated immunity,
inducing considerable amounts of nitric oxide and cytokine production [111]. There are several
reports concerning the antioxidant activities of ulvans in experimental D-galactosamine-induced
hepatitis in rats [112,113].
The strong immuno-modulatory potencies as well as the antioxidant properties of
polysaccharides from green algae suggest their potential cancer preventive activity and their future
utilization as experimental immuno-stimulants.
5. Polysaccharides from Microalgae
There is little information concerning cancer preventive and anticarcinogenic properties of
polysaccharides from marine microalgae, although these organisms have been used for a long time
as food for humans, particularly Arthrospira (the former name Spirulina) and Porphyridium.
Similar marine organisms belong to the classes Bacillariophyceae (diatoms), Cyanophyceae
(blue-green algae), Porphyridiophyceae and partly to Chlorophyceae and Rhodophyceae. However,
after the nuclear accident of Fukushima and the resulting radioactive pollution, the ability of
marine algae to bio-accumulate radionuclides, has become a major concern. For example, the
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newly discovered green microalga, Parachlorella sp. binos (Binos) exhibited highly efficient
incorporation of radioactive isotopes of iodine, strontium and cesium. The authors also showed the
ability of microalgae to accumulate radioactive nuclides from water and soil samples collected
from the heavily contaminated area in Fukushima [114]. Determination of the potential radioactive
contamination of seaweeds is therefore crucial before further search for bioactive compounds.
Polysaccharides isolated from various microalgae ranging from diatoms to green-blue algae
demonstrated different activities, although direct anticancer properties were rarely reported [91].
Apoptogenic properties of red microalgal polysaccharides in two human tumor cell lines MCF-7
and HeLa were established [115]. Some microalgal polysaccharides were found to show antiviral
activities against retroviruses. These viruses, containing reverse transcriptase are implicated in
various types of leukemias and other tumors. Polysaccharides from the fresh water red microalga
Porphyridium sp. were more active than those from Porphyridium aerogineum and Rhodella
reticulata against murine leukemia virus (MULV) and murine sarcoma virus (MuSV-124) in cell
culture [116]. Marine red microalgae polysaccharides and polysaccharides from other microalgae
were also studied in this respect. For example, sulfated polysaccharides from the marine microalga
Cochlodinium polykrikoides showed a significant in vitro antiviral activity against human
immunodeficiency virus and absence of a cytotoxic effect directed against the host cells [117].
Antiviral properties were found in several other polysaccharides, isolated from different
microalgae [118,119].
In addition, blue green algal polysaccharides were immuno-active and showed antioxidant and
free radical scavenging properties [115]. High molecular weight polysaccharides from the fresh
water Spirulina platensis and related species [120] were between one hundred and one thousand
times more immuno-active than polysaccharide preparations from other biological sources that are
used clinically for cancer immunotherapy. Actually, related compounds with similar properties
should be found in the corresponding marine species. Antioxidant activity was also reported for
polysaccharides from Porphiridium cruentum [121].
All these activities are usually associated with anticancer and cancer preventive properties. For
example, it is known that oxidative stress can lead to cancer and some antioxidant marine products
proved to be chemopreventive antitumor agents [122]. Cancer preventive action of the
oligosaccharide derived from the microalga P. cruentum was reported [123]. Another example
concerns the extract from the deep-sea water Spirulina maxima, which effectively suppressed the
expression of Bcl2 in A549 cells and inhibited viability of other human cancer cells [124].
Spirulina platensis preparations showed the chemopreventive effect against carcinogenesis induced
by dibutyl nitrosamine with the decrease of the incidence of liver tumors from 80% to 20%.
However, it is unknown, whether polysaccharide contribution is significant in this case or not [125].
6. Polysaccharides from Marine Bacteria and Fungi
A great diversity of polysaccharides from marine bacteria and fungi also attract attention
because of their structures, anticancer and cancer preventive properties. Polysaccharide B1 from
the marine Pseudomonas sp. has repeating units as -2)-ȕ-D-Galp(4-sulfate)(1,4)[ȕ-D-Glcp(1,6)]-ȕ-
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D-Galp(3-sulfate)(1-

and demonstrated cytotoxicity against tumor cells, being more active to the
central nervous system and lung cancer cell lines. It induced apoptosis in U937 cells [126].
The marine filamentous fungus Keissleriella sp. YS 4108 polysaccharide with a mean molecular
weight of 130,000 Da showed radical eliminating and antioxidant actions in various in vitro
systems. In addition to scavenging activities, the polysaccharide effectively blocked the non
site-specific DNA strand-break induced by the Fenton reaction at concentrations of 0.1 and
1 mg/mL. These results suggested that this preparation could be of preventive and therapeutic
significance to some life-threatening health problems such as cancer [127].
7. Polysaccharides from Marine Animals
Polysaccharides can be found in various marine animals such as sea cucumbers, sea urchins,
sponges, starfish, ascidians, etc. They contain a great variety of polysaccharide compounds,
including glycosaminoglycans, fucans, and galactans [23,128–130]. These compounds demonstrate
diverse biological properties, including anticoagulant and antitrombotic [131–133], antioxidative [134],
neuroprotective [135,136], and antiviral activity as well [8,137]. However, anticancer and cancer
preventive activities of the polysaccharides from marine animals have been studied insufficiently.
Polysaccharide SEP isolated from the eggs of the sea urchin Strongylocentrotus nudus effectively
inhibited the growth of S180 tumor and the hepatocellular carcinoma in vivo via the activation of
lymphocytes and macrophages, amplification of B and T cell proliferation, and increased secretion
of such cytokines as IL-2, TNF-Į and IFN-Ȗ [138–141]. The sulfated polysaccharide conjugate
from viscera of abalone Heliotis discus hannai, administered at doses of 1–40 mg/kg to mice
inhibited tumor growth and increased lymphocyte proliferation, as well as natural killer cell activity
and antibody production. A significant increase of immune function was observed in
cyclophosphamide-induced immunosuppressive mice on administration of 40 mg/kg dose [142].
Cancer chemoprevention implies the use of natural or synthetic compounds for prevention,
suppression or reversal of the process of carcinogenesis [143]. Cancer preventive compounds may
stimulate anticancer immunity, inhibit inflammation, angiogenesis and tumor invasion, or protect
from UV-radiation damage [144–147]. Preincubation with mytilan, a polysaccharide isolated from
the mussel Crenomytilus grayanus, was followed by a normalization of the activity indicators of
human peripheral blood lymphocytes and by a reduction of the number of morphological defects of
the marine invertebrates larvae after UV-irradiation [148]. Sulfated polysaccharide obtained from
the sea cucumber Cucumaria frondosa affected the maturation of monocyte-derived dendritic cells
and their activation of allogeneic CD4(+) T cells in vitro by down regulation of the secretion of
IL-10 and IL-12p40 at 100 ȝg/mL [149]. Some polysaccharides from the marine animals inhibited
the binding of pro-inflammatory molecules, P- and L-selectins, to immobilized carbohydrate
determinant sialyl Lewisx which is a component of cell surface glycoproteins presented in
leukocytes and overexpressed in several tumor cells. As a consequence of their antiselectin activity,
these polysaccharides attenuated metastasis and inflammation [150–152]. Oral administration (100
mg/kg body weight) for five days of sea cucumber fucoidan (SC-FUC) extracted from Acaudina
molpadioides can significantly prevent the formation of gastric ulcer in rats. Moreover, SC-FUC
pretreatment could alleviate ethanol-induced histological damage, reverse changes in tissue
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oxidation and antioxidase activities, and regulate the signaling pathways of mitogen-activated
protein kinases and matrix metalloproteinases [153]. Chondroitin sulfate isolated from ascidian
Styela clava inhibited phorbol ester- and TNF-Į-induced expression of inflammatory factors
VCAM-1, COX-2 and iNOS by blocking Akt/NF-țB activation in mouse skin [154,155].
Anti-inflammatory activity of heparin analogues from ascidians and marine shrimps was also
reported [156,157]. The heparin isolated from white leg shrimp demonstrated anti-angiogenic
activity [158].
8. Conclusion
To date, numerous polysaccharides have been isolated from different marine organisms ranging
from marine bacteria to marine animals and several dozen of them have attracted attention as
promising anticancer and cancer preventive substances. Some of these compounds are already used
in clinical practice. Polysaccharide anticancer and cancer preventive substances demonstrate a wide
variety of useful properties and mechanisms of action, including inhibition of tumor cell proliferation,
induction of apoptosis, inhibition of angiogenesis, etc. These biopolymers and their derivatives
frequently show radical scavenging, antiviral, and immuno-stimulatory properties. Polysaccharides
obtained from marine invertebrates possess unique physico-chemical and biological properties,
which justify intensive research efforts in the future. The increasing exploration of marine
biological sources will help to identify the most promising of these compounds.
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Fucoidan as a Marine Anticancer Agent in
Preclinical Development
Jong-Young Kwak
Abstract: Fucoidan is a fucose-containing sulfated polysaccharide derived from brown seaweeds,
crude extracts of which are commercially available as nutritional supplements. Recent studies have
demonstrated antiproliferative, antiangiogenic, and anticancer properties of fucoidan in vitro.
Accordingly, the anticancer effects of fucoidan have been shown to vary depending on its structure,
while it can target multiple receptors or signaling molecules in various cell types, including tumor
cells and immune cells. Low toxicity and the in vitro effects of fucoidan mentioned above make it a
suitable agent for cancer prevention or treatment. However, preclinical development of natural
marine products requires in vivo examination of purified compounds in animal tumor models. This
review discusses the effects of systemic and local administration of fucoidan on tumor growth,
angiogenesis, and immune reaction and whether in vivo and in vitro results are likely applicable to
the development of fucoidan as a marine anticancer drug.
Reprinted from Mar. Drugs. Cite as: Kwak, J.-Y. Fucoidan as a Marine Anticancer Agent in
Preclinical Development. Mar. Drugs 2014, 12, 851-870.
1. Introduction
Fucoidan is a polysaccharide that consists of sulfated fucose residues. The richest sources of
fucoidan are marine organisms, including brown algae species such as Laminaria and Fucus [1].
Fucoidan-rich brown algae have been marketed as a dietary supplement or nutraceutical. Fucoidan
has advantages of low toxicity, oral bioavailability, and multiple mechanisms of action.
Pharmacologically, fucoidan affects many pathophysiological processes, including inflammation,
vascular physiology, carcinogenesis, and oxidative stress [2,3]. Furthermore, fucoidan can easily be
extracted using either hot water or acidic solutions [4]. Thus, fucoidan-containing food
supplements or drinks have been traditionally administered to cancer patients in Korea, Japan,
China, and other countries. Although the underlying anticancer effects of fucoidan are largely
unknown, it can directly induce cytotoxicity and apoptosis in cancer cells [5]. Fucoidan can also
affect cancer cells indirectly e.g., as an antiangiogenic agent. Furthermore, fucoidan has
immune-stimulating effects on dendritic cells (DCs) [6–9] and natural killer (NK) cells [10,11].
Thus, fucoidan can enhance anticancer immunity through immune cell activation and influx and
stimulation of the production of anticancer cytokines.
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Fucoidan has been reported to be effective in vivo upon oral, intraperitoneal, or intravenous
administration (Table 1). Australian groups have reported clinical trials using fucoidan [12–15].
Recently, Fitton reviewed the potential therapeutic use of fucoidan in various diseases, including
infection, chronic inflammation and fibrosis, liver diseases, arthritis, and radiation injury [2].
Biological activities of fucoidan, including anticancer activity, may vary depending on the source
of seaweed, compositional and structural traits, charge density, distribution, bonding of the sulfate
substitutions, and purity of the fucoidan preparation [4,16].
The structure and function relationships of fucoidan and other sulfated polysaccharides have
been reviewed previously [1,3,16]. This review discusses the preclinical development and use of
fucoidan as a marine anticancer agent, based on in vivo findings in animal models of cancers or
other diseases.
2. Cancer Cell Apoptosis in Vitro
Although the mechanisms underlying the antitumor activity of fucoidan are diverse, it has
antitumor activity by inducing apoptosis in cancer cells. Fucoidan-mediated apoptosis of cancer
cells likely involves up-regulation or down-regulation of multiple signaling pathways. However,
signaling pathways leading to the apoptosis of cancer cells by fucoidan have not been fully
characterized [5]. Recently, in vitro studies have shown the molecular mechanisms of fucoidan in
the induction of apoptosis in various human cancer cells, including HL-60, NB4, THP-1, and U937
leukemic cells [17,18], MCF-7 breast cancer cells [19], AGS human gastric adenocarcinoma
cells [20], A549 lung carcinoma cells [21], PC-3 prostatic cancer cells [22], and SMMC-7721
hepatocellular carcinoma cells [23]. Xue et al. demonstrated that intraperitoneally injected crude
extracts of Fucus vesiculosus induced apoptosis of 4T1 breast cancer cells in tumor-bearing mice,
but fucoidan alone did not cause apoptosis of some other cancer cells in vitro [24]. Thinh et al.
demonstrated that highly purified fucoidan derived from the brown algae Sargassum mcclurei was
less cytotoxic, but inhibited colony formation in DLD-1 colon cancer cells when used at up to 200
g/mL for 48 h [25]. We showed previously that fucoidan derived from Fucus vesiculosus failed to
induce apoptosis in K562 erythroleukemic [17] and mouse CT26 colon cancer cells [26], while it
inhibited cell proliferation. These results suggest that apoptotic activity of fucoidan on cancer cells
may be cell type specific.



p.o. 75 mg/kg
p.o. 100 mg/kg

Sargassum plagiophyllum

Cladosiphon okamuranus Tokida

Fucus vesiculosus

Ascophyllum nodosum

(Sigma, St. Louis, MO, USA)
1 mg/mice

i.v. 5 mg/kg

(34 mg/day)

Diet containing 1% Mekabu

0.25 mg/mice

(Sigma, St. Louis, MO, USA)

Undaria pinnatifida

Foot-pad injection

Fucus vesiculosus

MOPC-315 plasma cell tumor

B16 melanoma cells

Lewis lung carcinoma cells

A20 leukemia cells

Sarcoma 180 (S-180)-xenograft

Diethylnitrosamine-induced hepatocellular carcinoma

4T1-xenograft mice

Bel-7402 hepatocellular carcinoma in nude mice

Lewis lung carcinoma cells

10 mg/kg
i.p. 200 mg/kg

Fucus evanescence

4T1 breast cancer cells

From Ze Lang Nanjing Med. Tech Co.

(Sigma, St. Louis, MO, USA)

Tumor Type
26 colon cancer cells

i.p. 5 mg/kg

p.o. 5 g/kg

Fucus vesiculosus

Route/Dose

Fucoidan

Cladosiphon okamuranus

Prevention of angiogenesis in tumor tissues

Antiangiogenic effect

Cytolytic activity by NK cell activation

produced by macrophages

Delayed tumor growth by nitric oxide

Inhibition of carcinogen metabolism

Prevention of metastasis

Inhibition of proliferation

Unknown

of apoptosis

Inhibition of angiogenesis and induction

Natural killer (NK)cell-mediated

Action Mechanism

Table 1. In vivo effect of fucoidan on tumor growth in tumor-bearing mice.
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3. In Vivo Anticancer Effects
Tumor-bearing animal models are commonly utilized to study the effects of therapeutic
interventions. Recently, fucoidan was shown to inhibit the growth of tumor cells in several animal
models (Table 1). Importantly, fucoidan treatment is relatively safe in animals. For example,
tumor-bearing mice tolerated repeated injections of a moderate dose of fucoidan (10 mg/kg) [27].
However, fucoidan at 25 mg/kg caused toxicity in the same mouse model [27]. When fucoidan
derived from Laminaria japonica was administered to rats orally at 300 mg/kg per day, there were
no significant toxic effects [35]. Other groups also demonstrated that there was no difference in
body weight between controls and animals treated with 200 mg/kg of fucoidan administered
intraperitoneally [28]. Importantly, in a recent phase-two clinical trial in humans conducted by
Myers et al., a seaweed-derived nutrient supplement, containing 75 mg fucoidan plus vitamin B6,
zinc, and manganese, was found to be safe when taken orally over four weeks [15]. These results
suggest that fucoidan generally has low toxicity and is well tolerated.
A substantial number of animal studies have been conducted for the treatment of cancer using
fucoidan. Alekseyenko et al. showed that while a single injection of fucoidan at 25 mg/kg failed to
inhibit tumor growth in mice with transplanted Lewis lung adenocarcinoma, repeated injections of
fucoidan at 10 mg/kg resulted in pronounced antitumor and antimetastatic effects [27]. In a
hepatocellular carcinoma xenograft mouse model established by implanting Bel-7402 cells in nu/nu
mice, administering fucoidan at 200 mg/kg intraperitoneally caused an anticancer effect partly by
inhibiting the proliferation of cancer cells in vivo, but not by apoptosis [28]. Xue et al. investigated
the effects of fucoidan on the metastasis of cancer cells. They demonstrated that crude extracts of
fucoidan suppressed lung metastasis of 4T1 breast cancer cells as well as tumor growth [24,36].
Fucoidan markedly reduced the growth rate of 4T1 cells and significantly diminished the number
of metastatic tumor nodules present in the lungs of 4T1-xenografted mice [29]. Collectively, these
results suggest that fucoidan treatment suppresses tumorigenesis and metastasis, supporting the
potential development of fucoidan as an anticancer drug.
Molecular mechanisms underlying the mode of action of fucoidan were studied in vivo.
Fucoidan was found to prevent diethylnitrosamine-induced hepatocarcinogenesis by inhibiting
metabolic activation of the carcinogen [30]. Takeda et al. found that oral administration of fucoidan
effectively inhibited growth of implanted Sarcoma-180 cells in xenograft mouse models [31].
Fucoidan likely mediated nitric oxide (NO) release by stimulated macrophages in the tumor
microenvironment, thus causing apoptosis. Furthermore, supernatants from fucoidan-stimulated
macrophages were found to cause apoptosis of Sarcoma-180 cells. This effect was negated by the
addition of a NO synthase inhibitor, NG-nitro-L-arginine methyl ester (L-NAME) [31]. Xue et al.
demonstrated that ȕ-catenin expression in tumor lesions was decreased significantly by fucoidan
treatment of tumor-bearing mice [36]. In addition, fucoidan treatment lowered expression of cyclin
D1 and c-myc in vivo. Similar to the in vivo results, in vitro experimental results also demonstrated
that fucoidan modulated the Wnt/ȕ-catenin signaling pathway. These results suggest that fucoidan
exerts anticancer activity at least partly by down-regulating ȕ-catenin signaling both in vitro and
in vivo.
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It has been suggested that differing in vivo effects of fucoidans may depend on electrical charge
density, extent of sulfonation, and the molecular weight of different preparations [37]. The
requirement for continuous administration may limit the use of high-molecular-weight (HMW)
fucoidan in pharmaceutical and clinical applications [38]. The in vitro anticancer activity of
fucoidans derived from the sporophyll of Undaria pinnatifida was significantly higher for
low-molecular-weight fucoidan (490 kDa) than for native fucoidan of 5100 kDa [39]. Azuma et al.
further investigated molecular-weight dependent effects of fucoidan on tumor growth and survival
time in tumor-bearing mouse models [11]. They showed that oral administration of fucoidan
extracted from Cladosiphon okamuranus in tumor-bearing mice suppressed colon tumor growth,
but the tumor weight was lowered in mice treated with either LMW (6.4–40 kDa) or HMW
fucoidan (300–330 kDa) preparations. Therefore, studying the anticancer efficacy of LMW and
HMW fucoidan preparations in animal models should be an area of future research efforts.
4. In Vivo Anticancer Immune Responses
Maruyama et al. studied mice that were fed a diet containing Mekabu fucoidan, derived from the
sporophyll of Undaria pinnatifida [32]. Mice were on the diet for 10 days before subcutaneous
inoculation with lymphoma cells. Thereafter, the mice were fed the same diet for 40 days. Cell
growth was significantly inhibited in these mice. However, tumor growth was not inhibited in mice
fed with fucoidan diet only 40 days after inoculation of lymphoma cells [32]. The authors
suggested that this anticancer activity may have been due to activation of an immune response
initiated even before inoculation of cancerous cells rather than a direct cytotoxic effect by fucoidan
on lymphoma cells. Further in vivo studies have elucidated potential mechanisms underlying the
fucoidan-mediated anticancer immune responses. For example, fucoidan can affect immune cell
activity and cytokine production. The killer activities of T cell-mediated NK cells were enhanced in
mice fed with fucoidan compared to control mice [10,32]. NK cell activation was associated with
increased production of interferon (IFN)-Ȗ and interleukin (IL)-12 by splenic T cells in
fucoidan-fed mice [32,40]. Furthermore, oral administration of fucoidan increased the number of
splenic NK cells in tumor-bearing mice [11].
It has been suggested that immunostimulation and immunosuppression occur simultaneously
in cancer patients, and deactivation of certain cytokines could offer an unexploited and novel
anticancer treatment approach [41]. Cancer-induced immune suppression is related to a defective
IL-12–IFN-ȖെHLA-DR axis [41]. Proinflammatory cytokines such as IL-12 are essential for
inducing the Th1 response [42]. In vitro experiments in our laboratory have shown that the
secretion of IL-12p70 and IFN-Ȗ is enhanced by co-culturing T cells with fucoidan-activated
human peripheral blood DCs, whereas fucoidan-activated DCs alone failed to produce IL-12p70 [8].
On the other hand, Hu et al. demonstrated that fucoidan could enhance the maturation of DCs and
the cross-presentation of cancer testis antigen, NY-ESO-1 to CD8+ T cells, thus augmenting the
cytotoxicity of T cells against NY-ESO-1-expressing cancer cells [9]. Interestingly, fucoidan was
found to increase NY-SEO-1 binding to human DCs [9]. Cancer immunotherapy using DCs
generated in vitro has been proven to be safe in clinical trials in combination with a DC activator [43].
Accordingly, we observed that the co-administration of DCs and fucoidan in tumor-bearing mice
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significantly decreased tumor growth when compared to the administration of DCs or fucoidan
alone (in preparation). Therefore, fucoidan could modulate anticancer immune responses against
different cancer cell types.
5. Antiangiogenic Effects of Fucoidan in Vivo
Targeting tumor angiogenesis or new vasculature formation has advanced cancer therapy [44].
Limiting new blood vessel formation by antiangiogenic agents reduces intratumoral blood flow,
hence limiting growth and metastatic potential. There have been contradictory reports of the effects
of fucoidan on angiogenesis. Oversulfated fucoidan was found to inhibit tumor-induced
angiogenesis [33,45], whereas fucoidan has been associated with neovascularization in other
diseases [46].
Oversulfated fucoidan was found to inhibit the basic fibroblast growth factor (bFGF)-induced
tube formation by human umbilical vein endothelial cells [45], while other sulfated polysaccharides
inhibited the proliferation and migration of vascular endothelial cells by altering FGF binding to
cell surface FGF receptors [47]. In contrast, fucoidan promoted FGF-2 effects in vivo [37] and
LMW fucoidan (MW. ca. 4 kDa) prepared by radical degradation promoted bFGF-induced tube
formation of endothelial cells [48,49]. On the other hand, in ex vivo angiogenesis assays, where rat
aortic tissue was placed on Matrigel™ and capillary tube formation was measured, fucoidan
derived from Undaria pinnatifida suppressed angiogenesis in the aortic rings when used at
100 g/mL [50]. However, LMW fucoidan reduced intimal hyperplasia in a rat aortic allograft
model of transplant atherosclerosis, while stimulating formation of an endothelial lining in the
vascular allograft [51]. Wang and Miao reviewed the currently used marine-derived angiogenesis
inhibitors, suggesting that different fucoidan preparations affect angiogenesis differently,
depending on molecular weight and extent of sulfation: (1) LMW fucoidans (4–9 kDa) stimulated
angiogenesis in different assays; (2) mid-molecular-weight fucoidans (15–20 kDa) enhanced
HUVEC migration, but have not been shown to inhibit HUVEC tube formation; and (3) natural
fucoidans of HMW (30 kDa) showed antiangiogenic properties by inhibiting proliferation,
migration, and tube formation of endothelial cells and inhibiting vascular network formation [52].
Koyanagi et al. demonstrated that fucoidan prevented phosphorylation of the receptor for
vascular endothelial growth factor (VEGF) upon VEGF binding [33]. Furthermore, the authors
observed that repetitive intravenous administration of fucoidan at 5 mg/kg in mice suppressed
neovascularization from surrounding blood vessels in the region adjacent to implanted Sarcoma
180 cells. Similarly, intraperitoneal administration of fucoidan (1 mg/mouse) in mice implanted
with the murine plasma cell tumor line, MOPC-315, which expresses VEGF, reduced VEGF-induced
angiogenesis, tumor neovascularization, and tumor growth [34]. In 2012, Xue et al. demonstrated
that fucoidan caused a significant reduction in intratumoral VEGF expression in mice implanted
with 4T1 breast cancer cells compared to untreated control animals [24]. These promising
results indicate that fucoidan could play an important role as an antiangiogenic factor in cancer.
Further investigations of angiogenesis using various in vivo cancer models treated with fucoidan
are warranted.
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6. Mobilization of Hematopoietic Progenitor Cells
Reportedly, fucoidan can inhibit selectin function in vitro and in vivo [53]. Fucoidan blocks
leukocyte rolling and interferes with various inflammatory responses in animal models [54–58].
In addition, it can reduce platelet aggregation by inhibiting P-selectin [59]. However, significant
mobilization of progenitor cells and leukocytosis could be elicited in selectin-deficient mice similar
to that of wild-type controls, suggesting that the mode of action of fucoidan is not through
selectins [60,61]. The in vivo effects of fucoidan on leukocytes in other disease models are
summarized in Table 2.
Table 2. In vivo effects of fucoidan on leukocytes in various disease models.
Test
Route
Human
p.o.
Human
p.o.

Dose
330 mg
100 mg

Rabbit

i.v.

10 mg/kg

Mice

i.v.
i.p.

50 mg/kg
50 mg/kg

Rat

i.p.

25 mg/kg

Mice
Mice

p.o.
i.p.

200 mg/kg
50 mg/kg

Rat

i.p.

50 mg/kg

Mice

i.v.

10 mg/kg

Mice

p.o.

Mice

i.v.

0.05% (w/w)
in mouse
chow
25 mg/kg

Rat

p.o.

100 mg/kg

Cat

i.v.

25 mg/kg

Possible in vivo effects
Mobilization of leukocytes
Immune modulation
Decreased influx of leukocytes into cerebrospinal
fluid in meningitis
Mobilization of hematopoietic progenitor stem cells
(HPCs)
Inhibition of extravasation of macrophages and
CD4+ T cells to myocardium
Th1 switch in Leishmania infection
Improvement of pulmonary inflammation
Inhibition of leukocyte infiltration in ischemic
lesion
Inhibition of infiltration of Ȗį T cells in pleural
cavity
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[12]
[15]
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[61–63]
[64]
[65]
[66]
[67]
[68]

Improvement of chronic colitis

[69]

Inhibition of leukocyte rolling
Decreased infiltration of neutrophils in myocardial
infarct size
Inhibition of leukocyte rolling

[70]
[71]
[72]

Interaction between stromal-derived factor-1 (SDF-1, CXCL12) and SDF-1Į-binding
chemokine (C-X-C motif) receptor 4 (CXCR4) is involved in the mobilization of hematopoietic
progenitor stem cells (HPC), which are used after high-dose chemotherapy to support bone marrow
regeneration [73]. In addition, CXCR4 is expressed on various cancer cell types [41,74], and
the CXCL12–CXCR4 axis is involved in tumor progression, angiogenesis, metastasis, and
survival [74–76]. Therefore, modulation of the CXCL12–CXCR4 axis by fucoidan seems an
interesting target for cancer therapy. Fucoidan binds CXCL12, which is normally retained by
heparan sulfate proteoglycans on the membrane of stromal cells or the extracellular matrix in bone
marrow, thereby releasing CXCL12 into the circulation [60,77–79]. Negatively charged fucoidan
seems to interact with basic residues of CXCL12 [80]. When mice were injected intravenously or
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intraperitoneally with 50 or 100 mg/kg of fucoidan, HPCs were mobilized from bone marrow [60–62],
and plasma concentration of CXCL12 increased rapidly and dramatically [37,61,63]. In clinical
trials, Irhimeh et al. demonstrated that oral fucoidan increased surface expression of CXCR4 on
human CD34+ cells and the release of CD34+ cells from bone marrow to peripheral blood [12].
Therefore, future studies are warranted to determine whether fucoidan can affect the CXCL12–CXCR4
axis in tumor growth in vivo.
7. Role of Scavenger Receptor Type A in the Action of Fucoidan
Fucoidan is known to bind to various types of scavenger receptors (SR), including class A-, B-,
and F-SRs [81–83]. Fucoidan has been used as an effective competitor for oxidized low-density
lipoproteins in SR-A binding assays [84]. SR-A is mainly expressed in macrophages and DCs [85]
and is implicated in changing the immune microenvironment in cancer. However, the reports on
the role of SR-A in anticancer immunity have been contradictory. Wang et al. demonstrated that
anticancer responses in SR-Aí/í mice were improved and correlated with an increased antigen-specific
T cell response [86]. The authors showed that SR-Aí/í mice were highly responsive to
inflammatory stimuli, such as lipopolysaccharide. Thus, the immunosuppressive role of SR-A in
cancer might be due to its inhibition of proinflammatory responses by ligation of the toll-like
receptor 4 (TLR4) rather than a direct inhibition of tumor immunity [87]. Indeed, it was shown that
fucoidan, as a common SR-A ligand, also activated TLR4 signaling, and combined signaling
through two distinct receptors resulting in a functional outcome not achieved by either receptor
alone [88].
SR-A expression was lower in cancerous than in normal tissues and SR-A depletion was found
to boost growth and angiogenesis of implanted Lewis lung carcinoma in mice [89]. Tumor cells
caused SR-A up-regulation on macrophages [90], and elimination of SR-A-positive tumor-infiltrating
leukocytes from the peritoneum of tumor-bearing mice relieved the T cell suppression and
inhibited tumor growth [91,92]. Moreover, SR-Aí/í mice showed delayed growth of injected EL4
tumors and expression of inducible NO synthase, while showing significantly increased IFN-Ȗ
mRNA expression, suggesting that tumor-associated macrophages are highly active in SR-A-depleted
conditions [93]. Recently, in vitro experimental results revealed that fucoidan can inhibit
macrophage-induced tumor cell invasion [94]. Results obtained using an experimental autoimmune
myocarditis model also showed that fucoidan administration attenuated progression of myocarditis
by decreasing myocardial macrophage infiltration [64]. Therefore, we can speculate that
macrophages are associated with immune suppression in tumor tissues and macrophage depletion
in cancerous tissues by fucoidan may inhibit tumor progression.
In vitro testing indicated that LMW fucoidan is internalized via endocytosis [38]. Recently,
Zhu et al. demonstrated that fucoidan-SR-A internalization occurred through clathrin- and
caveolae-dependent pathways [95]. They also revealed the mechanism involving the production of
tumor necrosis factor (TNF)-Į following SR-A binding by fucoidan. Fucoidan treatment of
macrophages could promote recruitment of the major vault protein to lipid rafts to form an
SR-A-major vault protein complex, leading to TNF-Į production [96]. NO production by
macrophages was significantly decreased in SR-Aí/í compared with the wild-type mice when
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macrophages were treated with fucoidan [97]. In addition, fucoidan abrogated SR-A-mediated
chaperone uptake into macrophages [98] and DCs [83]. Our previous results also demonstrated that
fucoidan decreased the binding of the anti-SR-A antibody to human blood DCs and failed to
activate SR-A-depleted DCs [8]. These results suggest that the binding of SR-A by fucoidan leads
to DC activation. Herber et al. demonstrated that DCs with high lipid content had low
antigen-processing capacity and the frequencies of these cells were significantly increased in
tumor-bearing mice and cancer patients [99]. Accumulation of lipids by DCs in vitro and in vivo
was induced by tumor-derived factors that up-regulated SR-A expression on DCs. It was shown
that SR-A overexpressing DCs could internalize modified lipoproteins from serum and fucoidan
inhibited DC lipid uptake. Therefore, fucoidan might be effective in decreasing the frequency of
lipid-laden and poorly antigen-presenting DCs in cancer patients by blocking SR-A, thus leading to
an enhanced immune response. Consequently, further studies to reveal the possible effects of
fucoidan on tumor growth in SR-Aí/í mice may help to unravel the immunological roles of
fucoidan in cancer.
8. In Vivo Cytokine Production by Fucoidan in Other Diseases
In contrast to effects on cytokine expression in tumor-bearing mice, serum analysis of cytokines
after fucoidan treatment has shown discrepant effects in several other disease models (Table 3). For
example, splenic cytokine analysis in Leishmania-infected mice showed that fucoidan treatment at
200 mg/kg (p.o.) significantly increased levels of IFN-Ȗ, IL-12, and TNF-Į [65]. In an aspirin-induced
stomach ulceration model, IFN-Ȗ was increased, and levels of IFN-Ȗ were further increased in rats
treated with both aspirin and fucoidan at 400 mg/kg [100]. On the other hand, Maruyama et al.
demonstrated that Mekabu-derived fucoidan suppressed production of Th2 cytokines in the
bronchoalveolar lavage fluid after ovalbumin aerosol challenge [66]. Under normal conditions,
intravenous treatment of mice and nonhuman primates with fucoidan was shown to increase levels
of IL-8, monocyte chemoattractant protein 1, and matrix metalloproteinase 9 [60,63].
Other studies have shown that fucoidan suppresses cytokine levels in several disease models.
Kang et al. demonstrated that treatment of rats with fucoidan at 50 mg/kg (i.p.) significantly
decreased the number of the TNF-Į-immunoreactive cells in the cerebral cortex and striatum,
induced by lipopolysaccharide [67]. Concanavalin A-induced liver injury and a concomitant
increase of plasma TNF-Į and IFN-Ȗ levels were prevented, but plasma IL-10 levels were increased
by fucoidan treatment at 30 mg/kg (i.v.) [101]. Interestingly, the above mentioned inhibitory effects
of fucoidan were reversed by pretreatment with an anti-mouse IL-10 antibody. Intravenous
administration of fucoidan inhibited ovalbumin-induced Ȗį T cell accumulation in pleural cavities
and lymph nodes in a murine model of ovalbumin-induced allergic pleurisy [68]. Moreover, pleural
Ȗį T lymphocytes from fucoidan-treated mice showed reduced ovalbumin-induced IL-5
production, leading to decreased ovalbumin-induced eosinophil influx [68]. These results indicate
that cytokine production profiles of fucoidan-stimulated immune cells in cancer patients may differ
from those in patients with inflammatory or immune diseases.
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9. In Vivo Antioxidant and Prooxidant Effects of Fucoidan
Prooxidant cytotoxic effects are important in clearing transformed cells from the body and
limiting tumor growth. In contrast, oxidative stress is also associated with membrane lipid
peroxidation, DNA damage, and mutagenesis, leading to tumor formation [102]. Fucoidan may
have both antioxidant and prooxidant effects in cancer cells. We previously showed that
fucoidan-induced apoptosis in leukemic cells was inhibited by glutathione and/or NAME
addition [17]. Furthermore, fucoidan treatment of leukemic cells decreased intracellular glutathione
concentrations and stimulated NO production. Zhang et al. demonstrated that fucoidan enhanced
the apoptosis of cancer cells that responded to cisplatin, tamoxifen, or paclitaxel treatment via
reduced glutathione levels, and enhanced production of intracellular reactive oxygen species in
breast cancer cells [103]. According to Yang et al., fucoidan isolated from Undaria pinnatifida
induces the death of hepatocellular carcinoma cells by causing intracellular accumulation of high
levels of reactive oxygen species, accompanied by damage to the mitochondrial ultrastructure,
depolarization of the mitochondrial membrane potential, and caspase activation [23]. These results
suggest that induction of oxidative stress may be an important event in fucoidan-induced cancer
cell death.
In general, fucoidan preparations show antioxidant effects in other disease models in vivo [107–109]
(summarized in Table 4). Pre-treating rats with fucoidan preparations caused suppression of lactate
dehydrogenase and malondialdehyde levels, but caused normalization of superoxide dismutase,
catalase, and glutathione peroxidase levels, decreasing necrosis and cirrhosis incidences in the liver
of CCL4-treated rats [107]. Similarly, fibrosis and acetaminophen-induced liver injury were
significantly suppressed by oral fucoidan intake [110,111]. Luo et al. investigated the effects of
fucoidan on 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced animal models of
parkinsonism in C57/BL mice. The authors demonstrated that the administration of fucoidan at 25
mg/kg (i.p.) inhibited MPTP-induced lipid peroxidation and reduced the activities of antioxidant
enzymes [108]. This fucoidan-induced alteration in antioxidant activity might lead to increased
levels of striatal dopamine and its metabolite, increased expression of tyrosine hydroxylase, and
reduced behavioral deficits. Suresh et al. demonstrated that fucoidan prevented increase of
drug-metabolizing hepatic enzyme levels, which result from oxidative stress by diethylnitrosamine,
a carcinogen in rats [30]. In contrast, splenocytes of fucoidan-treated mice infected with
Leishmania donovani generated significantly high levels of superoxide and NO [65].
Similar to fucoidan, green tea has shown both antioxidant and prooxidant effects in cancer
cells [113]. Prooxidant effects of green tea apparently cause tumor cell apoptosis and also induce
endogenous antioxidant mechanisms that protect against carcinogenic insults in normal tissues [113].
Fucoidan has antioxidative and prooxidative potential in animal models of renal ischemia-reperfusion
injury, however, fucoidan alone did not affect malondialdehyde and superoxide dismutase levels in
the sham-operated group [112]. Recently, it was shown that intracellular and secreted H2O2 from
HT1080 human fibrosarcoma cells were both greatly repressed upon tumor cell treatment with
enzyme-digested fucoidan preparations extracted from seaweed Mozuku of Cladosiphon
novae-caledoniae kylin [114]. However, Ye et al. suggested that H2O2 release by cancer cells is
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one of the triggering factors to promote angiogenesis rather than apoptosis [114]. Therefore, more
careful in vivo studies using highly purified fucoidan preparations are essential to determine
whether fucoidan has an antioxidant or prooxidant role in cancer prevention and treatment.
Table 3. Changes of cytokine and growth factor levels by in vivo administration of
fucoidan in cancer and other disease models.
Cytokines
CXCL12

IFN-Ȗ

TNF-Į

IL-1
IL-4
IL-5
IL-6
IL-8
IL-10
IL-12
MCP-1
VEGF
FGF-2

In Vivo Changes
Increase in plasma
Increase in myocardial ischemic tissue
Increase in splenic T cells/A20 lymphoma
Increase in splenic T cells/P-388
Increase of secretion in plasma by aspirin
Inhibition of increase in gastric ulcer lesion
Inhibition of increase in acute bacterial meningitis
Inhibition of expression in ischemic lesion
Inhibition of increase in ischemia-reperfusion injury
Inhibition of increase in gastric ulcer lesion
Inhibition of lipopolysaccharide-induced increase in brain
Inhibition of increase in acute bacterial meningitis
Decrease in bronchoalveolar lavage fluid
Decrease in ovalbumin-sensitized spleen cells
Inhibition of increase in pleural cavity of allergic pleurisy
Decrease in plasma
Inhibition of increase in colonic lamina propria of colitis
Inhibition of increase in ischemia-reperfusion injury
Increase in plasma
Inhibition of lipopolysaccharide-induced increase in brain
Increase in plasma level in liver injury
Inhibition of decrease in ischemia-reperfusion injury
Increase in splenic T cells/A20 lymphoma
Increase in Leishmania infection
Inhibition of increase in gastric ulcer lesion
Increase in plasma
Reduction of mRNA expression in tumor tissues
Increase in myocardial ischemic tissue
Potentiation of activity
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Table 4. In vivo effects of fucoidan on other diseases related to the oxidant production.
Test

Route

Dose

Mice

i.p.

25 mg/kg
15 mg/kg

Mice
Mice

i.p.
i.p.
p.o.
i.p.

Rat

25 mg/kg
100 mg/kg
100 mg/kg

Possible in vivo effects
Prevention of MPTP-induced neurotoxicity
Prevention of lipopolysaccharide-induced
neurotoxicity
Neuroprotection via antioxidant activity
Prevention of ischemia-reperfusion injury
Suppression of liver fibrogenesis and druginduced liver injury

References
[108]
[105]
[108]
[112]
[110,111]

64
10. Conclusions
Fucoidan shows promising characteristics that warrant further development of the substance as a
future marine drug. Recent in vivo studies suggest fucoidan to be a potential preventive or
therapeutic agent for controlling cancers. However, the in vitro and in vivo mechanisms underlying
the observed anticancer effects of fucoidan have not been fully investigated. The anticancer effects
of fucoidan in vivo may be due to the inhibition of tumorigenesis and metastasis. More importantly,
fucoidan may act by promoting immune responses or antiangiogenesis in tumor tissues. The
mobilization of hematopoietic progenitor cells by fucoidan is yet another interesting characteristic
of the substance that harbors therapeutic potential. These findings need to be corroborated by
further preclinical studies. Orally delivered fucoidan appears promising as a marine drug in several
diseases [2], but fucoidan administration via other routes is also possible. However, fucoidan
preparations isolated from different sources have shown differential anticancer effects in vivo
because of correspondingly different structural properties. Therefore, as a next step, the
determination of the structural characteristics responsible for the in vivo anticancer activities of
fucoidan will be essential for its potential use as a marine drug.
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Anticancer Effects of Different Seaweeds on Human Colon
and Breast Cancers
Ghislain Moussavou, Dong Hoon Kwak, Brice Wilfried Obiang-Obonou,
Cyr Abel Ogandaga Maranguy, Sylvatrie-Danne Dinzouna-Boutamba, Dae Hoon Lee,
Ordelia Gwenaelle Manvoudou Pissibanganga, Kisung Ko, Jae In Seo and Young Kug Choo
Abstract: Seafoods and seaweeds represent some of the most important reservoirs of new
therapeutic compounds for humans. Seaweed has been shown to have several biological activities,
including anticancer activity. This review focuses on colorectal and breast cancers, which are major
causes of cancer-related mortality in men and women. It also describes various compounds
extracted from a range of seaweeds that have been shown to eradicate or slow the progression of
cancer. Fucoidan extracted from the brown algae Fucus spp. has shown activity against both
colorectal and breast cancers. Furthermore, we review the mechanisms through which these
compounds can induce apoptosis in vitro and in vivo. By considering the ability of compounds
present in seaweeds to act against colorectal and breast cancers, this review highlights the potential
use of seaweeds as anticancer agents.
Reprinted from Mar. Drugs. Cite as: Moussavou, G.; Kwak, D.H.; Obiang-Obonou, B.W.;
Maranguy, C.A.O.; Dinzouna-Boutamba, S.-D.; Lee, D.H.; Pissibanganga, O.G.M.; Ko, K.;
Seo, J.I.; Choo, Y.K. Anticancer Effects of Different Seaweeds on Human Colon and Breast
Cancers. Mar. Drugs 2014, 12, 4898-4911.
1. Introduction
Cancers are a group of diseases characterized by uncontrolled cell growth and spread [1].
Colorectal cancer is the third most common cancer in the world, with nearly 1.4 million new cases
diagnosed in 2012 [1]. Moreover, the incidence of this disease has increased steadily in recent
years [2]. Despite advances in therapeutic interventions over the past few decades, the mortality
rate of patients diagnosed with colorectal cancer remains approximately 40%, mainly due to
metastasis to the liver [3].
Breast cancer is the leading cause of death among women in many countries [4]. This is the
second most common cancer overall, with nearly 1.7 million new cases diagnosed worldwide in
2012 [1]. As breast cancer progresses, survival factors that inhibit apoptotic cell death are
expressed by the cancer cells [5,6].
Due to the increasing incidence of cancer in both developing and developed countries, the use of
new chemotherapeutic molecules is needed [7]. Employing natural or synthetic agents to prevent or
suppress the progression of invasive cancers has recently been recognized as an approach with
enormous potential [8].
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Seaweeds (marine algae) are extensively used as functional foods and medicinal herbs, and have
a long history of use in Asian countries [9]. Since certain seaweeds have long been used for the
treatment of cancer, many crude or partially purified polysaccharides from various brown, green,
and red algae have been tested for their antitumor activities [10] (Table 1). These studies have
indicated that marine algae constitute a promising source of novel compounds with potential as
human therapeutic agents. In particular, algae have been considered as a potential source of new
bioactive compounds [7].
Several studies have reported that compounds extracted from seaweed may be effective
anticancer agents. This review summarizes the various effects of seaweed-derived compounds on
colorectal and breast cancers via promotion of cancer cell apoptosis.
2. Seaweed and Colorectal Cancer
Colorectal cancer is one of the most common cancers in men and women and it is particularly
prevalent in developed countries. The worldwide incidence of this cancer has increased steadily in
recent years, and this has been attributed to rapid changes in dietary patterns and preferences.
Dietary habits can influence the risk for colorectal cancer [25], and the identification of food
components that can prevent the tumorigenic process may contribute to the development of
effective anti-colorectal cancer agents [2]. Many investigations have aimed to find effective ways
to combat colorectal cancer. Some studies have reported that colorectal cancer can be successfully
treated with marine natural products, which contain an abundance of biologically active substances
with novel chemical structures and favorable pharmacological activities [11].
The inhibition of apoptosis in colorectal cancer cells enhances tumor growth, promotes
neoplastic progression, and confers resistance to cytotoxic anticancer agents [26]. Thus, bioactive
compounds that induce apoptosis in cancer cells can be used as agents for cancer chemoprevention
and/or chemotherapy [2]. Accumulating evidence suggests that bioactive compounds extracted
from algae produce anticancer effects through multiple mechanisms of action, including inhibition
of cancer cell growth, invasion, and metastasis, and through the induction of apoptosis in cancer
cells [27]. Apoptosis may be initiated either by an intrinsic (mitochondrial-mediated) pathway or
by an extrinsic (death receptor-mediated) pathway [28–30]. Each of these pathways involves the
activation of caspases and ultimately leads to apoptosis [12].
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Aslam et al. 2009 [16]

Kim et al. 2009 [15]

Federov et al. 2007 [14]
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Park et al. 2012;

Ruy et al. 2013 [11]

Namvar et al. 2013 [9]

Pereira et al. 2011 [7]

Kim et al. 2010 [2]
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Table 1. The effects of seaweeds and their compounds on colorectal, breast and other cancers.
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Table 2. Seaweed-derived compounds and their effects on apoptosis.
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Compounds

Cell Cycle
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+

+

+
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Park et al. 2012;
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Fedorov et al.

(Laurencia sp.)
Steorol fraction

Kim et al. 2010 [2]/
Xue et al. 2012 [31]

2007 [14]
-

(Porphyra

Kazlowska et al.
2013 [17]

dentata)
Methanol extracts

+

-

-

-

-

-

Paul et al. 2013 [22]

(Sargassum
muticum)
+: effects reported; -: no effects reported.

Consumption of various types of seafood, including seaweed, has been suggested to be responsible
for the low incidence of cancer in Japan and in other countries whose inhabitants traditionally consume
high levels of marine organisms [14]. Numerous studies have examined the effects of seaweeds on
apoptotic pathways (Table 2). The effects of laminarin, a storage glycan composed of ȕ-glycan
(ȕ-1,3-ȕ-1,6-glycan) found in brown algae, on colorectal cancer cells were investigated as well as the
mechanisms through which laminarin induced apoptosis in these cells. Treatment with laminarin from
Laminaria spp. (brown algae) inhibited the proliferation of colon cancer cells via Fas and IGF-IR
signaling through the intrinsic apoptotic and ErbB pathways, respectively (Table 3) [12,13]. According
to previous studies, Fas and Fas receptors induced the activation of members of the caspase family,
leading to cleavage of apoptosis markers such as poly (ADP-ribose) polymerase (PARP) [32]. Other
studies showed that laminarin regulated Fas and FADD protein levels, suggesting that it induced
Fas-mediated apoptosis. Laminarin also increased the expression of Fas and FADD, which also
increased the activation of caspases [33,34].
ErbB receptors control key pathways that govern cellular processes such as proliferation, cell
migration, metabolism, and survival [35,36]. Dysregulation of the ErbB receptor signal transduction
pathway is observed in several types of cancer, including colon cancer. Abnormal activation of the
ErbB receptor is thought to be one of the potential causes of cancer [37]. Laminarin decreased Bcl-2
family protein expression and inhibited cell cycle progression by regulating the ErbB signaling
pathway [13]. These studies also showed that treatment of HT-29 cells with laminarin inhibited
phosphorylation and ErbB2 expression, as well as the phosphorylation of Akt.
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Table 3. Properties of seaweeds in fight against colorectal cancer.
Colorectal Cancer
Seaweeds
Laminaria
digitata

Therapeutic compounds and their properties
Laminarin from Laminaria digitata induced apoptosis in HT-29 colon cancer cells;
affected insulin-like growth factor (IGF-IR); decreased mitogen-activated protein kinase (MAPK)
and ERK phosphorylation; decreased IGF-IR-dependent proliferation

References
Park et al. 2012;
2013 [12,13]

Lithothamnion
calcareum
(Pallas), also
known as
Phymatolithon

Multi-mineral extract from Lithothamnion calcareum can protect mice on

Aslam et al.

a high-fat diet against adenomatous polyp formation in the colon

2009 [16]

calcareum
(Pallas)
Cymopolia Prenylated bromohydroquinones (PBQs) isolated from Cymopolia barbata show selectivity and potency

Badal et al.

barbata

against HT-29 cells and inhibit CYP1 enzyme activity, which may be a lead in chemoprevention

2012 [18]

Undaria

Fucoxanthin from Undaria pinnatifida attenuated rifampin-induced CYP3A4,

Yang et al.

pinnatifida

MDR1 mRNA and CYP3A4 protein expression

2013 [24]

Fucoidan, a sulfated polysaccharide often found in brown algae, has shown a number of biological
effects including anticancer activities [2]. A range of fucoidan structures and compositions exist in
diverse brown seaweed species; however, in general the compound consists primarily of L-fucose and
sulfate, along with small quantities of D-galactose, D-mannose, D-xylose, and uronic acid [38–40].
Recently, the diverse biological activities of fucoidan have been studied intensively, including its
anticancer activities [31]. Many studies assessed whether fucoidan could inhibit the growth of colon
cancer cells and studied the molecular pathways involved. Several studies showed that fucoidan
exerted anticancer effects, including the suppression of growth [41–46]; it also decreased
metastasis [43,47,48] and inhibited angiogenesis [48] in a variety of cancer cells. Fucoidan has been
reported to inhibit the growth of a wide range of tumor cells [43,46]. It has also been shown to induce
apoptosis in colon cancer HT-29 and HCT116 cells in a dose-dependent manner [15,49]. Kim et al.
revealed that low concentrations of fucoidan (5–20 ȝg/mL) induced apoptosis of HT-29 and HCT-116
cells in a dose- and time-dependent manner. However, fucoidan showed a smaller effect on HTC116
cells than on HT-29 cells. According to Hyun et al. [50], fucoidan was able to induce apoptosis in
HCT-15 human colon cancer cells at a concentration of 100 ȝg/mL. These results showed that the
efficacy of fucoidan varied with the type of colon cancer cell studied. It was reported that fucoidan
activated caspases, resulting in the induction of apoptosis through both death receptor-mediated and
mitochondria-mediated apoptotic pathways [2].
Dactylone is representative of a new group of natural cancer-preventive agents [14]. Its chemical
structure is closely related to that of sesquiterpenoids extracted from red algae Laurencia spp. The
effects of dactylone have been studied in many cancer cell lines, including human colon cancer
HCT116 cells, and the molecular mechanism underlying these effects was assessed [14]. Dactylone
was able to suppress the phenotype expression of various human cancer cell lines and was shown to
induce G1-S cell cycle arrest and apoptosis in tumor cells; it decreased Rb protein phosphorylation at
Ser795, Ser780, and Ser807/811 sites, and also inhibited the expression of cyclin D3 and cyclin-dependent
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kinase (Cdk)4 [14]. Other studies revealed that inositol hexaphosphate, a dietary constituent
found in rice, seems to act in a similar manner as dactylone. Indeed, inositol hexaphosphate has also
been reported to decrease Cdk4 and cyclin D1 protein expression levels in addition to the inhibition of
Rb phosphorylation at Ser780, Ser807, and Ser811, causing G1 arrest and apoptotic death of human
cancers [14].
Meroditerpenoids such as plastoquinones, chromanols, and chromenes are a class of natural
products consisting of a polyprenyl chain attached to a hydroquinone ring moiety, and are commonly
present in brown algae (Phaeophyceae) [7]. Pereira et al. tested six meroditerpenoids (epitaondiol,
epitaondiol diacetate, epitaondiol monoacetate, stypotriol triacetate, 14-ketostypodiol diacetate, and
stypodiol) isolated from the brown algae Stypopodium flabelliforme. These meroditerpenoids inhibited
cell proliferation in five cell lines: human neuroblastoma (SH-SY5Y), rat basophilic leukemia
(RBL-2H3), murine macrophages (Raw267), Chinese hamster fibroblasts (V79), and human colon
adenocarcinoma (Caco-2) cells. Overall, the compounds’ activities against all cell lines were efficient.
Stypotriol triacetate showed the most inhibition of the colon adenocarcinoma cell line, Caco-2,
followed by epitaondiol monoacetate and epitaondiol.
Over their lifetime, marine algae accumulate high levels of minerals from seawater [16]. The
proliferation and differentiation of human colon carcinoma cell lines were assessed in the presence of a
mineral-rich extract from the red marine alga, Lithothamnion calcareum [16]. This algal extract was as
effective as inorganic calcium in both inhibition of colon carcinoma cell growth and induction of its
differentiation. Both epidemiological studies [51–55] and interventional studies [56,57] in humans
have demonstrated that calcium has the capacity to reduce polyp formation in the colon. Other studies
have found that different minerals obtained from marine algae could also contribute to the reduction of
polyp formation (Table 3). In another study, Aslam et al. [16] reported that a multi-mineral product
obtained from marine algae was able to reduce colon polyp formation in C57BL/6 mice receiving
either a high-fat diet or a low-fat diet [16]. Based on these results, they suggested that the effects of
calcium alone could not explain the protective effects of the multi-mineral supplement and that a
multi-mineral approach to colon polyp chemoprevention may prove to be more efficacious than an
approach based on the use of calcium alone.
Ulva fasciata extract (UFE) from Ulva fasciata Delile (sea lettuce), which grows abundantly along
costal seashores, was used to assess the mechanisms underlying the cytotoxicity of green algae [11].
The anti-proliferative effects of UFE against colon cancer cells involved induction of apoptosis.
Reactive oxygen species (ROS) have been reported to regulate apoptotic signal transduction and
induce depolarization of the mitochondrial membrane, leading to increases levels of pro-apoptotic
molecules in the cytosol [58,59]. Rye et al. [11] demonstrated that UFE significantly increased ROS
generation in HCT116 cells and that antioxidant-mediated scavenging of UFE-induced ROS reduced
the UFE-mediated cell death. UFE was able to inhibit the growth of HCT116 human colon cancer cells
by 50% at a concentration of 200 ȝg/mL. It induced apoptosis through alteration in Bcl-2 family
protein expression, increasing mitochondrial membrane permeability, and activation of caspase 9 and
caspase 3 [11].
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3. Seaweed and Breast Cancer
Breast cancer is the leading cause of death among women in many countries [4]. Although male
breast cancer is less common, a few studies have revealed that the incidence has increased over the
past 25 years [60]. Scientists have aimed to treat breast cancer without harming the patient by
exploiting the differences between cancerous and normal cells. Nutritional strategies have been applied
to study populations with a low incidence of breast cancer. In Asia, seaweeds have been eaten for at
least 5000 years [61]. These populations have a low incidence of breast cancer. Certain brown and red
algae are known for their anticancer properties [10,62]. In cells treated with seaweed, apoptosis was
observed [63], and the authors speculated that seaweed could be a breast cancer-preventing food.
Some studies recently evaluated the effect of a brown seaweed (Sargassum muticum) methanol
extract (SMME) on the proliferation of MCF-7 and MDA-MB-231 breast cancer cell lines [9] by
conducting morphological assessments of apoptosis, caspase assays, and chick chorioallantoic
membrane (CAM) assays. These methods were used to determine the morphological alterations
induced by SMME to evaluate its time-dependent effects on caspases 8, 9, and 3 by using caspase
assays, and also to evaluate the anti-angiogenic effects of SMME using the CAM assay. They observed
that treatment with SMME significantly decreased angiogenesis, leading them to speculate that SMME
could decrease cancer cell proliferation and increase apoptosis of human breast cancer cells in a timeand dose-dependent manner (Table 4).
Fucoidan was reported to enhance the activity of natural killer (NK) cells, which have anticancer
activity [64]. The effects of crude fucoidan extracted from Fucus vesiculosus on the growth of breast
cancer have been determined in vitro and in vivo [31]. Crude fucoidan significantly reduced the
number of viable 4T1 cells (a mouse tumor cell line used as a model of highly metastatic breast
cancer), enhanced apoptosis, and down-regulated the expression of vascular endothelial growth factor
(VEGF). The mechanisms thought to be responsible for these fucoidan-mediated effects are inhibition
of the expression of Bcl-2 (Bcl-2 preserves the mitochondria integrity), survivin, extracellular
signal-regulated kinases (ERKs), and VEGF, and an increase in caspase-3 activation.
A sterol fraction extract of Porphyra dentata, an edible red alga used as a folk medicine in Asia,
was evaluated for its effects on myeloid derived suppressor cells (MDSCs) in 4T1 cancer cells
(Table 4) [17]. Previous findings indicated that phytosterols such as ȕ-sitosterol, either alone or in
combination with campesterol, may offer protection from various tumors [65–67]. MDSCs play an
important role in tumorigenesis [18–20,68,69]. The authors associated the anticancer activity of
Porphyra dentata with the presence of ȕ-sitosterol and campesterol, which reduced the suppressive
activity of MDSCs and consequently decreased tumor size. These two mechanisms might affect
phytosterol-related downregulation of the suppressive activity of MDSCs, which is related to their
ROS accumulation and arginase activity.
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Table 4. Properties of seaweeds in fight against breast cancer.
Seaweed

Sargassum muticum

Therapeutic Compounds
and Their Properties
Sargassum muticum methanol extract (SMME)
Induced apoptosis of MCF-7 cells; showed antiangiogenic activity in the chorioallantoic
membrane (CAM) assay; antioxidant effects

References

Namvar et al. 2013 [9]

Fucus vesiculosus

Fucoidan (sulfated polysaccharide derived from
brown algae)
Decreased the viable number of 4T1 cells;
induced apoptosis; down-regulated VEGF
expression
In colon cancer reduced in viable cell numbers
and induced apoptosis of human lung carcinoma
A549 cells as well as colon cancer HT-29 and
HCT116 cells

Xue et al. 2012 [31]/
Kim et al. 2010 [2]

Porphyra dentata

Sterol fraction (containing cholesterol,
ȕ-sitosterol, and campesterol) from Porphyra
dentata
Significantly inhibited cell growth in vitro and
induced apoptosis in 4T1 cancer cells; decreased
the reactive oxygen species (ROS) and arginase
activity of MDSCs in tumor-bearing mice

Kaslowska et al. 2013 [17]

Lophocladia sp.

Lophocladines A and B are
2,7-naphthyridine alkaloids from
Lophocladia sp.
Lophocladine A has affinity for NMDA receptors
and is a į-opioid receptor antagonist;
Lophocladine B was cytotoxic to NCI-H460
human lung tumor cells and MDAMB-435 breast
cancer cells

Gross et al. 2006 [19]

4. Conclusions
Many studies have explored the use of seaweed in the fight against several diseases, including
colorectal and breast cancers. Various therapeutic compounds from seaweed are able to induce
apoptosis through different pathways and molecular mechanisms. Several studies indicated that
fucoidan was able to induce apoptosis, inhibit angiogenesis, and suppress lung metastasis of breast
cancer in vitro and in vivo [21–24,31,70]. Furthermore, fucoidan inhibited growth and induced
apoptosis of HT-29 colon cancer cells [2]. Laminarin induced apoptosis through the Fas and IGF-IR
signaling pathways and through the intrinsic apoptotic and ErbB pathways [29]. This review highlights
the importance of seaweed in the fight against colorectal and breast cancer.
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Fucoxanthin: A Marine Carotenoid Exerting Anti-Cancer
Effects by Affecting Multiple Mechanisms
Sangeetha Ravi Kumar, Masashi Hosokawa and Kazuo Miyashita
Abstract: Fucoxanthin is a marine carotenoid exhibiting several health benefits. The
anti-cancer effect of fucoxanthin and its deacetylated metabolite, fucoxanthinol, is well
documented. In view of its potent anti-carcinogenic activity, the need to understand the underlying
mechanisms has gained prominence. Towards achieving this goal, several researchers have carried
out studies in various cell lines and in vivo and have deciphered that fucoxanthin exerts its
anti-proliferative and cancer preventing influence via different molecules and pathways including
the Bcl-2 proteins, MAPK, NFțB, Caspases, GADD45, and several other molecules that are
involved in either cell cycle arrest, apoptosis, or metastasis. Thus, in addition to decreasing the
frequency of occurrence and growth of tumours, fucoxanthin has a cytotoxic effect on cancer cells.
Some studies show that this effect is selective, i.e., fucoxanthin has the capability to target cancer
cells only, leaving normal physiological cells unaffected/less affected. Hence, fucoxanthin and its
metabolites show great promise as chemotherapeutic agents in cancer.
Reprinted from Mar. Drugs. Cite as: Kumar, S.R.; Hosokawa, M.; Miyashita, K. Fucoxanthin: A
Marine Carotenoid Exerting Anti-Cancer Effects by Affecting Multiple Mechanisms. Mar. Drugs
2013, 11, 5130-5147.
1. Introduction
Fucoxanthin is a marine carotenoid found in numerous classes of microalgae (e.g.,
bacillariophytes, bolidophytes, chrysophytes, silicoflagellates, pinguiophytes) and brown macroalgae
(phaeophytes) [1,2]. The chemical structure of fucoxanthin includes an allenic bond and oxygenic
functional groups, such as hydroxyl, epoxy, carbonyl, and carboxyl groups in addition to its
polyene chain (Figure 1). It is speculated that one of the reasons for the longevity of certain
populations is the regular consumption of seaweeds including brown algae [3], which are known to
be the major sources of fucoxanthin. Studies on brown seaweeds rich in fucoxanthin have revealed
their anti-cancer effects [4–8]. Hence, the effect of fucoxanthin on cancer is of interest and has
been studied by several researchers. The unanimous result of the studies on fucoxanthin in cancer
has established that fucoxanthin performs a protective role and exhibits anti-proliferative behavior
in various types of cancer. Recently, Gagez et al. [1] have reviewed the biological activities of
epoxycarotenoids including fucoxanthin in cancer cells grown in vitro and described the various
cellular targets of fucoxanthin. With the establishment of the anti-carcinogenic property of
fucoxanthin, it was important to understand the mechanism by which it exerted its effect in cells.
With this goal in mind, several researchers have been trying to elucidate the molecules and
pathways that can be modulated and regulated by fucoxanthin. Mechanistic studies by various
researchers have shown that fucoxanthin can affect many cellular processes, and so far have failed
to establish a single primary mechanism of action. The objective of this review is to summarize the
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effect of fucoxanthin in cancer and the underlying mechanisms that have been elucidated in
reported studies. The various mechanisms discussed further in this review are shown in Figure 2.
Figure 1. Chemical structure of fucoxanthin (a) and its deacetylated metabolite,
fucoxanthinol (b).
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2. Anti-Carcinogenic Effects of Fucoxanthin
2.1. Decreased Incidence of Tumors
Nishino [9] has reported suppression of skin tumor formation as well as N-ethyl-Nƍ-nitro-Nnitrosoguanidine (ENNG)-induced mouse duodenal carcinogenesis. In addition to the decrease in
the percentage of tumor bearing mice, the mean number of tumors per mouse was also significantly
lower in fucoxanthin fed mice. A decrease in the percentage of tumor-bearing mice as well as a
decrease in the number of tumors induced per mouse by ENNG in the fucoxanthin group was also
observed by Okuzumi and co-workers [10,11]. Administration of fucoxanthin resulted in
significant decrease of sarcoma weight in mice [12]. Das et al. [4] and Kim et al. [13] have
observed that aberrant crypt foci (ACF) formation in rats was decreased by fucoxanthin. The in
vivo study by Ishikawa et al. [14] revealed unchanged tumor incidence but delayed tumor growth
and decreased tumor volume with the deacetylated metabolite of fucoxanthin, namely
fucoxanthinol. In addition, in contrast to the untreated tumors, abundant apoptotic cells were
observed in tumors from the fucoxanthinol treated group. Fucoxanthin also suppressed the growth
of B16F10 melanoma in Balb/c mice [15].
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Figure 2. Factors (molecules and mechanisms) regulated by fucoxanthin, resulting
in its anti-carcinogenic effects. Dashed lines indicate inter-relation/inter-effects
between the factors; up and down arrows indicate up- and down-regulation (by
fucoxanthin/fucoxanthinol), respectively.

2.2. Antioxidant Effect of Fucoxanthin
Several reports on the potent antioxidant property of fucoxanthin and its metabolites are
available [16–20]. While its antioxidant property was initially thought to be the main reason behind
its anti-carcinogenic effect, it is now established that the realm of fucoxanthin’s effect is wider and
involves several other biological processes as well. Moreover, some studies have reported the
pro-oxidant effect of fucoxanthin on cancer cells with the production of free radicals and have
proposed this to be one of the mechanisms by which it protects against cancer cells.
Kotake-Nara et al. [21] have hypothesized that the prooxidant actions of fucoxanthin and other
carotenoids used in their study may be the reason for the induction of apoptosis in cancer cells.
However, in their subsequent study [22], they have found similar apoptotic activity of fucoxanthin
in promyelocytic leukemia cell lines but from their results in H2O2 resistant cell lines, they have
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concluded that reactive oxygen species (ROS) is not the mainstream pathway for apoptosis caused.
Contradictory to this, Kim et al. [23] have observed the growth inhibition in leukemia cell lines by
fucoxanthin and have attributed it to radical oxygen species (ROS) generation by fucoxanthin that
leads to apoptosis. They observed increased production of H2O2 and O2í as a result of treatment
with fucoxanthin along with accumulation of cells containing sub G1 DNA content (indicating cell
cycle arrest in G1 stage). On co-treatment with a commercial antioxidant (NAC), the number of
apoptotic bodies and DNA fragmentation of cells was decreased, attributing the apoptotic effect of
fucoxanthin to ROS generated. Thus, they have concluded that cytotoxic effect of fucoxanthin is by
ROS generation that triggers apoptosis in HL-60 cells, which is contrary to the results of
Kotake-Nara et al. [22]. Shimoda et al. [24] have reported the anti-pigmentation effect of
fucoxanthin and suppression of melanogenesis in melanoma and tyrosinase activity in
UV-irradiated guinea pigs. Heo and Jeon [25] have reported the protective effect of fucoxanthin on
exposure of human fibroblasts to UVB exposure and attributed the protective effects to the
antioxidant activity of fucoxanthin.
2.3. Cell Viability/Anti-Proliferation of Cells
The effect of fucoxanthin on cell viability in cancer cells such as GOTO, HL-60, Caco-2,
HepG-2, Neuro2a, DU145, PEL, PC-3, HeLa, H1299, HT-29, DLD-1 cells, and in vivo has been
explored by many researchers [10,14,21,22,26–34]. Liu et al. [29] have reported the anti-proliferative
effect of fucoxanthin against SK-Hep-1 (human hepatoma) cells and BNL CL.2 (murine embryonic
liver) cells. They have reported a strong correlation between fucoxanthin concentration and
anti-proliferative effect on SK-Hep-1 cells at 24 h. However, the suppressive effect was similar for
concentrations >1 M after 48 h. Fucoxanthin, however, was found to facilitate the growth of BNL
CL.2 cells until 24 h after which there was a slight decrease in proliferation at 48 h indicating that
fucoxanthin was selectively more effective against the SK-Hep-1 cells. In a separate study,
Hosokawa et al. [27] compared the effects of fucoxanthin and other carotenoids such as ȕ-carotene
and astaxanthin on colon cancer cell lines (Caco-2, HT-29, and DLD-1). Cell viability was found to
be significantly decreased with fucoxanthin as compared to the other carotenoids and the Caco-2
cell line was found to be most sensitive to the action of fucoxanthin.
Yamamoto et al. [31] have concluded that the effect of fucoxanthinol (deacetylated metabolite
of fucoxanthin) was more potent than fucoxanthin and PEL cells were more susceptible to the
effects of fucoxanthin and fucoxanthinol than HeLa cells. Kotake-Nara et al. [21] have reported a
dose dependent reduction in cell viability in prostate cancer cell lines exposed to fucoxanthin along
with morphological changes such as rounding up, detachment and reduction in cell volume and
apoptotic bodies. The DNA fragmentation observed in cells treated with fucoxanthin suggested that
apoptosis was the cause of suppression of cell viability. In a separate study on the effect of
neoxanthin and fucoxanthin on PC-3 prostate cancer cells, Kotake-Nara et al. [35] have reported
decreased cell viability, rounding up, reduced cell volume, chromatin condensation, nuclei
fragmentation, formation of apoptotic bodies in addition to the apoptotic DNA ladder indicating
apoptosis in the cells. In a recent study by Ganesan et al. [26] on 11 carotenoids, two marine
carotenoids, siphonaxanthin and fucoxanthin were found to possess potent growth inhibitory and
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apoptosis inducing effect in HL-60 leukemia cells. Cell viability was reduced with fucoxanthin
treatment and apoptosis was characterized by DNA fragmentation and chromatin condensation.
Jaswir et al. [28] have reported the dose dependent growth inhibition of H1299 (lung cancer) cells
and morphological changes, such as decrease in cell size and nuclear condensation.
Thus, fucoxanthin was found to have a significant effect on cell viability and anti-proliferative
effect and in several studies the potency was different for different cell types/lines. In addition, in
several studies, the normal cells were unaffected/less affected than cancer cells indicating
differential effect of fucoxanthin and focused targeting of cancer cells [29,31,34,36–38]. However,
it is important to note that due to different growth rates of cancer and normal cells, attention to
experimental detail is a very important factor while drawing conclusions. Therefore, very rigorous
methods are essential to prove cancer selectivity over normal cells in experimental studies. Another
interesting finding in a few of the studies was the greater potency of the deacetylated metabolite of
fucoxanthin (fucoxanthinol). Fucoxanthinol is known to be the major fucoxanthin metabolite [39–41].
Dietary fucoxanthin is hydrolyzed to fucoxanthinol in the gastrointestinal tract by digestive
enzymes such as lipase and cholesterol esterase. Fucoxanthinol was detectable at 0.8 nM in human
plasma after a daily intake (6 g dry weight containing 6.1 mg (9.26 mmol) of fucoxanthin) of
cooked edible brown seaweed, Undaria pinnatifida (Wakame), for one week [41]. In another study,
Hashimoto et al. [42] have reported 7.6 nM of fucoxanthinol after 24 h, on administration of
kombu extract containing 31 mg of fucoxanthin in human subjects.
2.4. Cell Cycle Arrest
The arrest of the cell cycle in the G0/G1 stage by fucoxanthin has been observed in many studies
involving different cell lines [10,14,15,31,32,43–46] while Yu et al. [47] have observed cell cycle
arrest in G2/M phase. Muthuirullappan and Francis [48] have attempted to review some of these
studies recently and explored the possibility of a nano-suspension formulation for fucoxanthin.
Liu et al. [29] have reported the anti-proliferative effect of fucoxanthin with enhanced gap junction
intracellular communication (GJIC) and increased intracellular calcium ions. They have suggested
that the enhanced expression of connexin genes and GJIC may increase intracellular calcium levels
resulting in cell cycle arrest and apoptosis. Accumulation of cells in the G0-G1 phase with a
significant decrease in cells in the S phase, indicating a block in the progression of the cells to S
phase from the G0-G1 phase, resulting in inhibition of proliferation of the cells has been reported in
GOTO cell line [10]. Fucoxanthin arrested cell growth in the G1 stage and this was accompanied by
alteration in the expression of more than 50 genes in HEPG2 cells [32]. In addition to the GADD45
gene expression, the expression of other growth related genes such as PIM 1, IFRDI, p21, and p27
was also increased. Ishikawa et al. [14] have found decreased expression of cyclin D1, cyclin D2,
CDK4, CDK6, and cIAP2 on fucoxanthin treatment in leukemia. Kim et al. [15] have observed
inhibited cell growth, morphological changes and apoptosis in melanoma cells (B16F10) on
exposure to fucoxanthin. This was accompanied by a sub G1 peak along with concentration of cells
in G0/G1 phase and their decrease in the S and G2/M phases. In addition, pRb, cyclin D1, cyclin D2,
and CDK4 levels were decreased along with increased p15INK4B, p27KIP1 levels. Murakami et al. [49]
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have reported the inhibition of DNA polymerases, especially pol Į activity at lower concentrations
(79 M) and pol ȕ as well at higher concentrations (100 M) by fucoxanthin, in vitro.
Das et al. [45] have observed continuous cell cycle arrest at G0/G1 phase at lower concentrations
of fucoxanthin (25 M), followed by apoptosis at high concentrations (>50 M) with increased
cells in sub G1 phase (index of apoptotic DNA fragmentation) and fragmentation of nuclei. Low
and high concentrations of fucoxanthin up regulated the protein and mRNA levels of p21WAF1/Cip1
followed by increased levels of pRb (retinoblastoma protein), while high levels up regulated
p27Kip1 as well (cdk inhibitory proteins) leading to the conclusion that fucoxanthin-induced G0/G1
cell arrest is mediated by the up regulation of p21WAF1/Cip1. They have speculated that the apoptosis
observed at higher concentration may be due to partial conversion of fucoxanthin to its metabolites
such as fucoxanthinol. From their results they have concluded that p21WAF1/Cip1 is important for the
cell cycle arrest while p27Kip1 regulation may be a means for pro-apoptotic effect of fucoxanthin.
Reduction in the phosphorylation of pRb protein, which is a regulator of cell cycle progression and
down-regulation of other cell cycle regulatory proteins like cyclin D2, CDK4, CDK6, and c-Myc
was reported by Yamomoto et al. [28]. A decrease was observed in the pRb levels while the total
Rb protein concentration remained constant and the activity of cyclin D/cdk4 was decreased by
fucoxanthin in the study of Das et al. [46]. Fucoxanthin treatment resulted in decreased protein and
mRNA levels of cyclins D1 and D3 while protein level of cdk4 was unaffected at 12 h. The protein
levels of p27Kip1 p21Waf/Cip1, p57, and p16 were unchanged over this period indicating that
inhibition of cyclin D/cdk4 activity by fucoxanthin was brought about by suppressing the levels of
proteolysis and transcription of cyclin D. An increase in proteosomal activity was observed after 12
h of fucoxanthin treatment. Thus, they have suggested that fucoxanthin induced cell cycle arrest by
suppression of cyclin D by proteosomal degradation and transcriptional repression. They have
speculated that the decreased cyclin D expression may be due to change in the GADD45A expression.
2.5. Apoptosis: Cytotoxic Effect
Apoptosis of cancer cells is a promising method to control and treat cancer. In this regard, the
apoptotic effect of fucoxanthin is of interest and has been studied by several researchers.
Hosokawa et al. [33] have reported DNA fragmentation and the DNA ladder characteristic of
apoptosis in HL-60 cells treated with fucoxanthin. In a separate study, fucoxanthin was found to
induce cellular DNA fragmentation/internucleosomal DNA degradation by activation of
endogenous nucleases in a dose dependent manner unlike ȕ-carotene and astaxanthin. The authors
have hypothesized that since fucoxanthin is converted to fucoxanthinol prior to uptake and also
fucoxanthinol shows greater inhibition of growth, the superior anti-proliferative effect of
fucoxanthin may be due to its metabolites [27]. DNA fragmentation typical of apoptotic cells was
observed in NSCLC-N6 (human non-small cell bronchopulmonary carcinoma) cells treated with
fucoxanthin along with typical morphological changes such as rounding up, reduction in cell
volume, chromatin condensation, nuclei fragmentation, and formation of apoptotic bodies [36].
However, in the same study, no apoptosis was observed in SRA (human lens epithelial cells)
indicating the specific action of fucoxanthin against carcinogenic cells.
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The results obtained by Konishi et al. [50] show the dose and time dependent anti-proliferative
effect of fucoxanthinol and fucoxanthin in HL-60, MCF-7 (breast cancer), and Caco-2 cells. In
their studies, they found the anti-proliferative effects of fucoxanthinol to be greater than
fucoxanthin. Their experiments involved studying the effect of metabolites like fucoxanthinol and
halocynthiaxanthin and comparing it with fucoxanthin. They have concluded that both the
metabolites showed superior anti-proliferative activity and have speculated that one of the factors
that may contribute to this may be the presence of hydroxyl functional group in place of the acetyl
group of fucoxanthin, a feature common to both metabolites, in addition to unique structures such
as 5,6-epoxide, acetylenic and allenic bonds. Zhang et al. [51] have reported the anti-proliferative
effect of fucoxanthin on EJ-1 (urinary bladder cancer) cells. Apoptosis characterized by condensed
chromatin, nuclear fragmentation, and apoptotic bodies in addition to the DNA ladder was observed.
Expression of v-FLIP and v-cyclin was inhibited and may be responsible for growth inhibition
and apoptosis observed with fucoxanthin treatment [34]. The authors have suggested that the
effective concentration for the induction of apoptosis is different in different cell lines and
fucoxanthinol exhibits more potent activity as compared to fucoxanthin. GADD153 known to be
associated with apoptosis was also induced by fucoxanthin in a study [35].
2.6. Metastasis
Metastasis is the stage of cancer at which tumor cells acquire the advantageous characteristics
that allows them to escape from the primary tumor and migrate to surrounding and distant organs
and tissues. Metastasis involves the interaction of the tumor cells with numerous factors and cell
components including matrix metalloproteinases (MMPs). MMPs are thought to assist tumor cells
in metastasis and their enhanced levels have been associated with extra-cellular matrix degradation
and cancer cell invasion [52]. Chung et al. [53] have studied the effect of fucoxanthin in B16-F10
cells (metastatic murine melanoma) MMP-2 and MMP-9. These MMPs are expressed in cancer
cells and degrade type IV collagen during cancer invasion. Fucoxanthin treatment resulted in
decreased expression and secretion levels of MMP-9. Moreover; the numbers of invaded B16-F10
cells were also decreased. In addition to MMPs; they have also studied CD44 and CXR4; a cell
surface glycoprotein and CXC chemokine receptor respectively; that are also known to be up-regulated
in cancer metastasis. Fucoxanthin was found to reduce the mRNA expression of CD44 and CXCR4
in a dose dependent manner. Fucoxanthin was also shown to decrease cell motility of melanoma
cells which was ascertained by reduction in stress fiber and lamellipodia formation that are
important in cell migration. Hence; by suppressing cancer cell motility and invasion factors;
fucoxanthin may be valuable in preventing cancer cell metastasis.
3. Molecules and Mechanisms Related to Apoptosis
3.1. Bcl-2 Proteins
The family of Bcl-2 proteins has anti-apoptotic and pro-apoptotic members. Anti-apoptotic
Bcl-2 family proteins include Bcl-2, Bcl-xL, A1, Bcl-w, and Boo, while the pro-apoptotic members
include Bax and Bak, Bok, Bcl-xs, Bim, Bad, Bid, Bik, Bmf, Puma, Noxa, and Hrk [54,55].
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Several researchers who have tried to elucidate the mechanism underlying the anti-proliferative
effect of fucoxanthin have studied the Bcl-2 family of proteins. Many studies have reported the
down regulation of Bcl-2 expression in HL-60, Caco-2 cells [12,27,50]. Nakazawa et al. [56]
observed down-regulation of Bcl-2 proteins, which was associated with the apoptosis in their study,
which compared the effects of cis and trans forms of fucoxanthin. Their results have suggested that
while the uptake of trans form was higher in the cells (HL-60 human leukemia, Caco-2 colon
cancer, PC-3 and LNCap prostate), the apoptosis effect of the cis forms was higher. They have
attributed this difference to the stearic hindrances arising from their different chemical structures.
As the ratio of pro and anti-apoptotic Bcl-2 members is an important determinant of cell viability
and apoptosis, Liu et al. [57] studied these factors and reported an increase in Bax/Bcl-2 mRNA
expression when a combination of cisplatin and fucoxanthin were administered. Down-regulation of
Bcl-xL and XIAP by fucoxanthin was observed by Yamamoto et al. [31] and Kim et al. [15], while
Ishikawa et al. [14] reported decreased expression of Bcl-2 and XIAP, and Kim et al. [23] observed
decreased expression of Bcl-xL, Kotake-Nara et al. [35] on the other hand have speculated that as
Bax (pro-apoptotic) and Bcl-2 (anti-apoptotic) were down-regulated by fucoxanthin while Bcl-xL
was unaltered, unlike other apoptosis-inducing agents that modulate the ratios of the pro- and
anti-apoptotic proteins, fucoxanthin may operate through a different pathway.
3.2. The Caspase Pathway
The caspases are cysteine proteases that control apoptosis. The extrinsic pathway involves the
tumor necrosis factor and activates the caspases 8 and 10 while the intrinsic pathway involves the
mitochondria and release of cytochrome c from damaged mitochondria, activating Caspase-9,
which is an initiator and in turn can cleave and activate the effector Caspases such as Caspases-3, -6,
and -7. These two Caspase pathways, intrinsic and extrinsic, can result in apoptosis. The intrinsic
pathway involving the mitochondria and caspases-3, -6, -7, and -9 are controlled by the Bcl-2 protein
family [55]. The activation of one or more members of the caspase pathways by fucoxanthin has
been reported by several researchers. Wang et al. [12], Ganesan et al. [26], Zhang et al. [51] have
observed the increased expression of caspase-3 on exposure to fucoxanthin. Fucoxanthin and
fucoxanthinol treatments resulted in production of cleaved products and thus activation of PARP,
caspase-3, -8, and -9 demonstrating that caspase activation plays a role in the apoptosis observed [31].
Fucoxanthinol activated caspase pathways with cleavage of caspase-3, -8, -9, and PARP [14].
Expression of caspase-3 and -9 was increased by fucoxanthin. PARP, a substrate of caspases was
detected in its intact and cleaved form, indicating apoptosis [15]. Fucoxanthin was found to activate
the caspase pathway with the cleavage of caspase-3 and PARP and increased activities of caspase -8
and -9 as well [22]. The results suggested that fucoxanthin accumulates in the mitochondrial
membranes causing a reduction in the membrane potential and release of cytochrome c from
mitochondria to the cytosol, followed by caspase-9 and caspase-3 activation, leading to the
apoptotic effects of fucoxanthin in the leukemia cell lines. In a separate study where the authors
compared the effect of fucoxanthin and neoxanthin in PC-3 prostate cells, the down regulation of
procaspase-3 and PARP and the increased active fragment of caspase-3 and cleaved PARP
indicated caspase-3 dependent apoptosis by fucoxanthin [35].
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3.3. MAPK and GADD45
The MAPK family or the mitogen activated protein kinase includes four well characterized
sub-groups: (1) ERK1 and ERK2 that are extracellular signal kinases; (2) JNK1, JNK2, and JNK3
with the c-Jun NH2 terminal kinases, also called as stress-activated protein kinases (SAPK); (3) p38
enzymes including p38Į, p38ȕ, p38Ȗ, p38į, and the recently identified; (4) ERK5. ERK1 and
ERK2 regulate cell processes like mitosis, meiosis, post mitotic functions, and are responsible for
proliferation, cell division, differentiation, development and survival. STAT (signal transducers and
activators of transcription) proteins such as Stat3 are substrates that are phosphorylated by ERK
and are activators of transcription. The JNK/SAPKs are activated by conditions such as oxidative
stress and result in programmed cell death or apoptosis, growth and cell cycle arrest as well as
inflammation and tumorigenesis and cell survival under certain conditions. C-Jun is a component
of the AP-1 complex that is an important regulator of gene function and is activated by
environmental stress, radiation and growth factors. The p38 MAPKs control the expression of
several cytokines and are involved in the immune response mechanism in addition to cell motility,
apoptosis, chromatin remodeling, and osmoregulation [58,59]. Gadd45 proteins include the
subtypes GADD45A, GADD45B, GADD45G, and are involved in cell cycle arrest at the G2/M
and G1 stages (depending on the interactions), DNA repair, cell survival and apoptosis and are
known to interact with the members of the MAPK family. In addition, GADD45A and GADD45G
are repressed by the activated members of the NFțB family in various types of cancer [60,61].
Fucoxanthin was found to attenuate cisplatin induced phosphorylation of ERK, p38, and
P13K/AKT (phosphatidylinositol 3 kinase family) in the studies carried out by Liu et al. [57]. Their
experiments with specific inhibitors also revealed that fucoxanthin may inhibit ERCC1 mRNA
expression via the ERK and P13K/AKT pathway while thymidine phosphorylase mRNA
expression may be inhibited through the p38 pathway. Ishikawa et al. [14] have observed decreased
AP-1 DNA binding activity and JunD expression indicating the inactivation of AP-1 by depletion
of JunD. Their results indicated that up-regulation of the GADD45Į observed was independent of p53.
In a separate study, Satomi and Nishino [43] found that fucoxanthin activated the p38 and
ERK1/2 MAPKs in HepG2 cells and SAPK/JNK pathways were activated in DU145 cells,
indicating that SAPK/JNK are upstream activators of GADD45 expression. Thus, each MAPK and
each GADD45 subtype (a and b) play different roles in cell cycle progression. They have
concluded that fucoxanthin induces cell arrest by a GADD45A dependent pathway and the
GADD45A expression and G1 arrest are negatively regulated by p38 MAPK in HepG2 cells and
positively regulated by the SAPK/JNK pathway in DU145 cells. In another study, CYP1A1 gene
expression and other cell cycle and growth related genes such as GADD45A, GADD45B, PIM1
and IFRDI were induced by fucoxanthin as well as the expression of other cell cycle related genes
such as p21, p27 and c-myc [32]. Further, Satomi [44] has reported the role of fucoxanthin on the
MAPKs (extracellular signal-regulated kinases ERK1/2, ERK5, p38 MAPK kinases, c-Jun
N-terminal kinases (SAPK/JNK)) and its association with the GADD45 activation for cell growth
arrest in LNCap cells (prostate cancer). GADD45A may be implicated in the G1 arrest observed in
the study. While the GADD45A gene was enhanced, GADD45B gene expression was unaffected
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after fucoxanthin treatment. With respect to the MAPK family, SAPK/JNK was increased,
phosphorylation of ERK 1/2 was reduced and phosphorylation of p38 was unaffected. While it is
suggested that MAPKs including SAPK/JNK induce GADD45A in a p53 dependent or
independent manner, the author has suggested a p53 independent mechanism in the present study.
In addition, inhibition of the SAPK/JNK pathway reduced GADD45A induction while inhibition of
ERK 1/2 and p38 pathways stimulated GADD45A induction. The author has suggested that each
MAPK plays a different role in GADD45A induction and G1 arrest by fucoxanthin based on the
negative regulation of p38 MAPK resulting in increased GADD45A expression along with other
observations in prostate cancer cells. Contrasting results obtained for ERK 1/2 MAPK in LNCap
cells and in DU145 cells earlier indicate that GADD45A may not be the only factor responsible for
the G1 cell arrest observed in that study. Thus the growth inhibitory effect exhibited by fucoxanthin
may in part be due to a GADD45A-dependent pathway and the enhanced GADD45A expression
and G1 arrest are positive regulated by SAPK/JNK in prostate cancer cells.
Yu et al. [47] have observed the down-regulation of STAT3 at mRNA and protein levels, which
indicated the inhibition of the JAK/STAT pathway by fucoxanthin as the JAK are known to
activate the STAT members. Further, Wang et al. [12] reported that the STAT3 and p-STAT3
(phosphorylated STAT3) was down regulated by fucoxanthin. EGFR (epidermal growth factor
receptor) expression, which is often dysregulated in many human cancers, was decreased with
fucoxanthin. They have concluded that down regulation of STAT3/EGFR was involved in the anti
tumor and apoptosis inducing effects of fucoxanthin.
3.4. NFțB
The nuclear factor kappa B (NF-țB) is a family of closely related transcription factors that are
held in the cytoplasm in the inactive form by their interaction with the inhibitor of țB (IțB). IțBs
include IțBĮ, IțBȕ, IțBİ, and BCL-3. The phosphorylation of IțB results in activation of NFțB
and its translocation to the nucleus, followed by induction of target genes and the resulting effects.
NF-țB may be activated by many cytokines, growth factors and their receptors, tyrosine kinases,
tumor necrosis factor receptor families, other signaling pathways, such as Ras/MAPK and
PI3K/Akt. NF-țB promotes resistance to apoptosis and may also exhibit pro-apoptotic properties.
NF-țB inhibits p53-induced apoptosis by up-regulating anti-apoptotic genes, and decreasing p53
levels. As NF-kB is associated with several tumor/cancer related processes, such as its activation
by pro-inflammatory cytokines and its ability to induce cell proliferation and anti-apoptotic gene
expression, as well as induction of angiogenesis, it is often considered as a hallmark of cancer [62,63].
Cisplatin has the potential to bind to the DNA molecules, forming platinum-DNA adducts which
interfere with transcription and replication of the DNA, resulting in cell death [64,65]. Several
mechanisms responsible for resistance to cisplatin are known. Elevated mRNA levels of excision
repair cross-complementation group 1 (ERCC1) are reported in clinical resistance to
platinum-based chemotherapy for various cancers. NFțB induces cell proliferation, metastasis,
suppression of apoptosis, oncogenesis, and cancer therapy resistance. NFțB induces anti-apoptotic
proteins and suppresses pro-apoptotic genes and thus inhibits apoptosis. Cisplatin and several other
cancer drugs are shown to induce NFțB translocation and activation, resulting in drug resistance.
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In addition, thymidine phosphorylase (TP) expression is higher in tumors, and results in their
enhanced resistance to apoptosis. Mise and Yasumoto [30] found that that the antioxidative
potential of fucoxanthin did not decrease the cytotoxicity of the platinum anti-cancer drug,
cisplatin. In another study, Liu et al. [57] have also reported the similar effectiveness of
fucoxanthin with cisplatin, in HepG2 cells. The results of their study clearly indicated an enhanced
anti-proliferative effect of cisplatin when used in combination with fucoxanthin. NFțB binding was
decreased and restoration of IțB by inhibition of phosphorylation was increased. Their results
involving an NFțB inhibitor suggests an inhibition of the NFțB pathway when the combination is
administered as compared to cisplatin alone. While cisplatin resulted in increased expression of
ERCC1 and TP, combined treatment with fucoxanthin resulted in their inhibition. In another study,
fucoxanthin and fucoxanthinol reduced the phosphorylation of IKKȕ and IțBĮ and levels of IKKĮ,
IKKȕ, and IKKȖ (indicating Hsp90 chaperone inhibition) [31]. Different genes showed different
susceptibility to the fucoxanthin treatment and were associated with the down regulation of
DNA-binding activities of NFțB, pIțBĮ, and increased IțBĮ [14].
3.5. CYP3A4 Enzyme
Due to their wide range of substrate selectivity CYP3A enzymes play a major role in
metabolism and are of special relevance in the metabolism of clinically used drugs [66]. The
cytochrome P 450 3A4 (CYP3A4) is the most abundant of the P450 isoforms and is found in the
liver and intestines of humans. Activation of pregnane X Receptor (PXR) results in the induction of
CYP3A4. Cytochrome P450 enzymes are regulated by both the PXR and CAR (constitutive
androstane receptor) pathways [67]. PXR is known to act as a xenobiotic sensor and can prevent
intracellular accumulation of drugs by activation of cytochrome P450 and multiple drug
resistance 1 (MDR 1). PXR activation has an anti-apoptotic role and PXR antagonists can decrease
cell proliferation and interfere with cancer drug resistance [68,69]. Liu et al. [70] have examined
the possible role of fucoxanthin as an adjuvant to prevent or overcome rifampin induced drug
resistance in HepG2 and LS174T cells. In their study, decreased basal CYP3A4 enzyme activity,
CYP3A4 mRNA expression, CYP3A4 protein expression, CYP3A4 promoter activity through
CAR and decreased PXR and SRC-1(co-activator of PXR) interaction in fucoxanthin treated group
and with co-incubation of fucoxanthin with rifampin was observed. Their results indicate that
fucoxanthin may play an important role as not only a chemotherapeutic agent, but also in assisting
other cancer drugs by attenuating the prevailing drug resistance. Satomi and Nishino [32] have
observed induction of the CYP1A1 gene expression as a result of fucoxanthin treatment in prostate
cancer cell lines.
3.6. Gap Junctional Intracellular Communication/Connexin Genes
Gap junctional intracellular communication (GJIC) is a mechanism for intercellular cell
communication and operates at sites of cell adhesion where plasma membranes of cells can be
connected by buried paired channels. Thus, GJIC regulates the communication between cells of
tissues of an organ, allowing for direct communication between the cytoplasm of cells without
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transit through the extracellular space, making it possible for the cells to achieve a common and
integrated target/metabolic activity [71]. Gap junctions in vertebrates are composed of the connexin
family of proteins, which are about 20 in number in humans [72]. Loss and impairment of GJIC has
been associated with pathologies such as cancer, heart and skin diseases, cataracts, hereditary
deafness, and some forms of neuropathy [73]. The enhancement of GJIC in cancer on treatment
with several carotenoids such as ȕ-carotene, canthaxanthin, lutein, Į-carotene, lycopene
astaxanthin, has been reported [74–76]. Liu et al. [29] have attempted to elucidate the mechanism
of the anti-proliferative action of fucoxanthin by studying the GJIC, expression of connexin genes
and DNA damage. The GJIC and expression of connexin genes (Cx 32 and Cx 43) was improved at
both protein and mRNA levels in the SK-Hep-1 cells in a concentration dependent manner by
fucoxanthin while the BNL CL.2 cells were unaffected. Their results indicated that fucoxanthin can
regulate pathways, such as MAPK and PI3 kinase/Akt cascades, which are known to have a
negative effect on GJIC. They have concluded that fucoxanthin exhibits anti-proliferative activity
in SK-Hep-1 cells along with enhanced expression of connexin genes and GJIC. Satomi and
Nishino [32] have also observed an increase in expression of connexin 43 and AP-1.
3.7. Expression of N-Myc Oncogene, Survivin, and Angiogenic Activity
N-Myc oncogene, known to be over expressed in neuroblastoma, was reduced by fucoxanthin
treatment in GOTO neuroblastoma cell line and this effect was found to be reversible when
fucoxanthin was removed from the media [10]. Survivin is known to be prominently expressed in
many common human cancers. Yu et al. [47] studied the role of JAK/STAT pathway and have
speculated that other pathways may inhibit the expression of survivin. Further, the expression of
survivin and VEGF (vascular endothelial growth factor; induced by STAT3) positive cells was
down regulated by fucoxanthin in the study of Wang et al. [12]. Yamamoto et al. [31] and
Ishikawa et al. [14] also observed the down-regulation of survivin.
Sugawara et al. [77] have reported the anti-angiogenic activity of fucoxanthin and postulated
that this may be another protective effect of fucoxanthin in pathologies such as cancer. They have
observed the reduced tube length of HUVEC (human umbilical vein endothelial cells) cells and the
inhibition of their proliferation by fucoxanthin but have observed no effect on their migration.
Fucoxanthin and fucoxanthinol were found to suppress development of blood vessel like structures
in embryonic stem cell derived embyoid bodies and outgrowth of micro-vessels. In addition they
have hypothesized that antioxidant activity of fucoxanthin may be involved in its anti-angiogenic
effect as ROS are known to stimulate angiogenesis.
4. Conclusions
Fucoxanthin influences a multitude of molecular and cellular processes. It exerts strong effects
on cancer cells and shows synergistic activity in combination with established cytotoxic drugs. This
raises the possibility that it could become an interesting anti-cancer compound in various types
of cancer.
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Marine-Sourced Anti-Cancer and Cancer Pain Control
Agents in Clinical and Late Preclinical Development
David J. Newman and Gordon M. Cragg
Abstract: The marine habitat has produced a significant number of very potent
marine-derived agents that have the potential to inhibit the growth of human tumor cells
in vitro and, in a number of cases, in both in vivo murine models and in humans. Although many
agents have entered clinical trials in cancer, to date, only Cytarabine, Yondelis® (ET743), Eribulin
(a synthetic derivative based on the structure of halichondrin B), and the dolastatin 10 derivative,
monomethylauristatin E (MMAE or vedotin) as a warhead, have been approved for use in humans
(Adcetris®). In this review, we show the compounds derived from marine sources that are currently
in clinical trials against cancer. We have included brief discussions of the approved agents, where
they are in trials to extend their initial approved activity (a common practice once an agent is
approved), and have also included an extensive discussion of the use of auristatin derivatives as
warheads, plus an area that has rarely been covered, the use of marine-derived agents to ameliorate
the pain from cancers in humans, and to act as an adjuvant in immunological therapies.
Reprinted from Mar. Drugs. Cite as: Newman, D.J.; Cragg, G.M. Marine-Sourced Anti-Cancer and
Cancer Pain Control Agents in Clinical and Late Preclinical Development. Mar. Drugs 2014, 12,
255-278.
1. Introduction
Rather than discuss the agents that are currently in use from marine sourced organisms, which
will be covered in another review in this journal, we will discuss agents that are from marine or
marine-derived sources that are either in clinical trials, or are in advanced preclinical status.
Obviously we will not be covering all such agents, as some are known only by a code number
without any other information being available, whilst others are in “preclinical status” according to
the authors of a paper or communication, but in truth, most of these are simply reports of some
in vitro activity against cell lines or have some preliminary data on in vivo activity in rodents.
We will also avoid using the source organism as the method of classification as it is now
becoming quite evident that the majority of compounds reported from the marine environment are
in fact produced by, or in concert with, single-celled organisms ranging from protists (frequently
dinoflagellates) to bacteria, including a very significant number of as yet uncultured organisms.
We will mention some of the materials that have been approved for use in one or more countries
that are in fact in clinical trials in others, or are now being used in conjunction with other drug
moieties as these are very common occurrences with antitumor agents once they are approved. For
example, although not a marine-derived agent, taxol® is still in clinical trials, usually as part of a
multi-drug regimen more than 20 years after it was approved for use by the US Food and Drug
Administration (FDA) for treatment of refractory ovarian cancer.
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We have organized this review in a manner that is the reverse to what most authors would do, in
that we will commence with agents that have been approved but are still in clinical trials, followed
by agents in stages of clinical development (nominally Phase I to III), rather than start with
preclinical agents and work forwards.
Since a number of the agents that are in clinical trials are very close relatives to approved
materials, we have elected to group these agents after the “approved parent”, so that the similarities
and differences can be more easily seen, thus giving the full “chemical lineage” in certain cases
below. In addition, we have elected to commence with compounds from marine sources that could
be considered as “adjuvant therapies” though, with one exception, not in the immunological sense.
2. Treatment of Pain Associated with Cancer
2.1. Tetrodotoxin (Tectin ®, Phase III; Figure 1, 1)
One of the most unusual agents at this stage is a very well known “marine toxin”, the highly
substituted guanidine-derivative, tetrodotoxin (1) [1–3]. Although this is not a formal anti-tumor
agent, it is in fact in Phase III trials as an agent (Tectin®) against inadequately controlled pain
related to cancer by WEX Pharmaceuticals in the USA, together with a Phase II trial under the
same company, again in the USA, against the neuropathic pain resulting from chemotherapy-induced
peripheral neuropathy. Although there was debate in years gone by over the actual source of this
agent, there is now little doubt that it is produced by a commensal microbe, though which one(s) is
still open for debate [4]. The synthesis of the compound and other derivatives has been published
from a variety of chemists with an excellent recent review by Nishikawa and Isobe giving the
highlights of their methodologies and covering some of the early history of this class of toxins [5].
Figure 1. Pain control agents.

106
2.2. XEN-2174 (Phase II; Figure 1, 2)
This compound, a very slight modification of the naturally occurring Ȥ-conotoxin MrIA, was
originally isolated from C. marmoreus and then optimized by medicinal chemistry [6]. Unlike the
other conotoxins either approved or in various levels of testing, this particular agent is a modified
13-residue peptide and is a noncompetitive inhibitor of the neuronal norepinephrine transporter
(NET) [7].
2.3. Leconotide (AM-336, Ȧ-Conotoxin CVID; Phase I; Figure 1, 3)
This molecule, a 27 residue peptide with three internal CYS-CYS bonds, is similar to the
well-known pain treatment ziconotide, and is currently in Phase I trials sponsored by Relevare
Pharmaceuticals (previous name was CNSBio) for treatment of pain related to cancer. It is a
calcium channel blocker and was originally identified by researchers at the University of
Queensland. Although initial experiments used the intrathecal route (as with ziconotide) [8], the
current protocol uses systemic administration [9].
2.4. Immunological Use of Keyhole Limpet Hemocyanin (KLH; Phase I–III)
KLH has been used for many years as a classical immunoadjuvant, and had been approved in
countries from Austria to South Korea, mainly for treatment of bladder cancer [10]. Two recent
publications gave results from Phase III trials, the first being in metastatic breast cancer where it
did not demonstrate any increase in median life span [11], but in the other Phase III trial in bladder
cancer, using mitomycin as a comparative agent, there were indications that KLH had a positive
effect on disease progression [12]. Currently, the ClinicalTrials.gov web site [13] lists Phase III
(NCT01480479) and Phase II (NCT01498328) trials using KLH in its adjuvant status against
relapsed glioblastoma, and Phase I trials in conjunction with KLH as part of a vaccine against high
risk neuroblastoma (NCT00911560) and fallopian tube, epithelial ovarian and peritoneal cancers in
patients following a first remission (NCT01248273).
3. Approved Marine-Derived Antitumor Agents Still in Clinical Trials (and Close
Chemical Relatives)
3.1. Cytarabine (Phases I to IV; Figure 2, 4)
As mentioned in a news interview in the early 1990s and then formally in a review by the
authors in 2000 [14] this agent, though not found in a marine environment as “Ara-C” can trace its
chemical lineage back to the discovery of bioactive nucleosides that contained arabinose rather
than ribose or deoxyribose. Though we were not the first to recognize the importance of such
substitutions, as Suckling [15] in a review in 1991 reported on the chemistry involved in the
syntheses of these and other such arabinose-linked nucleosides with common or uncommon bases,
we were perhaps the first to formally link the discoveries of the marine-sourced natural arabinoses
by the Bergmann group to the “design” of this agent [16–18]. So Ara-C can be legitimately
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considered to be a marine-derived agent, since without the arabinose, it would simply have been a
normal component of nucleic acids.
Even today, there are 840 trials listed in the NIH (National Institutes of Health, Bethesda, MD,
USA) clinical trials database (ClinicalTrials.gov), with 240 of them being open studies that are
recruiting, covering a large number of cancers and ranging from Phase IV down to Phase I. In the
corresponding European database, 43 clinical trials covering the same phases, but with some
overlap, are listed. As with other well-known approved drugs, it is still in use, more than 40 years
after its initial approval, with an interesting recent paper questioning the use of high dose
cytarabine therapy during remission in adults of acute myeloid leukemia [19].
3.2. ET743 (Trabectedin; Yondelis®; Phases I to III; Figure 2, 5)
This compound may well be considered the “poster child” for marine-derived antitumor agents,
as it is currently the only molecule in use as an antitumor agent that is identical to one of the
compounds originally isolated from E. turbinata. The stories around the discovery and
development of this compound using materials from in-sea and on land aquaculture, followed by
the semi-synthesis from a precursor molecule from a marine microorganism, cyanosafracin B, have
been told by many authors over the years. These ranged from the initial reports of bioactivity in this
organism in 1970 by Sigel et al. [20], the initial identification of the series by Holt in his PhD
thesis in 1986 [21], to the simultaneous publications from the laboratories of Rinehart at the
University of Illinois (Urbana Champaign, IL, USA) [22], and Wright at Harbor Branch
Oceanographic Institution (Fort Pierce, FL, USA) [23] in 1990 of the structure of ET743. This
work was followed with the thorough discussion given by the investigators at PharmaMar (Madrid,
Spain) in 2009 [24], demonstrating the power of both semi-synthesis and optimization of processes
to obtain active drug principles. The molecule was approved in the EU (European Union) in 2007 for
treatment of advanced soft tissue sarcoma and in some of the EU countries for treatment of recurrent
platinum-sensitive ovarian cancer when coupled to liposomal doxorubicin in 2009, but the
corresponding U.S. FDA (Food and Drug Administration) application was withdrawn.
The commonalities and differences in the pharmacological response of trabectedin and its close
relatives, Zalypsis® and lurbinectedin (vide infra) have been discussed recently with respect to their
experimental effect upon the Fanconi anemia pathway. Martinez et al. [25] demonstrated that these
three agents inhibited the Fanconi anemia pathway in the cell lines tested, increasing their sensitivity
to mitomycin C, in contrast to mitomycin C which always activated that pathway in the same cell
lines. The authors suggested that as a result of these findings these three agents might be useful
clinically in “Fanconizing” cancer cells in order to gain sensitivity against other anti-tumor drugs. In
another paper the same year, Romano et al. [26] reported that in in vitro and in vivo models, no
relationship was found between the in vitro cytotoxic potency and in vivo antitumor activity in
syngeneic mouse models, suggesting that there might well be a host response in these models. In
addition, the pharmacokinetics differ, even between the quite similar trabectedin and lurbinectedin in
humans, and as expected due to the differences in structure, Zalypsis® has been shown to differ in
pharmacokinetics in humans [27].
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Figure 2. Approved marine-derived drugs and close analogues in clinical trials.
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As of the end of October 2013, there were 15 studies found for ET743 in the NIH clinical trials
database, 12 at Phase II and three at Phase I, all being listed as completed, with cancer types covering
breast, prostate, soft tissue sarcoma and osteosarcoma, plus general carcinomas. Searching the
corresponding EU Clinical Trials Register, 19 trials were listed ranging from 2005 to 2013 with three
being Phase III trials not found on the NIH site. These were two trials against refractory ovarian
cancer with liposomal doxorubicin, and the third was for patients with translocation-related sarcomas.
Again these listings demonstrates that once a compound has been approved for treatment of one type
of cancer, it will be placed in clinical trials for many others, either individually or as part of a new
drug regimen.
A discussion of the probabilities of ET743 and its congeners being produced by as yet
uncultured microbes associated with the source tunicate was recently published by Giddings and
Newman [28] which should be consulted for further details.
3.2.1. PM-10450 (Zalypsis®; Phases I–II; Figure 2, 6)
This compound, another variation on the basic structure of the dimeric isoquinoline alkaloids,
was derived from the structure of jorumycin, a compound isolated from the skin and mucin of the
nudibranch Joruna funebris [29], and renieramycin J from a species of the marine sponge,
Netropsia. Zalypsis® was synthesized by workers at PharmaMar (Madrid, Spain) using
methodologies related to the ET743 synthesis from safracin B [30]. The initial report of the
molecular pharmacology of this agent was described by Leal et al. in 2009 [31] and even though it
has a close resemblance to ET743, it does not activate the DNA damage checkpoint response.
Currently both the NIH and EU clinical trials sites show three clinical trials at Phase II/I levels
with one in Spain showing as still continuing. There are eleven reports to date in the literature with
recent results from Phase I studies being reported in 2012 from work in the UK [27]. These were
then followed by further reports in 2013, where objective responses, mainly stable disease, were
seen in a small number of patients [32,33]. In contrast, also in 2013, a report was published
demonstrating a lack of response and termination of the Phase II trial of this compound in a heavily
pretreated population with advanced and/or metastatic endometrial or cervical cancers [34].
3.2.2. Lurbinectedin (PM-01183; Phases I–II; Figure 2, 7)
This compound is another variation on the basic structure of the dimeric isoquinoline alkaloids,
but has a tetrahydro-ȕ-carboline moiety instead of the tetrahydroisoquinoline present in ring C, and
binds in the DNA minor groove [35]. The compound was shown to have different
pharmacokinetics in patients and also like trabectedin, to attenuate nuclear excision repair (NER).
It also demonstrated synergy with platinum-based agents in vitro thus suggesting a possible
treatment regimen since it also demonstrated activity against platinum-resistant cell lines [36]. Two
Phase II clinical trials with lurbinectedin are shown on the NIH clinical trials site, one recruiting
and one approved but not yet recruiting, with two Phase I trials recruiting and one approved but not
yet recruiting. On the European clinical trials site, one Phase II trial corresponding to the” not yet
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recruiting trial” listed on the NIH site in the USA, is on-going in Spain, and the other is a two year
old trial against metastatic pancreatic cancer in Spain and the UK.
3.3. Eribulin (Halaven®; Phases I–IV; Figure 2, 8)
The story of the discovery of this compound (a totally synthetic variation on halichondrin B has
been given in a variety of formats over the years, from the chapter by the Eisai scientists in
Woburn, MA that showed the progression from the synthesis of halichondrin B to the initial
synthesis of eribulin [37], to two recent papers on the industrial methodologies that enabled the
production of this molecule, certainly the most complex synthetic drug to date [38,39].
As with the other approved compounds mentioned earlier, Halaven® is currently shown as being
in 28 trials that are recruiting patients with 27 being Phase I or II or I/II. The one Phase III trial is
a physician’s choice model with Halaven® being one of the three drugs to choose from. In addition,
of the other 43 trials shown, 21 are active but not recruiting with the majority being at Phase I or II,
though two are at Phase III and one (Phase IV) is a post market surveillance. One trial in the list
was terminated with no reason given. In addition, a new liposomal formulation of eribulin
mesilate is currently in a Phase I clinical trial (NCT01945710) in the United Kingdom under the
auspices of Eisai.
The geographic areas of these trials effectively cover the world, but the majority are either in the
USA or Europe. Summation of the figures on the map in the Clinicaltrials web site always gives
a higher figure as a significant number of trials cross geographic boundaries within the one trial.
3.4. Brentuximab Vedotin (Adcetris®; Phases 0 to IV; Figure 2, 9)
This immunoconjugate with a “warhead” derived from dolastatin 10, monomethylauristatin E
(vedotin; Figure 2, 10), a secondary metabolite from a Symploca species of cyanophyte, was
approved in the USA in 2011 for treatment of CD30 positive lymphoproliferative disorders such as
Hodgkin’s lymphoma. This combination was the second immunoglobulin-warhead combination to
be approved for leukemias following the initial approval of Mylotarg® by the FDA in 2000.
Subsequently Mylotarg® was withdrawn in the USA in 2010 due to concerns about the productތs
safety that were raised by a confirmatory study conducted after approval, as patients on the
preparation and also receiving chemotherapy had a higher death rate and no objective increase in
life when compared to a group using just chemotherapy. This combination is still in use in other
countries. A relationship to marine sources for the “warhead endiyne molecule” was established
when investigators at the Scripps Oceanographic Institution (La Jolla, CA, USA) showed the
presence of endiyne cryptic clusters in marine bacteria of the genus Salinospora [40].
Adcetris® is the product of extensive work by Seattle Genetics (Seattle, WA, USA), first in
optimizing the vedotin warhead (10) and then developing the linkers that couple the antibody to the
compound [41]. Some of these, discussed later, are designed to release the warhead (vedotin) by
simple hydrolysis of a linker bond, whereas others require the enzymatic digestion of the antibody,
releasing the warhead plus appendages. It was approved by the FDA in 2011 and subsequently
approval was given in the EU late in 2012 and launched in the UK in early 2013, all for CD30
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positive leukemias. Full explanations of the methodologies used and the utility of this agent against
a variety of lymphomas have been published in the last three years and should be consulted by the
interested reader [42–45]. In addition, a recent report from Takeda (Osaka, Japan) shows the
strategy that this company is adopting, including the further development of this agent [46].
Currently, this agent is in 37 trials mainly in the USA from Phase 0 to Phase IV where the latter
trial is listed as recruiting on the NIH clinical trials site. Six more are listed in the EU clinical trials
site covering Phase II to Phase IV.
3.4.1. Glembatumumab Vedotin (Phase II)
This is monomethylauristatin E (MMAE) linked to a fully human monoclonal antibody CR011
(an anti-CG56972) via a stable valine-citrulline dipeptide linker. It was targeted against patients
with unresectable melanomas at stage III or IV who have failed one cytotoxic chemotherapy
regimen and has expanded to include metastatic breast cancer as well. The combination has a
variety of names during its early days including CDX-011, CR-011 and CR011-vcMMAE, so
searching for data can be a trifle challenging.
The initial report of the use of this combination was given by investigators from CuraGen in
2006 [47], followed by a report of xenograft activity in 2007 from the same group [48]. The value
of the monoclonal’s target in triple negative breast cancer was described in 2010 by Rose et al. [49],
with the corresponding details in melanoma described in 2012 by a group from the People’s
Republic of China [50]. Currently three completed studies at the Phase I/II levels are reported in
the NIH clinical trials database with one preliminary report of clinical activity in breast cancer
patients [51].
3.4.2. ABT-414 (Phase I–II)
This is an antibody-drug conjugate (ADC) linking the anti-Epidermal Growth Factor Receptor
(EGFR) antibody ABT-806 to another variation on auristatin; in this case, monomethylaurisatin F
(Figure 2, 11) is used in place of the “E” variant. The ADC was designed to bind to a unique
epitope of EGFR that is usually not accessible when EGFR is expressed at physiological levels.
However, the ADC binds when tumors express EGFRde2-7 (EGFRvIII) and in other tumors with
amplified EGFR or excessive EGFR activation under “normal wild-type conditions” [52].
Abbvie (North Chicago, IL, USA), which is the renamed Abbott Pharmaceutical Division,
recently instituted two human clinical trials as trials in mice using human wild-type EGFRoverexpressing tumors gave complete regressions and “cures” [52]. Phase I studies where patients
must have a solid tumor type likely to over-express (EGFR), are underway evaluating the safety,
pharmacokinetics and efficacy of ABT-414, with a Phase IIa expansion (NCT 01741727) at the
maximum tolerated dose (MTD) where patients, accepted by invitation only, must have squamous
cell Non-Small Cell Lung Cancer (NSCLC). The other trial at the Phase I level (NCT01800695) is
a study evaluating the safety and pharmacokinetics of ABT-414 in subjects with glioblastoma
multiforme in combination with radiation plus temozolomide or temozolomide alone; the study is
currently recruiting patients with this particular disease.

112
3.4.3. PSMA-ADC (Phase II)
This ADC is a fully human monoclonal antibody against prostate specific antigen that is coupled
via the valine-citrulline dipeptide linker to mono-methylauristatin E (MMAE) and was designed to
undergo release via proteolysis by human cathepsin B. The initial report demonstrating activity in
prostate cancer cells and in xenografts was published in 2006 [53]. This was followed in 2011 by a
report showing expanded activity against androgen sensitive and insensitive cell lines in
xenografts [54].
Since there are now reports of the PSMA antigen being present in glioblastoma multiforme, this
ADC is in a Phase II trial currently recruiting patients with this specific cancer, in addition to the
Phase I and II trials against prostate cancer. All three trials are listed as current in the NIH clinical
trials database, but no trials are shown in the EU database at this time.
3.4.4. DCDT-2980S (Phase II)
This ADC from Genentech (Roche, San Francisco, CA, USA) is a humanized IgG1 antibody
directed against the CD22 epitope linked to sulfhydryl groups on the antibody via a maleimide
derivative. This derivative is the same as that used in Adcetris®, releasing monomethylauristatin E
on protease cleavage. Since the CD22 epitope is not expressed in rodents, trials for safety were
performed in cynomolgus monkeys and demonstrated adequate safety in primates plus efficacy in
xenografts [55]. Currently there is one Phase II trial recruiting and one active trial in the NIH
clinical database and no records in the EU equivalent. These trials are in leukemias, not solid tumors.
3.4.5. DCDS-4501A (Phase II)
This is also from Genentech/Roche, and is an ADC with monomethylauristatin E linked to an
anti-CD79b monoclonal. It is currently in the same Phase II trial as DCDT-2980S as an alternative
treatment against follicular B cell lymphoma, and is also in an ongoing Phase I trial against various
lymphomas in a dose escalation study. As with the earlier Roche agent (Section 3.4.4), no trials are
listed in the EU database.
3.4.6. Enfortumab vedotin (Phase I)
This combination, a fully human IgG1k antibody linked to monomethyl auristatin E via a
cleavable valine-citrulline linker is also known under the code names AGS-22MSE and
AGS-22ME and is currently undergoing Phase I evaluation under the aegis of Agensys (Ashburn,
VA, USA), Seattle Genetics and Astellas Pharma (Tokyo, Japan). It should be pointed out that
Agensys is a subsidiary of Astellas Pharma and the philosophy behind the approach from their
standpoint was reported by Yanagita and Takenaka in 2012 [56]. The only record at the moment of
the initial development of this agent is in an abstract of the 2011 AACR Meeting in Orlando,
Florida [57].
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3.4.7. Vorsetuzumab Mafdotin (SGN-75; Phase I)
This ADC, from Seattle Genetics, has monomethylauristatin F linked to the humanized antiCD70 monoclonal antibody 1F6 through a maleimidocaproyl linker that is non-cleavable, so the
release has to rely upon invagination and then proteolytic digestion [58]. This ADC is currently
being evaluated in Phase I trials against relapsed and refractory non-Hodgkin’s lymphoma and also
metastatic renal cancer where the cancers express the CD70 epitope. Currently the NIH database
shows one completed Phase I trial and one recruiting for renal cell carcinoma, but no trials in the
EU database. There are reports in the conference literature on some of the findings, but as yet, no
peer-reviewed reports.
3.4.8. SGN-19A (SGN-CD19A; Phase I)
This is another Seattle Genetics ADC where a humanized anti-CD19 antibody is linked to
monomethylauristatin F through a maleimidocaproyl-valine-citrulline linker. Currently there are
two Phase I trials in the NIH database at the Phase I level that are actively recruiting for trials in
lymphomas including Burkitt’s lymphoma. One presentation at the 2013 AACR meeting is the
only published report of progress at the moment [59].
3.4.9. BAY 79-4620 (3ee9/MMAE; Phase I)
This ADC is monomethylauristatin E linked to an antibody against the human carbonic anhydrase
IX, and was made using the Seattle Genetics techniques as described for the anti-CD30 ADC (now
known as Adcetris®) by Francisco et al. in 2003 [60]. Two Phase I trials are listed in the NIH
database with one showing completed (determination of MTD in patients with advanced solid
tumors) but the other, again an MTD-based study, was terminated for safety reasons. The
differences between the two trials from the database descriptions appeared to be the frequency of
treatment, three weeks in the completed trial versus two weeks in the terminated one. No data in
the EU database.
3.4.10. AGS-16C3F (AGS-16M8F; Phase I)
This ADC is a fully human IgG2k monoclonal antibody directed against the AGS-16 antigen
and conjugated to monomethylauristatin F (MMAF) via a noncleavable maleimido-caproyl linker.
This particular ADC is directed against renal and liver carcinomas as a result of the AGS-16
antigen. Details of the initial discovery and results of cell line and xenograft testing were presented
at the 2010 Genitourinary Cancers Symposium by Gudas et al. [61]. Currently there is one Phase I
trial against renal cancer recruiting according to the NIH database, and one completed Phase I
looking at the safety of dose escalation.
3.4.11. DMUC-5754A (RG-7458; Phase I)
This ADC is a monoclonal antibody against the epitope MUC16 linked to monomethylauristatin
E and it is targeted against ovarian carcinomas, but no further details other than a report in an
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abstract at the 2013 AACR meeting [62], are available at the present time. Currently the NIH web
site shows that Genentech is recruiting patients for a Phase I trial against both ovarian and
pancreatic cancer.
3.4.12. DNIB-0600A (RG-7599; Phase I)
This ADC is a humanized IgG1 monoclonal antibody directed against the NaPi2b epitope linked
to monomethylauristatin E. No information as to the method of linkage is available and the only
report is in an abstract at the 2013 ASCO meeting [63]. Phase I trials against non-small cell lung
cancer and platinum resistant ovarian cancer are actively recruiting patients according to the
NIH database.
3.4.13. A1-mcMMAF (PF-06263507; Phase I)
This ADC is monomethylauristatin F linked via a maleimidocaproyl linker to a humanized
monoclonal antibody directed against the 5T4 tumor antigen. The ADC was prepared using the
basic techniques described by Doronina et al. [41], and demonstrated potent antitumor activity in in
vivo xenograft models and exhibited no overt toxicities when delivered to cynomolgus monkeys [64].
Currently Pfizer is recruiting patients for a Phase I trial against advanced solid tumors according to
the NIH database.
3.4.14. DMOT-4039A (Phase I)
This ADC is a monoclonal antibody identified as MMOT-0530A that was raised against an
un-named antigen that is overexpressed in pancreatic and ovarian cancer, conjugated to
monomethylauristatin E. Currently the ADC is in two Phase I clinical trials with one in the USA
and The Netherlands recruiting patients with unresectable pancreatic or platinum-resistant cancers
(NCT01469793), whilst the other one (NCT01832116), also directed against the same cancers and
actively recruiting patients in The Netherlands, is designed to use PET imaging using 89Zr-linked to
the MMOT antibody as the imaging agent, followed by use of the ADC thus permitting an
assessment of the imaging and the subsequent response to therapy.
3.4.15. RG-7600 (Phase I)
This ADC, which from the comments on the Genentech web site [65], is in Phase I studies
against ovarian cancers, does not have any other information in the literature. However, since the
web site states that it is in collaboration with Seattle Genetics, the warhead may be an auristatin
derivative. No details as to current trials can be found in the NIH database.
3.4.16. DEDN-6526A (RG-7636; Phase I)
As with RG-7600, the only information is from the Genentech web site where this ADC is listed
as being in Phase I against unresectable melanoma. Since Seattle Genetics is also involved, the
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warhead may be an auristatin derivative, and the antibody may well be directed against endothelin
ETB receptors. One trial that is recruiting patients is shown in the NIH database (NCT01522664).
3.4.17. DSTP-3086S (RG-7450; thio-antiSTEAP1-MC-vc-PAB-MMAE; Phase I)
This is another of Genentech (Roche) ADCs using, in this case, an antibody against a
humanized anti-STEAP1 IgG1 antibody modified via determination/modification of reactive thiols
according to the patent application by Bhakta and Junutula [66], and coupled to
monomethylauristatin E. The antibody is directed against the six-transmembrane epithelial antigen
of prostate 1, hence the STEAP1 acronym, and was evaluated as both the basic ADC with
monomethylauristatin E and the thio-modified antibody, with the decision being to go with the thio
modified version from the PK determinations [67,68]. Currently there is one Phase I study
recruiting patients with metastatic castration-resistant prostate cancer (NCT01283373) with a
preliminary report showing some clinical responses given at the 2013 ASCO Meeting [69].
3.4.18. MLN-0264 (Phase I)
This is an ADC composed of a fully human monoclonal IgG antibody (5F9) directed against
guanylyl cyclase C (GCC) and is conjugated to monomethylauristatin E via a cleavable linker
(licenced from Seattle Genetics). The antibody is directed against gastrointestinal tumors that
express GCC. This is a first in class drug candidate with the initial report of the rationale being
given in November 2012 at the 14th EORTC-NCI-AACR meeting in Dublin, Ireland [70]. A report
at the next conference in the series was given in 2013, demonstrating activity both alone and in
conjunction with gemcitabine in xenograft models of pancreatic cancer [71]. The compound is in a
Phase I trial (NCT01577758) and is currently recruiting patients with GI cancers expressing the
required antigen.
3.4.19. RG-7598 (Phase I)
As with RG-7600 (Section 3.4.15), the only information is from the Genentech web site where
this ADC is listed as being in Phase I against multiple myeloma. Since Seattle Genetics is also
involved, the warhead is probably an auristatin derivative. No trials can be found in the NIH
database as of early November 2013.
3.4.20. SGN-LIV1A (Phase I)
This ADC is being developed by Seattle Genetics and is an anti-LIV-1 humanized monoclonal
antibody linked to monomethylauristatin E. The LIV-1 epitope is also known as SLC39A6 or ZIP6,
and is a member of the zinc transporter family. It was first identified as an estrogen-inducible gene
in breast cancer derived cell lines. It is a downstream target of STAT3, and promotes the epithelial
to mesenchymal transition important in the malignant progression of breast cancer to the metastatic
form. It is expressed in subtypes of metastatic breast cancers (ER+/HER2í; HER2+ and triple
negative). However, in healthy human tissues, its expression is limited to four hormonally-regulated
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organs. Both in vitro and in vivo models demonstrated significant delay of tumor growth on
treatment with the ADC [72]. This ADC is in a Phase I study that is currently recruiting patients
(NCT01969643) with metastatic breast cancer to determine safety and any antitumor activity
during the trial.
3.4.21. AGS-15E (AGS-15ME; Phase I)
This is an ADC with the fully human IgG2 monoclonal antibody (AGS15) whose target is
SLITRK6, conjugated to monomethylauristatin E (MMAE) through the maleimidocaproyl-valinecitrulline linker from Seattle Genetics. The target of this antibody, SLITRK6, is a member of the
SLITRK family of neuronal transmembrane proteins, and was discovered by Agensys using
suppressive subtractive hybridization on biopsies from bladder cancer patients [73].
Immunohistochemical (IHC) analysis of SLITRK6 expression was evaluated in various human
cancers including bladder, using a SLITRK6-specific antibody M15-68(2)22. This mouse
monoclonal antibody demonstrated that 90% of 452 human bladder transitional cell carcinomas
from in situ, advanced primary and metastatic tumors express this epitope. In addition, the same
expression was seen in some lung, breast and glioblastomas as well. In normal tissues, expression
is significantly restricted [73]. Currently a Phase I trial (NCT01963052) is actively recruiting
patients with metastatic urothelial cancer.
3.5. Preclinical Auristatin-Linked ADCs
The following ADCs are currently in advanced preclinical trials but the current information that
is available is minimal.
3.5.1. CDX-014 (CR-014-vcMMAE)
From the code name, this is a valine-citrulline-linked monomethylauristatin E linked to a fully
human anti-TIM1 monoclonal antibody CR-014. This antibody was developed to selectively target
TIM 1 (Kd = 2.7 nM), a type I transmembrane protein expressed on the surface of ovarian and
renal carcinoma cells with poor expression in normal tissues.
3.5.2. HuMax-CD74
This auristatin-linked ADC in preclinical development uses HuMax-CD74, an antibody that
targets HLA class II histocompatibility antigen gamma chain (CD74). This epitope is expressed in
a wide range of hematological malignancies and solid tumors, and is being developed by a
collaboration between Genmab (city, state, country) and Seattle Genetics [74].
3.5.3. HuMab-TF-011-vcMMAE (HuMax-TF-ADC; TF-011-MMAE IND Filed)
TF-011-vcMMAE is an ADC under development for the treatment of solid tumors. It is
composed of a human tissue factor (TF) specific antibody (TF-011), linked to a protease cleavable
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valine-citrulline (vc) linker and monomethylauristatin E (MMAE). TF is aberrantly expressed in
many solid tumors, and its expression has been associated with poor prognosis [75].
4. Other Marine-Derived Compounds in Clinical Trials against Cancer (Phases I–III)
4.1. Aplidine (Ptilidepsin, Aplidin®; Phase II–III; Figure 3, 12)
This compound is currently the only non-approved marine-derived agent in Phase III clinical
trials for cancer. Its history is quite convoluted as it was originally identified from an extract of the
Mediterranean tunicate Aplidium albicans. It was first reported in a patent from the Rinehart
laboratory at the University of Illinois in Champaign-Urbana during the time that that laboratory
was working on the synthesis of didemnin B (the first direct from the sea compound to go into
human clinical trials against cancer) [76]. Subsequently, with the withdrawal of didemnin B due to
toxicity and immunosuppressive effects which may have been exacerbated by the then current drug
regimens (a bolus at the MTD), PharmaMar began developing aplidine.
Figure 3. Other marine-derived compounds in phase I–III trials.
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This time the agent was made by total synthesis using data from the Rinehart patents [77,78],
and then further developed by Jou et al. [79]. The compound could also be made by modification
of didemnin A with a patent covering this process being published in 1995 [80]. Further
information as to synthetic methodologies of aplidine and other related compounds can be found in
the excellent publication from the Joullie group published in 2012 [81].
The mechanism of action of this agent is still not fully identified but involves multiple
regulatory pathways as can be seen in the discussion in the review by the PharmaMar group in
2012 [82], but the compound does demonstrate activity in a variety of cancers. These include a
recent report of activity in pediatric medulloblastomas, with demonstrable partial responses and
disease stabilization but the small patient number did not allow an efficacy determination [83].
Currently, this agent is shown as being in one Phase III trial in the NIH clinical trials database and
in five Phase II trials covering a variety of leukemias and liposarcomas. What is also of interest is the
recent report that didemnin B has been produced by fermentation of a free-living marine-sourced
microbe, with the complete genomic cluster identified and production of didemnin B confirmed by
“MALDI-TOF interrogation” of the metabolites in real time [84]. To date, no report of aplidine from
this source has been published but it is highly likely that a microbe is the producer of either aplidine
or that there is a simple oxidation of didemnin B to produce aplidine, since the only difference is the
presence of a carbonyl in the side chain of aplidine instead of a C–OH in the same position in
didemnin B.
4.2. Kahalalide F (PM-92102, Phase II; Figure 3, 13)
This compound, a depsipeptide originally isolated from the sacoglossan mollusk Elysia
rufescens and then subsequently isolated from the alga Bryopsis pennata upon which it feeds, was
also found in an Indian Ocean Elysia but from a different species [85]. There is a possibility that
the material is actually produced by a commensal microbe on the alga but this has not yet been
definitively proven. The compound was licensed to PharmaMar by the University of Hawaii at
Manoa (Honolulu, HI, USA) and then PharmaMar developed synthetic methods to produce the
compound in bulk using peptide chemistry techniques.
It entered clinical trials against prostate cancer, malignant melanoma and non-small cell lung
cancer, with a mechanism of action that involved oncosis (ischemic cell death) [86]. At this
moment in time, it appears that PharmaMar does not have any current clinical trials underway from
inspection of the NIH database, but in the EU Clinical Trials Register, a Phase II trial on non-small
cell lung cancer is still ongoing in Spain under the EudraCT number 2004-001253-39. The
compound was “out-licensed” for the treatment of psoriasis (a proliferative disease) to Medimetriks
Pharmaceuticals (Fairfield, NJ, USA) in 2009 for other than oncology and neurology indications.
The original discoverer of this group of compounds published an interesting paper on
selected kahalalide F analogs with antitumor and antifungal activities in 2011 [87], and
recently in the middle of 2012, PharmaMar stopped development of the kahalalide derivative
1-[N-[(4S)-4-methyl-1-oxohexyl]-D-valine]-kahalalide F which they were developing as an
antitumor agent under the generic name elisidepsin and trade name of Irvalec® [82], even though it
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had activity in gastroesophageal tumors. This appeared to be a business decision due to the very
low numbers of potential patients.
4.3. Plinabulin (NPI-2358, Phase II; Figure 3, 14)
This compound, a simple modification of the terrestrial and also marine fungal metabolite
halimide [88], entered Phase II clinical trials under Nereus Pharmaceuticals (San Diego, CA,
USA). Two completed trials under that sponsor are shown in the NIH database, one at Phase I and
the other at Phase I/II. However, no work/reports have appeared recently and with reports that
Nereus Pharmaceuticals is no longer operative the fate of this compound is uncertain [89].
4.4. Marizomib® (Salinosporamide A; NPI-0052; Phase I, Figure 3, 15)
The story of this compound from its discovery from the marine actinomycete, Salinispora
tropica and its identification as a proteasome inhibitor has been covered extensively in the
scientific literature. The reports include work-up to give cGMP product from the first marinemedium based large-scale fermentation, through synthesis by a variety of chemists both in
academia and companies, and identification of the biosynthetic cluster in the producing
organism(s) [90–94].
Currently one clinical trial is shown in the NIH database as recruiting patients for a study in
multiple myeloma (NCT00461045). What is of note is that the site now lists the sponsor as
Triphase Research and Development Corporation, a CRO rather than Nereus Pharmaceuticals, and
the other three completed Phase I trials in the NIH database no longer show Nereus but TriPhase.
This may well confirm information about the current status of Nereus Pharmaceuticals [89].
4.5. PM-060184 (Phase I; Figure 3, 16)
Recently, workers at PharmaMar reported the isolation and then total synthesis of two novel
polyketides from the Madagascan sponge Lithoplocamia lithistoides [95]. These two novel agents
PM050489 and PM060184 demonstrated sub-nanomolar in vitro activity in human cancer cell
lines, also potent antimitotic activity, and specifically, demonstrated a new biochemical mechanism
when interacting with tubulin [96]. The compounds also demonstrated potent in vivo activity in
different animal models and one of the two, PM-060184 is currently in Phase I clinical trials
(NCT01299636). Thus, even today, more than 25 years after the identification of the MOA of
Taxol® novel tubulin interaction mechanisms are still being discovered.
5. Conclusions
In an entirely different aspect of marine pharmacology, the work described in the first section of
this review, with “toxins” controlling cancer-related pain, is a beautiful example of where agents
considered to be deadly poisons to humans, tetrodotoxin and the Conus peptides, are now leading
to potential drugs for use in humans.
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In a considerable number of papers covering the topic of natural product-based antitumor drugs
(irrespective of the natural source), compounds are quoted as being in clinical trials, even though
no new trial has been reported in the previous four-plus years, and earlier trials are listed as
completed. From this perspective, there are two papers, one in this journal in 2010 [97], and a very
recent and truly comprehensive compilation of clinical trials of a large number of marine-related
drugs and drug candidates [98], that could be considered to have partially covered the topic from a
marine source perspective. In these two papers, however, a significant number of the agents
discussed are no longer in clinical trials.
In contrast to this approach, we have checked for current or recent antitumor trials in all of the
compounds above (except for the three listed as preclinical) and have demonstrated that, although
the number of marine-derived agents in active clinical studies en route to approval is small
compared to earlier years, all listed have current or recent clinical trials shown in either the NIH or
the corresponding EU clinical trials databases.
We used the qualifier “small” above even though there are 24 ADCs (5 ADCs at Phase II, 16
ADCs at Phase I and 3 ADCs in advanced preclinical status) that are using either auristatin E or
auristatin F as their warheads. If one is being conservative, then these are composed of only two
different basal structures with the other differences being in the monoclonal antibody and the
method of linkage. We would also be remiss in not pointing out that none of these ADCs would
have been made except for the discovery of the dolastatins and subsequent syntheses in the middle
to late 1970s [99].
With the number of marine-sourced compounds in the literature now over 25,000, there are
many other agents just “waiting in the wings” for their chance of stardom; it is our task as marine
natural product chemists to find them and, ultimately, to develop them as either drugs or leads
thereto. We would be remiss in not mentioning that nowadays it is recognized that the probable
source of most of the agents that we have described are single celled organisms, ranging from
eubacteria through to eukaryotes such as fungi and protists. As yet, we are not aware of any
published compounds from the archaea that have antitumor activity, but they may well occur in
due course.
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Trabectedin and Plitidepsin: Drugs from the Sea that Strike
the Tumor Microenvironment
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Abstract: The prevailing paradigm states that cancer cells acquire multiple genetic mutations in
oncogenes or tumor suppressor genes whose respective activation/up-regulation or loss of function
serve to impart aberrant properties, such as hyperproliferation or inhibition of cell death. However,
a tumor is now considered as an organ-like structure, a complex system composed of multiple cell
types (e.g., tumor cells, inflammatory cells, endothelial cells, fibroblasts, etc.) all embedded in an
inflammatory stroma. All these components influence each other in a complex and dynamic
cross-talk, leading to tumor cell survival and progression. As the microenvironment has such a
crucial role in tumor pathophysiology, it represents an attractive target for cancer therapy. In this
review, we describe the mechanism of action of trabectedin and plitidepsin as an example of how
these specific drugs of marine origin elicit their antitumor activity not only by targeting tumor cells
but also the tumor microenvironment.
Reprinted from Mar. Drugs. Cite as: Galmarini, C.M.; D’Incalci, M.; Allavena, P. Trabectedin and
Plitidepsin: Drugs from the Sea that Strike the Tumor Microenvironment. Mar. Drugs 2014, 12,
719-733.
1. Introduction
According to the prevailing paradigm of carcinogenesis, normal cells become cancer cells by
acquiring multiple genetic mutations in oncogenes or tumor suppressor genes in which respective
activation/up-regulation or loss of function served to impart aberrant properties, such as
hyperproliferation, blockade of differentiation or inhibition of cell death [1–3]. However, a tumor
is now considered as an organ-like structure, a complex system composed of multiple cell types
(e.g., tumor cells, inflammatory cells, endothelial cells, fibroblasts, etc.) all embedded in an
inflammatory stroma. All these components influence each other in a complex and dynamic
cross-talk, leading to tumor survival and progression [4]. For example, growth factors and
cytokines released by non-tumor cells support malignant cell progression and contribute to
suppress the immune system inside tumors. Therefore, the microenvironment of a tumor is an
integral part of its anatomy and physiology, and functionally, one cannot dissociate this
microenvironment from what have traditionally been called “cancer cells” [5,6].
As the microenvironment has such a crucial role in tumor pathophysiology, it represents an
attractive target for cancer therapy. There is already a wealth of information about specific cells
and molecules in the tumor microenvironment that can be used as targets for cancer therapy at
present [7,8]. For this reason, new molecules with antitumor features are looked at with new eyes.
Anti-angiogenic therapies, for example, have been shown to improve clinical outcome in patients
with different tumor types; similarly, signaling by the extracellular matrix (ECM) and its receptors
are also becoming attractive targets of therapy, especially, as it is clear that ECM receptors and
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growth factor receptors cooperate to maintain tissue specificity. In this review, we describe the
mechanism of action of trabectedin and plitidepsin as an example of how drugs of marine origin
elicit their antitumor activity by targeting tumor cells but also the tumor microenvironment.
2. The Tumor Microenvironment
Organs are composed of parenchymal cells that perform the main organ function and the stroma
that gives the supportive framework. In normal tissues, the parenchyma is formed by cells
inter-connected by cell-cell junctions that define cell morphology, proliferation, migration,
adhesion, differentiation, and cell death [9]. On the other hand, the stroma includes the ECM,
fibroblasts, migratory immune cells, and neural elements supported by a vascular network, all
within a milieu of cytokines and growth factors. The interstitial matrix is an intricate and highly
dynamic network of fibers composed of glycosaminoglycan (GAG)-containing glycoproteins.
Different types of fibrous collagen together with fibronectin, hyaluronan, and proteoglycans confer
mechanical strength, elasticity and a precise spatial organization to tissues. Organ architecture and
function are maintained by dynamic interactions between parenchymal cells and their
microenvironment [10]. Both components, cells and stroma, communicate via complex autocrine,
juxtacrine, and paracrine mechanisms consisting of soluble molecules, including growth factors,
cytokines, hormones, and proteases, insoluble factors, such as ECM components, and direct cellcell interactions. For example, the ECM contains a wide range of growth factors that are bound in
an inactive form to matricellular proteins, but can be rapidly released and activated in case of need,
for example during tissue repair.
As any organ, tumors are also composed of cells and stroma. However, both these components
are altered. Tumor cells are characterized by the presence of mutations that alter their normal
functioning but also their relationship with the surrounding microenvironment. For example, as
cancer cells begin to expand, they produce factors that activate myo¿broblasts and recruit
tumor-associated ¿broblasts. These mesenchymal cells, as well as adipocytes, are responsible for
many of the tumor-associated changes in the extracellular matrix that promote and foster tumor
progression [11]. Normal cells are also active participants that shape the features of tumors.
InÀammatory cells, including neutrophils, and macrophages, are frequently the ¿rst immune cells
recruited to the tumor, and may be either tumor-promoting or tumor-inhibiting depending on their
degree of activation and polarization [5,12]. Another inÀammatory cell type, the mast cell, is also
recruited early and promotes tumor progression by releasing proteases that activate angiogenesis [13].
Myeloid-derived suppressor cells inhibit T-cell activation and promote angiogenesis, cancer cell
invasion, and metastasis [14]. Natural killer cells and different types of T cells may have either proor antitumor functions, depending on their mode of activation. Immunoglobulins released by B
cells promote tumor growth by initiating the inÀammatory response. Finally, cytokines and
chemokines produced by tumor cells, leukocytes and other cell types are key orchestrators of the
cancer-related inÀammation and have long been associated with the recruitment of leukocytes in
tumors and therefore with the sustained presence of inÀammatory cells [15–17]. These molecules
are involved in important biological processes that govern proliferation and migration of different
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cells, regulation of innate and adaptive immune responses, and angiogenic and repair programs of
the tissues.
On the other hand, the nature of the ECM in the tumor is different from that of the host tissue.
The tumor stroma is characterized by a remarkable subversion of the tissue architecture and by a
different composition of some ECM components. For instance, whereas the host organ may have
been relatively soft and pliable, tumors are often tough and fibrotic. It has recently been shown that
these alterations in the mechanical properties of the tissue contribute to the malignant
phenotype [18–20]. Ultrastructural and immunohistochemical analyses also revealed the
up-regulation of several proteins, such as tenascin, decorin, byglican, Į-smooth muscle actin,
osteopontin, fibulin-1, fibronectin, and the appearance of spliced protein isoforms that are not
normally expressed [21,22]. This changed architecture may promote cell invasion by enabling cells
to migrate along the collagen ¿bers or by enhancing integrin signaling [19,23]. Moreover, these
matricellular proteins are degraded by specific proteases, such as matrix metalloproteases (MMPs),
cathepsins, hyaluronidases, heparanase, elastase, urokinase-type plasminogen activator (uPA),
plasmin and others in which activity is generally increased in tumors [24,25]. Finally, tumor blood
vessels are also different from those of the normal vasculature as they are irregular and dilated.
Furthermore, perivascular cells in tumors are loosely associated with endothelial cells [26,27].
These changes result in abnormal blood Àow and leaky blood vessels with extravasation of excess
Àuid and proteins from the capillaries. The increase in the interstitial fluid pressure generates areas
of hypoxia and acidosis inside tumors.
In summary, both normal (fibroblasts, endothelial cells, lymphocytes, macrophages, mast cells,
and other cell types) and cancer cells inhabit a complex cellular and matrix ecosystem all of which
may interact via juxtacrine and paracrine mechanisms. The constant disruption of homeostasis by
proliferating tumor cells produces a chronic inflammatory reaction [28]. However, the classic
players in acute inflammation (granulocytes, macrophages, endothelial cells, and fibroblasts) that
ordinarily lead to the resolution of a wound through an orderly series of events, instead react
paradoxically to the presence of dysfunctional epithelial cells by promoting their survival and
replication [28]. This process also includes inflammatory angiogenesis and tissue remodeling. Thus,
from this perspective, the microenvironment becomes an integral, essential part of a tumor [29,30].
3. Trabectedin Targets Tumor-Associated Macrophages (TAMs)
Trabectedin is an anticancer drug that was originally isolated from the marine Caribbean
tunicate Ecteinascidia turbinata and now is produced synthetically (Figure 1) [31]. Trabectedin is
used for the treatment of soft tissue sarcoma patients and, in combination with pegylated liposomal
doxorubicin, for relapsed platinum-sensitive ovarian cancer patients [32,33]. It is a well-tolerated
drug; the most common adverse effects observed after administration are reversible neutropenia
and reversible AST/ALT elevation. The mechanism of action of trabectedin on tumor cells has
been reviewed elsewhere [31]. Of note, the drug shows unique and high-specific inhibition of
the transcription process. Transcription inhibition, that affects both the transcribing and the
non-transcribing strands, occurs by different mechanisms such as the displacement of specific
transcription factors from their promoters, the stabilization of the DNA duplex structure, a direct
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interaction with RNA Pol II or the induction of the massive degradation of transcribing Pol II [34–37].
For example, through transcription inhibition, trabectedin modulates the expression of downstream
targets, alters tumor biology, and induces the resumption of natural cellular differentiation in
sarcomas resulting from the dysregulation of transcription factors, such as EWS-Fli1 fusion protein
and FUS-CHOP [31,38–40].
Figure 1. Trabectedin targets tumor-associated macrophages (TAMs). (A) Chemical
structure. (B) Trabectedin acts on the tumor microenvironment by directly affecting
monocytes and TAMs or indirectly by inhibiting the secretion of inflammatory
mediators involved in different pathophysiological processes, such as inflammatory cell
recruitment or tumor angiogenesis.
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In addition to its activity on tumor cells, trabectedin also targets key processes in the biology of
tumors, indicating that the drug is more versatile than currently available chemotherapeutic agents.
First evidence came from the finding that, among all leukocytes, blood human monocytes and
macrophages were hypersensitive to the drug [41]. This finding prompted a series of experiments
to understand the exquisite selectivity of trabectedin for mononuclear phagocytes. It was
demonstrated that the drug rapidly triggered the activation of caspase 8, downstream of membrane
TRAIL receptors (TRAIL-R) [42]. Leukocyte subsets have different sets of TRAIL-R. Monocytes
and macrophages mainly express the signaling TRAIL-Rs and are sensitive to trabectedin. In
contrast, neutrophils and T lymphocytes preferentially express the non-signaling TRAIL-R (which
prevents caspase 8 activation) and are therefore non-susceptible to trabectedin. On the other hand,
low, non-cytotoxic concentrations of trabectedin not only inhibit monocyte differentiation into
TAMs, but also the production of specific inflammatory mediators, such as CCL2, IL-6, VEGF,
and CXC chemokine ligand-8 (CXCL8). This effect was observed particularly in monocytes,
TAMs, myxoid liposarcoma cells and ovarian cancer cells [12,31,41]. Other chemokines involved
in monocyte recruitment are also transcriptionally affected by trabectedin treatment (e.g., CCL7,
CCL3, and CCL14). Importantly, all these effects are not reported for chemotherapeutic agents
other than trabectedin (e.g., cisplatin, doxorubicin) [31,41]. Trabectedin also affected the
expression of ECM-related genes produced by TAMs and fibroblast, such as fibronectin,
osteopontin and matrix-metallo protease-2 (MMP2) or collagen type 1 [43,44]. These results
indicate that trabectedin may reduce the high turnover of the tumor stroma.
As described previously, macrophages are a major cellular component of human tumors, where
they are commonly termed tumor-associated macrophages (TAMs). These TAMs are derived from
monocytes recruited into tumors by chemokines secreted by both malignant and stromal cells [45].
As macrophages, TAMs are versatile cells that are capable of displaying different functional
activities. Based on their plasticity, macrophages can be classified in two extreme types: “classical”
(or M1) and “alternative” (or M2) [46,47]. After stimulation with interferon gamma (IFN-Ȗ),
granulocyte-monocyte-colony stimulating factor (GM-CSF) and tumor necrotic factor-Į (TNF-Į),
M1 macrophages secrete high levels of pro-inflammatory cytokines, such as interleukin-12 (IL-12),
interleukin-1 (IL-1), and interleukin-6 (IL-6) and have potent antitumor efficacy [48].
Alternatively, monocytes exposed to interleukin-4 (IL-4) and interleukin-13 (IL-13) become
polarized toward the M2-type. This is characterized by higher production of the anti-inÀammatory
cytokine interleukin-10 (IL-10) and low expression of pro-inÀammatory cytokines and
ampli¿cation of metabolic pathways that can suppress adaptive immune responses [47,49,50].
M2-related activities favor disease progression [51–53]. For instance, M2-type TAMs promote
tumor angiogenesis by releasing several angiogenic factors, such as vascular endothelial growth
factor (VEGF) or platelet-derived growth factor (PDGF) [54]. TAMs also release chemokines (e.g.,
CCL17, CCL18, CCL22), which increase intratumoral recruitment of lymphoid cells without
cytotoxic activity (T-helper 2 lymphocytes; Th2) or with suppressive activity (regulatory T cells;
Treg) [55]. The impressive array of tumor-promoting functions is consistent with clinical studies
showing high macrophage density in many human cancer types to be associated with increased
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tumor angiogenesis and metastasis, and/or a poor prognosis [56–64]. Thus, TAMs are key players
of the tumor microenvironment that promote disease progression [12,53,65,66].
The above-mentioned inhibitory activity of trabectedin on TAMs is not only observed in vitro
but also in various animal tumor models [42,67]. In those models, trabectedin significantly
decreased the number of blood monocytes and of tumor-associated macrophages but not of other
leukocyte subsets (e.g., neutrophils or lymphocytes) [42]. To prove that the cytotoxic activity on
mononuclear phagocytes is an important mechanism of its anti-tumor efficacy, tumor cells resistant
to trabectedin in vitro were injected into mice [42]. Interestingly, in the in vivo setting, trabectedin
still showed anti-tumor activity, in spite of the confirmed tumor cell resistance to the drug when
exposed in vitro. Tumor growth was signi¿cantly restored after administration of myeloid cells
from tumor-bearing untreated mice after each drug treatment cycle. Therefore, macrophage
targeting in vivo appear to be a key component of the anti-tumor activity of trabectedin. Effects
other than macrophage depletion also account for its antitumor efficacy. Using human liposarcoma
xenografts grown in nude mice, Trabectedin induces a significant decrease in the expression of
relevant tumor mediators such as the chemokines CCL2 and CXCL8, IL-6 or the angiogenic factor
VEGF, and an overall effect on the angiogenic network [42,67]. Thus, in addition to direct activity
on mononuclear phagocytes, trabectedin reduces the secretion of inflammatory mediators affecting
main tumor pathophysiological processes such as the recruitment of circulating monocytes into
tumors or angiogenesis [41,42].
The key evidence that trabectedin presents selective activity against monocytes and TAMs
finally came from experiments conducted on human samples from patients receiving the drug as
part of their therapy. Firstly, a decrease in monocytes was observed within few days after injection
of trabectedin in most patients with soft tissue sarcoma [42]. Furthermore, by comparing tumor
sections collected before and after neo-adjuvant therapy, a dramatic decrease of macrophage
infiltration and vessel network was evidenced, reinforcing the concept that this compound strikes
both the neoplastic compartment and the tumor micro-environment. Similarly, monocytes and
TAMs from ovarian cancer biopsies were sensitive to trabectedin at low nM concentrations and
were much more sensitive than lymphocytes. Moreover, at those concentrations, trabectedin
significantly inhibited chemokine (CCL2), inflammatory cytokine (IL-6), and angiogenic factor
(e.g., angiopoietin-2, VEGF) production by monocytes, macrophages, and TAMs [31,41].
4. Plitidepsin Targets Monocytes and Nurse-Like Cells (NLCs)
Plitidepsin (Aplidin) is a synthetic depsipeptide originally isolated from the tunicate Aplidium
albicans and now obtained by total synthesis (Figure 2). The compound is currently being
evaluated in a Phase III trial for the treatment of refractory/relapsed multiple myeloma patients
(clinicaltrial.gov code: NCT01102426). Plitidepsin is a well-tolerated drug. The most common
plitidepsin-related adverse events are nausea, fatigue, and myalgia. The mechanism of action of
plitidepsin on tumor cells was reviewed elsewhere [68]. Briefly, after interacting with a moderately
high-affinity binding site in the cell membrane, plitidepsin led to the rapid activation of Rac1 and
the sustained activation of JNK and p38/MAPK that will finally provoke the appearance of a
caspase-dependent apoptosis [68–71]. Results of several studies associated the activation of JNK
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by plitidepsin with an increased oxidative stress characterized by a rise in the levels of reactive
oxygen species (ROS) and a fall in reduced glutathion GSH [71,72]. The oxidative stress induced
by Plitidepsin also provokes an endoplasmic reticulum (ER) stress associated to cell death [73].
After cell treatment, plitidepsin triggers the activation of several key molecular components of the
classical ER stress-induced unfolded protein response (UPR). These include the proteolytic
processing of ATF6 and the alternative splicing of XBP1, as well as the phosphorylation of eIF2Į
and JNK. Plitidepsin also induces the decrease of CHOP protein levels, due to its rapid degradation
by the ubiquitin/proteasome machinery.
Figure 2. Plitidepsin (Aplidin) targets tumor-associated Nurse-Like cells (NLCs).
(A) Chemical structure. (B) Besides inducing apoptosis of Chronic Lymphocytic
Leukemia (CLL) cells, Plitidepsin also acts on monocytes and NLCs. NLCs promote
survival of CLL cells by releasing pro-survival factors such as CXCL12.
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In addition to the previously mentioned effects, plitidepsin is also acting on the tumor
microenvironment. This is clearly observed on chronic lymphocytic leukemia models (CLL). It
was recently published that besides its direct effects on CLL cells, plitidepsin exhibits a potent
activity against monocytes and NLCs, a subset of cells derived from peripheral monocytes of CLL
patients [74]. The high sensitivity of monocyte and monocytic-derived cells to plitidepsin indirectly
affects leukemic cell survival by impairing the delivery of pro-survival signals from these cell
populations. As with TAMs in solid tumors, NLCs promote survival of CLL cells and play a
crucial role for CLL cell progression. Among other pro-survival factors, NLCs secrete CXCL12, a
chemokine that not only induces the migration of CLL cells to lymphoid tissues but also protects
them from spontaneous and drug-induced apoptosis in a contact-dependent fashion [75,76]. NLCs
can be found in the spleen and secondary lymphoid tissue of patients with CLL [77]. In line with
the protective function of NLCs on CLL cells, it was also observed that the previous treatment of
isolated NLCs with Plitidepsin impairs the survival of CLL cells. Plitidepsin induced monocyte and
NLCs death by triggering apoptosis, as evidenced by early exposure of phosphatidylserine in the
outer leaflet of plasma membrane, the activation of caspase-3 and subsequent cleavage of
PARP [74]. The production of ROS induced by plitidepsin plays a central role in monocyte death,
as drug-induced apoptosis was blocked when preincubating monocytes with ebselen, a compound
that increases intracellular GSH levels. It is currently known that ROS and reactive nitrogen
species (RNS) regulate the molecular and biochemical pathways responsible for human monocyte
survival and that any disbalance in this strict regulation (e.g., induction of oxidative stress), can be
detrimental for these cells [78]. In this regard, it was reported that monocytes are more susceptible
than lymphocytes to cell death triggered by oxidative stress [79]. These data indicate that, besides
its direct antitumor activity on CLL cells, plitidepsin also affects other main drivers of CLL
biology, such as monocytic-derived cells.
5. Conclusions
In the last decades the concept that the tumor microenvironment is simply a supporting structure
for the preservation of tissue architecture has dramatically changed. Indeed, microenvironmental
components provide signals affecting cell adhesion, migration, proliferation, differentiation, and
death. Monocytic-derived cells are key players of the cancer-related inflammation present at tumor
sites. Such a reactive milieu eventually supports tumor cell proliferation and the full-blown
development of neo-angiogenesis. There is increasing evidence that successful anti-cancer
therapies are not only dependent on the cancer phenotype but also on the normalization of the
tumor stroma. In this view, the findings showing that trabectedin and plitidepsin have wider
mechanisms of action acting not only on tumor cells but also modifying the whole
microenvironment is of great interest and may contribute to the development of new drugs from
marine origin as anticancer therapies.
The opportunity to combine direct antiproliferative activity on tumor cells with the capacity to
counteract the pro-tumoral properties of the tumor microenvironment is emerging as an especially
appealing therapeutic effect of some drugs of marine origin. As reviewed above, the antitumor
activity of trabectedin and plitidepsin is not only related to their effects on tumor cells, but also on
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their ability to affect the tumor microenvironment, in particular monocytic-derived cell (TAMs and
NLCs, respectively) and their pro-tumoral functions. Of note, the effects of trabectedin on tumor
microenvironment are in line with response patterns evident in several patients, such as tumor
shrinkage or delayed response and prolonged stabilization even in the absence of evident tumor
shrinkage [80]. Trabectedin can therefore be considered a particularly important antitumor agent
with mechanisms of action that make it especially appropriate for targeting key processes in the
biology of cancer. Similar considerations can be taken into account for plitidepsin.
To our knowledge, there are no other reports showing this specific activity with other
marine-derived drugs. Therefore, whether this is a common feature of marine natural products or a
specific mechanism for trabectedin and plitidepsin remains to be elucidated.
6. Future Directions
Several questions need to be further addressed concerning the activity of drugs of marine origin
on tumor microenvironment. We first need to understand if the activities observed for trabectedin
or plitidepsin on the tumor microenvironment can be observed for other marine-derived drugs. A
second question is whether these drugs are also affecting other stromal components besides the
myeloid-derived compartment. We also need to understand whether the depletion of monocytic-derived
cells is similar in all treated patients or if individual variability may result in different therapeutic
efficacy. Another important question is whether, by affecting myeloid cells, marine-derived drugs
independently influence main pathophysiological pathways of a given tumor. For example, it
would be of interest to know if the anti-angiogenic activity of trabectedin is due to a direct effect
on the vessel network or is mediated via the reduction of pro-angiogenic cytokines released by
TAMs. While it is clear that marine-derived drugs have favorable mechanisms on tumor cells and
the tumor microenvironment, additional research into the following actions would be beneficial.
All these questions need to be addressed in order to improve the drug discovery and developmental
process that would translate into more effective treatments with drugs of marine origin.
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Abstract: Soft tissue sarcomas are a group of rare tumors derived from mesenchymal tissue,
accounting for about 1% of adult cancers. There are over 60 different histological subtypes, each
with their own unique biological behavior and response to systemic therapy. The outcome for patients
with metastatic soft tissue sarcoma is poor with few available systemic treatment options. For
decades, the mainstay of management has consisted of doxorubicin with or without ifosfamide.
Trabectedin is a synthetic agent derived from the Caribbean tunicate, Ecteinascidia turbinata. This
drug has a number of potential mechanisms of action, including binding the DNA minor groove,
interfering with DNA repair pathways and the cell cycle, as well as interacting with transcription
factors. Several phase II trials have shown that trabectedin has activity in anthracycline and alkylating
agent-resistant soft tissue sarcoma and suggest use in the second- and third-line setting. More
recently, trabectedin has shown similar progression-free survival to doxorubicin in the first-line
setting and significant activity in liposarcoma and leiomyosarcoma subtypes. Trabectedin has
shown a favorable toxicity profile and has been approved in over 70 countries for the treatment of
metastatic soft tissue sarcoma. This manuscript will review the development of trabectedin in soft
tissue sarcomas.
Reprinted from Mar. Drugs. Cite as: Petek, B.J.; Loggers, E.T.; Pollack, S.M.; Jones, R.L.
Trabectedin in Soft Tissue Sarcomas. Mar. Drugs 2015, 13, 974-983.
1. Introduction
Soft tissue sarcomas are a group of rare solid tumors of mesenchymal origin. Surgical resection
with or without radiation is the mainstay of management for localized disease. However,
approximately 50% of patients with high-grade tumors will develop recurrent disease. Systemic
therapy may additionally be considered in the localized setting, but its role in management remains
controversial. The outcome of patients with metastatic soft tissue sarcoma is poor with a median
overall survival (OS) of about 12 months. Systemic therapy is at the core of management for patients
with metastatic disease; however, there are few effective agents available. Doxorubicin and
ifosfamide have shown consistent activity, and recently, the anti-angiogenic agent, pazopanib, has
been approved based on the results of a randomized, placebo-controlled phase III trial showing a
significant, but modest, benefit in progression-free survival (PFS) for patients treated with
pazopanib [1].
Trabectedin is a synthetic, marine-derived alkylating agent derived from the Caribbean tunicate,
Ecteinascidia turbinata [2]. The success of trabectedin in preliminary clinical trials for soft tissue
sarcomas has led to the approval of the drug in many countries and a large, randomized phase III
trial. With limited systemic therapy options available for sarcomas as a whole, trabectedin has the
opportunity to be significantly beneficial for patients with metastatic disease.
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2. Mechanism of Action
Trabectedin is a natural alkaloid composed of three tetrahydroisoquinolone rings (Figure 1). The
unique structure of trabectedin allows it to bind to the N2 amino group of guanine residues in the
minor groove of the DNA double helix and can lead to double-strand breaks [3,4]. Studies have
suggested that the nucleotide excision repair mechanism may be essential for the antitumor activity
of trabectedin and that the resulting double-strand breaks are more persistent if there is loss of
homologous repair [5,6]. Evidence shows that disruption of DNA by trabectedin ultimately causes
apoptosis and sensitization of cancer cells to Fas-mediated cell death [7]. Multiple studies,
including specific experiments in soft tissue sarcomas, have also validated that trabectedin works at
the tumor microenvironment with selective activity against monocytes and tumor-associated
macrophages [8,9]. The inhibition of these immune factors allows for the prevention of
angiogenesis and further disease progression [10,11]. Deprivation of inflammatory-mediated
support in the tumor microenvironment may be one of the most important aspects of trabectedin’s
mechanism of action, making the drug efficacious as a cancer treatment. Other mechanisms for the
chemotherapeutic actions of trabectedin may include modulation of the cell cycle and interaction
with transcription factors [12,13].

Figure 1. Chemical structure of trabectedin.
Recent studies have also proposed specific mechanisms of action for trabectedin in
myxoid/round cell liposarcoma. The most common translocation in the disease is
t(12;16)(q13;p11), creating a FUS-CHOP fusion gene, and rarely, a t(12;22)(q13;q12) translocation
takes place resulting in a EWS-CHOP fusion gene. These fusion-encoded proteins are believed to
function as abnormal transcription factors [14]. Notably, an in vivo study showed that mesenchymal
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stem cells expressing the FUS-CHOP protein were committed to adipocytic differentiation, but
were unable to terminally differentiate [15]. Trabectedin administration in this experiment
downregulated FUS:CHOP expression, which promoted terminal adipocytic differentiation. Others
have hypothesized that trabectedin prevents the binding of the FUS-CHOP oncogenic chimera protein
to its target promoters, which may modulate the transcription of genes that are essential for
adipocytic differentiation [14,16]. Recent studies have also characterized regulatory networks
leading to trabectedin resistance, as well as have uncovered the antiangiogenic activity of trabectedin
in myxoid/round cell liposarcoma [17,18].
3. Phase I Trials
A number of phase I trials have assessed differential dosing and infusion schedules for the
administration of trabectedin [19–25]. Results from these studies have established the optimal
regimen of administration to be a 1.5-mg/m2 infusion over 24 h every three weeks [26]. Notably,
Taamma and colleagues performed a phase I trial of trabectedin in 52 patients with treatment
refractory tumors that recommended the current optimal dosing schedule of 1.5 mg/m2 for a 24-h
continuous infusion [22]. The most prevalent dose limiting toxicities in the study were hematological
in nature. At the recommended dose, severe neutropenia was reported in 33% of cycles, severe
thrombocytopenia in 10% of cycles and reversible, but severe, elevations in transaminase levels in
38% of cycles. The investigators also observed that patients with baseline hepatobiliary function
abnormalities had a higher likelihood of severe hematological toxicity, indicating the need for dose
reduction in such patients.
Combination therapies of trabectedin with other chemotherapeutic agents, including
gemcitabine, doxorubicin, Doxil and cisplatin, have also been assessed in phase I trials [27–32].
The most promising results from these studies in sarcoma patients have been from the trials
administering trabectedin in combination with doxorubicin. One of the trials showed a response
rate (RR) of 18% and stable disease in 56% of soft tissue sarcoma patients (n = 29) [31]. Another
study assessing combination therapy with doxorubicin reported a RR of 12% with median PFS of 9.2
months for 41 patients with solid tumors [27]. Of the 41 patients, 20 had liposarcoma and 11 had
leiomyosarcoma. With success in phase I trials, the efficacy of combination therapy with
doxorubicin and trabectedin is currently under investigation in larger studies.
4. Phase II Trials
Two phase II trials in 2004 provided the initial analysis of trabectedin in soft tissue sarcomas.
The first of these studies was run on 54 pretreated soft tissue sarcoma patients and reported a low
response rate of 4%, but a high disease control rate at six months of 24% [33]. Trabectedin was
administered at a dose of 1.5 mg/m2, over 24 h every three weeks. Approximately half of the
patients in the study eventually developed grade 3/4 aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) levels. Another common adverse event was neutropenia, being grade 3/4
in 61% of patients. In this trial, four patients (7.4%) discontinued trabectedin due to adverse events.
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In addition, there were two treatment-related deaths, and both were patients who developed acute
renal failure.
The second phase II trial, published in 2004, again reported a low response rate of 8% and
a one-year overall survival rate of 53% in 36 previously treated sarcoma patients [34]. This study
also utilized the same dosing schedule of trabectedin (1.5 mg/m2, over 24 h every three weeks).
The toxicity profile of the drug was similar to previous trials with patients experiencing elevations
in transaminases, fatigue and hematological toxicity. Growth factors, such as, granulocyte-colony
stimulating factor (G-CSF), can be administered to help prevent hematological toxicity; however,
a recent retrospective study showed that G-CSF administration has only been used in about 10% of
phase II trials on trabectedin in solid tumors [35].
Early promising results in these phase II studies led the European Organization for the Research
and Treatment of Cancer (EORTC) to initiate a phase II trial of trabectedin in 104 patients treated
in the second- and third-line setting [36]. This trial also reported a low response rate of 8%. The
six-month PFS was 29%, and the median overall survival (OS) was reported as 9.2 months.
Subsequently, a further phase II trial in 36 patients was run to evaluate the activity of trabectedin in
the first-line setting. The overall response rate was reported as 17%, and the one-year PFS and OS
rates were 21% and 72%, respectively [37]. This study also importantly concluded that trabectedin
has similar ranges of objective responses and overall survival rates in the first-line setting to the two
most active drugs in soft tissue sarcomas: doxorubicin and ifosfamide.
Demetri and colleagues performed a phase II trial randomizing 270 patients with
leiomyosarcoma and liposarcoma to receive either 1.5 mg/m2 of trabectedin over 24 h every three
weeks, or 0.58 mg/m2 over 3 h every week for three out of four weeks [38]. Patients were required
to have experienced documented disease progression while on doxorubicin and ifosfamide prior to
trial entry. The 24-h infusion schedule showed a significantly longer median time to progression
(TTP) (3.7 vs. 2.3 months) and PFS (3.3 vs. 2.3 months), as compared to the 3-h infusion schedule.
No significant difference in overall survival was observed between the two arms of the trial;
however, there was a strong trend favoring the 24-h infusion schedule (13.9 months vs. 11.8 months).
Trabectedin was generally well tolerated in this study, with the most frequently reported grade 3/4
adverse events being neutropenia and elevated transaminases. Febrile neutropenia occurred in 1%
of patients, and the majority of adverse events were mild to moderate. There was also no
documentation of cumulative toxicities. Another phase II trial recommended the use of trabectedin
as a neoadjuvant therapy for patients with advanced myxoid liposarcoma [39].
The results of these phase II trials led to licensing approval of trabectedin by the European
Union for advanced soft tissue sarcoma in 2007, and the drug is now approved in over 70 countries.
5. Phase III Trials
Trabectedin has yet to be approved by the FDA in the United States, and consequently a phase
III trial has been performed randomizing over 500 patients with leiomyosarcoma and liposarcoma to
receive either trabectedin or dacarbazine (2:1 ratio). The primary end point of the trial is overall
survival. This trial has closed to enrollment, and the results are eagerly awaited (NCT01343277).
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In addition, there is an ongoing worldwide, expanded access program (NCT00210665). A recent
analysis from this study reported that of the 1,895 soft tissue sarcoma patients entered into the
program, patients with leiomyosarcoma and liposarcoma had significantly longer OS compared to all
other histological subtypes (16.2 vs. 8.4 months, respectively), as well as a higher objective
response rate (6.9% vs. 4%, respectively) [40].
Another phase III trial randomized 121 patients with translocation-related sarcomas to receive
trabectedin or doxorubicin in the first-line setting with progression-free survival as the primary end
point [41]. There was no significant difference in PFS between the two arms of the trial. At the
time of analysis, 63.9% and 58.3% of patients were alive in the trabectedin and doxorubicin arms,
respectively (with no statistically significant difference in overall survival). The response rate
according to RECIST 1.0 was significantly higher in the doxorubicin (27%) compared to the
trabectedin (5.9%) arm of the trial. In contrast, the response according to Choi criteria showed
fewer differences between the doxorubicin (45.9%) and trabectedin (37.3%) arms, in terms of
response rate.
6. Retrospective Studies
Trabectedin has shown particular activity in myxoid/round cell liposarcoma. In a retrospective
analysis of 51 patients treated at five referral centers, a median overall response rate of 51% was
reported, and the median PFS was 14 months [42]. Progression-free survival at six months was also
reported as 88%. In another retrospective study assessing the efficacy of trabectedin in specific
translocation-related sarcomas, the rate of PFS at six months was documented as 64% in
myxoid/round cell liposarcoma (n = 27) and 22% in synovial sarcoma (n = 45) [43]. These results
suggest that trabectedin may have significant activity in these two histological subtypes and should
be further analyzed in larger randomized clinical trials.
Other retrospective studies have shown that trabectedin may also be effective in uterine
leiomyosarcoma. In a study assessing 66 patients with metastatic uterine leiomyosarcoma, PFS for
the entire cohort was 3.3 months with 16% of patients achieving a partial response and 35%
showing stable disease [44]. Furthermore, a prospective phase II trial of trabectedin in uterine
leiomyosarcoma reported a median PFS of 5.8 months and OS of 26.1 months [45]. Two patients in
the study also had a partial response to trabectedin administration (10%).
Retrospective analysis was also used to assess the effect of age on the efficacy and safety of
trabectedin administration in the treatment of soft tissue sarcomas [46]. Patients under the age of 60
were part of the younger cohort, and patients 60 or older were a part of the older cohort. The
analysis pooled five prior phase II trials and showed similar response rates (younger 10.1% vs. older
9.6%), no significant difference in median progression-free survival (younger 2.5 vs. older 3.7 months)
and similar overall survival rates between cohorts (younger 13.0 vs. older 14.0 months). However,
older patients did show a higher incidence of grade 3/4 neutropenia (43.6% vs. 60.2%) and fatigue
(6.3% vs. 14.4%). A small subset of patients 70 or older were also included in the analysis and
showed no significant differences in efficacy or safety outcomes. This study therefore indicates that
trabectedin can have meaningful benefits and an acceptable safety profile in young and elderly patients.
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7. Conclusions
Trabectedin has shown consistent activity in patients with previously treated soft tissue sarcoma.
The results of a number of phase II trials have led to the drug being approved in over 70 countries
worldwide. The results of a phase III trial randomizing leiomyosarcoma and liposarcoma patients to
receive trabectedin or dacarbazine are awaited and could lead to the drug being approved by
the FDA.
Further evaluation is required for combination strategies of trabectedin, particularly with
doxorubicin [27,31]. Investigation of this agent in the neoadjuvant and adjuvant setting may also be
warranted in certain histological subtypes.
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Abstract: Due to taxonomic positions and special living environments, marine organisms produce
secondary metabolites that possess unique structures and biological activities. This review is
devoted to recently isolated and/or earlier described marine compounds with potential or
established cancer preventive activities, their biological sources, molecular mechanisms of their
action, and their associations with human health and nutrition. The review covers literature
published in 2003–2013 years and focuses on findings of the last 2 years.
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1. Introduction
The outstanding biological/biochemical diversity of marine environment serves as a source of
inspiration and attracts great interest of chemists and pharmacologists. Some new secondary
metabolites of marine origin, produced by diverse marine organisms are important leads for the
development of anti-cancer pharmaceuticals. Recent research has also included previously known
physiologically active marine natural products, which themselves or their synthetic derivatives are
applicable in cancer therapy or cancer prevention [1–8].
The latter involves the employment of natural or synthetic compounds for prevention,
suppression or reversion of the process of carcinogenesis [9]. This area is a fast growing scientific
field, because cancer prevention is suggested to be a promising way to decrease the number of
human cancer cases. Increasing attention is also being paid to the possibility of application of
natural products with cancer preventive properties for individuals at the high risk of neoplastic
development [10].
The carcinogenic process consists of three phases: initiation, promotion, and progression [11,12].
Initiation and progression are relatively fulminant and irreversible, so promotion is the most
appropriate phase for chemoprevention [13,14]. Anti-promotional agents selectively inhibit the
process of preneoplastic changes. It often requires the continuous presence of chemopreventive
agents [15]. Showing, as a rule, low cytotoxic activities against tumor cells, cancer preventive
compounds inhibit the malignant transformation of normal cells into tumor cells, or influence other
stages of carcinogenesis [15–18]. Some of them are known antagonists of cancer promoters and
oncogenes, others stimulate anticancer immunity, induce apoptosis, or arrest the cell cycle, inhibit
tumor invasion, angiogenesis, or inflammation [19–22].
Recent progress in the research of marine anticancer compounds resulted in identification of
various molecular targets for chemopreventive drugs, such as indoleamine 2,3-dioxygenase, histone
deacetylases and methyl-transferases, matrix metalloproteinases (MMPs), hypoxia-inducible factor-1
(HIF-1), retinoic acid receptor, peroxisome proliferator-activated receptor (PPAR) isoforms,
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ubiquitin-proteasome pathway, oncogenic nuclear factors activator protein-1 (AP-1) and nuclear
factor-țB (NF-țB), tumor suppressor protein p53-mouse double minute 2 protein (Mdm2)
interaction, different tumor-related kinases, etc. [23–32].
Natural products are particularly useful as cancer preventive or anticarcinogenic agents if they
show good availability, low toxicity, suitability for oral application, and a vast variety of
mechanisms of their action. It is believed more and more that cancer may be prevented or at least
delayed and inhibited through the use of natural compounds [20]. In fact, there are clear links
between human cancer and diet, and seafood is considered to be exclusively useful with respect to
cancer prevention.
Herein, we review the studies, mainly published in recent years, on several groups of the marine
naturally occurring compounds, which are potentially useful for cancer prevention as can be judged
from in vitro and/or in vivo results. Mostly, these compounds are noncytotoxic, or at least show
their anticancer properties at nontoxic concentrations. Our review highlights biological sources,
structures and mechanisms of action of the marine lipids, carotenoids, glycosides, terpenoids,
alkaloids, and other marine natural products that are currently undergoing evaluation as cancer
preventive agents either in laboratories or in clinical trials.
2. Marine Lipids
Many marine edible organisms contain lipids enriched by polyunsaturated fatty acids (PUFAs).
Marine Ȧ-3 fatty acids, mainly consisting of eicosapentaenoic (EPA) (1, Figure 1) and
docosahexaenoic acids (DHA) (2, Figure 1), compete in various enzymatic processes with Ȧ-6
polyunsaturated acids such as arachidonic acid. The role played by Ȧ-3 (DHA and EPA) and the
ratio of Ȧ-3/Ȧ-6 PUFAs needed to optimally suppress the development of most cancers, including
breast, colon, prostate, liver, and pancreatic tumors, were established in many experimental
studies [33–35]. The mechanisms by which Ȧ-3 PUFAs are thought to possess antineoplastic
activity, as well as preclinical and current clinical trials, investigating the potential therapeutic roles
of Ȧ-3 PUFAs at different stages of colorectal carcinogenesis, have been reported [36].
Figure 1. Structures of the compounds 1 and 2.
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Recently, in a large colonoscopy-based case-control study that involved 5307 Western
individuals, the association of dietary PUFA intake and the risk of colorectal polyps were
evaluated. It was found that the dietary intake of the marine-derived Ȧ-3 PUFAs was associated
with a decreased risk of adenomatous polyps in women, but not in men. For women, higher intake
of the marine-derived Ȧ-3 PUFAs was associated with lower levels of prostaglandin E2, which may
suggest that the alteration of eicosanoid production is an important mechanism that underlies the
chemopreventive effects of the marine- derived Ȧ-3 PUFAs [37].
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Another recent study showed that marine Ȧ-3 PUFA ameliorated inflammation, fibrosis, and
vascular abnormalities in fat tissue through a decrease in adipose tissue macrophages, an increase
in adipose capillaries, and a decrease in macrophage chemoattractant protein 1 (MCP-1) levels [38].
Numerous experiments on animals confirmed the cancer preventive properties of fish oils and
Ȧ-3 fatty acids from the marine sources. The chemopreventive effect of Ȧ3 PUFA was evaluated in
rats with colorectal cancer, induced via the carcinogen 1,2-dimethylhydrazine (DMH). Lower
levels of aberrant crypt foci were found in rats fed with Ȧ3 PUFA. In addition, this group of
carcinogen-treated rats showed greater expression of transforming growth factor ȕ and lower
interleukin-8 expression, resulting in a protective effect on the colonic precancerous mucosa and a
beneficial effect on inflammatory modulation [39]. Using the Fat-1 mice, a genetic model that
synthesizes long-chain Ȧ-3 PUFAs de novo, it was shown that Ȧ-3 PUFAs can modulate the
colonic mucosal microenvironment to suppress Th17 cell accumulation and inflammatory damage
following the induction of chronic colitis [40]. The anti-inflammatory properties of Ȧ-6
docosapentaenoic acid derivatives in vitro and in vivo were demonstrated using murine macrophage
RAW 264.7 cells and mice with dextran sodium sulfate (DSS)-induced colitis. Intake of the
compounds modulated macrophage function and alleviated the experimental colitis [41]. The
regulation of the cellular anti-apoptotic glucose related protein of 78 kDa (GRP78) expression and
location have been demonstrated to be a possible route through which DHA can exert pro-apoptotic
and antitumoral effects in colon cancer cells [42].
Some other marine lipids also showed potential cancer preventive properties.
Monogalactosyldiacylglycerols (MGDGs) 3 and 4 (Figure 2) isolated from the marine
microalgae Tetraselmis chui were tested for their nitric oxide (NO) inhibitory activity on
lipopolysaccharide-induced NO production in RAW264.7 macrophage cells. The compounds
showed strong NO inhibitory activity compared to NG-methyl-L-arginine acetate salt, a well known
NO inhibitor used as a positive control. Isolated MGDGs suppressed NO production through
down-regulation of inducible NO synthase protein [43].
Figure 2. Structures of the compounds 3 and 4.
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Leucettamol A (5, Figure 3), a bipolar lipid that inhibits the formation of the complex composed
of the ubiquitin-conjugated E2 enzyme (Ubc13) and ubiquitin-conjugated enzyme variant 1A
(Uev1A), was isolated from the marine sponge Leucetta aff. microrhaphis. Its inhibition of
Ubc13-Uev1A interaction was tested by the enzyme-linked immunosorbent assay (ELISA),
revealing IC50 value of 50 ȝg/mL. Such inhibitors are presumed to be leads for anti-cancer agents
that upregulate activity of the tumor suppressor p53 protein [44]. They may therefore be interesting
as the cancer preventive agents.
Figure 3. Structure of the compound 5.
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Chemical investigation of polar lipids from the marine eustigmatophyte microalga
Nannochloropsis
granulata
led
to
the
isolation
of
six
betaine
lipid
diacylglyceryltrimethylhomoserines (6–11, Figure 4). The isolated betaine lipids showed dosedependent nitric oxide (NO) inhibitory activity against lipopolysaccharide-induced nitric oxide
production in RAW264.7 macrophage cells. Further study suggested that this activity is exerted by
the compounds through downregulation of inducible nitric oxide synthase expression, indicating a
possible value as anti-inflammatory agents [45].
Figure 4. Structures of the compounds 6–11.
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6: R = eicosapentaenoyl
7: R = arachidonoyl
8: R = myristoyl
9: R = palmitoyl
10: R = palmitoleoyl
11: R = linoleoyl
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3. Marine Carotenoids
Marine carotenoids are fat-soluble pigments that provide bright coloration to animals and
seaweeds. The most common marine carotenoids are: Astaxanthin (12, Figure 5), fucoxanthin (13,
Figure 5), canthaxanthin and related carotenoids (xanthophylls) from salmon, shrimp, mollusks,
ȕ-carotene from microalgae and some other marine organisms. All these carotenoids showed
anticarcinogenic activities in vitro and in vivo by interrupting several stages of carcinogenesis
including initiation, promotion, progression, and metastasis [46–53]. Astaxanthin demonstrated
strong antioxidant properties in the variety of in vitro and in vivo studies and has a great potential
for reducing the burden of human diseases related to oxidative damage. Being the effective radical
quencher [54], astaxanthin forms radical cations, which are converted into the stable compound
very easily via electron transfer from vitamin E [55]. Peroxynitrite (ONOO−), the reactive nitrogen
species, was found to induce various forms of cell oxidative damage such as low-density

158
lipoprotein oxidation, lipid peroxidation, deoxyribonucleic acid (DNA) strand breakage, and
nitration of protein tyrosine residues that may lead to tumor-promotion [56]. It was reported that
astaxanthin and lutein, a major carotenoid in green algae, could take up peroxynitrite through the
formation of 15-nitroastaxanthin and 15-nitrolutein, respectively, thus inhibiting oxidative damage
to cells, eventually leading to carcinogenesis [57]. The antioxidant activities of fucoxanthin and its
two metabolites, fucoxanthinol and halocynthiaxanthin, were assessed in vitro with respect to
radical scavenging and singlet oxygen quenching abilities. The 1,1-diphenyl-2-picrylhydrazyl
radical scavenging activity of fucoxanthin and fucoxanthinol was higher than that of
halocynthiaxanthin, with the effective concentration for 50% scavenging (EC50) being 164, 153,
and 826 ȝM, respectively. Hydroxyl radical scavenging activity as measured by the chemiluminescence
technique showed that the scavenging activity of fucoxanthin was 7.9 times higher than that of
fucoxanthinol and 16.3 times higher than that of halocynthiaxanthin [58]. Fucoxanthin protection
against oxidative stress induced by ultraviolet B (UVB) radiation in human fibroblasts might be
applicable in the cosmetic industry [59]. The role of the both major marine carotenoids as dietary
antioxidants has been suggested to be one of the main mechanisms underlying their preventive
effect against cancer and inflammatory diseases. In addition, it has been demonstrated that
fucoxanthin improves insulin resistance and decreases blood glucose level, at least in part,
through the downregulation of tumor necrosis factor-Į (TNF-Į) in white adipose tissue (WAT) of
animals [60].
Figure 5. Structures of the compounds 12 and 13.
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All xanthophylls studied so far are active as inhibitors of cancer cell proliferation in vitro and
in vivo. The inhibitory effect of astaxanthin against inflammation-related mouse colon
carcinogenesis and dextran sulfate sodium (DSS)-induced colitis in male imprinting control region
(ICR) mice was investigated. Dietary astaxanthin suppressed colitis and colitis-related colon
carcinogenesis, partly through inhibition of NF-țB, and downregulation of the messenger
ribonucleic acid (mRNA) expression of inflammatory cytokines, including interleukin-1ȕ (IL-1ȕ),
interleukin-6 (IL)-6, and cyclooxygenase (COX)-2 [61]. Astaxanthin from the alga Haematococcus
pluvialis inhibited growth of HCT-116 and HT-29 human colon cancer cells in a dose- and
time-dependent manner by arresting cell cycle progression and promoting apoptosis [62].
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Fucoxanthin induced apoptosis and cell cycle arrest in human leukemia HL-60, gastric
adenocarcinoma MGC-803, LNCap prostate cancer cells, and primary effusion lymphomas [63–66].
Another marine carotenoid, siphonaxanthin from the green algae Codium fragile potently induced
apoptosis in HL-60 cells. The effective apoptotic activity of siphonaxanthin was observed by
increased numbers of terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)-positive
cells, and by increased chromatin condensation. This induction of apoptosis was associated with a
decreased expression of B-cell lymphoma-2 (Bcl-2) protein and a subsequently increased activation
of cysteine-aspartic acid protease-3 (caspase-3) [67].
All the properties of astaxanthin and the related marine carotenoids confirm the potential role
for these dietary constituents in cancer prevention or inhibition of carcinogenesis and make
astaxanthin and fucoxanthin candidates for further investigation as anticancer agents in humans.
4. Glycosides
Various marine invertebrates such as echinoderms, octocorals and sponges contain steroid and
triterpene glycosides. These compounds demonstrate a wide spectrum of biological activities
including antitumor and cancer preventive effects both in vitro and in vivo [68–70]. All the studied
sea cucumbers, including edible species, contain physiologically active triterpene glycosides. These
substances are ingested as a part of traditional seafood diet all over the world, especially in Asian
countries. Although triterpene glycosides are cytotoxic in vitro, uptake via the peroral application
reduces their toxicity and induces a rather stimulatory action, mainly on the immune system.
Immunostimulatory effects of these natural products are observed when very small noncytotoxic
doses of the glycosides are used in in vitro and in vivo experiments. That is why these compounds
are considered to be both anticancer and cancer preventive agents, depending on both the dose and
the route of administration. Glycosides from distinctive biological sources differ from each other in
their structures and activities, although some similarity in their action has also been indicated [69–71].
The patented pharmaceutical lead, named cumaside, was created on the basis of monosulfated
cucumariosides from the edible sea cucumber Cucumaria japonica. This preparation demonstrates
potent immunostimulatory properties and activates the cellular immunity, in particular lysosomal,
phagocytic and bactericide activities of macrophages. Being less toxic than glycosides themselves,
it retains immunostimulatory activity and showed inhibition of Ehrlich carcinoma cells
in vivo [72,73]. When cumaside was injected intraperitoneally in mice at a dose of 200 ng/mouse
(days—4 and —1 before tumor inoculation), about 40% of animals were without tumor on day 15
after inoculation. Prophylactic treatment with cumaside (using peroral administration) and
subsequent application of 5-fluorouracil suppressed tumor growth by 43% [74]. Recently, it was
shown that cucumarioside A2-2 (14, Figure 6), one of the main components of cumaside, exhibited
a cytostatic effect against Ehrlich carcinoma cells at a subcytotoxic range of concentrations by
blocking cell proliferation and DNA biosynthesis in the S phase. It also induced apoptosis in tumor
cells in a caspase-dependent way, by-passing the activation of the p53-dependent pathway [75].
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Figure 6. Structures of the compounds 14 and 15.
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Cucumariosides I2, B2, and A5 isolated from the sea cucumber Eupentacta fraudatrix
(Djakonov et Baranova) stimulated an increase of the lysosomal activity of mouse peritoneal
macrophages of 15%–16% at doses of 1–5 ȝg/mL. It was demonstrated that this
immunostimulatory activity depended on structures of both the aglycone and carbohydrate chains
and was not directly correlated to cytotoxic activities of the glycosides [76]. The structures,
antitumor and cytotoxic activities against mouse Ehrlich carcinoma cells and mouse splenic
lymphocytes, along with hemolytic activities against mouse erythrocytes, and antifungal activities
of twenty eight new triterpene glycosides from three species of holothurians, namely Eupentacta
fraudatrix, Cladolabes schmeltzii, and Actinocucumis typica1, were recently investigated. The
structure-activity relationships of these compounds were also studied [77–82].
As it was recently demonstrated, frondoside Ⱥ (15, Figure 6) from the sea cucumber Cucumaria
okhotensis and cucumarioside Ⱥ2-2 from C. japonica, as well as their complexes with cholesterol
can be considered as potential inhibitors of multidrug resistance of tumor cells. These substances in
non-cytotoxic concentrations blocked the activity of the transmembrane transporter P-glycoprotein
of mouse Ehrlich carcinoma cells and prevented an efflux of the fluorescent probe Calcein from the
cells [83].
Stichoposide C (STC) isolated from Thelenota anax induced apoptosis in human leukemia and
colorectal cancer cells in a dose-dependent manner and led to the activation of Fas and caspase-8,
cleavage of BH3 interacting-domain death agonist (Bid), mitochondrial damage, and activation of
caspase-3. Furthermore, STC activated acid sphingomyelinase (SMase) and neutral SMase, that
resulted in the generation of ceramide. Specific inhibition of acidic SMase or neutral SMase and
siRNA knockdown experiments partially blocked STC-induced apoptosis. Moreover, STC
markedly reduced tumor growth of HL-60 xenograft and mouse colon adenocarcinoma CT-26
subcutaneous tumors and increased ceramide generation in vivo. It was therefore concluded that
STC may have therapeutic relevance for human leukemia and colorectal cancer [84].
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5. Terpenoids
Cembrane diterpenoids and their semisynthetic derivatives attracted attention as the potential
anticarcinogenic agents. The most intensively investigated cembrane diterpenoid sarcophytol A
(Sarc A) (16, Figure 7) with the 14-membered ring from the soft coral Sarcophyton glaucum
inhibited tumor promotion induced by okadaic acid [85], teleocidin [86], and 12-Otetradecanoylphorbol-13-acetate (TPA) [87]. Sarc A inhibited TPA-induced invasion of neutrophils,
their levels of myeloperoxidase, and DNA oxidation in the epidermis of sensitive to carcinogenesis
(SENCAR) mice exposed to TPA [88]. Inhibition of oxidative stress induced by TPA in human
cervix adenocarcinoma HeLa cells led to a 50% decrease in H2O2 levels when Sarc A was used at a
concentration of 75 ȝM [89]. Nude mice with transplanted human pancreatic cancer cells were fed
with a diet containing 0.01% Sarc A. On day 29 after transplantation, tumor volume was
significantly smaller in the Sarc A group than in the control group [90]. Sarc A also inhibited
methylnitrosourea-induced large bowel-cancer in rats and the development of spontaneous
hepatomas in mice [91,92].
Recently, a chemical investigation of an ethyl acetate extract of the Red Sea soft coral
Sarcophyton glaucum has led to the isolation of five cembranoids 17–21 (Figure 7). These
compounds were found to be the inhibitors of cytochrome P450 1A activity as well as the inducers
of glutathione S-transferases (GST), quinone reductase (QR), and epoxide hydrolase (mEH),
establishing potential modes of action with regards to cancerpreventive activity of these agents [93].
Figure 7. Structures of the compounds 16–21.
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Sesterterpenoid luffariellolide (22, Figure 8) isolated earlier from the marine sponge
Luffariella sp. [94], was uncovered as a novel agonist for retinoic acid receptors by inducing
co-activator binding to these receptors in vitro, further inhibiting cell growth and regulating RAR
target genes in various cancer cells [95]. Triterpenoid stellettin A (23, Figure 8), obtained from the
marine sponge Geodia japonica, inhibited the growth of B16 murine melanoma cells by the
induction of endoplasmic reticulum stress, abnormal protein glycosylation and autophagy [96].
Cadinane-type sesquiterpene 24 (Figure 8), isolated from the marine-derived fungus Hypocreales sp.
strain HLS-104, associated with the sponge Gelliodes carnosa, showed moderate anti-inflammatory
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activity in lipopolysaccharide (LPS)-treated RAW264.7 cells with an average maximum inhibition
(Emax) value of 10.22% at the concentration of 1 ȝM [97].
Figure 8. Structures of the compounds 22–24.
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A chemical study on the alga Cystoseira usneoides has led to the isolation of twelve
meroterpenoids. In antioxidant assays, meroterpenes 25–32 (Figure 9) exhibited radical-scavenging
activity. In anti-inflammatory assays, usneoidone Z (31) and its 6E isomer (32) showed significant
activities as inhibitors of the production of the proinflammatory cytokine tumor necrosis factor-Į
(TNF-Į) in LPS-stimulated THP-1 human macrophages [98].
Figure 9. Structures of the compounds 25–34.
OMe

O

HO

6
OH

25 Δ6 Z
26 Δ6 E

OMe

O

OMe

OH

O

6
OH

O

27 Δ6 Z
28 Δ6 E

OH
OMe
O

O
6

O

O

R

OH
6

6

29 Δ Z
30 Δ6 E

HO

OH

OH

O

31 R=H, Δ6 Z; 33 R=OH, Δ6 Z
32 R=H, Δ6 E; 34 R=OH, Δ6 E

Ansellone B (35) and phorbasone A acetate (36) (Figure 10), isolated from the Korean marine
sponge Phorbas sp., exhibited potent inhibitory activity on nitric oxide production in RAW 264.7
LPS-activated mouse macrophage cells with IC50 values of 4.5 and 2.8 ȝM, respectively. In
particular, ansellone B showed a favorable selectivity index (SI) of 3.8, which is indicative of its
inducible isoform nitric oxide synthase (iNOS) inhibitory activity without significant cytotoxicity [99].
Metachromins are a series of sesquiterpenoid quinones with an amino acid residue isolated from
Okinawan marine sponges. Metachromins L–Q (37–42, Figure 11) showed inhibitory activities
against receptor tyrosine kinases HER2 with an IC50 in the range from 18 to 190 ȝg/mL [100].
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Figure 10. Structures of the compounds 35 and 36.

Figure 11. Structures of the compounds 37–42.
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Nine unusual isomalabaricane-type triterpenoids with new skeletons in respect to the
unprecedented side chains, namely globostelletins J–R (43–51, Figure 12) were isolated from the
marine sponge Rhabdastrella globostellata. All compounds were tested for their inhibitory
activities against a profile of human tumor-related protein kinases and showed moderate inhibition
against the protein kinases ALK (anaplastic lymphoma kinase), FAK (focal adhesion kinase),
Aurora-B (serine/threonine kinase), IGF-1R (insulin-like growth factor receptor-1), SRC
(proto-oncogene tyrosine-protein kinase), and VEGF-R2 (vascular endothelial growth factor
receptor 2) [101].
6. Alkaloids
The known marine alkaloid aaptamine (52, Figure 13) and related compounds 53–60 (Figure 13)
from the sponge Aaptos sp. were shown to inhibit epidermal growth factor (EGF)-induced
malignant transformation of mouse epidermal JB6 P+Cl41 cells, to possess potent antioxidant
properties, and to induce apoptosis in human cancer cells. It was therefore suggested that these
agents possess cancer preventive properties [102–104]. Recently, the mechanisms of anticancer
action of the aaptamine derivatives have become somewhat clearer. Dyshlovoy et al. analyzed the
effects of aaptamine and its derivatives on the proliferation and protein expression of the
pluripotent human embryonal carcinoma cell line NT2. Effects on cell cycle and induction of
apoptosis were also analyzed. At lower concentrations, including the IC50 of 50 ȝM, aaptamine
treatment resulted in a G2/M arrest, whereas at higher concentrations, induction of apoptosis was
observed. Proteomic screening revealed that aaptamine treatment of NT2 cells at the IC50 for 48 h
resulted in an alteration of 10 proteins. Interestingly, these studies identified the posttranslational
hypusine modification of the eukaryotic translation initiation factor 5A-1 (eIF5A) as a prominent
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target of aaptamine action [105]. It was also shown that aaptamine and its derivatives 9demethyl(oxy)aaptamine (56, Figure 13) and isoaaptamine (53, Figure 13) were equally effective
as anti-cancer agents in cisplatin-sensitive and -resistant germ cell tumour cells [106]. Again,
proteomic profiling was performed, and identified several altered proteins when cisplatin-resistant
embryonal carcinoma cells NT2-R were treated with compounds 52, 53, and 56 at the
corresponding IC50.
Figure 12. Structures of the compounds 43–51.
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Figure 13. Structures of the compounds 52–60.
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Treatment of lymphoma U937 cells with pentacyclic alkaloids, papuamine and haliclonadiamine
(61 and 62, Figure 14), isolated from an Indonesian marine sponge Haliclona sp., resulted in
accumulation of cells in the sub-G1 phase, and induced a condensation of chromatin and
fragmentation of nucleus [107]. Streptocarbazole A (63, Figure 14), isolated from the marine-derived
actinomycete strain Streptomyces sp., arrested the cell cycle of HeLa cells in the G2/M phase at the
noncytotoxic concentration of 10 ȝM [108].
Figure 14. Structures of the compounds 61–63.
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Bengamides 64–69 (Figure 15), isolated from two disparate sources, Myxococcus virescens
(bacterium) and Jaspis coriacea (sponge) was shown to be a new class of immune modulators
exerting their activity through the inhibition of NF-țB without exerting cytotoxicity in RAW264.7
macrophage immune cells. Western blot and qPCR analysis indicated that bengamides A and B
reduce the phosphorylation of nuclear factor of ț light polypeptide gene enhancer in B-cells
inhibitor Į (IțBĮ) and the LPS-induced expression of the proinflammatory cytokines/chemokines
TNFĮ, IL-6 and monocyte chemoattractant protein-1 (MCP-1), but do not affect NO production or
the expression of iNOS [109].
Figure 15. Structures of bengamides 64–69 and their effects on the NF-țB activity.
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New macrocyclic pyrrole alkaloids densanins A and B (70 and 71, Figure 16) were isolated
from the sponge Haliclona densaspicula. The compounds showed relatively potent inhibitory
effects on lipopolysaccharide-induced nitric oxide production in BV2 microglial cells, with IC50
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values of 1.05 and 2.14 ȝM, respectively [110]. ȕ-ɋarboline alkaloid, variabine B (72, Figure 16),
was isolated from the Indonesian marine sponge Luffariella variabilis. The compound inhibited
chymotrypsin-like activity of the proteasome and Ubc13 (E2)–Uev1A interaction with IC50 values
of 4 and 5 ȝg/mL, respectively [111].
The components of the ubiquitin–proteasome system like ubiquitin-specific-processing protease
7 (USP7) have become attractive structures for the development of anticancer agents. USP7, a
deubiquitylating enzyme hydrolyzing the isopeptide bond at the C-terminus of ubiquitin, is an
emerging cancer target. USP7 inhibitors stabilize p53 in cells through degradation of Hdm2 (also
known as MDM2), which subsequently results in the suppression of cancer. Spongiacidin C (73,
Figure 16) isolated from the marine sponge Stylissa massa is the first USP7 inhibitor obtained from
a natural source. This compound inhibited USP7 with an IC50 of 3.8 ȝM [112].
Figure 16. Structures of the compounds 70–73.
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7. Other Low Molecular Weight Marine Natural Compounds
Some other marine natural products, isolated from invertebrates, algae and microorganisms
showed cancer preventive activities, mainly in vitro. For example, C11 cyclopentenone,
5-hydroxy-7-prop-2-en-(E)-ylidene-7,7a-dihydro-2H-cyclopenta[b]-pyran-6-one (74, Figure 17),
isolated from a sponge and ascidians, inhibited EGF-induced neoplastic JB6 Cl41 P+ cell transformation
in soft agar, and induced apoptosis of HL-60 and THP-1 human leukemia cells [113].
Figure 17. Structures of the compounds 74–76.
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The highly hydroxylated polyketide nahuoic acid A (75, Figure 17), produced in culture by a
Streptomyces sp. obtained from a marine sediment, is a selective S-adenosylmethionine (SAM)
competitive inhibitor of the histone methyltransferase SETD8 in vitro [114]. SETD8 is
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overexpressed in various types of cancer, and aberrant monomethylation by SETD8 may lead to
human carcinogenesis [115]. A new oxepin-containing diketopiperazine-type compound
protuboxepin A (76, Figure 17), binds to Į, ȕ-tubulin heterodimers, and accelerates tubulin
polymerization in vitro, resulting in chromosome misalignment and metaphase arrest which leads
to apoptosis in tumor cells [116].
Mycalamide A (77, Figure 18), isolated from sponges and known as a protein synthesis inhibitor
at nanomolar concentrations, inhibits EGF-induced neoplastic transformation and induces
caspase-3-dependent apoptosis of mouse JB6 Cl41 P+ cells. The compound also inhibits
transcriptional activity of oncogenic AP-1 and NF-țB nuclear factors [117].
Figure 18. Structures of the compounds 77–80.
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Two enantiomeric C-20 bisacetylenic alcohols 78; 79 (Figure 18) were isolated from a marine
sponge Callyspongia sp. as a result of screening of antilymphangiogenic agents from marine
invertebrates. Both compounds showed inhibition of the capillary-like tube formation of
temperature-sensitive rat lymphatic endothelial from thoracic duct (TR-LE) cells [118].
Toluquinol (80, Figure 18), a methylhydroquinone produced by a marine fungus, was selected in
the course of an unselected screening for new potential inhibitors of angiogenesis. The compound
demonstrated antiangiogenic effects both in vitro and in vivo that were exerted partly by
suppression of the VEGF and FGF-induced cytosolic protein kinase Akt activation of endothelial
cells [119].
The tricyclic peptides neopetrosiamides A and B, isolated from the marine sponge Neopetrosia
sp., differ in the stereochemistry of the methionine sulfoxide. They are potential antimetastatic
agents that prevent tumour cell invasion by inhibition of both amoeboid and mesenchymal
migration pathways [120].
Pterocidin (81, Figure 19), a linear polyketide with a δ-lactone terminus, was rediscovered from
a Streptomyces strain of a marine sediment-origin and was found to exhibit potent anti-invasive
activity at non-cytotoxic concentrations. The invasion of murine colon 26-L5 carcinoma cells
across a matrigel-fibronectin membrane was inhibited by pterocidin at an IC50 value of 0.25 ȝM,
whereas the cytotoxicity was not apparent upon treatment with concentrations up to 7 ȝM [121].
Sungsanpin (82, Figure 19) from a Streptomyces species, isolated from deep-sea sediment,
displayed inhibitory activity in a cell invasion assay using the human lung cancer cell line A549 [122].
Agelasine B (83, Figure 19), a compound purified from the marine sponge Agelas clathrodes,
induced fragmentation of DNA, reduced the expression of Bcl-2, and was able to activate caspase 8
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in MCF-7 human breast cancer cells [123]. Alterporriol L (84, Figure 19), a new bianthraquinone
derivative, was isolated from the marine fungus Alternaria sp. The reactive oxygen species,
mitochondrial membrane potential, and cytosolic free calcium level in MCF-7 breast cancer cells
were changed after treatment with alterporriol L, suggesting that alterporriol L plays a vital role in
cancer cells through destroying the mitochondrial potential and inducing apoptosis [124].
Figure 19. Structures of the compounds 81–84.
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Marine macrolides aplyronine A and mycalolide B (85 and 86, Figure 20) were shown to induce
apoptosis in human leukemia HL60 cells and human epithelial carcinoma HeLa S3 cells [125].
Figure 20. Structures of the compounds 85 and 86.
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Biselyngbyaside (87), biselyngbyolide A (88), and biselyngbyaside B (89) (Figure 21), isolated
from the marine cyanobacterium Lyngbya sp., induced apoptosis and increased cytosolic Ca2+
concentration in human cancer HeLa S3 and HL60 cells [126].
Dieckol (90, Figure 21), a nutrient polyphenol compound from the brown alga Ecklonia cava,
inhibited migration and invasion of human fibrosarcoma HT1080 cells by scavenging intracellular
reactive oxygen species (ROS). Dieckol treatment also decreases complex formation of focal
adhesion kinase (FAK)-proto-oncogene tyrosine-protein kinase Src-p130 Crk-associated substrate
(p130Cas) and expression of MMP2, 9, and 13 [127].
Figure 21. Structures of the compounds 87–90.

Palmadorin M (91, Figure 22), isolated from the Antarctic nudibranch Austrodoris
kerguelenensis, inhibited Janus kinase 2 (Jak2), signal transducer and activator of transcription 5
(STAT5), and extracellular signal-regulated kinase 1/2 (Erk1/2) activation in human
erythroleukemia HEL cells and caused apoptosis at a concentration of 5 ȝM [128].
Thienodolin (92, Figure 22), isolated from a Streptomyces sp. derived from Chilean marine
sediment, inhibited nitric oxide production in LPS-stimulated RAW 264.7 cells (IC50 = 17.2 ± 1.2 ȝM).
At both the mRNA and protein levels, inducible nitric oxide synthase (iNOS) was suppressed in a
dose dependent manner. The compound blocked the degradation of IțBĮ, resulting in an inhibition
of NF-țB p65 nuclear translocation, and inhibited the phosphorylation of the signal transducer and
activator of transcription (STAT1) at Tyr701 [129].
Two new merohexaprenoids, halicloic acids A and B (93 and 94, Figure 22), have been isolated
from the marine sponge Haliclona (Halichoclona) sp., collected in the Philippine waters. The
compounds showed inhibition of indoleamine 2,3-dioxygenase (IDO) at 10 and 11 ȝM,
respectively [130].
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Figure 22. Structures of the compounds 91–94.
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Polyketides coibacins 95–98 (Figure 23), isolated from a Panamanian marine cyanobacterium
cf. Oscillatoria sp., were tested for anti-inflammatory activity in a cell-based nitric oxide (NO)
inhibition assay. In this assay, coibacin B (96) was determined to be the most active of these
natural compounds. Coibacin A (95) significantly reduced gene transcription of four cytokines
(TNF-R, IL-6, IL-1ȕ, and iNOS), with especially notable effects on IL-1ȕ and iNOS, at a
concentration of 10 ȝg/mL. Using ELISA, changes in protein expression for some of these
inflammatory cytokines were measured in murine RAW264.7 cells stimulated with
lipopolysaccharide (LPS) in the absence or presence of the coibacins. Coibacin A (95) at 10 ȝg/mL
was found to significantly reduce TNF-R and IL-6 secretion. Coibacins B-D (96–98) also affected
protein expression of TNF-R and IL-6, albeit to a lesser extend [131].
Figure 23. Structures of the compounds 95–98.
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Five new cyclopeptides, perthamides G-K (99–103, Figure 24), were isolated from the polar
extract of the marine sponge Theonella swinhoei. Pharmacological analysis demonstrated that these
natural cyclopeptides are endowed with anti-inflammatory potential, as assessed by their ability to
reduce carrageenan-induced mouse paw oedema [132].
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Figure 24. Structures of the compounds 99–103.
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New elastase inhibitors symplostatins 5–9 (104–109, Figure 25) were isolated from red
cyanobacterium collected from Cetti Bay, Guam. Symplostatin 5 (104) was shown to attenuate the
downstream cellular effects of elastase in an epithelial lung airway model system, alleviating
clinical hallmarks of chronic pulmonary diseases such as cell death, cell detachment, and
inflammation. This compound attenuated the effects of elastase on receptor activation, proteolytic
processing of the inter-cellular adhesion molecule-1 (ICAM-1), NF-țB activation, and
transcriptomic changes, including the expression of pro-inflammatory cytokines IL1A, IL1B, and
IL8 [133].
Figure 25. Structures of the compounds 104–109.
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Flexibilisquinone (110, Figure 26), isolated from the cultured soft coral Sinularia flexibilis,
originally distributed in the waters of Taiwan, was found to inhibit the accumulation of the
pro-inflammatory iNOS and cyclooxygenase-2 (COX-2) proteins of LPS-stimulated RAW264.7
macrophage cells [134]. Compound 111 (Figure 26), isolated from the marine-derived fungus
Hypocreales sp. strain HLS-104, isolated from a sponge Gelliodes carnosa, was effective against
the nitric oxide (NO) production in lipopolysaccharide (LPS)-treated RAW264.7 cells and showed
moderate inhibition with Emax values of 26.5% at a concentration of 1 ȝM [97].
Mycoepoxydiene (MED) (112, Figure 26) is a polyketide isolated from the marine fungal strain
Diaporthe sp. HLY-1. MED induced DNA damage through the production of reactive oxygen
species (ROS), which resulted in the phosphorylation of H2A histone family memeber X (H2AX)
and the activation of the Ataxia telangiectasia mutated kinase (ATM) and p53 signaling pathways.
In addition, MED increased the accumulation of IkBĮ and enhanced the association between IțB
kinase Ȗ (IKKȖ) and heat shock protein 27 (Hsp27) via the activation of Hsp27, which eventually
resulted in the inhibition of TNF-Į-induced NF-țB transactivation [135].
Figure 26. Structures of the compounds 110–113.
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Nocapyrone H (113, Figure 26) isolated from the marine actinomycete Nocardiopsis sp.
KMF-001 reduced the pro-inflammatory factors such as nitric oxide (NO), prostaglandin E-2
(PGE(2)) and interleukin-1 ȕ (IL-1 ȕ). Moreover, nocapyrone H showed a 5.8% stronger inhibitory
effect on NO production than chrysin at a concentration of 10 ȝM in lipopolysaccharide
(LPS)-stimulated BV-2 microglial cells [136].
Bis-N-norgliovictin (114, Figure 27), a small molecule, isolated during the screening of natural
products against inflammation from the culture broth of a marine derived fungus named S3-1-c,
significantly inhibited LPS (ligand of toll-like receptor 4 (TLR4))-induced TNF-Į production in
RAW264.7 cells. In this cell line and in mouse peritoneal macrophages, bis-N-norgliovictin
inhibited LPS-induced production of TNF-Į, IL-6, interferon-ȕ (IFN-ȕ) and monocyte
chemoattractant protein (MCP-1) in a dose-dependent manner, without suppressing cell viability.
The anti-inflammatory effect was attributed to the down-regulation of the TLR4-triggered myeloid
differentiation primary response protein 88 (MyD88) and TIR-containing adapter inducing
interferon-ȕ (TRIF) signaling pathways, including p38 and c-Jun N-terminal kinase (JNK) of
mitogen-activated protein kinases (MAPKs), NF-țB, and interferon regulatory factor 3 (IRF3)
cascades. Importantly, bis-N-norgliovictin also protected mice against LPS-induced endotoxic
shock [137].
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Biochemical characterization of a library of 13 oxygenated polyketides isolated from the marine
sponge Plakinastrella mamillaris led to the discovery of gracilioethers B and C, and plakilactone C
(115, 116, and 117, Figure 27) as selective PPARȖ ligands in transactivation assays [138]. PPAR
ligands activated PPAR signaling and exerted cancer-preventive and cytotoxic effects in vitro
and/or in vivo [31].
Figure 27. Structures of the compounds 114–117.
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Isoindole pseudoalkaloid conioimide (118, Figure 28) and the polyketide cereoanhydride (119,
Figure 28) were isolated from the fungus Coniothyrium cereale isolated from the Baltic Sea alga
Enteromorpha sp. Conioimide has prominent and selective inhibitory activity towards the protease
human leukocyte elastase (HLE), an enzyme involved in many inflammatory diseases, with an IC50
value of 0.2 ȝg/mL, whereas cereoanhydride showed weaker inhibition (IC50 = 16 ȝg/mL) [139].
Figure 28. Structures of the compounds 118–121.
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A ubiquinone derivative, pseudoalteromone A (120, Figure 28), possessing a 9C nor-monoterpenoid
moiety, and a 15C compound, pseudoalteromone B (121, Figure 28), were obtained from the
marine bacterium Pseudoalteromonas sp. CGH2XX, originally isolated from a cultured-type
octocoral Lobophytum crassum. Pseudoalteromones A and B exhibited anti-inflammatory activity
through inhibitory effects (inhibition rates 45.1% and 20.7%, correspondingly) on the release of
elastase by human neutrophils at a concentration of 10 ȝg/mL [140,141].
Two dimeric sterols, manadosterols A and B (122 and 123, Figure 29), were isolated from the
marine sponge Lissodendryx fibrosa collected in Indonesia. The compounds inhibited the
Ubc13-Uev1A interaction with IC50 values of 0.09 and 0.13 ȝM, respectively [142] They are the
second and third natural compounds showing inhibitory activities against the Ubc13–Uev1A
interaction and are more potent than leucettamol A (IC50, 106 ȝM), the first such inhibitor, isolated
from another marine sponge [44].
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Figure 29. Structures of the compounds 122 and 123.
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The symmetrical disulfide psammaplin A (124, Figure 30) was isolated from the marine sponge
Pseudoceratina sp. and could be interesting for treatment approaches targeting epigenetic alterations,
since it showed potent inhibition of histone deacetylases (HDAC, IC50 4.2 ± 2.4 nM) [143]. The
psammaplin-derived thiol (125, Figure 30) exhibited potent activity against histone deacetylases in
a low nanomolar range, but showed low cytotoxicity [144]. Five HDAC1 inhibitors, trichostatin A
(126, Figure 30) and its analogues trichostatic acid, JBIR-109, JBIR-110, and JBIR-111 (127–130,
Figure 30) were isolated from the culture of the marine sponge-derived Streptomyces sp. strain
RM72. The IC50 values against HDAC1 of 126–130 were 0.012, 73, 48, 74, and 57 ȝM,
respectively [145].
Figure 30. Structures of the compounds 124–130.
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Ten extracts from various marine sponges were identified as containing inhibitors of the
transcription factor HIF-2Į which has been shown to play a distinct role in tumorigenesis.
Chemical exploration of these sponge extracts led to isolation of seven specific HIF inhibitors,
compounds 131–136 (Figure 31) and haliclonadiamine (62) [146].
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Figure 31. Structures of the compounds 131–136.

The organic extract of a marine sponge, Petrosia alfiani, selectively inhibited iron chelator-induced
hypoxia-inducible factor-1 (HIF-1) activation in a human breast tumor T47D cell-based reporter
assay. Bioassay-guided fractionation yielded seven xestoquinones 137–143 (Figure 32). Among
them, compounds 141 and 142, which possess a 3,4-dihydro-2H-1,4-thiazine-1,1-dioxide moiety,
potently and selectively inhibited HIF-1 activation in T47D cells, each with an IC50 value of
0.2 ȝM, whereas other compounds showed IC50 in the range of 1.2 to 30 ȝM [147].
Figure 32. Structures of the compounds 137–143.
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Gliotoxin-related compounds 144–147 (Figure 33), containing a disulfide or tetrasulfide bond,
were isolated from the fungus Penicillium sp. strain JMF034, obtained from deep sea sediments of
Suruga Bay, Japan. They showed inhibitory activity against histone methyltransferase (HMT)
G9a [148].
Figure 33. Structures of the compounds 144–147.

A new proline-rich cyclic octapeptide named stylissamide X 148 (Figure 34) was isolated from
an Indonesian marine sponge Stylissa sp. as an inhibitor of cell migration using a wound-healing
assay. Compound 148 showed inhibitory activity against migration of HeLa cells in the
concentration range of 0.1–10 ȝM in both a wound-healing assay and a chemotaxicell chamber
assay, while cell viability was maintained at more than 75% at even the highest concentration of
10 ȝM [149].
The oligopeptide 149 (Figure 34) was isolated from the digests of abalone Haliotis discus
hannai intestine. This marine gastropod is an important fishery and food industrial resource that is
massively maricultured in Asia, Africa, Australia, and America. The purified abalone oligopeptide
149 (AOP) exhibited a specific inhibitory effect against MMP-2/-9 activity and attenuated protein
expression of p50 and p65 in human fibrosarcoma (HT1080) cells via the nuclear factor-țB
(NF-țB) pathway. This data suggest that AOP may possess therapeutic and preventive potential for
the treatment of MMPs-related disorders such as angiogenesis and metastasis formation [150].
Figure 34. Structures of the compounds 148 and 149.

177
Targeting Mdm2/Hdm2 is a promising way to reactivate p53, inducing apoptosis in transformed
human cells. New sulfonated serinol derivatives, siladenoserinols A–L (150–161, Figure 35) were
isolated from a tunicate of the family Didemnidae as inhibitors of p53-Hdm2 interaction. The
compounds inhibited p53-Hdm2 interaction with IC50 values ranging from 2.0 to 55 ȝM. Among
them, siladenoserinol A and B (150, 151) exhibited the strongest inhibition with an IC50 value of
2.0 ȝM [151]. Reactivation of p53 via this approach is also considered a potential way to
cancer-prevention, although this needs further study.
Figure 35. Structures of the compounds 150–162.

Bioassay-guided fractionation of two cyanobacterial extracts from Papua New Guinea has
yielded hoiamide D (162, Figure 35), a polyketide synthase (PKS)/non-ribosomal peptide
synthetase (NRPS)-derived natural product that features two consecutive thiazolines and a thiazole,
as well as a modified isoleucine residue. Hoiamide D (162) displayed inhibitory activity against
p53/Mdm2 interaction (EC50 = 4.5 ȝM) [152].
Two rare bromoditerpenes, parguerenes I and II (163, 164, Figure 36), were isolated as P-gp
inhibitors from a southern Australian collection of the red alga Laurencia filiformis. It was
determined that the parguerenes were non-cytotoxic, dose-dependent inhibitors of P-gp mediated
drug efflux, by modifying the extracellular antibody binding epitope of P-gp in a manner that
differs markedly from that of the other known P-gp inhibitors verapamil and cyclosporine A [153].
Their cancer preventive activities, however, have not been studied yet.

178
Figure 36. Structures of the compounds 163–170.
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Naturally occurring trimeric hemibastadin congeners, sesquibastadin 1 (165, Figure 36), and
bastadins 3, 6, 7, 11, and 16 (166–170, Figure 36) were isolated from the marine sponge Ianthella
basta, collected in Indonesia. The compounds showed inhibition of several protein kinases with
IC50 values between 0.1 and 10.2 ȝM [154]. They may well be interesting for their potential
anticancer and chemo-preventive properties.
8. Conclusions
Many secondary metabolites, isolated from marine organisms in recent years, were shown to be
potential anticarcinogenic and chemo-preventive agents using mainly in vitro and sometimes
in vivo experiments. Among these agents are compounds with such different activities as inhibition
of transformation of normal cells into cancer cells, abrogation of tumor cell growth and formation
of microtumors, and induction of apoptosis. Some compounds showing mainly antioxidative,
immunostimulatory, and anti-inflammatory activity also may be promising agents for cancer
prevention. Notably, the availability of ever more precise research tools allows the dissection of the

179
molecular mode of action of many natural compounds, which will lead to a more differentiated
therapeutic use of these agents in the era of “targeted therapy”. Numerous reports cited in this
review clearly indicate that marine organisms are an irreplaceable source of bioactive and often low
toxic compounds, which may play an important role in prevention and inhibition of cancer
development in humans in the near future. Particularly, natural products isolated from edible
species seem an attractive source of cancer-preventive agents. Interdisciplinary studies on marine
natural products and close cooperation of bioorganic chemists with the molecular biologists,
pharmacologists, and clinicians should help to find new and effective ways of cancer prevention.
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Abstract: It is becoming more understandable that an existing challenge for translational research
is the development of pharmaceuticals that appropriately target reactive oxygen species
(ROS)-mediated molecular networks in cancer cells. In line with this approach, there is an
overwhelmingly increasing list of many non-marine drugs and marine drugs reported to be
involved in inhibiting and suppressing cancer progression through ROS-mediated cell death. In this
review, we describe the strategy of oxidative stress-based therapy and connect the ROS modulating
effect to the regulation of apoptosis and autophagy. Finally, we focus on exploring the function and
mechanism of cancer therapy by the autophagy modulators including inhibitors and inducers from
non-marine drugs and marine drugs.
Reprinted from Mar. Drugs. Cite as: Farooqi, A.A.; Fayyaz, S.; Hou, M.-F.; Li, K.-T.; Tang, J.-Y.;
Chang, H.-W. Reactive Oxygen Species and Autophagy Modulation in Non-Marine Drugs and
Marine Drugs. Mar. Drugs 2014, 12, 5408-5424.
1. Introduction
1.1. Strategy of Oxidative Stress-Based Therapy
Reactive oxygen species (ROS) are essential to regulate normal cellular processes. When excess
ROS stimulation appear, it may trigger DNA repair responses in normal cells to remove the
ROS-mediated DNA damage [1]. For highly active metabolism, cancer cells commonly have
higher levels of ROS than normal cells [2], leading to carcinogenesis by oxidative DNA damage [3]
and DNA repair impairment [1]. This nature of high ROS level in cancer cells also provides a
chance for drug therapy to generate overloading ROS level and induce oxidative stress-induced cell
death [2,4]. Therefore, the modulation of oxidative stress is a potential strategy to anticancer
therapies [5].
2. Connection between ROS and Apoptosis in Marine Drugs
In this section, we described the protective function of ROS scavengers and apoptosis induction
of ROS generating drugs of marine sources as follows:
2.1. Protective Function of ROS Scavengers of Marine Sources
Several marine natural products have proved to have an anti-oxidative effect [6]. For example,
aqueous extracts of the edible Gracilaria tenuistipitata have demonstrated to protect against
H2O2-induced plasmid and cellular DNA damage and reverted the H2O2-induced cytotoxicity of
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H1299 lung cancer cells [7]. Similarly, the brown alga Sargassum horneri-derived polysaccharides
reportedly exert the protective effects against H2O2-induced injury in macrophage RAW264.7 cells.
The results revealed that these biological effects were achieved by downregulating intracellular
ROS, nitrogen oxide, and malonic dialdehyde (MDA) levels and by upregulating the level of
antioxidant system (MnSOD and GSH-Px) in RAW264.7 cells [8]. Similarly, a lipid-soluble
pigment of marine carotenoid astaxanthin can inhibit lipopolysaccaride-induced ROS generation
and cytotoxicity via upregulation of superoxide dismutase (SOD) and catalase in mononuclear
U937 cells [9].
2.2. Apoptosis Induction of ROS Generating Drugs of Marine Sources
In contrast, the accumulating evidence shows that several marine-derived extracts and compounds
have the ROS inducible effects on different cancer cell lines. For example, 10-acetylirciformonin B
(10AB), a marine sponge furanoterpenoid derived from irciformonin B [10], was reported to induce
apoptosis via ROS generation in different cancer cell lines. Pretreatment of a ROS scavenger
N-acetyl-L-cysteine to leukemia HL 60 cells drastically impaired 10AB-induced apoptosis,
supporting that ROS generation was involved in irciformonin B-induced cytotoxicity of leukemia
cells. Importantly, the protein expressions of Bcl-xL and Bcl-2, and caspase inhibitors (XIAP and
surviving) were considerably repressed and the pro-apoptotic protein Bax was increased in 10AB
treated leukemia HL 60 cells [11]. For another marine sponge derived compound Fascaplysin, it
was apoptosis inducible in a chemoresistant NCI-H417 SCLC cells through ROS generation.
Moreover, it was noted that fascaplysin worked synergistically with topoisomerase I-directed
camptothecin and 10-hydroxy-camptothecin [12].
Dicitrinone B, a marine fungal metabolite, reportedly induced apoptosis via ROS generation in
human malignant melanoma A375 cells. After pan-caspase inhibitor treatment to A375 cells, the
dicitrinone B-induced ROS generation and apoptosis was abolished [13], suggesting that caspase
pathway was involved in its ROS generation and apoptosis effects. A 48 kDa glycoprotein, isolated
from a marine macroalga Codium decorticatum, was reported to induce ROS and apoptosis in
breast cancer MDA-MB-231 cells through the intrinsic apoptosis pathway [14]. Surprisingly, it has
been shown that lamellarin D, a marine alkaloid isolated from a marine mollusk Lamellaria sp. [15]
and various ascidians [16], can induce ROS-mediated senescence in the absence of functional
mitochondria in mouse leukemia P388 cells [17]. Marine triprenyl toluquinones and
toluhydroquinones, originally purified from the Arminacean nudibranch Leminda millecra, have a
similar ROS inducible effect to esophageal cancer WHCO1 cells [18]. Additionally, both
methanolic extracts [19] and ethanolic extracts [20] of the editable red alga Gracilaria tenuistipitata
showed the ROS generation and apoptosis induction in oral cancer cells. Ethyl acetate extracts from
three marine algae (Colpomenia sinuosa, Halimeda discoidae, and Galaxaura oblongata) also displayed
a ROS-mediated antiproliferative effect against human liver cancer and leukemia cells [21].
It had been reviewed that different natural products may induce different degrees of apoptosis
and autophagy depending on their ROS modulating effect [22]. The marine drugs mentioned above
have shown a ROS-mediated apoptotic effect, however, the possible roles of autophagy in these
mechanisms warrant for further investigation.
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3. Brief Introduction of Autophagy and Connection between ROS and Autophagy
In this section, we briefly introduce the autophagy and describe the relationship between ROS
and autophagy as follows:
3.1. Brief Introduction of Autophagy
Autophagy is a “self-eating” behavior to ship cellular proteins and damaged organelles to
lysosomes for recycling and it subsequently maintains the energy balance for cell survival during
cell stress or starvation [23]. However, autophagy also reviewed to induce cell death in some
cases [24]. There is a tremendously increasing amount of information regarding biology of
autophagy. A substantial fraction of knowledge has been added into different steps of autophagy
and it is now known that it is a highly regulated, multi-step molecular mechanism that initializes
with induction, autophagosome nucleation, expansion and completion. Later steps of autophagy
include lysosome fusion, degradation and recycling [25].
Structural studies have provided near complete resolution of protein network of mechanism of
autophagy and mounting evidence suggested that initialization occurred through activation of
AuTophaGy related 1 (Atg1) complex. It is multi-component machinery formed by assembly of
Atg1, Atg13 and Atg17. Atg1 is a kinase that needs association of Atg13 and Atg17 for its activation.
Vesicle nucleation is the subsequent process triggered by activation of the Vps34 and Beclin-1/Atg6.
Autophagosome formation requires recruitment of proteins and lipids. Atg7 (E1-like) and Atg3
(E2-like) modulate vesicle elongation and completion by conjugation of phosphatidylethanolamine
to microtubule-associated protein1 light chain 3 (LC3)/Atg8 which is initially processed by Atg4 [26].
Among them, the key step in autophagy is the proteolytic cleavage of LC3 to form LC3-I and
subsequently modified to from LC3-II [27]. Moreover, Atg7 and Atg10 can join together to
modulate the interaction between Atg12 and Atg5, and they are finally transferred to Atg16.
3.2. ROS May Lead to Autophagy
ROS are essential in maintaining normal cellular physiology, but ROS dysregulation may lead
to tumor development and progression. Mitochondrial ROS generation play an important role for
apoptosis and autophagy [25]. The autophagy may be induced to survival and cell death pathways
in response to cellular oxidative stress [24]. Therefore, some of ROS-inducible drugs, such as
2-methoxyestradiol and arsenic trioxide, are used for cancer treatments [28]. Similarly, reduced
scytonemin isolated from a terrestrial benthic cyanobacterium, Nostoc commune, induces
ROS-based autophagy in human T-lymphoid Jurkat cells [29]. In the next sections, we will
summarize many autophagy inhibitors and inducers derived from non-marine drugs and marine
drugs to discuss the cancer therapy of those autophagy modulators.
4. Autophagy Inhibitors and Inducers from Non-Marine Drugs in Cancer Therapy
Accumulating evidence showed that it was inter-compensatory between autophagy and
apoptosis. For example, autophagy may have a cytotoxic role [30]. When the autophagy was
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induced, the cell death was promoted. For example, autophagic degradation of protein phosphatase
Fap-1 was reported to enhance Fas-induced apoptosis. When cells displayed high autophagy, p62
recruited more Fap-1 for degradation and functional Fas ligands and receptors were highly
maintained to activate more apoptotic signaling [31,32]. In this section, we described the function
of the non-marine drugs derived autophagy inhibitors, autophagy inducers, clinical trial of
autophagy inhibitor, clinical trial of autophagy inducers, and established anticancer drugs
combined with autophagy inhibitors as follows:
4.1. Autophagy Inhibitors
Autophagy may have a cytoprotective role [30]. When the autophagy was inhibited, the cell
death was promoted. For example, an autophagy inhibitor 3-methyladenine (3-MA) was reported to
increase the apoptosis inducing potential of breast cancer MDA-MB 231 cells treated with a
commercial mixture of tocotrienols and tocopherols (Tocomin®), which were isolated from palm
oil/palm fruits [33,34]. It was revealed that mixture of tocotrienols and tocopherols can inhibit
phosphoinositide 3-kinase (PI3K) and mammalian target of rapamycin (serine/threonine kinase)
(mTOR) pathways, and induce the cytoprotective autophagic response in MDA-MB 231 cells,
which could be overcome through inhibition of autophagy [34].
4.2. Autophagy Inducers
In accordance with the notion that Akt-mTOR signaling is a negative regulator of autophagy [35],
gambogic acid, isolated from gamboge resin, can enhance the ROS accumulation and suppress
phosphorylation of both Akt (S473) and mTOR (S2448) to induce autophagy in colorectal cancer
HCT116 cells [36]. It is relevant to mention that extracellular signal-regulated kinases (ERK)
pathway is also involved in initiation of autophagic response in hepatocellular carcinoma (HCC)
cells as well as in mice xenografted with HCC cells [37]. A histone deacetylase inhibitor (HDACi)
MGCD0103 has been shown to inhibit autophagy by functionalizing PI3K/AKT/mTOR pathway
as well as caspases in B-cell chronic lymphocytic leukemia cells (CLL) [38]. Consistently,
ATP-competitive mTOR kinase inhibitors (CC214-1 and CC214-2) were effective against
rapamycin-resistant mTORC1 signaling to induce autophagy and prevent tumor cell death [39].
Cathepsin S, a lysosomal cysteine protease, was reported to overexpress in glioblastoma cells [40].
Inhibition of cathepsin S by its inhibitor Z-FL-COCHO (ZFL) can induce autophagy and
mitochondrial-based apoptosis in glioblastoma cells. In autophagy-inhibitory glioblastoma cells by
treating an autophagy inhibitor 3-MA or Beclin-1 shRNA, cathepsin S inhibition-induced apoptosis
were drastically reduced. In cathepsin S-inhibitory glioblastoma cells, ROS-mediated
PI3K/AKT/mTOR/p70S6K signaling pathway was inhibited and c-Jun N-terminal kinase (JNK)
was activated [41].
4.3. Clinical Trial of Autophagy Inhibitors
Hydoxychloroquine (HCQ), a drug derived from quinolone, is antiproliferative to human dermal
fibroblasts and induces autophagy in terms of upregulation of Beclin-1 [42,43]. Metastatic
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pancreatic cancer patients previously treated with HCQ at a dosage of 400 mg or 600 mg twice
daily did not show considerable autophagy inhibition or therapeutic value [44]. Recently, the
combined treatments of autophagy inhibitor HCQ with some drugs are being tested in preclinical
and ongoing clinical cancer studies [45]. For example, HCQ is noted to effectively inhibit cancer
growth in combination with epirubicin in xenografted mice [46]. However, the dosages of HCQ
applied to inhibit autophagy are inconsistently functional in clinic studies [47].
Additionally, Lys05, a water-soluble salt of the lead compound Lys01 show that Lys05 targets
to impair autophagy and inhibit tumor growth without toxicity under lower doses of Lys05 in mice
studies [47]. These results suggest that Lys05 is warranted for further clinical trial in future.
4.4. Established Anticancer Drugs Combined with Autophagy Inhibitors
Emerging evidence has shed light on the fact that autophagy induced resistance against
chemotherapeutic drugs in cancer cells, i.e., a cytoprotective role of autophagy. In the following
section we will discuss accumulating in vitro and in vivo evidence to understand how autophagy
inhibition can be helpful in maximizing chemotherapeutic drug induced therapeutic effects in
cancer cells. For example, treating with 3-MA or Beclin-1 siRNA to inhibit autophagy in colorectal
cancer HCT116 and RKO cells, the low dose (20–50 nM) of a clinical drug for topoisomerase I
inhibitor camptothecin-induced senescence was turned to caspase 3-dependent apoptosis [48]. For
the combined treatment of clinical drugs sorafenib and vorinostat (the multikinase and HDAC
inhibitors, respectively), its growth inhibitory efficacy can be enhanced in the autophagy inhibitor
3-MA treated hepatoma cells [49]. Inhibition of autophagy by beclin1 siRNA in ovarian cancer
SKOV3/DDP cells has been noted to considerably increase cisplatin-induced apoptosis [50]. By
pre-treatment of chloroquine for autophagy inhibition, DNA damaging agent 5-fluorouracil-induced
cell death were remarkably increased in gallbladder carcinoma SGC-996 and GBC-SD cells [51].
Similarly, inhibition of autophagy by chloroquine can restore sensitivity of resistant lung cancer
H3122CR-1 cells to crizonitib (PF02341066, the inhibitor of ALK fusion oncoprotein) [52].
Similar cytoprotective role of autophagy was also reported in literature. For example,
overexpressing high-mobility group nucleosome-binding domain 5 (HMGN5) in osteosarcoma
U2OS and MG63 cell lines can induce resistance against chemotherapeutic drugs such as
doxorubicin, cisplatin, and methotrexate via inducing autophagy [53]. Inhibition of autophagy with
clomipramine or metformin can enhance apoptosis and show the cytoprotective role of autophagy.
Gene silencing with AMP-dependent protein kinase (AMPK) siRNA can substantially inhibit
AMPK-induced downstream autophagy signaling and induce apoptosis in clinical trial drug
enzalutamide (ENZA) treated prostate cancer cells. In mice orthotopically transplanted with
ENZA-resistant cells, the combined treatment of ENZA and autophagy inhibitors (clomipramine
and metformin) can reduce tumor growth compared to control groups [54]. The signal transducer
and activator of transcription 3 (STAT3) was activated by oxidative stress. Downregulated STAT3
in pancreatic cancer cells also reported to inhibit cell growth through repressing autophagy induced
by the treatment of Nexrutine(R) (Nx), a bark extract from Phellodendron amurense [55].
There is an exciting piece of evidence highlighting diametrically opposed role of autophagy as a
pro-survival (cytoprotective), as well as a cell death-inducing (cytotoxic) role in cancer cells. For
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the example of cytotoxic role of autophagy, detailed investigation revealed that Akt activation and
autophagy inhibition were responsible to the acquired resistance to sorafenib. A novel ATP-competitive
pan-Akt inhibitor GDC0068 can reverse the acquired resistance to sorafenib, the first-line clinical
drug for advanced HCC and autophagy was activated to be cytotoxic [56]. Similar cytotoxic role of
autophagy was also reported that enforced expression of an imprinted tumor suppressor gene
GTP-binding RAS-like 3 (DIRAS3 or ARHI) in DIRAS3-deficient ovarian cancer cells may induce
autophagy and tumor dormancy [57]. In cells reconstituted with DIRAS3, growth factor-mediated
intracellular signaling through PI3K and Ras/MAP kinase pathways were inhibited. Additionally,
DIRAS3 can downregulate PI3K/AKT and Ras/ERK pathway and reduce phosphorylation of
forkhead box O3 (FOXO3a) that facilitated transportation of FOXO3a to induce expression of
autophagy-related genes (ATG4, MAP-LC3-I and Rab7) for maturation of autophagosomes and fusion
with lysosomes [57]. Furthermore, DIRAS3 was reported to trigger assembly of autophagosome
initiation complex to induce autophagy in dormant, nutrient-deprived ovarian cancer cells [58].
5. Autophagy Inhibitors and Inducers from Marine Drugs in Cancer Therapy
As shown in Table 1, in this section we described the autophagy inhibitors and inducers of
marine drugs of several species of the marine sponges, algae, bacteria/fungi/cyanobacteria, and
other marine-derived compounds as follows:
Table 1. A list of bioactive ingredients that act as autophagy inhibitors and inducers.
Function
Autophagy
inhibitors

Marine Source
Marine Sponge
Marine bacterium

Marine Sponge

Autophagy
inducers

Alga

Marine
bacterium/fungus/
cyanobacterium

Source
Petrosaspongia nigra
Streptomyces spp.
Haliclona sp.

Chemical
Petrosaspongiolide M
Bafilomycins
Manzamine A

Haliclona sp.
Cliona celata
Geodia japonica
Rhabdastrella globostellata
Green algae
(Enteromorpha intestinalis;
Rhizoclonium riparium)
Red alga
(Laurencia dendroidea)

Papuamine
Clionamines A–D
Stellettin A
Rhabdastrellic acid-A
Methanolic extracts

Brown algae

Fucoxanthin

Salinispora tropica;
Salinispora arenicola
Chondrostereum sp

Salinosporamide A

Penicillium commune
Leptolyngbya sp.

Sesquiterpene elatol

Hirsutanol
SD118-xanthocillin
X (1)
Coibamide

Target
References
Beclin-1 Ļ
[59,60] *
LC3-II Ļ
[61]
LC3-II Ĺ
[62]
P62/SQTM1Ĺ [63] *
LC3-II Ĺ
[64,65] *
LC3 Ĺ
[66]
LC3-II Ĺ
[67,68] *
pAkt Ļ
[69,70] *
LC3-II Ĺ
[71]

endoplasmic
reticulum
extension Ĺ
LC3-II Ĺ
Beclin-1 Ĺ
ATG5 Ĺ
ATG7 Ĺ
LC3-II Ĺ
ROSĹ
LC3-II Ĺ
mTOR, ERK Ļ
LC3-II Ĺ

* References state that autophagy-modulating drugs also have an apoptosis modulating effect.

[72]
[73] *
[74]
[75] *
[76]
[77] *
[78]
[79] *
[80]
[81]

197
5.1. Marine Sponge
5.1.1. Autophagy Inhibitors
5.1.1.1. Petrosaspongia Nigra
Petrosaspongiolide M, a Ȗ-hydroxybutenolide terpenoid isolated from a marine sponge
Petrosaspongia nigra [82], can exert inhibitory effects on autophagy in human macrophage U937
cells in terms of downregulation of Beclin-1 level [59].
5.1.2. Autophagy Inducers
5.1.2.1. Haliclona sp.
Manzamine A, a kind of alkaloids for the uncoupler of vacuolar ATPases isolated from a marine
sponge Haliclona, was reported to be a potential autophagy inducer. Mechanistically, manzamine
A exerted its effects via increasing LC3-II and p62/SQSTM1 in pancreatic cancer cells [62].
Moreover, manzamine A can resensitize TRAIL-induced apoptosis in the pancreatic cancer
AsPC-1 cells [63].
Papuamine, one of the isolated compounds from Haliclona sp. has been noted to decrease
survival of breast cancer MCF-7 cells. Papuamine treated MCF-7 cells revealed an increase in
expression of LC3 after 4 h treatment. Overall it suggested that papuamine induced early
autophagy in MCF-7 cells that later activated JNK [64].
5.1.2.2. Cliona celata
Aminosteroids clionamines A–D, isolated from South African sponge Cliona celata, was
reported to induce autophagosome accumulation in terms of formation of cytoplasmic punctate
Green Fluorescent Protein (GFP)-LC3 [66]. Clionamine B (2) was also reported to induce
autophagy in human breast cancer MCF-7 cells [83].
5.1.2.3. Geodia japonica
Stellettin, isolated from a marine sponge Geodia japonica, has been shown to induce autophagy
in B16F10 murine melanoma cells. Increased LC3-II and its co-localization with tyrosinase
indicated removal of deglycosylated and unfolded proteins [67].
5.1.2.4. Rhabdastrella globostellata
Rhabdastrellic acid-A, an isomalabaricane Triterpenoid purified from a marine sponge
Rhabdastrella globostellata, also notably induced autophagy in human lung cancer A549 cells. In
Atg5 knockdown cells, rhabdastrellic acid-A mediated autophagy was impaired. pAkt was reduced
in rhabdastrellic acid-A treated A549 cells and interestingly, transfecting constitutively active Akt
in A549 cells can inhibit rhabdastrellic acid-A induced autophagy [69].
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5.2. Alga
5.2.1. Autophagy Inducers
5.2.1.1. Enteromorpha intestinalis and Rhizoclonium riparium
Algal methanolic extracts from green alga Enteromorpha intestinalis and Rhizoclonium
riparium, the saline/brackish water algae from Sundarbans, can induce autophagy in HeLa cells as
evidenced by considerably enhanced expression of LC3-II [71].
5.2.2. Laurencia dendroidea
Sesquiterpene elatol, the major bioactive compound of red seaweed Laurencia dendroidea, was
reported to be an antiproliferative agent against Leishmania amazonensis with endoplasmic
reticulum extension, which is an autophagy marker [72].
5.2.3. Brown Algae
Fucoxanthin, a major carotenoid found in edible brown algae, was reported to be doseresponsively cytotoxic and G0/G1 arrest of HeLa cells without apoptosis change. Alternatively,
autophagy-based cytotoxicity of fucoxanthin-treated HeLa cells was found involving the inhibition
of Akt/mTOR signaling pathway [74].
5.3. Marine Bacterium/Fungus/Cyanobacterium
5.3.1. Autophagy Inhibitors
5.3.1.1. Streptomyces spp.
Eight bafilomycins (A1, B1, D, F, G, H, I, and J), purified from Streptomyces spp. of marine
habitats, were proved to be potent inhibitors of autophagy in terms of automated microscopy
screening assay-based punctate formation of EGFP-LC3 (autophagosome accumulation) and the
Western blot-based EGFP-LC3 degradation assay [61]. Proteinase inhibitors, such as
clasto-lactacystinblactone (LA) or epoxomicin (Epo) were recently reported to induce autophagy
through inhibition of PI3K-Akt-mTOR pathway in human retinal pigment epithelial ARPE-19
cells [84]. Using the autophagy inhibitor bafilomycin A1, the protective effects of LA or Epo
against menadione-induced oxidative injuries in ARPE-19 cells were reverted.
5.3.2. Autophagy Inducers
5.3.2.1. Salinispora tropica and Salinispora arenicola
Salinosporamide A, a potent proteasome inhibitor from marine bacteria Salinispora tropica and
Salinispora arenicola, was reported to induce autophagy through a phospho-eukaryotic translation
initiation factor 2Į (eIF2Į) pathway to reduce proteotoxic stresses in human prostate cancer cells [76].
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5.3.2.2. Chondrostereum sp.
Hirsutanol is a sesquiterpene isolated from marine fungus Chondrostereum sp. in the coral
Sarcophyton tortuosum [85]. In hirsutanol-treated breast cancer MCF-7 cells, LC3-I to LC3-II
conversion and ROS induction were markedly increased as evidenced by Western blot assay and
flow cytometry [78].
5.3.2.3. Penicillium commune
SD118-xanthocillin X, isolated from the marine fungus Penicillium commune, can induce
autophagy in hepatocellular carcinoma HepG2 cells. There was a conversion of LC3-I to LC3-II,
following lipidation as it incorporates into the nascent membrane of the autophagosome.
Mechanistically it was noted that SD118-xanthocillin regulated different modulators of autophagy.
It exerted its autophagy inducing effects via inhibition of phosphorylation of mTOR and ERK1/2.
Additionally, Bcl-2 mediated inhibition of Beclin-1 to suppress autophagy was also attenuated via
inhibition of Bcl-2 by SD118-xanthocillin [80].
5.3.2.4. Leptolyngbya sp.
Coibamide A, a depsipeptide derived from marine cyanobacterium Leptolyngbya sp., showed a
cytotoxicity in the dose-responsive and time-dependent manner in human glioblastoma cells and
mouse embryonic fibroblasts (MEF) [81]. In coibamide A treated human glioblastoma U87-MG
cells, LC3-II expression was notably increased. Coibamide A also induced the autophagosome
accumulation in glioblastoma and MEF cells. Detailed mechanistic insights indicated that
accumulation of autophagosomes was independent of mTOR-mediated signaling.
5.4. Other Marine-Derived Agents
Marine-derived agents, including eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA), are also potent inducers of autophagy as indicated by formation of autophagosomes in
DHA- or EPA-treated lung adenocarcinoma A549 cells [86].
The Na+/K+-ATPases (NKA) inhibitor cardiac glycosides, a family of natural or synthetic
steroid hormones isolated from marine or terrestrial natural products [87], can exert their potent
anti-cancer properties via activation of Src in the upstream of MEK1/2 and ERK1/2 pathway in
human non-small cell lung cancer A549 and H460 cells [88]. Src inhibition by its inhibitor PP2 or
siRNA can remarkably repress cardiac glycosides-induced MEK1/2 and ERK1/2 phosphorylation
and autophagic cell death. Moreover, ROS was also noted to be accumulated and contributed to
cardiac glycosides-induced Src mediated autophagic response in lung cancer cells.
6. Conclusions
In this review, we summarized how ROS-mediated molecular networks may result in autophagy.
The autophagic effects of both clinical drugs and natural products-derived extracts and pure
compounds were discussed. In the example of many autophagy modulators (inducers and
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inhibitors) from non-marine drugs and marine drugs, ROS changes and signaling was demonstrated
to be involved in autophagy. Many marine drugs with autophagy were also summarized from
marine sponges, alga, and marine bacteria/fungi/ cyanobacteria. It suggests that marine drugs with
ROS modulating effect have a potential to modulate the autophagy of cancer cells to improve
cancer therapy.
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Anticancer Activity of Sea Cucumber Triterpene Glycosides
Dmitry L. Aminin, Ekaterina S. Menchinskaya, Evgeny A. Pisliagin, Alexandra S. Silchenko,
Sergey A. Avilov and Vladimir I. Kalinin
Abstract: Triterpene glycosides are characteristic secondary metabolites of sea cucumbers
(Holothurioidea, Echinodermata). They have hemolytic, cytotoxic, antifungal, and other biological
activities caused by membranotropic action. These natural products suppress the proliferation of
various human tumor cell lines in vitro and, more importantly, intraperitoneal administration in
rodents of solutions of some sea cucumber triterpene glycosides significantly reduces both tumor
burden and metastasis. The anticancer molecular mechanisms include the induction of tumor cell
apoptosis through the activation of intracellular caspase cell death pathways, arrest of the cell cycle
at S or G2/M phases, influence on nuclear factors, NF-țB, and up-down regulation of certain
cellular receptors and enzymes participating in cancerogenesis, such as EGFR (epidermal growth
factor receptor), Akt (protein kinase B), ERK (extracellular signal-regulated kinases), FAK (focal
adhesion kinase), MMP-9 (matrix metalloproteinase-9) and others. Administration of some
glycosides leads to a reduction of cancer cell adhesion, suppression of cell migration and tube
formation in those cells, suppression of angiogenesis, inhibition of cell proliferation, colony
formation and tumor invasion. As a result, marked growth inhibition of tumors occurs in vitro and
in vivo. Some holothurian triterpene glycosides have the potential to be used as P-gp mediated
MDR reversal agents in combined therapy with standard cytostatics.
Reprinted from Mar. Drugs. Cite as: Aminin, D.L.; Menchinskaya, E.S.; Pisliagin, E.A.;
Silchenko, A.S.; Avilov, S.A.; Kalinin, V.I. Anticancer Activity of Sea Cucumber Triterpene
Glycosides. Mar. Drugs 2015, 13, 1202-1223.
1. Introduction
Sea cucumbers (or holothurians), belonging to the class Holothuroidea (Echinodermata), are
echinoderms phylogenetically related to sea stars, sea urchins and sea lilies. They are habitually
found in the benthic areas and deep seas around the world. They have a leathery skin and an
elongated body, and many of them are indeed shaped like soft-bodied cucumbers. This class has
around 1100 described living species [1]. Some of them are edible and considered as a delicacy in many
countries. Consequently, sea cucumbers have some commercial value and are extensively
harvested. Sea cucumbers, also called trepang, bêche-de-mer, or balate, have been used as food and
Asiatic folk medicine. Ancient Chinese medical manuscripts reveal that parts of holothurians can
improve human immune status enforcing resistance to many diseases and even have an anticancer
effect. That is probably why the popular Chinese name for sea cucumber is haishen, which means,
roughly, “ginseng of the sea” because ginseng, a plant belonging to the family Araliaceae, has
similar medicinal properties [2].
On the other hand, many holothurians, particularly tropical species, are toxic. Toxins are
elaborated in the body wall and in the skin and may be released into the sea water continuously, or
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only when the animal is molested [3–7]. Aborigines of Guam and other regions of the Indo-Pacific
used some holothurians to poison small lagoons of coral reefs at low tide for killing fish [8].
The low molecular weight compounds, triterpene glycosides, have long been suggested the main
poisonous substances of the sea cucumbers and to play a role in the defense of holothuroids as a
toxin against predators and pathogens [9–11]. The lanostane triterpene glycosides are characteristic
of sea cucumbers (Holothurioidea, Echinodermata). The majority of them have 18(20)-lactones in
aglycone and belong to the holostane series. Their carbohydrate chains have from two to six
monosaccharide residues including glucose, quinovose, xylose, and 3-O-methylglucose and
sometimes 6-Ɉ-acetylglucose, 3-O-methylxylose, 3-Ɉ-methylglucuronic acid, and 3-Ɉ-methylquinovose.
Carbohydrate chains may have from one to three sulfate groups [12].
These compounds have a wide range of pharmacological properties. During the last decade,
several reviews on the study of the cytotoxic activity of triterpene glycosides have been published.
These surveys have shown a correlation between the structure of triterpenoid saponins and its
cytotoxic activity related to the molecular mechanisms of action [9–12]. Most of the glycosides
have cytotoxic, hemolytic, antifungal, and similar biological activities caused by membranotropic
action at milli- and micromolar concentrations. The membranotropic action of the glycosides is
caused by their ability to attach to cell membranes and form nonselective ion-conducting
complexes with 5(6)-unsaturated sterol, preferably with cholesterol, followed by an efflux of some
ions, nucleotides, and peptides. The following breaking of ion homeostasis and osmolarity results
in cell lysis and death [12]. In addition to cytotoxic properties, these glycosides block egg cleavage
and development of sea urchin embryos, inhibit the growth of pathogenic fungi and proliferation of
some types of human tumor cells in vitro such as U-87-MG, HCT-8, leukemia P-388, KB, Schabel,
Mel-28, A-549, MICF-1, HT-29, IA9, CAKI-1, SK-MEL, PC-3, lymphoidal leukemia L 1210,
MCF-7, MKN-28, HCT-116, U87MG, HepG2, HeLa, THP-1, KB-VIN, HCT-8, C33A, and some
others [9–19].
In recent years, holothurian triterpene glycosides have attracted the attention of experimental
oncologists as potential anticancer natural compounds. The current review summarizes the recent
data on anticancer activity of sea cucumber triterpene glycosides and some aspects of their
molecular mechanisms upon cancer cells.
2. Anticancer Activity
The first anticancer properties of the sea cucumber glycoside, holothurin, representing the
glycoside fraction of Bahamian sea cucumber Actinopyga agassizi, were described in 1952 by
Nigrelli [20]. He showed that the injection of holothurin, which is a mixture of triterpene
glycosides containing as a main constituent holothurin A, in the region of Sarcoma-180, inhibited
tumor growth and caused its regression in mice.
Later investigations of holothurin have shown promise in the field of cancer research.
Thus, the injection of Krebs-2 ascitic tumor cells treated with holothurin into healthy mice failed to
induce marked tumor growth for up to 80 days [21,22]. In addition, holothurin was shown to inhibit
the growth of epidermal carcinoma (KB) tumor cells [23,24].
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Later, more in-depth studies of the mechanisms of glycoside antitumor action were conducted.
Thus, new triterpene glycosides, philinopsides A, B, E and F, as well as pentactasides I, II and III
have been isolated from the sea cucumber Pentacta quadrangularis. All the glycosides revealed
significant cytotoxicities in vitro against such tumor cell lines as U87MG, A-549, P-388, MCF-7,
HCT-116, and MKN-28 with IC50 in the range of 0.60–3.95 M [13,25].
In the most extensive research, philinopside A (1), one of the potent cytotoxic glycosides
(Chart 1), was shown to have effects upon angiogenesis as well as tumor growth. These effects
were assessed in a series of models in vitro and in vivo. Results showed that due to significant
inhibition of three important stages of angiogenesis (endothelial cell proliferation, migration, and
tube formation) induced by philinopside A, the formation and growth of new blood vessels were
greatly decreased. At various doses, philinopside A induced inhibition of proliferation of human
microvascular endothelial cells (HMECs) by 98.7%. At the same doses, the glycoside induced the
inhibition of HMECs migration by 94.1%. Rat aorta culture assay provides a close imitation of
in vivo angiogenic processes. In this model, 2–10 ȝM philinopside A suppressed the formation of
new microvessels. Additionally, in the chick embryo chorioallantoic membrane assay, philinopside
A, at 2–10 nmol/egg, significantly inhibited angiogenesis. Philinopside A also manifested strong
anti-tumor activities both in vitro and in vivo. The glycoside reduced the volume of mouse
Sarcoma-180 tumor by inducing apoptosis of tumor along with tumor-associated endothelial cells.
Studies of the action of philinopside A on the angiogenesis-related receptor tyrosine kinases
(RTKs) revealed that philinopside A broadly inhibited all tested RTKs, including fibroblast growth
factor receptor-1 (FGFR1), platelet-derived growth factor receptor-ȕ (PDGFȕ), vascular endothelial
growth factor receptor (VEGFR), along with epithelial growth factor receptor (EGFR), at IC50
values ranging from 2.6 to 4.9 ȝM. These results suggest that philinopside A, because of its
inhibition of all the tested RTKs, might prove to be an effective inhibitor of RTK, while a lethal
dose (LD50) in mice was only 625 mg/kg orally [26].
Recently, anti-tumor and anti-angiogenesis activities of philinopside E (2), a sulfated saponin
from sea cucumber Pentacta quadrangularis (Chart 1), were examined. Inhibition of angiogenesis
was assessed in vitro using proliferation, migration, adhesion, tube-formation and apoptosis assays
in philinopside E-treated human dermal microvascular endothelial cells and human umbilical vein
endothelial cells. The results showed that philinopside E inhibited proliferation of dermal
microvascular endothelial cells and umbilical vein endothelial cells with IC50 values of
2.22 ± 0.31 ȝM and 1.98 ± 0.32 ȝM, respectively. This glycoside induced the apoptosis of
endothelial cells at concentrations <2 ȝM, dose-dependent suppression of cell migration, adhesion
of cells and formation of tubes in those cells, and revealed anti-proliferative activities against a
series of tumor cell lines (IC50 values of ~4 ȝM). Philinopside E (5 nM/egg) suppressed
spontaneous angiogenesis in the chorioallantoic membrane assay in vivo and induced significant
inhibition of growth in mouse Hepatoma-22 and Sarcoma-180 cell models. Specifically,
philinopside E reduced the tumor volume of mouse Sarcoma-180 by triggering apoptosis of both
tumor and tumor-associated endothelial cells, preferentially of endothelial cells over tumor cells.
Philinopside E also suppressed the active (phosphorylated) forms of vascular endothelial growth
factor receptors including: KDR/Flk-1 (which trigger downstream signaling pathways), VEGF2
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ERK (which is required for the mitogenic activities of VEGF in endothelial cells), FAK (which
regulates mitogenicity), paxillin (which associates with FAK and plays an important role in cell
adhesion and migration and is involved in proliferation, adhesion, migration and survival of
endothelial cells), and Akt (which regulates cell survival). These data indicate that philinopside E
induces an anti-angiogenic activity associated with inhibition of signaling of VEGFR2, and has
pronounced anti-tumor activity caused by the decrease of proliferation of tumor cells and increase
of apoptosis of both tumor and endothelial cells [27]. Additionally, it was demonstrated that
philinopside E specifically interacts with the extracellular domain of kinase insert domain-containing
receptor (KDR) and blocks its interaction with VEGF and its downstream signaling. This
specificity for the KDR extracellular domain is distinct from conventional small-molecule
inhibitors that target the KDR cytoplasmic domain. It was also shown that philinopside E
significantly suppresses Įvȕ3 integrin-driven downstream signaling caused by a disturbance of the
interaction between KDR and Įvȕ3 integrin in HMECs, followed by a disruption of the cytoskeleton
organization of actin and decreased adhesion of cells to vitronectin [28].
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Chart 1. Structure of philinopsides.
Patagonicoside A (3) from Psolus patagonicus (Chart 2) and its desulfated analogs were studied
for their cytotoxic, antiproliferative, and hemolytic activities and their influence on NF-țB
activation. Both substances were able to suppress the growth of three tumor cell lines (Hep3B,
MDA-MB231, and A549) and induced the activation of NF-țB, a key player linking chronic
inflammation and cancer, concomitant with IK Ba degradation in the A549 tumor cell line. These
compounds showed hemolytic activity with half maximal inhibitory concentration (IC50) values
around 80 ȝM. Both glycosides showed low cytotoxic activity in A549 tumor cells in comparison
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with other sea cucumber triterpene glycosides containing linear tetrasaccharide chains. This
probably is because of the presence of an additional sulfate at C-6 of glucose residue (third
monosaccharide residue). This also could be a result of the uncommon presence of two 12Į- and
17Į-hydroxyl groups and a ǻ7 double bond in the aglycone moiety [29].
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Chart 2. Structure of patagonicoside A.
In vitro and in vivo investigations were conducted on the effects of Ds-echinoside A (5), a
non-sulfated triterpene glycoside isolated from the sea cucumber Pearsonothuria graeffei (Chart 3),
on tumor cell adhesion, migration, invasion, and angiogenesis. In this study, it was found that
Ds-echinoside A reduced cell viability of human hepatocellular liver carcinoma cells Hep G2, with
IC50 of 2.65 ȝmol/L, and suppressed adhesion, migration, and invasion of Hep G2 cells in a
concentration-dependent manner. Ds-echinoside A also decreased tube formation of human
endothelial cells ECV-304 on matrigel in vitro and attenuated neovascularization in the chick
embryo chorioallantoic membrane assay in vivo. Immunocytochemical analysis showed that
Ds-echinoside A suppressed matrix metalloproteinase-9 (MMP-9) expression, playing an important
role in breaking basement membranes associated with angiogenesis and metastasis. Ds-echinoside
A also increased the expression of tissue inhibitors of metalloproteinase-1 (TIMP-1) regulating
activation of MMP-9. Ds-echinoside A also reduced the expressions of vascular endothelial growth
factor (VEGF) and NF-țB [30].
Both echinoside A (6) and Ds-echinoside A (5) (Chart 3) significantly arrested the cell cycle in
the G0/G1 phase. A reverse transcriptase-polymerase chain reaction assay showed that glycosides
increased the cell-cycle-related genes expression, including p16, p21, and c-myc, and decreased the
expression of cyclin D1. They decreased the expression of Bcl-2, and enhanced mitochondrial
cytochrome c release, caspase-3 activation, and cleavage of adenosine diphosphate ribose
polymerase. Ds-echinoside A significantly decreased Nuclear factor NF-țB expression, but
echinoside A was not involved in concerning the expression. Echinoside A and Ds-echinoside A
(2.5 mg/kg) induced the reduction of H22 hepatocarcinoma tumor weight by 49.8% and 55.0%,
respectively [31].
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Moreover, it was shown that echinoside A reduced tumor growth in mouse and xenografts of
human prostate carcinoma in nude mice models. Echinoside A inhibited the noncovalent binding of
Top2alpha to DNA by competing with DNA for the DNA-binding domain and by interfering
predominantly with the Top2alpha-mediated prestrand passage cleavage/religation equilibrium
over with the poststrand passage. These characteristics distinguish echinoside A from
known Top2alpha inhibitors. Hence, echinoside A induced DNA double-strand breaks in a
Top2-dependent manner [32].
Similar results were obtained by the authors in an earlier study of two sulfated triterpene
glycosides, namely, holothurin A (4) and 24-dehydroechinoside A (7), from the sea cucumber
Pearsonothuria graeffei (Chart 3). Both of these glycosides exhibited significant inhibition of
metastasis in vitro and in vivo. Immunocytochemical analysis revealed that both compounds
significantly decreased the expression of MMP-9 and enhanced the expression level of tissue
inhibitors of TIMP-1, an important regulator of MMP-9 activation. According to the results of
Western blot analysis, both chemicals remarkably abolished the expression of VEGF. In contrast,
the treatment of 24-dehydroechinoside had no effect on the down regulation of NF-țB expression
and considerably reduced the adhesion of HepG2 to both matrigel and ECV-304 and also inhibited
HepG2 cell migration and invasion in a concentration-dependent manner. 24-dehydroechinoside
more effectively induced antimetastasis than holothurin A. Moreover, only holothurin A
downregulated the expression of NF-țB. This suggests that antimetastatic activity of the glycosides
of P. graeffei can be either NF-țB-dependent or -independent, depending on glycoside chemical
structure [33].
It was found that the colochiroside A (8) from the sea cucumber Colochirus anceps (Chart 4)
remarkably exhibited antineoplastic activities in vitro and in vivo and did not reduce the
immunoregulatory function of mice. The preliminary cytotoxic assay of colochiroside A revealed
significant cytotoxic activity against six types of cultured tumor cell lines of P-388, HL60, A-549,
SpC-A4, MKN-28, and SGC-7901, with a mean IC50 of 3.61 ± 0.55 mg/L. The preliminary
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anti-tumor assay of colochiroside A suggests that this glycoside exhibits strong inhibitory effects
against H22 liver cancer and S180 sarcoma cells in mice. The maximal inhibition ratio to H22 liver
cancer was 52.2%, while the ratio to S180 sarcoma was 70.0%. The immunoregulatory study
indicated that colochiroside A has no significant effect on the developments of thymus and
spleen [34].
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Intercedensides A, B, and C from Mensamaria intercedens exhibited cytotoxicity against human
tumor cell lines. One of them, intercedenside A (9) (Chart 5), also revealed good antineoplastic
activity against mouse Lewis lung cancer and mouse S180 sarcoma [35].
Okhotosides B1 (10), B2 (11) and B3 (12) from Cucumaria okhotensis (Chart 6) were moderately
toxic against cells of HeLa tumor. Frondoside A (13) isolated from the same holothurian revealed
more potent cytotoxicity against THP-1 and against HeLa tumor cells (with IC50 values of 4.5 and
2.1 ȝg/mL, respectively). This substance decreased both the AP-1-dependent trascriptional
activities induced by UVB, EGF, or TPA in JB6-LucAP-1 cells and the EGF-induced NF-țBdependent transcriptional activity in JB6-LucNF-țB cells at doses of about 1 ȝg/mL. Frondoside A
increased the p53-dependent transcriptional activity in nonactivated JB6-Lucp53 cells at the same
doses. It also inhibited the colony formation of JB6 P (+) Cl 41 cells activated with EGF
(INCC50 = 0.8 ȝg/mL) [36].
The tumor suppressing and pro-apoptotic activity of the different water-soluble holothurian
glycoside fractions from Apostichopus japonicus were examined. The 70% ethanol fraction from
macroporous resin column and the pSC-2 and pSC-3 fractions from a silica gel column showed
very strong tumor suppressing activity towards HeLa cells, A-549 lung cancer cells, SGC-7901
stomach cancer cells, and Bel-7402 liver cancer cells. SC-2 and SC-3 fraction purified by Sephadex
LH-20 gel-filtration column chromatography, with purity above 99.6%, all had the properties of
triterpenoid glycosides. Purified SC-2 fractions had remarkable tumor suppressing activity on HeLa
cells in a dose- and time-dependent manner, and had prominent tumor suppressing activity on
mouse S180 solid tumors in a dose-dependent manner. Additionally, the SC-2 fraction also had a
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remarkable ability to elevate mouse thymus and spleen indexes. The purified SC-2 fraction induced
apoptosis of HeLa cells in a dose-dependent manner and DNA fragmentation of HeLa cells
occurred after 12 h treatment with 10 mg/L and 50 mg/L of SC-2 fractions [37].
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Stichoposide C (14) from the holothurian Thelenota anax (Chart 7) was examined for
elucidation of possible mechanisms by which it induces apoptosis of cancer cells. Stichoposide
C-induced apoptosis in human leukemia and colorectal cancer cells were examined in the context
of mitochondrial injury and signaling pathway disturbances. Additionally, the antitumor effects of
stichoposide C in mouse CT-26 subcutaneous tumors and HL-60 leukemia xenograft models were
investigated. It was found that stichoposide C induced apoptosis in these cells in a dose-dependent
manner leading to the activation of Fas and caspase-8, cleavage of Bid, mitochondrial damage, and
caspase-3 activation. Stichoposide C activated neutral SMase (SMase) and acid sphingomyelinase,
resulting in ceramide generation. The knockdown experiments concerning specific inhibition of
neutral SMase or acid SMase and siRNA partially blocked apoptosis induced by stichoposide C.
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Moreover, the glycoside significantly decreased growth of HL-60 xenograft tumors and CT-26
subcutaneous tumors and increased generation of ceramide in vivo. The authors concluded that
ceramide generation by stichoposide C because of the activation of neutral and acid SMase, may
contribute to the apoptosis and the antitumor activity induced by stichoposide C [38].
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Significant contribution to the understanding of the molecular mechanisms of antitumor actions
of triterpene glycosides has been made in the study of frondoside A (13) (Chart 6) and its analogs
isolated from the sea cucumber Cucumaria frondosa. Chemopreventive efficacy of Frondanol A5,
a preparation from C. frondosa which contains several sea cucumber-derived anticancer and
antiinflamatory agents including the triterpene glycoside frondoside A, was evaluated on
azoxymethane-induced rat colon carcinogenesis using colonic aberrant crypt foci (ACF) as a
surrogate biomarker. Rats were fed the AIN-76A diet containing 5% corn oil, and ACFs were
induced by azoxymethane. Three days after azoxymethane treatment, rats were fed with diets
containing Frondanol A5. It was shown that dietary administration of 150 and 450 ppm of
Frondanol A5 markedly decreased total colonic ACF formation induced by azoxymethane,
approximately 34% to 55%, and multicrypt aberrant foci (48%–68.5%) depending on the dosage.
ACFs in rats treated with Frondanol A5 revealed marked up-regulation of p21WAF1/CIP1 and
down-regulation of proliferating cell nuclear antigen. Frondanol A5 revealed inhibition of the
growth at S and G2/M phases along with a decrease in Cdc25c and an increase in p21WAF1/CIP
along with significant apoptosis caused by H2AX phosphorylation and the cleavage of caspase-2 in
HCT116 cells. The authors concluded that Frondanol A5 exhibits potential chemopreventive
properties for colon carcinogenesis [39].
A polar precipitate sub-fraction of Frondanol A5 (Frondanol A5P) was examined for anti-cancer
effects in S2013 and AsPC-1 human pancreatic cancer cell lines. Frondanol-A5P inhibited cell
proliferation and induced cell cycle arrest at G2/M phase in both cell lines with decreased
expression of cdc25c, cyclin A, and cyclin B. Frondanol-A5P also induced phosphorylation of
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Janus kinase (SAPK/JAK) and stress-activated protein kinase along with p38 mitogen-activated
protein kinase (MAP) during 5 min and markedly increased expression of p21waf1 messenger
RNA and protein at 3 h in both cell lines. This effect was decreased by the inhibitor of p38 kinase,
SB203580. Frondanol-A5P also significantly increased annexin V binding and caspase-3
activation [40].
It was established that individual frondoside A (13) from Cucumaria frondosa inhibited cell
proliferation of AsPC-1 human pancreatic cancer in a concentration- and time-dependent manner.
In concert with inhibition of cell growth, frondoside A induced significant morphological changes
consistent with apoptosis. Its activity led to an increase of sub-G0/G1 apoptotic cells population, a
decrease in expression of Bcl-2 and Mcl-1, an increase in Bax expression, an increase in the
expression of the cyclin-dependent kinase inhibitor, p21, and activation of caspases 3, 7, and 9.
These data revealed that frondoside A induced apoptosis of human pancreatic cancer cells via the
mitochondrial pathway and activation of the caspase cascade. Frondoside A (10 ȝg/kg/day)
inhibited growth of AsPC-1 in xenograft mouse models [41].
The impact of frondoside A on human breast cancer cell line MDA-MB-231 was compared to
the effect on a non-tumorigenic MCF10-A cell line derived from normal human mammary
epithelium. The glycoside (0.01–5 ȝM) decreased breast cancer cell viability in a concentrationand time-dependent manner, with EC50 of 2.5 ȝM at 24 h. MCF10-A cells were more resistant to
the cytotoxic action (EC50 superior to 5 ȝM at 24 h) [42].
Frondoside A significantly increased sub-G1 (apoptotic) cell fractions by the activation of p53
followed by the appearance of caspases 9 and 3/7 cell death pathways in the MDA-MB-231 cells.
Moreover, frondoside A induced inhibition of MDA-MB-231 cell migration and invasion in
concentration-dependent manner. Frondoside A, at the dosage of 100 ȝg/kg/day intraperitoneal for
24 days, effectively decreased the growth of tumor xenografts in athymic mice in vivo without
toxic-side action. Frondoside A also increased the anti-proliferative activity of paclitaxel in such
breast cancer models [42].
It was shown that frondoside A possesses potent antimetastatic activity on syngenic murine
model of metastatic breast cancer. Upon intraperitoneal administration to mice with mammary
gland-implanted tumors, Frondoside A inhibited spontaneous tumor metastasis in the lungs. The
increase of cyclooxygenase-2 activity promotes tumor growth and metastasis by producing high
levels of PGE2 that acts on the receptors of prostaglandin E, mainly EP4 and EP2. Frondoside A
antagonizes the receptors EP2 and EP4 of prostaglandin E. Frondoside A inhibited 3H-PGE2
binding to recombinant EP2 or EP4-expressing cells at a high concentration (IC50 of 16.5 ȝM and
3.7 ȝM, respectively) that may be caused by cytotoxic effects. Moreover, frondoside A also
inhibited EP4 or EP2-linked activation of intracellular cAMP along with EP4-mediated ERK1/2
activation. Along with the antimetastatic activity found in vivo, frondoside A at concentrations 0.1
and 1.0 ȝM also inhibited migration of tumor cells in vitro in response to EP4 or EP2 agonists [43].
The effects of Frondoside A on the human non-small lung cancer cell LNM35 survival,
migration, and invasion in vitro, and on tumor growth, angiogenesis, and metastasis alone, and in
combination with cisplatin in vivo were investigated. Frondoside A induced a concentration-dependent
decrease in viability of MCF-7, NCI-H460-Luc2, A549, MDA-MB-435, HepG2, and LNM35 over
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24 h along with a caspase 3/7-dependent pathway of cell death. The IC50 concentrations of
frondoside A at 24 h were 0.7–2.5 ȝM. Frondoside A also induced an inhibition of the migration of
cells, angiogenesis, and invasion in vitro in time- and concentration- dependent mode. Frondoside
A (0.01 and 1 mg/kg/day intraperitoneal for 25 days) strongly decreased the growth, angiogenesis,
and lymph node metastasis of LNM35 tumor xenografts in athymic mice, without toxic side
effects. This glycoside in concentrations between 0.1 and 0.5 ȝM also significantly blocked basal
and bFGF induced angiogenesis in the chick embryo chorioallantoic membrane model of
angiogenesis assay. Moreover, frondoside A enhanced lung tumor growth inhibition by the
chemotherapeutic agent cisplatin [44].
The anti-invasive activity and anti-metastatic effects of this glycoside at non-cytotoxic
concentrations against a human breast cancer cell line were investigated along with the inhibitory
effect on cell invasion, clonogenicity, and migration in TPA-stimulated cells of human breast cancer.
Frondoside A significantly decreased TPA-induced colony formation, migration and invasion in
MBA-MB-231 human breast cancer cells. It was shown that MMP-9 induction is very important
for the metastasis of different types of cancer tumor cells. It was also found that this glycoside
suppresses TPA-induced enzymatic activity of MMP-9, its secretion and expression. This effect
was caused by a reduction of the activation of AP-1 and NF-țB. It also correlated with an increase
of TIMP-1 and TIMP-2 expression. Frondoside A inhibited the expression of TPA-induced MMP-9,
probably because of the suppression of NF-țB and AP-1 signaling pathways. The glycoside
decreases the activation of the PI3K/Akt, ERK1/2 and p38 MAPK signals. These data suggest that
frondoside A anti-metastatic effects on human breast cancer cells may be caused by the inhibitin of
TPA activation of AP-1 and NF-țB and a decrease of TPA activation of ERK1/2, PI3K/Akt and
p38 MAPK signals leading to downregulation of the expression of MMP-9. Such results revealed
the role of frondoside A in metastasis and its underlying molecular mechanisms. These data also
suggest frondoside A may be used as a chemopreventive agent for metastatic breast cancer [45].
The estrogenic potency of holothurin A (4), holotoxin A1, (16) (Chart 8) frondoside A (13),
cucumarioside A2-2 (18) (Chart 9) and a semi-synthesized plant glycoside, ginsenoside-Rh2, were
studied using a yeast two-hybrid system including expressed genes of human estrogen receptor,
hERalpha, the co-activator TIF2 and lacZ as a reporter gene. It was found that only
ginsenoside-Rh2 had moderate estrogenic activity in a concentration range between 10í7 and 10í6
M. The effect was about 30% of the activity of 17beta-estradiol at half-effective concentration.
Hence, ginsenosides-Rh2 is a weak phytoestrogen. Holothurin A, cucumarioside A2-2, holotoxin
A1 and frondoside A did not interact with estrogen receptors and had no appreciable estrogenic
activity. These results showed that the anticancer effect of tested holothurian glycosides upon
ER-positive breast cancer cells does not involve glycoside binding to estrogen receptors.
Ginsenoside-Rh2 has some similarity in chemical structure with 17beta-estradiol. It might explain
the affinity of this glycoside to the hER receptors [46].
Frondoside A influenced the anti-cancer effects of gemcitabine, the standard drug in antitumor
therapy, against human pancreatic cancer cell lines, AsPC-1 and S2013. The combinations of low
concentrations of these preparations were used for a 72 h treatment period in vitro. Synergetic
growth inhibition was significantly greater than their separate effects. Combinations of gemcitabine
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and glycosides were tested in vivo on the nude mouse model. Xenografts of AsPC-1 and S2013
cells form the tumors before the dministration of the drugs alone or in combination for 30 days.
Tumors grew quickly in control mice. The growth was significantly decreased in all treatment
groups. Gemcitabine (4 mg/kg/dose), combined with the glycoside (100 ȝg/kg/day) was more
effective than the use of either drug alone. It was suggested that combinations of frondoside A and
gemcitabine may provide clinical benefits for patients with pancreatic cancer [47].
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Sea cucumber triterpene glycosides with differing chemical structures were examined in vitro
for effects against leukemia cell lines. Cucumariosides A2-2 (18) and A4-2 (19) from Cucumaria
japonica (Chart 9) and stichoposides ɋ (14) and D (15) from Thelenota anax, in cytotoxic doses,
were shown to induce apoptosis in human leukemia cells HL-60, THP-1, NB-4 and K562 in vitro
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by a caspase-dependent mechanism. Thus, sea cucumber triterpene glycosides, in spite of differing
molecular structures, may nonetheless have generalized therapeutic relevance for human cancer [48].
The effects of frondoside A from C. frondosa, cucumarioside A2-2, and cucumarioside A4-2
from C. japonica on cell death-inducing capability were compared. These glycosides significantly
induced apoptosis of leukemic cells. The apoptosis induced by frondoside A was more potent and
rapid than apoptosis induced by cucumarioside A2-2. Mitohondrial membrane permeability was not
changed and accumulation of cytochrome C in the cytosolic fraction was not found in HL-60 cells
treated with frondoside A, cucumarioside A2-2 and cucumarioside A4-2. More interestingly, the level
of procaspase-3, -8, and -9 proteins in lysates from frondoside A-treated HL-60 cells were not changed,
whereas frondoside A-induced apoptosis in 50%–70% of the cells. Cleavage of procaspase-3 and
PARP, but not of procaspase-8, -9, and -12, were significantly increased in cucumarioside A2-2 or
cucumarioside A4-2 treated HL-60 cells. Furthermore, the annexin-V positivity in cells treated by
fronfdoside A was not inhibited by zVAD-fmk. Nevertheless, both annexin-V positivity and
cleavage of caspases induced by cucumariosides were efficiently suppressed by caspase inhibitors.
This suggests that holothurian triterpene glycosides may induce apoptosis of leukemic cells
caspase-dependently or independently, depending on the glycoside structure [49].
In another investigation, the cytotoxicity of cucumarioside A2-2 and its effect upon apoptosis,
the cell cycle, DNA biosynthesis and p53 activity, and glycoside anticancer action against mouse
Ehrlich carcinoma cells were studied. It was found that the glycoside influences viability of tumor
cells at micromolar concentrations. The EC50 for glycoside found by non specific esterase assay
and MTT assay was 2.1 and 2.7 ȝM, respectively. The glycoside at sub-cytotoxic range of
concentrations revealed a cytostatic effect by blocking the proliferation of cells and biosynthesis of
DNA in the S phase. Cucumarioside A2-2 may induce apoptosis in cells of Ehrlich carcinoma along
with caspase-dependent ways by passing activation of p53-dependent segments. It was concluded
that the anticancer and pro-apoptotic properties of the glycoside may be caused by interaction of
cucumarioside A2-2 with tumor cells. The anticancer effect of cucumarioside A2-2 in vivo may be
caused by the ability of the substance to arrest the cell cycle in the DNA synthetic phase and induce
programmed death of tumor cells [50].
Additionally, it was found that in non-cytotoxic concentrations of frondoside A and
cucumarioside A2-2, as well as their complexes with cholesterol, block the activity of membrane
transport P-glycoprotein. This protein is responsible for multidrug resistance (MDR) phenomena in
cells of the ascite form of mouse Ehrlich carcinoma. In this way, glycosides prevent an efflux of
fluorescent probe Calcein from the cells. Cucumarioside A2-2 was found to increase the upload and
intracellular concentration of cytostatic doxorubicine, and prevent an efflux of anticancer drugs
from the cancer cells. Because the interaction of the glycosides with tumor cells resulted in a
decrease of MDR, these glycosides are potential inhibitors of multidrug resistance and can be used
in combined therapy of cancer [51–53].
As a result of long-term investigations, a new immunomodulatory lead Cumaside with antitumor
properties was invented on the base of triterpene glycosides isolated from Far Eastern sea
cucumber Cucumaria japonica. Cumaside is a complex of monosulfated glycosides (preferably
cucumarioside A2-2) with cholesterol in molar ratio of 1:2 [54]. Recently, it was found that
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Cumaside possesses less cytotoxic action against sea urchin embryos and cells of Ehrlich
carcinoma than the glycosides. Furthermore, Cumaside posessed antitumor activity against
experimental mouse Ehrlich carcinoma in vivo both alone and in combination with cytostatics. The
highest result was achieved at a treatment of once per day for seven days before the tumor
inoculation, followed by Cumaside treatment once per day for seven days. The treatment along
with prophylactic schemes with Cumaside and subsequent therapeutic application of 5-fluorouracil
inhibited tumor growth by 43% [55].
Recently, the ability of a number of cytotoxic triterpene glycosides from sea cucumbers to
interact with human topoisomerase II alpha (which plays a key role in DNA replication and is a
target for a variety of chemotherapeutic agents) has been investigated in silico using the methods of
computer simulation. This study revealed possible anticancer effects of a series of triterpen
glycosides including bivittoside A (20), holothurin A (4), holotoxin A (17), holothurinoside A (21)
(Chart 10), and cucumarioside A2-2 (18) using homology modeling of human DNA topo II Į. The
authors have found the possible binding site of DNA binding domain of Topo II Į. These
glycosides were screened for QSAR and ADME/TOX analysis as ligands. All the glycosides were
able to bind with the enzyme. Binding sites have been established for all the glycosides. All the
tested glycosides had a model of antitumor effects. According to this study, cucumarioside A2-2
may be a better inhibitor of topo II Į and follow most of the ADME properties [56]. The authors
explain the inhibition by the interaction of “phenolic principals” of the glycosides with amino acids
of the active center of the enzyme by hydrogen bonds. This seems to be an erroneous explanation
because the glycosides do not contain phenolic groups. It is possible that the authors have confused
pyranose forms of monosaccharide residues with phenols.
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A brief amount of information concerning the molecular mechanisms of the biological action of
certain sea cucumber triterpene glycosides was collected recently in a review [57]. This review
highlights the structural characteristics and mechanisms of the action of marine triterpene
glycosides, such as stichoposides, frondoside A, and cucumariosides. In particular, the membranotropic
and membranolytic activities of glycosides from sea cucumbers and their ability to induce
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cytotoxicity and apoptosis had been discussed, with a focus on structure-activity relationships.
Membrane transporters, which are modulated by triterpene glycosides and thus can be proposed as
potential therapeutic targets, were summarized. These include Na+-K+-ATPase and Ca2+-ATPase in
the sarcoplasmic/endoplasmic reticulum, L-type voltage-gated calcium channels, transient receptor
potential canonical (TRPC) channels, ryanodine receptor, voltage-gated Na+ channels (NaV1.2 and
NaV1.4), K+ channel (KV1.4), calcium-activated K+ channel (BKCa), human Ether-à-go-go Related
Gene (hERG), K+ channels (Kv11.1), N-methyl-D-aspartate (NMDA) receptors and nicotinic
acetylcholine receptors, as well as Ȗ-amino butyric acid (GABA) receptors. In addition, the
structural characteristics and antitumor effects of some sea cucumber glycosides have been reviewed
along with underlying their molecular mechanisms.
Moreover, in recent review, the mechanisms of the anticancer effects of triterpene glycosides,
frondoside A and cucumarioside A2-2, were summarized with specific emphasis on the apoptotic
activity of the glycosides and its effect on metastasis and invasion of cancer cells [58]. The authors
concluded that these glycosides may be considered to be both anticancer and cancer
preventive agents. Frondoside A and cucumarioside A2-2 both posses anti-leukemic properties by
inducing apoptosis.
Moreover, the anticancer effects of frondoside A and cucumarioside A2-2 might be through
inhibition of tumorigenesis and metastasis. The mechanisms are not clear and may be found in the
future. Frondoside A will be useful as a caspase-independent anti-leukemic agent in order to
overcome chemoresistance associated with a defect in both the extrinsic and intrinsic apoptotic
pathways. As a next step, the determination of the structural characteristics responsible for the in
vivo anticancer activities will be essential for their use as a drug. In addition, oral administration of
frondoside A and cucumariosides was recommended by authors in clinical trials.
3. Conclusions
In the last few decades, scientific literature from several countries has reported that, indeed,
triterpene glycosides from sea cucumbers do have a wide spectrum of biological effects including
cytotoxic, hemolytic, antifungal, ichthiotoxic, and other activities. It has been shown that a majority
of these activities are based on the interaction of these compounds with membrane sterols. Most
triterpene glycosides of sea cucumbers have strong membranotropic action against any cellular and
model membranes containing ǻ5-sterols. This interaction with biomembrane ǻ5-sterols results in
pore formation, changes in membrane viscosity and ion permeability, inhibition of some membrane
enzymes (such as ATPases) and others that lead finally to death of the cells.
Simultaneously, some sea cucumber triterpene glycosides exhibit pronounced anticancer effects
by direct interaction with tumor cells in the sub-cytotoxic range of concentration. The summarized
data of sea cucumber triterpene glycoside effects upon cancer cell viability, cell cycle/proliferation,
apoptosis, migration/metastasis, angiogenesis and tumor growth in vivo are presented in the Table 1.

Glycoside
Philinopside A
Philinopside E
Patagonicoside A
Holothurin A
Ds-echinoside A
Echinoside A
24-dehydro echinoside A
Colochiroside A
Intercedenside A
Okhotoside B1
Okhotoside B2
Okhotoside B3

Frondoside A

Stichoposide C
Cucumariosides A2-2

Cucumarioside A4-2

#
1
2
3
4
5
6
7
8
9
10
11
12

13

14
18

19

Reduction of cell viability, reduction of tumor growth in vivo [34]
Reduction of cell viability, reduction of tumor growth in vivo [35]
Reduction of cell viability [36]

Pearsonothuria graeffei

Colochirus anceps
Mensamaria intercedens

Cucumaria okhotensis

Cucumaria japonica

Thelenota anax

Cucumaria frondosa
Cucumaria okhotensis

Reduction of cell viability [36]; inhibition of colony formation [36,39,45] and cell
proliferation [41,42], cell cycle arrest [39–41], induction of apoptosis [40–42,58]; inhibition of
cell migration [43–45] and invasion [44,45]; inhibition of metastasis [43,44,58],
angiogenesis [44]; inhibition of MDR [51–53]; reduction of tumor growth in vivo [41,44];
enhancement of tumor growth inhibition by cytostatics [42,44,47]
Induction of apoptosis; reduction of tumor growth in vivo [38]
Inhibition of cell proliferation, cell cycle arrest and induction of apoptosis [48–50]; inhibition of
metastasis and invasion [58]; reduction of tumor growth in vivo [48,49]; enhancement of tumor
growth inhibition by cytostatics [55] inhibition of MDR [51–53]

Reduction of cell viability [30]; inhibition of cell adhesion, migration, metastasis and
invasion [30,33]; induction of apoptosis [31]; cell cycle arrest, reduction of tumor
growth in vivo [31,32]

Pentacta quadrangularis
Psolus patagonicus

Type of Activity
Reduction of cell viability [13,25], induction of apoptosis, inhibition of angiogenesis and tumor
growth in vitro and in vivo [26–28]
Suppression of cell proliferation [29]

Sea Cucumber sp.

Table 1. Effects of sea cucumber triterpene glycosides upon cancer cells and tumors.
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Basically, the detailed mechanism(s) of the anticancer activities of these glycosides still
remain largely unclear. However, the general details of this mechanism may be reduced to the
following points:
(a) induction of tumor cell apoptosis was shown to be one of the primary causative factors
through the activation of intracellular caspase cell death pathways (caspases 3/7 and 9);
(b) arrest of the cell cycle at S or G2/M phases and increase of the sub-G0/G1 cell population
which leads to the block of proliferation and apoptosis;
(c) regulation (up or down) of nuclear factor NF-țB, a key player linking chronic inflammation
and cancer;
(d) regulation (up or down) of certain cellular receptors and enzymes participating in
cancerogenesis, such as: EGFR (epithelial growth factor receptor, mutations affecting EGFR
expression or activity could result in cancer); AKt (or protein kinase B, involved in cellular
survival pathways by inhibiting apoptotic processes); ERK (extracellular signal-regulated kinase
controlling many cellular processes such as survival, proliferation, differentiation and motility);
FAK (focal adhesion kinase, a cell growth, cell proliferation, cell survival and cell migration
mediator, often dysfunctional in cells of cancer); and MMP-9 (matrix metalloproteinase-9,
implicated in tumor metastasis) and some others.
Finally, administration of some sea cucumber triterpene glycosides leads to reduction in cancer
cell adhesion, suppression of cell migration and tube formation in those cells, suppression of
angiogenesis, inhibition of cell proliferation, colony formation and tumor invasion, and, as a result,
marked growth inhibition of tumors in vitro and in vivo. Additionally, some holothurians’
triterpene glycosides have the potential to be used as P-gp mediated MDR reversal agents in
combined anticancer therapy with standard cytostatics.
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Fucoidan Derived from Undaria pinnatifida Induces Apoptosis
in Human Hepatocellular Carcinoma SMMC-7721 Cells via
the ROS-Mediated Mitochondrial Pathway
Lili Yang, Peisheng Wang, Huaxin Wang, Qiaomei Li, Hongming Teng, Zhichao Liu,
Wenbo Yang, Lin Hou and Xiangyang Zou
Abstract: Fucoidans, fucose-enriched sulfated polysaccharides isolated from brown algae and
marine invertebrates, have been shown to exert anticancer activity in several types of human cancer,
including leukemia and breast cancer and in lung adenocarcinoma cells. In the present study, the
anticancer activity of the fucoidan extracted from the brown seaweed Undaria pinnatifida was
investigated in human hepatocellular carcinoma SMMC-7721 cells, and the underlying mechanisms
of action were investigated. SMMC-7721 cells exposed to fucoidan displayed growth inhibition and
several typical features of apoptotic cells, such as chromatin condensation and marginalization, a
decrease in the number of mitochondria, and in mitochondrial swelling and vacuolation.
Fucoidan-induced cell death was associated with depletion of reduced glutathione (GSH),
accumulation of high intracellular levels of reactive oxygen species (ROS), and accompanied by
damage to the mitochondrial ultrastructure, depolarization of the mitochondrial membrane potential
(MMP, ǻȥm) and caspase activation. Moreover, fucoidan led to altered expression of factors related
to apoptosis, including downregulating Livin and XIAP mRNA, which are members of the inhibitor
of apoptotic protein (IAP) family, and increased the Bax-to-Bcl-2 ratio. These findings suggest that
fucoidan isolated from U. pinnatifida induced apoptosis in SMMC-7721 cells via the ROS-mediated
mitochondrial pathway.
Reprinted from Mar. Drugs. Cite as: Yang, L.; Wang, P.; Wang, H.; Li, Q.; Teng, H.; Liu, Z.; Yang, W.;
Hou, L.; Zou, X. Fucoidan Derived from Undaria pinnatifida Induces Apoptosis in Human
Hepatocellular Carcinoma SMMC-7721 Cells via the ROS-Mediated Mitochondrial Pathway.
Mar. Drugs 2013, 11, 1961-1976.
1. Introduction
Fucoidans are a class of fucose-enriched sulfated polysaccharides primarily extracted from brown
seaweeds [1,2]. It has recently been reported that fucoidans possess a wide variety of biological
activities, including anticoagulant, antiviral, anti-angiogenic, anticancer and immunomodulatory
activities [3,4]. In particular, the anticancer activity of fucoidans has attracted considerable attention.
Several investigations have demonstrated that fucoidans can effectively suppress proliferation and
colony formation by cancer cells in vitro [5], and inhibit metastasis and angiogenesis of Lewis lung
adenocarcinoma and B16 melanoma xenografts in vivo [6,7]. Compared to other sulfated
polysaccharides, the fucoidan extracted from the sporophylls of the brown seaweed Undaria pinnatifida
has a higher sulfate and L-fucose content, and exhibits a broader range of bioactivities [8].
Hepatocellular carcinoma (HCC) is the third leading cause of cancer-related deaths, which has
high morbidity and mortality rates [9,10]. Due to the accumulation of several genetic and epigenetic
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changes within the tumor cells, HCC has a relatively low therapeutic selectivity and high drug
resistance, and these major issues reduce the efficacy of chemotherapy in patients with this disease [11].
Apoptosis, or programmed cell death, is an important aspect of chemotherapy-induced tumor cell
death; and is the major mechanism of tumor cell death induced by many anticancer drugs and natural
products [12]. Caspase-dependent apoptosis is characterized by activation of either the extrinsic
pathway, initiated by activation of death receptors leading to the cleavage of caspase-8, or the
intrinsic pathway, triggered by mitochondrial depolarization, release of cytochrome c and the
subsequent activation of caspase-9 [13,14]. Disruptions to the factors regulating these apoptotic
pathways contributes substantially to the transformation of a normal cell into a tumor cell, and the
cells of some tumor types are relatively resistant to apoptosis [15,16].
Intracellular reactive oxygen species (ROS) are considered to be an apoptotic death signal [17].
However, low physiological levels of ROS also serve as a signaling messenger to mediate various
biological responses, including cell proliferation, angiogenesis, innate immunity, gene expression,
apoptosis and senescence [18]. It has also been established that increased levels of these short-lived
reactive molecules can exert harmful effects by inducing oxidative damage to biological
macromolecules and disrupting the cellular reduction-oxidation (redox) balance. Such disturbances
to ROS homeostasis are generally considered to be a risk factor for the initiation and progression of
diseases such as atherosclerosis, neurodegeneration and cancer [19]. ROS induce depolarization of
the mitochondrial membrane potential (MMP, ǻȥm) and the release of cytochrome c from the
mitochondria into the cytosol, where cytochrome c triggers activation of caspase-9 and initiates the
caspase cascade, which ultimately induces the cell to undergo apoptosis [20]. Tumor cells are more
sensitive to fluctuations in the levels of ROS than normal cells; therefore, ROS are also considered as
an important target in anticancer drug research [21,22].
The present study was designed to evaluate the anticancer effects of the fucoidan extracted from
U. pinnatifida sporophylls in human HCC SMMC-7721 cells, and investigate the molecular
mechanisms of these effects.
2. Results and Discussion
2.1. Preparation and Properties of U. pinnatifida Fucoidan
The fucoidan extracted and purified from U. pinnatifida sporophylls was a beige, fibrous powder
(purity > 90%). Infrared spectrum and 13C-NMR analyses of the sample revealed strong
characteristic absorption peaks for sulfated residues, fucose and galactose, respectively. The sample
mainly consisted of carbohydrates (68.37%), sulfates (21%) and uronic acid (10.89%), with fucose
and galactose mainly constituting the monosaccharide component; the percentage protein content
was determined to be 0.85%. The molecular weight of the purified fucoidan was approximately
10.4356 × 104 Da. The optical rotation of the fucoidan (0.6 mg/mL) at 20 °C was 0.99°.
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2.2. Fucoidan Induces Apoptosis in SMMC-7721 Cells
To investigate the effects of the fucoidan in human HCC cells, SMMC-7721 cells were exposed to
various concentrations of the fucoidan for up to 72 h, and then subjected to
3,(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The fucoidan inhibited
SMMC-7721 cell viability in a concentration- and time-dependent manner (Figure 1a,b).
Fucoidan-induced SMMC-7721 cell death was confirmed by Hoechst 33258 staining, and annexin
V/propidium iodide (PI) staining by flow cytometry. Nuclear fragmentation and chromatin
condensation, the typical morphological characteristics of apoptotic cells, were observed in
fucoidan-treated cells stained with Hoechst 33258 (Figure 1c); however, these features were rarely
observed in control cells. Annexin V/PI double-staining and flow cytometry revealed that fucoidan
effectively induced apoptosis in SMMC-7721 cells (Figure 1d). The proportion of apoptotic cells (lower
right quadrant) significantly increased from 9.8% in untreated cells to 14.5%–25.1% in fucoidan-treated
cells. The proportion of necrotic cells did not significantly change after exposure to fucoidan.
2.3. Effect of Fucoidan on Cell Cycle Distribution in SMMC-7721 Cells
To determine the effects of the fucoidan on the cell cycle, the cells were treated with the fucoidan
for 48 h, then the percentage of cells in each phase of cell cycle was determined by using a flow
cytometry. SMMC-7721 cells treated with fucoidan (1000 ȝg/mL) for 48 h tended to accumulate in
the S-phase; however, this increase was not significant compared to control cells (Figure 2).
Figure 1. Effects of fucoidan on cell viability and apoptosis in SMMC-7721
hepatocellular carcinoma (HCC) cells. (a and b) Viability of cells treated with various
concentrations of fucoidan (65.2–1000 ȝg/mL) for 48 h (a) or with 500 ȝg/mL fucoidan for
6, 12, 24, 48 or 72 h (b) as determined by the MTT assay. Data is the mean ± SD of at
least three independent experiments; * P < 0.05, ** P < 0.01 compared with control cells.
(c) Fucoidan induces apoptosis in SMMC-7721 cells. Nuclear morphology, as indicated
by Hoechst 33258 staining. (d) Quantification of apoptosis by the annexin V/PI double
staining assay using flow cytometry. LL (low left), LR (low right), UR (upper right),
and UL (upper left) denote viable (live), early apoptotic, late apoptotic and necrotic
cells, respectively.
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Figure 1. Cont.

Figure 2. Changes in the cell cycle distribution in SMMC-7721 cells treated with
fucoidan. The cell cycle trended towards accumulation of S phase cells in the cells
treated with fucoidan (500 ȝg/mL or 1000 ȝg/mL for 24 h).

2.4. Fucoidan-Induced Apoptosis in SMMC-7721 Cells Is Dependent on Caspase Activation
To assess whether the fucoidan-induced apoptosis in SMMC-7721 cells was caspase-dependent,
the enzyme activities of initiator (-8 and -9) and effector (-3) caspases were analyzed using
commercial colorimetric assays. As shown in Figure 3a, 1000 ȝg/mL fucoidan induced activation of
caspase-3 (P < 0.01), caspase-9 and caspase-8 (P < 0.05). Moreover, fucoidan lead to
downregulation of XIAP and Livin mRNA expression; these proteins are endogenous inhibitors of
caspase-3 and caspase-9 (Figure 3b).

234
Figure 3. Caspase activation and expression of inhibitor of apoptotic protein (IAP)
proteins during fucoidan-induced apoptosis in SMMC-7721 cells. (a) Activation of
caspase-3, caspase-8 and caspase-9 were examined using commercial colorimetric
assays and expressed as relative activities. The relative activities of caspase-3, caspase-8
and caspase-9 in SMMC-7721 cells treated with fucoidan for 24 h were higher than that
of untreated control cells. (b) RT-PCR analysis of Livin and XIAP mRNA expression.
GAPDH was examined as an endogenous control.

2.5. Effect of Fucoidan on Mitochondrial Morphology in SMMC-7721 Cells
The changes in mitochondrial ultrastructure were observed by transmission electron microscopy.
Cells treated with fucoidan for 24 h exhibited the typical features of apoptotic cells, including
swelling and vacuolation of the mitochondria (Figure 4a). The average number of mitochondria was
determined in a square area of 2000 nm × 2000 nm. The average mitochondrial number in cells
treated with fucoidan was significantly less than that in control cells (Figure 4b).
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2.6. Fucoidan Induces Mitochondrial Dysfunction and Increases the Bax/Bcl-2 Ratio in
SMMC-7721 Cells
Mitochondrial function was evaluated by measuring mitochondrial membrane potential (MMP,
ǻȥm) using the fluorochrome JC-1 and flow cytometry. Fucoidan treatment of SMMC-7721 cells
induced significant dissipation of the MMP (Figure 5a) in a concentration-dependent manner
(Figure 5b). Immunocytochemistry and western blotting analysis revealed that fucoidan
downregulated expression of the anti-apoptotic protein Bcl-2, and moderately increased expression
of the pro-apoptotic protein Bax. Fucoidan induced a concentration-dependent increase in the
Bax/Bcl-2 ratio in SMMC-7721 cells (Figure 5c,d).
Figure 4. Ultrastructural changes in mitochondrial morphology in SMMC-7721 cells
after exposure to fucoidan. (a) After 24 h treatment with fucoidan, SMMC-7721 cells
exhibited mitochondria swelling and vacuolation, as observed by transmission electron
microscopy. Arrows indicate swollen mitochondria. (b) The average number of
mitochondria was counted in a 2000 nm × 2000 nm square. Mitochondrial number was
significantly lower in the cells treated with fucoidan (1000 ȝg/mL) than control cells
(* P < 0.05).
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Figure 5. Fucoidan induces mitochondrial dysfunction and increases the Bax/Bcl-2 ratio
in SMMC-7721 cells. (a) Depolarization of mitochondrial membrane potential (MMP,
ǻȥm) was examined in control SMMC-7721 cells and SMMC-7721 cells exposed to
fucoidan (500 ȝg/mL or 1000 ȝg/mL for 24 h); the cells were stained with JC-1 and
analyzed by flow cytometry. (b) Percentage of cells with a low MMP (ǻȥm). Data are
mean ± SD of three independent experiments; ** P < 0.01 compared with control cells.
(c) Immunocytochemical localization of Bcl-2 and Bax. SMMC-7721 cells were treated
with fucoidan, fixed, permeabilized with 0.2% Triton X-100 and subjected to
immunofluorescent staining using anti-Bcl-2 and anti-Bax antibodies. Microphotographs
were taken using a fluorescence microscope. (d) Western blotting analysis of Bcl-2 and
Bax expression, and the Bax/Bcl-2 ratio in the cells exposed to fucoidan (500 ȝg/mL or
1000 ȝg/mL for 24 h) or unexposed. * P < 0.05, ** P < 0.01 compared to controls. Data
from optical density measurements were tested using one-way ANOVA.
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2.7. Fucoidan Induces Mitochondrial Release of Cytochrome c in SMMC-7721 Cells
Release of cytochrome c from the mitochondria to cytosol was detected using an
immunofluorescent method. The results showed that treatment of SMMC-7721 cells with fucoidan
induced the release of cytochrome c from the mitochondria into the cytosol (Figure 6).
Figure 6. Fucoidan induces the release of cytochrome c from the mitochondria in
SMMC-7721 cells. Immunocytochemical localization of cytochrome c. SMMC-7721
cells were treated with fucoidan (1000 ȝg/mL) for 24 h, fixed, permeabilized with 0.2%
Triton X-100 and subjected to immunofluorescent staining using a cytochrome c
antibody. Microphotographs were taken using a fluorescence microscope.

2.8. Fucoidan Induces an Intracellular ROS Burst and GSH Depletion in SMMC-7721 Cells
The generation of intracellular ROS in fucoidan-treated SMMC-7721 cells was monitored by
detection of the fluorescent probe (DCFH-DA) by flow cytometry. As shown in Figure 7a,b,
exposure to fucoidan triggered the production of ROS in a concentration-dependent manner. To
determine whether the changes in ROS accumulation were related to GSH depletion or a decline in
total anti-oxidant capability (T-AOC), we investigated the effects of fucoidan on intracellular GSH
and T-AOC in SMMC-7721 cells using commercial colorimetric assays. Fucoidan partially depleted
the intracellular GSH content (Figure 7c) and led to a decrease in cellular T-AOC in the cells
(Figure 7d).
2.9. Discussion
Fucoidans are potent inducers of apoptosis in various cancer cell lines. The fucoidan derived from
the sporophylls of U. pinnatifida has a higher sulfate and L-fucose content than the fucoidans
extracted from other brown seaweeds. U. pinnatifida fucoidan has previously been shown to possess
anti-cancer, anti-proliferative and anti-coagulative activities [8]. Several studies have also
demonstrated that fucoidans from several brown algae can activate the extrinsic or intrinsic apoptotic
pathways in a variety of cancer cell lines by altering the expression of apoptosis-associated or
signaling proteins, cell cycle regulatory proteins and transcription factors [23–26]. Although these
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fucoidan has been shown to induce apoptosis in SMMC-7721 HCC cells, the molecular and cellular
mechanism(s) underlying these effects had not yet been determined.
Figure 7. Fucoidan induces intracellular reactive oxygen species (ROS) generation, and
reduces glutathione GSH) content and total anti-oxidant capability (T-AOC) in the cells.
(a) Levels of ROS in SMMC-7721 cells following exposure to fucoidan. Cells were
treated with 500 ȝg/mL or 1000 ȝg/mL fucoidan for 24 h, then stained with detection of
the fluorescent probe (DCFH-DA) commercial colorimetric kit for flow cytometric
analysis. (b) Relative fluorescent intensity of DCFH-DA in fucoidan-treated cells,
expressed as a percentage of the control group. (c, d) Generation of intracellular GSH
and T-AOC were determined in cells treated with fucoidan for 24 h. ** P < 0.01
compared to control cells.

In the present study, exposure of SMMC-7721 cells to the fucoidan isolated from U. pinnatifida
sporophylls resulted in apoptotic cell death, accompanied by nuclear fragmentation, vacuolization of
the mitochondria, depolarization of the MMP, release of cytochrome c from the mitochondria and
caspase activation. Furthermore, the apoptosis induced by the fucoidan in SMMC-7721 cells was
related to the generation of ROS, depletion of intracellular GSH, a decrease in T-AOC, an increase in
the Bax/Bcl-2 ratio, and downregulation of XIAP and Livin. These observations suggest that the
fucoidan induces apoptosis in SMMC-7721 cells via the ROS-mediated mitochondrial pathway.
The ability to induce cellular apoptosis is an important property of many candidate anticancer
drugs [27]. Apoptosis is a tightly regulated process, which involves at least one of the caspase-dependent
signaling pathways: the cell death receptor pathway or the mitochondrial pathway [28]. In the
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mitochondrial pathway, a variety of death signals trigger the release and translocation of several
pro-apoptotic proteins from mitochondria to cytosol. Among the numerous factors known to
modulate apoptosis in cancer cells, the proteins of the Bcl-2 family are viewed as the main regulators
of apoptosis, and investigation of their function has been the focus of intensive research for more
than twenty years [29]. Bcl-2 is an anti-apoptotic protein, whereas Bax is a crucial pro-apoptotic and
tumor suppressor protein [30,31]. Bcl-2 also plays an important role in the regulation of
mitochondrial energetics, transport of adenine nucleotides, Ca2+ and other metabolites, and
mitochondrial membrane permeability [32]. The ratio of anti-apoptotic to pro-apoptotic molecules,
such as the Bcl-2/Bax ratio, indicates the threshold sensitivity of cells to the induction of apoptosis
via the intrinsic pathway [33]. In our experiment, the protein expression levels of Bcl-2 and Bax were
assessed. Our results indicated that the fucoidan downregulated Bcl-2 protein expression,
upregulated Bax protein expression, and increased the Bax/Bcl-2 ratio in a concentration-dependent
manner in SMMC-7721 cells.
Activation of caspases is a pivotal step in the apoptotic process, and is triggered by signals from
death factors, mitochondrial alterations or DNA damage due to external and/or internal insults [34].
Regardless of whether apoptosis occurs by the cell death receptor pathway or mitochondrial
pathway, both pathways ultimately activate caspase-3, which in turn induces DNA fragmentation,
the characteristic morphological change associated with apoptotic cells; activation of caspase-3
indicates a key and irreversible point in the induction of apoptosis [35]. Depolarization of MMP
induced by apoptotic stimuli often leads to mitochondrial permeability transition pore formation,
which enables the release of cytochrome c from the mitochondrial inter-membrane space into the
cytosol [36], which in turn triggers the activation of caspase-9 and induces apoptosis via the
caspase-dependent mitochondrial pathway [37]. In the present study, exposure to the fucoidan
resulted in depolarization of the MMP, release of cytochrome c from the mitochondria, and
activation of caspase-3, caspase-8 and caspase-9 in SMMC-7721 cells. Of the members of the IAP
protein family, XIAP has been reported to exert the strongest anti-apoptotic function, as it inhibits
caspase-3, caspase-7 and caspase-9 [38]. Livin also inhibits the activation of caspase-9 induced by
cytochrome c, Apaf-1 and dATP [39]. This study demonstrated that the fucoidan downregulated the
expression of XIAP and Livin mRNA, which was associated with activation of caspase-3 and
caspase-9, indicating that fucoidan-induced apoptosis occurred via the mitochondrial pathway. Our
results also suggest that the fucoidan-induced apoptosis also involved co-activation of the caspase-8 and
caspase-9-mediated pathway.
Oxidative stress refers to an imbalance between pro-oxidant and anti-oxidant factors, which are
controlled by multiple components; such imbalances may lead to cellular damage. ROS play a key
role in oxidative stress, and are generated as by-products of cellular metabolism, primarily in the
mitochondria [40]. Once accumulated, ROS can attack cellular proteins, DNA and lipids, which
leads to a state of oxidative stress. ROS contribute to a number of human diseases including
cardiovascular, inflammatory and neurodegenerative diseases, as well as cancer. Elevated levels of
mitochondrial ROS have been shown to be sufficient to trigger apoptosis [41]. In this study, the
apoptotic effect of the fucoidan in SMMC-7721 cells was associated with a rapid increase in the
levels of intracellular ROS; after treatment with the fucoidan for 24 h, the levels of ROS significantly
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increased. Additionally, the fucoidan-induced ROS generation was associated with a significant
depletion of intracellular GSH, which is a major non-protein cellular antioxidant which can eliminate
intracellular ROS [42]. The degree of exposure to ROS and perturbations to the GSH redox balance
play a critical role in determining whether cells undergo a pro-survival or pro-death response [43]. A
10% reduction in the GSH content can induce apoptosis in a variety of cancer cells, including lung
cancer, hepatoma and breast cancer cells, but has almost no effect in normal cells. Tumor cells have
a significantly higher sensitivity to changes in the levels of GSH, due to the fact that tumor cells have
a heightened basal level of ROS-mediated signals which contributes to their increased rate of growth,
metabolism and proliferation; therefore, tumor cells may be more vulnerable to oxidative stress [22].
In this study, the total cellular antioxidant capacity (T-AOC) was remarkably decreased in
fucoidan-treated SMMC-7721 cells. Fucoidan might exhausted the total cellular antioxidant capacity
and increased the ROS levels beyond a “threshold”, which may have contributed to the induction of
apoptosis in SMMC-7721 cells. Similar findings with regards to cell cycle arrest were reported to be
induced by the fucoidan from Mozuku seaweed (Cladosiphon novae-caledoniae Kylin) in MCF-7
breast cancer cells [44].
Taken together, our findings demonstrate that the fucoidan induces apoptosis in SMMC-7721
cells via the ROS-mediated mitochondrial pathway, by increasing ROS production, inducing
mitochondrial oxidative damage, MMP depolarization and release of cytochrome c, combined with
downregulation of XIAP and Livin and activation of caspase-3 and caspase-9. We suggest that the
potent pro-apoptotic effects of the fucoidan be due to its high content of sulfate groups, which
resulted in depletion of intracellular GSH, which in turn triggered mitochondrial oxidative damage
and the activation of caspase-9 and caspase-3. This study suggests that marine fucoidans may
represent candidate anti-cancer drugs. Further research is required to investigate how fucoidans enter
tumor cells, and to determine whether they are absorbed directly by the tumor cells and/or
accumulate in tumor tissues.
3. Experimental Section
3.1. Reagents and Antibodies
RPMI 1640 medium, antibiotics (penicillin and streptomycin), trypsin-EDTA, dimethylsulfoxide
(DMSO) and fetal bovine serum (FBS) were obtained from Hyclone (Logan, UT, USA). MTT
reagent and trypsin were purchased from Sigma (St. Louis, MO, USA). Mouse anti-Bcl-2, Bax and
cytochrome c IgG monoclonal antibodies and rabbit anti-ȕ-actin IgG polyclonal antibody were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Horseradish
peroxidase-conjugated anti-rabbit and anti-mouse IgG were purchased from Beijing Zhongshan
Biotechnology Co., Ltd. (Bejing, China). FITC-conjugated rabbit anti-mouse IgG was obtained from
Thermo Fisher Scientific (NY, USA). The human cytochrome c ELISA kit was obtained from
Bioleaf Biotechnology Co., Ltd. (Shanghai, China). Annexin V-FITC, propidium iodide (PI) and
Hoechst 33258 were supplied by KeyGen Biological Technology Co., Ltd. (Nanjing, China).
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3.2. Preparation and Analysis of Fucoidan
The fucoidan was prepared from sporophylls of U. pinnatifida by trypsin-enzymatic hydrolysis
and alcohol grade precipitation. Infrared spectra and 13C-NMR spectra were recorded on Nicolet
510P spectrophotometer (Nicolet Co., USA) and Brucker AV500 NMR instrument (Brucker Co.,
Sweden), respectively. The total carbohydrate, sulfate radical and uronic acid contents were
measured by the phenol-sulfuric acid reaction, BaCl2-gelation and sulfuric acid-carbazole
colorimetric methods, respectively. The molecular weight of the sample was evaluated by size
exclusion chromatography using TSK-gel G 3000 PWXL (TOSOH, Tokyo, Japan). Optical rotation
was measured at 589 nm using the WZZ-1 polarimeter (Yemao Co., Ltd., Shanghai, China) at 20 °C.
Above tests were performed as previously reported [4].
3.3. Cell Culture
The human HCC cell line SMMC-7721 was obtained from the Cell Bank of the Chinese Academy
of Sciences (Beijing, China). SMMC-7721 cells were cultured in RPMI 1640 medium containing
10% FBS, 100 ȝg/mL penicillin and 100 ȝg/mL streptomycin. The cells were incubated at 37 °C in a
humidified incubator (Thermo Fisher Scientific, New York, NY, USA) in an atmosphere of 5% CO2.
3.4. Cell Viability Assay
The effects of fucoidan on SMMC-7721 cell viability were measured using the MTT assay.
Logarithmically-growing SMMC-7721 cells were seeded at a density of 2 × 104 cells/well in 96-well
plates and allowed to adhere for 24 h at 37 °C. Then, the supernatant was replaced with 200 ȝL
culture medium supplemented with different concentrations of fucoidan. The cells were incubated
for 6, 12, 24, 48 or 72 h, then 20 ȝL MTT (5 mg/mL) was added to each well, incubated for an
additional 4 h at 37 °C, the medium was removed, the formazan crystals were dissolved in 150 ȝL
DMSO, and the absorbance values were measured at wavelength of 490 nm using a microplate
reader (Thermo Fisher Scientific).
3.5. Cell Cycle Analysis
The cell cycle distribution of cells treated with fucoidan for 24 h or 48 h was assayed by
measuring the DNA content of nuclei labeled with propidium iodide (PI). Briefly, the cells were
harvested, fixed in 70% ethanol for 24 h, incubated with 50 ȝg/mL PI and 0.25 mg/mL RNase A at
37 °C for 30 min, and then analyzed using a FACSCalibur™ Flow Cytometer (BD Biosciences, San
Jose, CA, USA) with excitation at 488 nm and detection at 620 nm. Data was gated to exclude
cellular debris. The proportions of G1, S and G2-M phase cells were calculated from the DNA
content histograms.

242
3.6. Apoptosis Assay
SMMC-7721 cells were seeded into 6-well plates (3 × 105 cells /well), allowed to adhere for 24 h,
and treated with 500 ȝg/mL or 1000 ȝg/mL fucoidan for 24 h. The cells were collected, washed twice
with chilled PBS and stained using annexin V-FITC labeling solution (annexin V-fluorescein in
binding buffer containing PI (KeyGen)) according to the manufacturer’s protocol. Apoptotic cells
were analyzed by using a FACSCalibur flow cytometry.
3.7. Hoechst 33258 Staining
The cells treated with fucoidan were stained with Hoechst 33258 (4 ȝg/mL) for 30 min, fixed for
10 min in 4% para-formaldehyde (PFA), and then observed by DMI-4000B inverted fluorescence
microscopy (Leica, Germany).
3.8. Transmission Electron Microscopy
SMMC-7721 cells were treated with fucoidan for 24 h, washed with PBS, centrifuged (1000 rpm
for 10 min), and the cell pellets were fixed in 2.5% glutaraldehyde in pH 7.2 sodium cacodylate
buffer overnight. The cells were post-fixed in 1% osmium tetroxide, dehydrated through an
ascending alcohol series, embedded in Epon resin and sectioned using an ultramicrotome. Ultrathin
sections were stained with saturated uranyl acetate and aqueous lead citrate, and examined by
transmission electron microscopy using a JEM-1220 (JEOL, Japan) operating at 60 kV.
3.9. Assay of Mitochondrial Membrane Potential
Mitochondrial membrane potential (ǻȥm) was measured using the mitochondrial membrane
sensor kit containing the dye JC-1 (Nanjing KeyGEN Biotech. Co., Ltd., Nanjing, China), as
described by the manufacturer. The cells were treated with or without fucoidan for 24 h, and then
harvested for flow cytometric analysis.
3.10. Immunofluorescence Staining
The cells were suspended in RPMI 1640 medium and transferred to 6-well plates (3 × 105 cells/well)
culture dished with sterile cover slips and grown up to 60% confluency, and the cells were treated
with or without fucoidan for 24 h. Cells grown on cover slips washed with cold PBS, fixed for 15 min
with 4% PFA, permeabilized with 0.2% Triton X-100 in PBS for 5 min, blocked with 0.1% BSA, and
then incubated with the appropriate primary antibody in 1% BSA at room temperature, detected by
the appropriate fluorescence-conjugated anti-rabbit or anti-mouse IgG antibody for 15 min. After
washing with PBS, the cover slips were mounted of coverslides on glass slides and analyzed under
using a LSM510 fluorescence microscope (Carl Zeiss, Germany).
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3.11. Caspase Activation Assays
Caspase-3, caspase-8 and caspase-9 activation was determined using Caspase Colorimetric Assay
kits (KeyGen) following the manufacturer’s instructions. The background absorbance value was
subtracted from the absorbance results of the test wells. These experiments were performed
independently three times.
3.12. Measurement of Intracellular ROS, GSH Levels and T-AOC
ROS generation was monitored by staining cells with DCFH-DA using T-AOC detection assay kit
(KeyGen). Briefly, following exposure to fucoidan, the cells were incubated with 5 ȝM DCFH-DA at
37 °C for 30 min, trypsinized, washed with PBS and the fluorescence intensity of the cells was
analyzed immediately by flow cytometry using FI-1 filters at an excitation wavelength of 488 nm.
Generation of intracellular reduced glutathione (GSH), an index of cellular reducing power, and total
antioxidant capability (T-AOC) were measured using the kits following the manufacturer’s instructions.
3.13. Western Blot Analysis
Cells were collected, washed twice with cold PBS, lysed using lysis buffer (KeyGen) for 20 min
on ice, and centrifuged at 14,000 g for 20 min at 4 °C. The supernatant of the protein lysates was
subjected to SDS-PAGE using 12% gel, electro-transferred onto nitrocellulose membranes,
incubated with the appropriate specific primary and secondary antibodies, and the bands were
detected using chemiluminescence.
3.14. Semi-Quantitative RT-PCR Analysis
For RT-PCR analysis of Livin and XIAP mRNA expression, total RNA was isolated from the cells
using TRIzol (Invitrogen, Carlsbad, CA, USA) and cDNA was synthesized according to the
manufacturer’s instructions (TaKaRa, Japan). The sequences of the forward and reverse primers
were: 5ƍ-CGTCTTGGTTCTTCCCA-3ƍ and 5ƍ-GTTCCCCAGCTGTCAGTTC-3ƍ for Livin;
5ƍ-TGTCCCTTCTGTTCTAACAG-3ƍ and 5ƍ-GCAGGGTTTCTTTATACTGG for XIAP; and
5ƍ-CGCGAGAAGATGACCCAGAT-3ƍ and 5ƍ-GCACTGTGTTGGCGTACAGG-3ƍ for GAPDH.
PCR analysis was performed under the following conditions: denaturation at 94 °C for 5 min,
followed by 35 cycles of denaturation for 30 s at 94 °C, annealing for 30 s at 55 °C and extension for
60 s at 72 °C. The amplified products were analyzed by 1% agarose gel electrophoresis followed by
ethidium bromide staining. GAPDH served as a loading control.
3.15. Statistical Analysis
Statistical analysis of the data was performed using SPSS 11.5 software. Each experiment was
carried out twice with triplicate measurements for quantitative comparisons, and data are expressed
as the mean ± SD values. The Student’s t-test was used to determine the significance of the
differences in multiple comparisons; * P < 0.05 was considered statistically significant.
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4. Conclusions
Taken together, our findings demonstrate that fucoidan induces apoptosis in SMMC-7721 cells
via the ROS-mediated mitochondrial pathway, by increasing ROS production, inducing
mitochondrial oxidative damage, MMP depolarization and release of cytochrome c, combined with
downregulation of XIAP and Livin and activation of caspase-3 and caspase-9. U. pinnatifida fucoidan
might have potential as a candidate marine drug for human hepatocarcinoma.
Acknowledgments
This research was supported by Research Fund from Education Department of Liaoning Province
of the People’s Republic of China (No. 2009A199), the Science and Technology Department
Program of Liaoning Province of China (2011225013).
Conflict of Interest
The authors declare no conflict of interest.
References
1.

2.

3.
4.

5.

6.

7.
8.

Bilan, M.I.; Grachev, A.A.; Ustuzhanina, N.E.; Shashkov, A.S.; Nifantiev, N.E.; Usov, A.I.
Structure of a fucoidan from the brown seaweed Fucus evanescens C.Ag. Carbohydr. Res.
2002, 337, 719–730.
Li, B.; Wei, X.J.; Sun, J.L.; Xu, S.Y. Structural investigation of a fucoidan containing
a fucose-free core from the brown seaweed, Hizikia fusiforme. Carbohydr. Res. 2006, 341,
1135–1146.
Wijesekara, I.; Pangestuti, R.; Kim, S.K. Biological activities and potential health benefits of
sulfated polysaccharides derived from marine alga. Carbohydr. Polym. 2011, 84, 14–21.
Liu, F.; Wang, J.; Chang, A.K.; Liu, B.; Yang, L.L.; Li, Q.M.; Wang, P.S.; Zou, X.Y. Fucoidan
extract derived from Undaria pinnatifida inhibits angiogenesis by human umbilical vein
endothelial cells. Phytomedicine 2012, 19, 797–803.
Ermakova, S.; Sokolova, R.; Kim, S.M.; Um, B.H.; Isakov, V.; Zvyagintseva, T. Fucoidan from
brown seaweeds Sargassum hornery, Eclonia cava, Costaria costata: Structural characteristics
and anticancer activity. Appl. Biochem. Biotechnol. 2011, 164, 841–850.
Alekseyenko, T.V.; Zhanayeva, S.Y.; Venediktova, A.A.; Zvyagintseva, T.N.; Kuznetsova, T.A.;
Besednova, N.N.; Korolenko, T.A. Antitumor and antimetastatic activity of fucoidan, a sulfated
polysaccharide isolated from the Okhotsk Sea Fucus evanescens brown alga. Bull. Exp.
Biol. Med. 2007, 143, 730–732.
Koyanagi, S.; Tanigawa, N.; Nakagawa, H.; Soeda, S.; Shimeno, H. Oversulfation of fucoidan
enhances its anti-angiogenic and antitumor activities. Biochem. Pharmacol. 2003, 65, 173–179.
Kim, K.J.; Lee, O.H.; Lee, B.Y. Genotoxicity studies on fucoidan from porophyll of Undaria
pinnatifida. Food Chem. Toxicol. 2010, 48, 1101–1104.

245
9. Parkin, D.M.; Bray, F.; Ferlay, J.; Pisani, P. Global cancer statistics, 2002. CA Cancer J. Clin.
2005, 55, 74–108.
10. Trevisani, F.; Cantarini, M.C.; Wands, J.R.; Bernardi, M. Recent advances in the natural history
of hepatocellular carcinoma. Carcinogenesis 2008, 29, 1299–1305.
11. Chen, D.; Yao, W.J.; Zhang, X.L.; Han, X.Q.; Qu, X.Y. Effects of Gekko sulfated
polysaccharide-protein complex on human hepatoma SMMC-7721 cells: Inhibition of
proliferation and migration. J. Ethnopharmacol. 2010, 127, 702–708.
12. Hu, W.; Kavanagh, J.J. Anticancer therapy targeting the apoptotic pathway. Lancet Oncol. 2003,
4, 721–729.
13. Wei, M.C.; Lindsten, T.; Mootha, V.K.; Weiler, S.; Gross, A.; Ashiya, M.; Thompson, C.B.;
Korsmeyer, S.J. tBID, a membrane-targeted death ligand, oligomerizes BAK to release
cytochrome c. Gene. Dev. 2000, 14, 2060–2071.
14. Szegezdi, E.; Fitzgerald, U.; Samali, A. Caspase-12 and ER-stressmediated apoptosis: The story
so far. Ann. N. Y. Acad. Sci. 2013, 1010, 186–194.
15. LaCasse, E.C.; Baird, S.; Korneluk, R.G.; MacKenzie, A.E. The inhibitors of apoptosis (IAPs)
and their emerging role in cancer. Oncogene 1998, 17, 3247–3259.
16. Rohayem, J.; Diestelkoetter, P.; Weigle, B.; Oehmichen, A.; Schmitz, M.; Mehlhorn, J.;
Conrad, K.; Rieber, E.P. Antibody response to the tumor-associated inhibitor of apoptosis
protein survivin in cancer patients. Cancer Res. 2000, 60, 1815–1817.
17. Martin, K.R.; Barrett, J.C. Reactive oxygen species as double-edged swords in cellular
processes: Low-dose cell signaling versus high-dose toxicity. Hum. Exp. Toxicol. 2002, 21,
71–75.
18. Scherz-Shouval, R.; Elazar, Z. Regulation of autophagy by ROS: Physiology and pathology.
Trends Biochem. Sci. 2011, 36, 30–38.
19. Acharya, A.; Das, I.; Chandhok, D.; Saha, T. Redox regulation in cancer: A double-edged sword
with therapeutic potential. Oxid. Med. Cell. Longev. 2010, 3, 23–34.
20. Simon, H.U.; Haj-Yehia, A.; Levi-Schaffer, F. Role of reactive oxygen species (ROS) in
apoptosis induction. Apoptosis 2000, 5, 415–418.
21. Schumacker, P.T. Reactive oxygen species in cancer cells: Live by the sword, die by the sword.
Cancer Cell 2006, 10, 175–176.
22. Pelicano, H.; Carney, D.; Huang, P. ROS stress in cancer cells and therapeutic implications.
Drug Resist. Update 2004, 7, 97–110.
23. Ye, J.; Li, Y.P.; Teruya, K.; Katakura, Y.; Ichikawa, A. Enzyme-digested fucoidan extracts
derived from seaweed Mozuku of Cladosiphon novae-caledoniae kylin inhibit invasion and
angiogenesis of tumor cells. Cytotechnology 2005, 47, 117–126.
24. Aisa, Y.; Miyakawa, Y.; Nakazato, T.; Shibata, H.; Saito, K.; Ikeda, Y.; Kizaki, M. Fucoidan
induces apoptosis of human HS-sultan cells accompanied by activation of caspase-3 and
down-regulation of ERK pathways. Am. J. Hematol. 2005, 78, 7–14.
25. Hyun, J.H.; Kim, S.C.; Kang, J.I.; Kim, M.K.; Boo, H.J.; Kwon, J.M.; Koh, Y.S.; Hyun, J.W.;
Park, D.B.; Yoo, E.S.; et al. Apoptosis inducing activity of fucoidan in HCT-15 colon
carcinoma cells. Biol. Pharm. Bull. 2009, 32, 1760–1764.

246
26. Miyamoto, Y.Y.; Yamasaki, M.; Tachibana, H.; Yamada, K. Fucoidan induces apoptosis
through activation of caspase-8 on human breast cancer MCF-7 cells. J. Agric. Food Chem.
2009, 57, 8677–8682.
27. Frankfurt, O.S.; Krishan, A. Apoptosis-based drug screening and detection of selective toxicity
to cancer cells. Anticancer Drugs 2003, 14, 555–561.
28. Reed, J.C. Apoptosis-regulating proteins as targets for drug discovery. Trends Mol. Med. 2001,
7, 314–319.
29. Thibaud, T.R.; Oscar, T.; Bruno, A.; Laurent, M.D.; Stephen, M. Regulation of Bax
mitochondrial localization by Bcl-2 and Bcl-xl: Keep your friends close but your enemies
closer. Int. J. Biochem. Cell Biol. 2013, 45, 64–67.
30. Tsujimoto, Y.; Shimizu, S. Bcl-2 family: Life-or-death switch. FEBS Lett. 2000, 466, 6–10.
31. Yamaguchi, H.; Bhalla, K.; Wang, H.G. Bax plays a pivotal role in thapsigargin-induced
apoptosis of human colon cancer HCT116 cells by controlling Smac/Diablo and Omi/HtrA2
release from mitochondria. Cancer Res. 2003, 63, 1483–1489.
32. Murphy, E.; Imahashi, K.I.; Steenbergen, C. Bcl-2 regulation of mitochondrial energetics.
Trends Cardiovasc. Med. 2005, 15, 283–290.
33. Danial, N.N.; Korsmeyer, S.J. Cell death: Critical control points. Cell 2004, 116, 205–219.
34. Budihardjo, I.; Oliver, H.; Lutter, M.; Luo, X.; Wang, X. Biochemical pathways of caspase
activation during apoptosis. Annu. Rev. Cell Dev. Biol. 1999, 15, 269–290.
35. Janicke, R.U.; Sprengart, M.L.; Wati, M.R.; Porter, A.G. Caspase-3 is required for DNA
fragmentation and morphological changes associated with apoptosis. J. Biol. Chem. 1998, 273,
9357–9360.
36. Bernardi, P.; Vassanelli, S.; Veronese, P.; Colonna, R.; Szabo, I. Modulation of the
mitochondrial cyclosporin A-sensitive permeability transition pore by the proton
electrochemical gradient. J. Biol. Chem. 1998, 267, 8834–8839.
37. Pradelli, L.A.; Beneteau, M.; Ricci, J.E. Mitochondrial control of caspase-dependent and
independent cell death. Cell. Mol. Life Sci. 2010, 67, 1589–1597.
38. Eckelman, B.P.; Salvesen, G.S.; Scott, F.L. Human inhibitor of apoptosis proteins: Why XIAP is
the black sheep of the family. EMBO Rep. 2006, 7, 988.
39. Kasof, G.M.; Gomes, B.C. Livin, a novel inhibitor of apoptosis protein family member. J. Biol.
Chem. 2001, 276, 3238–3246.
40. Quan, Z.W.; Gu, J.; Dong, P.; Lu, J.H.; Wu, X.S.; Wu, W.G.; Fei, X.Z.; Li, S.G.; Wang, Y.;
Wang, J.W. Reactive oxygen species-mediated endoplasmic reticulum stress and mitochondrial
dysfunction contribute to cirsimaritin-induced apoptosis in human gallbladder carcinoma
GBC-SD cells. Cancer Lett. 2010, 295, 252–259.
41. Fleury, C.; Mignotte, B.; Vayssière, J.L. Mitochondrial reactive oxygen species in cell death
signaling. Biochimie 2002, 84, 131–141.
42. Higuchi, Y. Glutathione depletion-induced chromosomal DNA fragmentation associated with
apoptosis and necrosis. J. Cell. Mol. Med. 2004, 8, 455–464.

247
43. Yuan, L.Y.; Kaplowitz, N. Glutathione in liver diseases and hepatotoxicity. Mol. Aspects Med.
2009, 30, 29–41.
44. Zhang, Z.Y.; Teruya, K.; Eto, H.; Shirahata, S. Fucoidan extract induces apoptosis in MCF-7
cells via a mechanism involving the ROS-dependent JNK Activation and
mitochondria-mediated pathways. PLoS One 2011, 6, e27441.

248

Cytotoxic Effects of Fucoidan Nanoparticles
against Osteosarcoma
Ryuichiro Kimura, Takayoshi Rokkaku, Shinji Takeda, Masachika Senba and Naoki Mori
Abstract: In this study, we analyzed the size-dependent bioactivities of fucoidan by comparing the
cytotoxic effects of native fucoidan and fucoidan lipid nanoparticles on osteosarcoma in vitro and
in vivo. In vitro experiments indicated that nanoparticle fucoidan induced apoptosis of an
osteosarcoma cell line more efficiently than native fucoidan. The more potent effects of
nanoparticle fucoidan, relative to native fucoidan, were confirmed in vivo using a xenograft
osteosarcoma model. Caco-2 cell transport studies showed that permeation of nanoparticle fucoidan
was higher than native fucoidan. The higher bioactivity and superior bioavailability of nanoparticle
fucoidan could potentially be utilized to develop novel therapies for osteosarcoma.
Reprinted from Mar. Drugs. Cite as: Kimura, R.; Rokkaku, T.; Takeda, S.; Senba, M.; Mori, N.
Cytotoxic Effects of Fucoidan Nanoparticles against Osteosarcoma. Mar. Drugs 2013, 11,
4267-4278.
1. Introduction
Fucoidan, commonly found in brown seaweeds, consists mainly of fucose and sulfate with small
amounts of galactose, xylose, mannose and uronic acid [1,2]. Fucoidan has steadily attracted
attention in the last two decades and is currently known to have anticoagulant, antiviral,
anti-inflammatory and anticancer activities [1,2]. Our laboratory has focused on the evaluation of
fucoidan for the treatment of malignancies and/or viral infectious diseases [3–5]. The main
mechanism of the anticancer activities of fucoidan is considered to be the regulation of molecules
related to apoptosis and cell cycle [6]. One main feature of fucoidan is its high molecular weight. It
cannot be degraded by human digestive enzymes [7]. Several groups have attempted to develop a
method to produce a low molecular weight fucoidan (LMWF) [1]. These attempts are based on the
in vitro finding that the anticancer activity of fucoidan in lung cancer cell line is significantly
improved after lowering its molecular weight [8]. Paradoxically, high molecular weight fucoidan
(HMWF) promotes a greater increase in the proportion of murine cytotoxic T cells than middle or
LMWF in mice fed experimental diet [9]. Nevertheless, a recent study using a colon cancer-bearing
mouse model demonstrated that oral administration of LMWF increased survival time, similar to
HMWF, compared with the control [10]. Thus, there is no definite agreement on the effects of
molecular weight of fucoidan on its anticancer properties.
The oral route is the conventional mean of drug administration, especially in patients requiring
long-term treatment. The nanoparticle approach has been recently explored for natural products and
chemotherapeutic agents [11]. Biocompatible nanoparticles have been developed, which are
essentially inert systemic carriers used to deliver therapeutic compounds to target cells and tissues [11].
Based on their peculiar size, nanoparticle drugs easily penetrate the cell and cell organelles; and,
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because of their large surface area and enhanced bioavailability, tend to be more active than their
microstructure counterparts.
Osteosarcoma is the most common primary bone tumor. The peak incidence of this aggressive
tumor coincides with the period of rapid skeletal growth, thus affecting mostly children and
adolescents [12]. The recent introduction of neoadjuvant and adjuvant chemotherapy combined
with surgery has increased the 5-year survival rate for localized disease by greater than 60%
compared with surgery alone [13,14]. However, patients with advanced diseases with metastasis
continue to have poor prognosis with 5-year survival rates below 30% [14]. Moreover, there are
currently no effective therapeutic options for patients who relapse following administration of
chemotherapeutic agents or those who suffer toxicities from chemotherapy. Therefore, the
discovery and development of novel chemotherapeutic agents that can improve the survival rates of
patients with osteosarcoma and/or lower the occurrence of the toxic side effects of currently
approved agents is of utmost importance.
Although several reports have described the potent anti-neoplastic activity of fucoidan against
several diverse types of malignancies, size-dependent bioactivities have attracted attention [2,8–10].
In the present study, fucoidan extracted from Cladosiphon okamuranus was encapsulated in
nanoparticles using liposomes as nanocarriers, and its anticancer effects were assessed in a cell
culture system. Furthermore, we examined the effects of oral administration of fucoidan on tumor
growth and lung metastasis using an ostersarcoma tumor-bearing mouse model.
2. Results and Discussion
2.1. Cytotoxic Effects of Fucoidan on Osteosarcoma Cells
The freeze fracture electron micrography (FFEM) was undertaken to determine the structure of
the obtained SLP-PC70 liposomes. Figure 1 shows a typical FFEM image of the SLP-PC70
liposomes, confirming that they are small unilamellar vesicles. The particle size of the liposomes
was about 100 nm.
In the initial set of experiments, the cytotoxic effect of different concentrations of nanoparticle
fucoidan on a human osteosarcoma cell line 143B was evaluated using water-soluble tetrazolium
(WST)-8 assays. Nanoparticle fucoidan reduced the viability of these cells in dose- and
time-dependent manners (Figure 2A). The maximum decline in cell viability of 80% after 72 h
culture was achieved with nanoparticle fucoidan concentration of 2 mg/mL, beyond which the
effect plateaued. Thus, in all subsequent studies, we used nanoparticle fucoidan at concentrations of
1 and 2 mg/mL.
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Figure 1. Freeze fracture electron micrograph of SLP-PC70 liposomes prepared by the
mechanochemical method.

Apo2.7 specifically detects the 38 kDa mitochondrial membrane antigen 7A6 expressed on the
mitochondrial outer membrane during apoptosis [15]. Nanoparticle fucoidan induced apoptosis in
143B cells, as shown by Apo2.7 staining, in dose-and time-dependent manners (Figure 2B). After
incubation for 72 h, 35% and 73% of cells treated with 1 or 2 mg/mL nanoparticle fucoidan stained
positively for Apo2.7, respectively, compared with only 15% of cells treated with the medium
alone (Figure 2B).
Next, we investigated the effect of HMWF on the induction of apoptosis. The apoptosis-inducing
activity of native fucoidan (molecular weight: 80 kDa) was lower (25%) than that of nanoparticle
fucoidan (94%) when both were used at 2 mg/mL (Figure 2C). These results suggest that
nanoparticle fucoidan is more active than native fucoidan in the induction of apoptosis of cultured
osteosarcoma cells.
Caspases are a family of cysteine acid proteases that play an integral role in the cascade that
leads to apoptosis [16]. Pre-incubation of 143B cells with the pan-caspase inhibitor Z-VAD-FMK
60 min before the addition of nanoparticle fucoidan significantly inhibited the decrease in cell
viability (Figure 2D). These results indicate that nanoparticle fucoidan induces apoptosis through
the activation of caspase pathway.
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Figure 2. Fucoidan induces apoptosis of 143B cells, (A) Dose- and time-dependent
reduction of cell viability in 143B cells following the addition of nanoparticle fucoidan
to the cell cultures. 143B cells were treated with increasing concentrations of
nanoparticle fucoidan. Twenty-four, 48 and 72 h later, cell viability was analyzed using
the WST-8 assay. Data represent percentage of cell survival compared with the control
and are expressed as mean ± SD (n = 3); (B) Flow cytometric analysis using Apo2.7
staining on nanoparticle fucoidan-treated and untreated cells. The analysis confirmed
nanoparticle fucoidan-induced decline in 143B cell viability was the result of apoptosis;
(C) Nanoparticle fucoidan is more potent than native fucoidan in inducing apoptosis.
143B cells were incubated with nanoparticle fucoidan or native fucoidan (1 and 2 mg/mL)
for 72 h. Cells were stained with Apo2.7 and analyzed by flow cytometry. The data
shown here are from a representative experiment repeated 3 times with similar results.
Ab, antibody; Nano-Fuc, nanoparticle fucoidan; Native-Fuc, native fucoidan; (D) Effect
of Z-VAD-FMK, a pan-caspase inhibitor, on nanoparticle fucoidan-induced apoptosis.
143B cells were pre-treated for 1 h with 20 M of Z-VAD-FMK before the addition of
nanoparticle fucoidan. Cell viability was analyzed 72 h later using the water-soluble
tetrazolium (WST)-8 assay. Data represent the percentage of cell survival compared
with the control and are expressed as mean ± SD (n = 3).
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2.2. Effects of Fucoidan on Tumorigenesis of Osteosarcoma Cells in Mice
To examine the potential use of fucoidan in the treatment of osteosarcoma, we tested it’s effect
on tumor growth in vivo. After inoculation of murine osteosarcoma LM8 tumor cells in the back of
C3H mice, the animals were treated with oral 100 mg/kg/day nanoparticle fucoidan or native
fucoidan. Mice of the control group were treated with water (vehicle) only. Treatment with native
fucoidan (P < 0.05) and nanoparticle fucoidan (P < 0.01) resulted in significant reduction in tumor
volume in the LM8 xenografted mice, relative to the control (Figure 3A,D). In the next set of
experiments, we demonstrated that the anti-sarcoma effect was not due to significant changes in
lecithin and dextrin used for liposome preparation (Figure 3A). Relative to the control, treatment
with native fucoidan and nanoparticle fucoidan resulted in reduction of tumor tissue weight, though
the effect of the latter was significant (P < 0.05) compared with marginal significance for the
former (P = 0.065) (Figure 3B). Importantly, both preparations did not induce significant reduction
in body weight throughout the experimental period, compared with the control (Figure 3C). With regard
to side effects of the drug, no gross abnormalities were noted in mice treated at the selected dose.
2.3. Fucoidan Induces Apoptosis in Osteosarcoma Xenograft Model
Hematoxylin and eosin (H&E) staining and terminal deoxynucleotidyl transferase-mediated
dUTP nick end labeling (TUNEL) assay were performed to evaluate the cell death mechanism
in vivo. Figure 4A,B shows dark blue hematoxylin-stained nuclei and pink eosin-stained cytoplasm,
whereas native fucoidan- and nanoparticle fucoidan-treated tumors (Figure 4C,D, H&E) show large
numbers of apoptotic cells with nuclear condensation and fragmentation. Correspondingly, the
density of viable tumor cells was substantially decreased. TUNEL staining confirmed more
extensive apoptosis in the native fucoidan- and nanoparticle fucoidan-treated tumors compared
with the control with LM8-derived tumors (Figure 4C,D, TUNEL).
2.4. Fucoidan Inhibits Metastasis of Mouse Osteosarcoma Cells to the Lung
In this model, subcutaneous inoculation of LM8 cells in the back of C3H mice resulted in
spontaneous metastasis to the lung in addition to the formation of local primary tumors. The
antimetastatic activity of fucoidan was also found when spontaneous metastasis of LM8 cells to the
lung was compared in tumor-bearing, fucoidan-treated mice and in water-treated control mice. A
four-point scale was used for quantitative scoring of the invasion of LM8 cells into the lung, where
0 (absent or negative) indicates no invasion, and 1+, 2+ and 3+ indicate small, moderate and
extensive invasion, respectively. The anatomic levels of metastatic nodules on the lung surface
correlated with microscopic evaluation (Figure 4E,F). All nine control mice inoculated with LM8
cells developed spontaneous lung metastases with a mean score of 1.89 ± 0.78. In contrast, visible
gross lung nodules were not found in 3/8 mice treated with native fucoidan and nanoparticle
fucoidan. The mean scores of mice treated with native fucoidan and nanoparticle fucoidan were
0.88 ± 0.83 and 1.13 ± 1.13, respectively. Thus, oral administration of native fucoidan and
nanoparticle fucoidan decreased the score compared with that observed in the control group, and
there was a significant difference between the native fucoidan group and the control group
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(P < 0.05). Five of the six mice treated with lecithin and dextrin developed spontaneous metastasis
to the lung with a mean score of 1.50 ± 1.05. Collectively, treatment with native fucoidan and
nanoparticle fucoidan suppressed pulmonary metastases.
Figure 3. Effects of fucoidan on tumor growth in mice xenografted with LM8
osteosarcoma cells. Water (n = 9), lecithin and dextrin (Lec + Dex) (n = 6), native
fucoidan (Native-Fuc) (n = 8) or nanoparticle fucoidan (Nano-Fuc) (n = 8) were
administrated orally every day for four weeks, (A) Effects of fucoidan on tumor
volume; (B) Effects of fucoidan on tumor tissue weight; (C) Effects of fucoidan on
body weight. Data are mean ± SD (n = 3); (D) Photographs of nanoparticle fucoidan-treated
and untreated osteosarcoma-bearing mice four weeks after subcutaneous inoculation
with LM8 (top). Tumors were excised on day 28. The photographs show representative
tumor of an untreated mouse (bottom left) and that of nanoparticle fucoidan-treated
mouse (bottom right).
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Figure 4. Fucoidan induces apoptosis in local primary tumors and inhibits lung
metastases in mice, (A–D) hematoxylin and eosin (H&E) staining and in situ terminal
deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assays of
LM8-derived tumor tissues. Tumors obtained from mice treated with water (A), lecithin
and dextrin (Lec + Dex) (B), native fucoidan (Native-Fuc) (C) or nanoparticle fucoidan
(Nano-Fuc) (D) daily were harvested on day 28 and subjected to analysis.
Magnification, ×400; (E) Microphotographs of the lungs in treated mice. A four-point
scale was used for quantitative scoring of invasion of LM8 cells into the lung, where 0
(absent or negative) indicates no invasion, and 1+, 2+ and 3+ indicate small, moderate
and extensive invasion, respectively. Magnification, ×25; (F) Representative pictures
showing gross appearance of the lungs of mice treated (right) or untreated (left) with
nanoparticle fucoidan examined on day 28.
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2.5. Cell Permeation of Fucoidan
Finally, Caco-2 cell transport studies were performed on native fucoidan and nanoparticle
fucoidan. As shown in Table 1, the amount of permeated nanoparticle fucoidan and permeation rate
of nanoparticle fucoidan were significantly higher than native fucoidan.
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Table 1. Permeability of Caco-2 cell monolayers to fucoidan.
Sample
Native fucoidan
Nanoparticle fucoidan

Amount of Permeated Fucoidan
(g/cm2/h)
0.034 ± 0.03
5.298 ± 0.341

Permeation Rate of Fucoidan
(%)
0.001 ± 0.001
0.229 ± 0.015

3. Experimental Section
3.1. Cell Lines and Reagents
Human osteosarcoma cell line, 143B, and mouse osteosarcoma cell line, LM8, were maintained
in RPMI 1640 and Eagle’s Minimal Essential Medium supplemented with 10% heat inactivated
fetal bovine serum, penicillin (50 U/mL) and streptomycin (50 g/mL) in a humidified incubator,
respectively. The human colon adenocarcinoma cell line, Caco-2, was purchased from Cell Bank,
RIKEN BioResource Center (Tsukuba, Japan). For cell culture, Į-Minimum Essential Medium was
supplemented with 1% non-essential amino acids, 20% heat inactivated fetal bovine serum,
penicillin (100 U/mL) and streptomycin (100 g/mL). A caspase inhibitor, Z-VAD-FMK, was
purchased from Promega (Madison, WI, USA).
3.2. Preparation of Native Fucoidan from Seaweed
The brown seaweed Cladosiphon okamuranus Tokida cultivated in Okinawa, Japan, was
suspended in water, 1.13% (w/vol) citric acid was added to the solution, and then heated at 90 °C
for 40 min. The suspension was neutralized with NaOH solution, then centrifuged at 3500 rpm by
decantation centrifugal separator. The supernatant was collected, filtered using Cohlo filter and
concentrated by ultrafiltration (molecular weight cutoff 6000). The extracts were dried by
spraydrier and the molecular weight of this native fucoidan was 80 kDa. Soybean lecithin,
SLP-PC70 (Tsuji Oil Mill Co., Matsusaka, Japan), and dextrin (Pinedex, Matsutani Chemical
Industry Co., Itami, Japan) were added as control for nanoparticle fucoidan, and this mixture was
used as native fucoidan. Native fucoidan was dissolved in RPMI 1640 before in vitro experiments
or distilled water before in vivo experiments.
3.3. Preparation of Liposome Encapsulating Fucoidan
Native fucoidan was hydrolyzed to produce LMWF (molecular weight 2–10 kDa). The
hydrolysis process was carried out by dissolving native fucoidan into 2.0% (w/vol) citric acid
mixture at 100 °C for 24 h. After neutralization with NaOH solution, the suspension was
centrifuged at 3500 rpm by decantation centrifugal separator. The supernatant was collected and
filtered. The liposome fraction was prepared by the mechanochemical method [17] using the
following procedure. The hydrolyzed fucoidan extract and soybean lecithin, SLP-PC70 solution,
were mixed well. These solutions were dispersed by a homogenizer (TK HOMO MIXER MARK
II, PRIMIX, Osaka, Japan) at a revolving rate of 8000 rpm for 10 min. The resulting solution was
then treated once with the microfluidizer (M110-E/H, MIZUHO Industrial Co., Osaka, Japan). The
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operation was carried out with an inlet pressure of 100 MPa. Dextrin was then added and mixed.
The liposome encapsulating LMWF was dried by spraydrier for subsequent use. FFEM was used to
determine the structure of lecithin (SLP-PC70) liposomes, as described previously [17].
3.4. Assessment of Cell Viability and Apoptosis
Cell viability was determined by color reaction with WST-8 (Wako Pure Chemical Industries,
Osaka, Japan). Basically, mitochondrial dehydrogenase cleavage of WST-8 to formazan dye
provided a measure of cell viability. Briefly, 1 × 105 cells/mL were incubated in triplicate in a
96-well microculture plate in the presence of different concentrations of fucoidan for 24–72 h.
Subsequently, WST-8 was added to each well. After 4 h of additional incubation, absorption values
at 450 nm were determined with an automatic microplate reader. Values were normalized to
untreated control samples. Apoptotic cells were detected by staining with phycoerythrin-conjugated
APO2.7 antibody (Beckman Coulter, Marseille, France), which specifically detects the 38 kDa
mitochondrial membrane antigen 7A6 [15], followed by analysis by flow cytometry.
3.5. Preparation of Sarcoma Animal Model
LM8 cells (5 × 106 cells/mouse) in 0.1 mL phosphate buffered saline were injected
subcutaneously into the back of five-week-old female C3H mice obtained from Japan SLC
(Hamamatsu, Japan) on day 0. Treatment was initiated one day after cell injection. Groups of 6–9
mice were used to generate LM8 tumors, and each group was treated with water, lecithin and
dextrin, native fucoidan or nanoparticle fucoidan. For the latter, lecithin and dextrin were used as a
control. Lecithin, dextrin, native fucoidan and nanoparticle fucoidan were dissolved in distilled
water, and 100 mg/kg body weight of fucoidan or vehicle only was administered by oral gavage
every day for 28 days. The mice were weighed once a week and tumor diameters were measured
weekly. The mice were monitored daily for evidence of morbidity including anorexia, dehydration,
dyspnea, decreased activity and grooming behavior. On day 28, all mice were euthanized and
autopsied to confirm metastatic lung disease. Lung infiltration by LM8 cells was evaluated by
H&E staining. Primary tumors were dissected out and weighed, then processed for staining with
H&E and TUNEL using a commercial kit (Roche Applied Science, Mannheim, Germany). This
experiment was performed according to the guidelines for Animal Experimentation of the
University of the Ryukyus and approved by the Animal Care and Use Committee of the
same University.
3.6. Permeation across Caco-2 Monolayers
Caco-2 cells were seeded at a density of 30,000 cells onto 24-well Transwell plates with an
insert area of 0.33 cm2 and a pore size of the polycarbonate membrane of 0.4 m. The culture
medium was changed every 48 h for the first 10 days and every 24 h thereafter, and cell
monolayers were used between 19 and 20 days post-seeding. The transepithelial electrical
resistance of cultured cells on Transwell inserts was measured before and after each permeation
experiment with a Millicell-Electorical Resistance System ohmmeter (Millipore, Bedford, MA,
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USA). Physiologically and morphologically well-developed confluent Caco-2 monolayers (at least
19-day-old) with transepithelial electrical resistance values typically above 250 ȍcm2 were used in
the experiments. The apical side of Caco-2 cell monolayers cultured in 24-well Transwell inserts
was washed twice with phosphate-buffered saline. Fucoidan was added to the apical compartment
with respect to the cell monolayer which was then incubated at 37 °C for 2 h. Permeation of
fucoidan across the cell monolayer was measured by sampling the solutions in both compartments
after 2 h of incubation with a sample. The obtained samples were evaporated to dryness and the
resulting residue was dissolved in 10 L of distilled water. Then, 10 L of 8 M trifluoroacetic acid
solution was added to the sample solution, and the solution was incubated at 100 °C for 3 h. After
cooling to room temperature, the reaction mixture was evaporated to dryness. The resulting residue
was dissolved in 40 L of 2-propanol and again evaporated to dryness. Next, 10 L of distilled
water and 40 L of the 4-aminobenzoic acid ethyl ester reagent solution were added to the residue,
and the mixture was incubated at 80 °C for 1 h. Afterwards, the mixture was cooled to room
temperature, and 0.2 mL of distilled water and an equal volume of chloroform were added. After
vigorous vortexing, the mixture was centrifuged and the upper aqueous layer was subjected to
HPLC LC-2000Plus (JASCO, Tokyo, Japan) to determine fucose concentration in the samples.
3.7. Statistical Analysis
All values are expressed as mean ± SD. Differences between groups were analyzed for statistical
significance by the unpaired Student’s t-test. A confidence level of P < 0.05 was chosen as
indication of statistical difference.
4. Conclusions
We have recently prepared liposome-encapsulated fucoidan for nano-formulation. In this study,
we examined the anti-neoplastic activity of nanoparticle fucoidan against osteosarcoma cell lines.
Our examination using viability and apoptosis assays demonstrated that nanoparticle fucoidan
induced apoptosis of 143B cells and that this action was mediated through the caspase pathway.
Nanoparticle fucoidan was more active than native fucoidan in inducing apoptosis in vitro.
Furthermore, both nanoparticle fucoidan and native fucoidan demonstrated significant inhibition of
tumor growth and spontaneous metastases in the lung from LM8 mice tumor xenografts. The tumor
volume and weight were decreased in nanoparticle fucoidan group compared with those observed
in native fucoidan group. However, the lung metastasis score was decreased in native fucoidan
compared with that observed in nanoparticle fucoidan. One limitation of this study was that we did
not use non-encapsulated LMWF as a control to study the effect of nanoparticles on cells and in
mice. In other words, the present study did not examine the effects of molecular weight condition
on anti-osteosarcoma activity of fucoidan. The sensitive sandwich ELISA method for the
measurement of serum fucoidan was recently developed [18], although detection of fucoidan in the
serum has been thought to be impossible. The measurement of fucoidan in blood, tissues and
organs may be useful to evaluate its beneficial effects in vivo. The findings that fucoidan hindered
osteosarcoma LM8 tumor growth, and reduced tumor mass and lung metastases in vivo suggest a
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potential therapeutic application. Furthermore, the results demonstrate that encapsulation of
fucoidan into nanoparticles enhances its anti-osteosarcoma effects, at least in part by
increased permeability.
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APS8, a Polymeric Alkylpyridinium Salt Blocks Į7 nAChR
and Induces Apoptosis in Non-Small Cell Lung Carcinoma
Ana Zovko, Kristina Viktorsson, Rolf Lewensohn, Katja Kološa, Metka Filipiþ, Hong Xing,
William R. Kem, Laura Paleari and Tom Turk
Abstract: Naturally occurring 3-alkylpyridinium polymers (poly-APS) from the marine sponge
Reniera sarai, consisting of monomers containing polar pyridinium and nonpolar alkyl chain
moieties, have been demonstrated to exert a wide range of biological activities, including a selective
cytotoxicity against non-small cell lung cancer (NSCLC) cells. APS8, an analog of poly-APS with
defined alkyl chain length and molecular size, non-competitively inhibits Į7 nicotinic acetylcholine
receptors (nAChRs) at nanomolar concentrations that are too low to be acetylcholinesterase
(AChE) inhibitory or generally cytotoxic. In the present study we show that APS8 inhibits NSCLC
tumor cell growth and activates apoptotic pathways. APS8 was not toxic for normal lung
fibroblasts. Furthermore, in NSCLC cells, APS8 reduced the adverse anti-apoptotic, proliferative
effects of nicotine. Our results suggest that APS8 or similar compounds might be considered as
lead compounds to develop antitumor therapeutic agents for at least certain types of lung cancer.
Reprinted from Mar. Drugs. Cite as: Zovko, A.; Viktorsson, K.; Lewensohn, R.; Kološa, K.;
Filipiþ, M.; Xing, H.; Kem, W.R.; Paleari, L.; Turk, T. APS8, a Polymeric Alkylpyridinium Salt
Blocks Į7 nAChR and Induces Apoptosis in Non-Small Cell Lung Carcinoma. Mar. Drugs 2013,
11, 2574-2594.
1. Introduction
Lung cancer (LC) is one of the most frequently diagnosed tumor types and is also the number
one when it comes to death causing tumors [1]. With respect to LC histology, two major categories
are small cell lung cancers (SCLC) and non-small cell lung cancers (NSCLC); the latter is further
subdivided into squamous cell carcinomas, adenocarcinomas, and large cell carcinomas [2].
NSCLC, SCLC as well as normal lung cells have been shown to express various cholinergic
signaling system molecules including acetylcholine, the vesicular acetylcholine ACh transporter,
and nicotinic (nAChRs) and muscarinic (mAChR) receptors [3–6].
Nicotine, the main addictive component of tobacco, as well as some of its metabolites
contributes to cancer development [7]. The inhalation of tobacco smoke containing nicotine and
other compounds is associated with 90% of SCLC and 60% of NSCLC cases [8]. Although nicotine
has not been shown to be carcinogenic, nitrosamine metabolites of nicotine are carcinogenic and it
has been estimated that 2–3 DNA mutations result from every cigarette smoked [9]. Nicotine binds
to various subtypes of nicotinic acetylcholine receptors (nAChRs) that are expressed on neurons
and some non-neuronal cells [10–14]. It has been shown that certain tumor cells express an
elevated number of nAChRs [6,12]. The homomeric Į7 nAChR subtype seems to be particularly
abundant in various tumor cells of the respiratory tract. It has been reported that exposure of lung
adenocarcinoma cells to nicotine or ACh enhances expression of Į7 nAChRs [15]. Activation of Į7
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nAChRs leads to elevated intracellular calcium levels sufficient to activate signal transduction
pathways that prevent apoptosis and contribute to proliferation of LC cells [7,8,16,17]. Therefore, it
has been suggested that Į7 nAChR antagonists may be useful as therapeutics for suppressing rapidly
proliferating tumor cells including LC cells [18–20].
Marine organisms have long been a source of antitumor compounds [21–23]. A polymeric
mixture of 3-alkylpyridinium salts (poly-APS) which display a broad spectrum of biological
activities was isolated from a marine sponge, Reniera sarai, which has been recently renamed to
Haliclona (Rhizoneira) sarai (Pulitzer-Finali, 1969) [24–27]. Relevant to the present study, the
most salient poly-APS effects are those that are preferentially toxic to NSCLCs [28].
In view of the potential utility of poly-APS like compounds as anti-cancer agents, a series of
synthetic analogs were prepared [29]. Preliminary results, demonstrated in this paper, revealed that
at least one of these compounds, the 11.9 kDa analog APS8 (Figure 1), is a very potent Į7 nAChR
antagonist. Moreover, toxicity analysis in mice showed that APS12-2, a similar analog, was only
moderately toxic in mice with an i.v. LD50 of 11.5 mg/kg [30], and the toxicity of APS8 used in
this study is only slightly higher, about 8 mg/kg [31].
Figure 1. Chemical structure of APS8, the synthetic alkylpyridinium polymer, used in
this study. Central monomeric unit linked to two neighboring units is shown. MW of
the entire polymer is 11.9 kDa.
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2. Results and Discussion
2.1. APS8 Induces Cytotoxicity in Lung Cancer (LC) Cells
In order to examine if APS8 is cytotoxic to LC cells the SKMES-1 and A549 cell lines were
treated with various concentrations of APS8 for 48 h and analyzed for cell viability by MTT-assay
(Figure 2A). The effect on normal lung fibroblasts was also examined. APS8 in a concentration
dependent manner strongly decreased viability of LC cell lines (IC50 375 ± 4.89 nM for A549 cells
and 362 ± 9.29 nM for SKMES-1 cells). Lung fibroblast cell line MRC-5 was largely unaffected
thus incubation of these cells for 48 h with APS8 only resulted in a 20% decrease in cell viability at
the highest concentration (1 ȝM). Next, the effect of APS8 on nicotine response was examined.
Nicotine alone slightly enhanced cell survival of both A549 and SKMES-1 (13% for A549 and
14% for SKMES-1) (p < 0.05) while only a minor effect was observed with MRC-5 normal
fibroblasts (6%) (Figure 2B). Importantly, APS8 significantly counteracted nicotine-induced
effects in both LC cells (about 50%) while MRC-5 normal cells were much less affected. As
compared to the APS8 only treatment, a combination of APS8 with nicotine caused a statistically
significant (p < 0.05) increase of viable SKMES-1 cells (for 28%) and statistically insignificant
increase of viable A549 cells (for 22%), while normal cells were not affected.
APS8 caused a prominent induction of apoptotic cell morphology in both A549 and SKMES-1
LC cells (Figure 3A, panel b and d). Quantification of APS8-induced apoptosis revealed
a statistically significant (p < 0.05) and comparable response in A549 and SKMES-1 cells where
about 40% of cells were found to be apoptotic after exposure to 500 nM of APS8 for 48 h
(Figure 3B). Importantly, no induction of apoptosis was seen in normal fibroblasts MRC-5, which
displayed the same nuclear morphology in the presence or absence of APS8 (Figure 3A, panel f
and Figure 3B), thus corroborating a cancer cell specific apoptotic effect of APS8. The positive
control staurosporine induced apoptosis in all cell types examined with the A549 cell line being
least affected with only a 30% induction of apoptosis.
Next, we investigated whether APS8 is able to induce apoptosis in nicotine treated LC and
fibroblasts (Figure 3B). As expected, nicotine alone did not trigger an apoptotic response in any of
the cell types examined. LC cells treated with a combination of nicotine and APS8 displayed a
greater resistance to apoptosis as compared to those treated only with APS8. Moreover, a greater
sensitization was observed in SKMES-1 cells relative to A549 cells. In MRC-5 cells only the
highest dose of APS8 induced limited apoptosis and this was reduced by the simultaneous exposure
to nicotine.
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Figure 2. Viability of NSCLC (A549, SKMES-1) and normal lung fibroblast MRC-5
cells. (A) Viability of A549, SKMES-1 and MRC-5 cells treated with 0, 1, 10, 100,
500, and 1000 nM APS8 for 48 h was assessed by MTT assay. Each point represents
the mean value of three independent experiments ± SE. Statistical analysis was performed
by Student’s t-test. * P < 0.05; (B) Viability of A549, SKMES-1 and MRC-5 cells
treated with APS8 (500 nM), nicotine (1 ȝM) or a combination of both compounds for
48 h. The MTT assay was used. Each point represents the mean value of three independent
experiments ± SE. Statistical analysis was performed by ANOVA/Tukey-Kramer
multiple comparison. * P < 0.05, compared with control; † P < 0.05, compared with
APS8 treatment; ‡ P < 0.05, compared with nicotine treatment.
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Figure 3. APS8 induces apoptosis in NSCLC but not in normal fibroblasts. (A) Apoptosis
after APS8 treatment (500 nM, 48 h) in A549, SKMES-1, and MRC-5 were assessed
by staining with acridine orange and ethidium bromide and analysis by fluorescence
microscope. Photos were taken at 400× magnification. Dashed arrows indicate cells in
early apoptosis and full arrows point to late apoptotic cells. Green cells are alive;
(B) Induction of apoptosis in A549, SKMES-1, and MRC-5 lines as measured by dual
staining. Cells were treated with staurosporine (2 ȝM), APS8 (100 nM, 500 nM, and
1000 nM), nicotine (1 ȝM) or combination of APS8 and nicotine. The graph indicates
the percentage of cells in the single cell populations. Each point is the mean of three
independent experiments. The protective effect of nicotine was significant only for
A549 cancer cells treated with 500 nM of APS8 (* P < 0.05); (C) APS8 induction of
apoptosis in A549, SKMES-1, and MRC-5 cell lines was measured by flow cytometric
analysis of annexin V and propidium iodide stained cells at 48 h. Controls (a, c, and e)
and APS8 (500 nM) treated cells (b, d, and f); (D) Induction of apoptosis in A549,
SKMES-1 and MRC-5 lines by flow cytometry. Cells were treated with staurosporine
(2 ȝM), APS8 (100 nM, 500 nM, and 1000 nM), nicotine (1 ȝM) or combination of
APS8 and nicotine. The graph indicates the percentage of gated cells in each cell
population. Each point is the mean of three independent experiments.
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The apoptotic properties of APS8 were also examined using annexin-V/PI staining. Exposure of
A549 or SKMES-1 cells to APS8 resulted in typical apoptotic cells, evident as a shift to the right
quadrants of the flow diagram (Figure 3C, panels b and d). Quantification of cell populations
demonstrated a concentration dependent induction of apoptosis in both A549 and SKMES-1 cells
(Figure 3D). Importantly, no induction of annexin-V was observed in normal MRC-5 fibroblasts
(Figure 3C, panel f). Even at the highest concentration of APS8 used (1 ȝM), 80% of MRC-5 cells
remained non-apoptotic (Figure 3D).
We also analyzed whether nicotine attenuates APS8 induced apoptosis using this assay
(Figure 3D). Although nicotine slightly reduced APS8-induced apoptosis in A549 cells, apoptosis
was still evident. A minor protective effect of nicotine was also evident in SKMES-1 cells. APS8 in
any of the concentrations used did not induce apoptosis in MRC-5 fibroblasts or influenced their
response to nicotine. Hence, our results support that APS8 has capacity to trigger an apoptotic
response in LC cells whereas normal cells remain unaffected.
Figure 4. APS8 causes depolarization of mitochondria in NSCLC cells but not in
normal fibroblasts. Ratio of red and green fluorescence following exposure to
staurosporine (1 ȝM), CCCP (50 mM), APS8 (500 nM) for 48 h. Each point is the
mean of three independent experiments ± SE. Statistical analysis was performed by
ANOVA/Tukey-Kramer multiple comparison. * P < 0.05, compared with control;
‡
P < 0.05, compared with staurosporine treatment.

2.2. APS8 Induces Mitochondrial Depolarization in LC Cells
We analyzed if APS8 could cause depolarization of mitochondria and in this way execute an
apoptotic effect (Figure 4). First, we confirmed that the system is capable of detecting alterations in
mitochondrial potential as illustrated by the prominent decrease in red/green fluorescence ratio in LC
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cells (60% for A549 and 80% for SKMES-1) after CCCP treatment. A substantial decrease of
red/green fluorescence ratio was observed following APS8 treatment of A549 cells (about 35%) and
SKMES-1 cells (about 15%) illustrating that APS8 at least in part works via mitochondrial
depolarization. For comparison the staurosporine, an initiator of apoptosis, causes a 23% and 6%
decrease in A549 and SKMES-1 cells respectively. There was no statistically significant difference
between staurosporine and APS8 treated LC cell lines with respect to a decrease in red/green
fluorescence ratio. In contrast, APS8 induced an increase in the red/green fluorescence ratio in
MRC-5 cells, suggesting that APS8 does not cause mitochondrial permeabilization in normal
fibroblasts (Figure 4).
2.3. APS8 Treatment Results in Increased Expression of Pro-Apoptotic Proteins and
Down-Regulation of Anti-Apoptotic Proteins in LC Cells
To further understand how APS8 influenced the apoptotic propensity of LC cells we examined
the effect of APS8 on the expression of a number of pro-and anti-apoptotic proteins using the
Human Apoptosis Antibody Array. APS8 (500 nM) treatment of A549 cells for 48 h resulted in
up-regulation of several pro-apoptotic proteins, i.e., bad, bax, bim and bid, cytochrome C, SMAC,
TRAIL-R1 and TRAIL-R2, Fas, FasL, caspase-8, and caspase-3 albeit to the different extent
(Figure 5A). Moreover, the majority of anti-apoptotic proteins, including bcl-2 and bcl-W, c-IAP-2,
XIAP, survivin, and livin were down-regulated in A549 cells after APS8 exposure (Figure 5A).
Similarly, treatment of SKMES-1 cells with APS8 (500 nM) also resulted in an increased
expression of the pro-apoptotic proteins, i.e., bad, bax, bim and bid, cytochrome C, SMAC,
TRAIL-R1 and TRAIL-R2, Fas, caspase-8 and caspase-3, with a slighter higher expression than
was observed in A549 cells (Figure 5B). In accordance with results in A549 cells also SKMES-1
cells responded to APS8 with a down-regulated expression of the anti-apoptotic proteins bcl-2,
bcl-W, cIAP-2, and XIAP (Figure 5B). Importantly, treatment of normal MRC-5 fibroblasts did not
show any significant change in the expression of any of the proteins known to be involved in
apoptosis (data not shown).
In addition, we examined how nicotine treatment of A549 and SKMES-1 cells influenced the
expression of these pro- and anti-apoptotic proteins (Figure 5A,B). A majority of pro-apoptotic
proteins, including bad, bax, bid, cytochrome C, SMAC, TRAIL-R1, Fas, FasL and caspase-8,
were significantly down-regulated on nicotine exposure. Moreover, an increased expression of
many proteins involved in signaling pathways known to prevent apoptosis, including bcl-2, bcl-W,
cIAP-2, XIAP, surviving, and livin was evident. This was further illustrated when the bax/bcl-2
ratio was compared in ASP8 and nicotine treated cells. bax/bcl-2 ratio increased after APS8
treatment in both cell lines while it decreased after nicotine treatment (Figure 5A,B, inserts). These
results further emphasize the selective activation of pro-apoptotic signaling in LC cells by APS8.
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Figure 5. APS8 increases the expression of pro-apoptotic proteins and represses the
expression of anti-apoptotic proteins. The change in expression of anti- and
pro-apoptotic proteins was examined in A549 (A) and SKMES-1 (B) cells after
treatment with APS8 (500 nM) or nicotine (1 ȝM) for 48 h using Human Apoptosis
Antibody Array. Fold values relative to untreated cells are given. For presentation
proteins are divided into three groups: proteins belonging to the intrinsic pathway,
inhibitors of apoptosis (IAPs), and proteins belonging to the extrinsic pathway. Each
point is the mean of three independent experiments ± SE. * P < 0.05 compared with
control. The insert shows the ratio of main pro-apoptotic and main pro-survival proteins
in APS8 and nicotine treated cells.
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2.4. APS8 Treatment of Cancer Cell Lines Results in Activation of Caspase-9
Next, we examined caspase-9 activity, an effector molecule downstream of mitochondrial
depolarization. Treatment of A549 and SKMES-1 with APS8 induced activation of caspase-9 to the
similar extent as observed in positive control with staurosporine (p < 0.05). Nicotine treatment
reduced the level of caspase-9 activity in A549 cells. In MRC-5 cells caspase-9 remained inactive
after the treatment with APS8 or nicotine (p < 0.05) (Figure 6). These findings are in concordance
with APS8 being a pro-apoptotic signaling molecule in LC cells, but not in normal fibroblasts.
Figure 6. APS8 activates the intrinsic apoptotic pathway in NSCLC cells but not in
normal fibroblasts. Caspase-9 activities relative to untreated control after treatment
with staurosporine (2 ȝM), APS8 (500 nM), and nicotine (1 ȝM) for 48 h in A549,
SKMES-1 or MRC-5 cells are given. Each point is the mean of three independent
experiments ± SE. Statistical analysis was performed by ANOVA/Tukey-Kramer
multiple comparison. * P < 0.05, compared with control; ‡ P < 0.05, compared with
staurosporine treatment.

2.5. APS8 Is a Negative Regulator of Human Į7 nAChRs
In order to confirm that APS8 indeed is negative regulator of Į7 nAChRs we examined its
capacity to inhibit Į7 nAChR activity in vitro systems, i.e., Xenopus oocytes and SHEP-1 cells
expressing human Į7 nAChR (Figure 7). APS8 potently inhibited the responses of Xenopus
oocytes expressing human Į7 nAChR in a time dependent manner (Figure 7A,B). The IC50 was
approximately 1 nM. The action of APS8 could at least partially be slowly reversed by prolonged
washing of the oocyte with frog Ringer solution (results not shown). APS8 was also able to inhibit
the specific binding of the Į7 nAChR antagonist 125I-Į-BTX in SHEP-1 cells system, but only at
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concentrations which were at least two orders of magnitude higher than was required to
functionally inhibit Į7 nAChR when expressed in Xenopus oocytes (Figure 7C). In summary, these
results demonstrate that APS8 indeed is an antagonist of Į7 nAChRs.
Figure 7. APS8 inhibits the response of human Į7 nAChRs expressed in the Xenopus
oocyte to a near maximally activating concentration of ACh (points represent mean
values for five oocytes). In part (A) the time course of inhibition is shown; in part (B)
the concentration dependence of APS8 inhibition at 20 min incubation is shown;
Part (C) shows APS8 inhibition of the specific binding of [125I]-Į-bungarotoxin
to human Į7 nAChRs expressed in cultured SHEP-1 cells. Each point is a mean value
for four replicates.

In the current study we analyzed the potential of the Reniera sarai derived synthetic compound
APS8 as a LC antitumor agent. We show that it holds potential to selectively trigger a cytotoxic
and pro-apoptotic response in NSCLC cells whereas normal fibroblasts remained unaffected.
Moreover, we show that APS8 is an antagonist of the Į7 nAChRs.
A variety of mAChR and nAChR subtypes are found on normal cells [3,14] but have an altered
expression pattern in normal bronchial epithelial cells and airway fibroblasts of smokers,
ex-smokers, and non-smokers [15]. Importantly, many cancer cell lines and primary cancer cells
show a higher expression of mAChR and nAChR subtypes. Why LC cells have an increased
expression of mAChR and nAChR is not completely clear but it might reflect adaption of the tissue
to nicotine and other compounds inhaled by tobacco smoke [15]. Hence, Į7 nAChRs might be a
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therapeutic target and in light of this our findings on the selective cytotoxic effects of APS8 to LC
cells but not to normal lung fibroblasts are interesting.
Cytotoxicity for lung adenocarcinoma or squamous carcinoma NSCLC cell lines and the
resistance of MRC-5 cells to natural poly-APS could be explained by the lack of nAChRs on the
MRC-5 cells. Albeit, we did not evaluate the expression of Į7 nAChRs in A549 or SKMES-1 cells,
immunohistochemistry analyses of this receptor in A549 cells by the human protein atlas project
demonstrated a high expression [32]. When preparing this manuscript, Lau et al., in fact,
demonstrated by ELISA-based assay that A549 cells, as well as multiple other bronchioalveolar
carcinoma (BAC) cell lines, do express Į7 nAChRs [33]. Although our results reveal a therapeutic
window for APS8, siRNA experiment towards Į7 nAChRs would be required in order to confirm
that these receptors are the specific APS8 target.
The ability to resist apoptosis is a hallmark of almost all types of tumor cells, including NSCLC,
and this hampers the efficacy of chemotherapeutics [34]. ACh and the nAChR selective agonist
nicotine have been found to protect NSCLC, SCLC, and some other tumor cells expressing Į7
nAChRs against apoptosis induced by chemotherapeutic agents [16,35–37]. How the anti-apoptotic
effect in NSCLC is achieved by ACh, other nAChR agonists, and the two main carcinogenic
metabolites of nicotine N-nitrosonornicotine (NNN) and (4-(methylnitrosamino)-1-(3-pyridyl)-1butanone (NNK), was recently revealed by Schuller [7]. In smokers, nicotine and its metabolites act
predominantly through the activation of Ca2+ permeable Į7 nAChRs, possibly because the
heteromeric nAChR subtypes are already desensitized by low concentrations of these compounds
during smoking. The influx of Ca2+ and also Na+ ions provokes membrane depolarization, which in
turn activates voltage-gated Ca2+ channels, leading to an additional influx of Ca2+ [7]. The
increased intracellular concentration of calcium triggers signal-transduction cascades involved in
the regulation of numerous cellular processes: proliferation, angiogenesis, migration, differentiation,
and apoptosis [7,8,38–40]. Thus, the Į7 nAChR appears to be a promising target for the therapy of
NSCLC or at least BAC as recently was proposed. One possible therapeutical approach would be
the use of Į7 nAChR antagonists either alone or in combination with other chemotherapeutic drugs.
Such a combination would enhance apoptosis but also impede proliferation and metastasis of tumor
cells [1,20]. Indeed, snake venom polypeptide Į-toxins, i.e., Į-cobratoxin and Į-bungarotoxin,
which are potent natural ACh antagonists of muscle and several other nAChR subtypes were
recently proposed as possible candidates to achieve such a goal [18]. However, due to their
blocking actions on neuromuscular nAChRs, these peptide toxins are also highly toxic and
therefore could be problematic for clinical treatment of cancer patients. Interestingly, APS8 (i.v.
LD50 is about 8 mg/kg in mice, [31]) is significantly less toxic than snake Į-toxins and APS8
possesses a more stable chemical scaffold suggesting that this compound might be suitable as an
in vivo probe to test the therapeutic potential of Į7 nAChR antagonists.
We show here that APS8 is an extremely potent Į7 nAChR antagonist. The response of human
Į7 nAChRs expressed in Xenopus oocytes to 1 mM ACh, that alone produces a near maximal
response, was completely blocked by about 3 nM APS8 after 20 min of incubation. The recovery
from this blockade was very slow, requiring several hours (not shown). APS8 was only able to
inhibit the specific binding of the snake toxin Į-bungarotoxin to human Į7 nAChRs at
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concentrations over 100× the function-inhibiting concentrations. These results point to a
noncompetitive mode of APS8 mediated inhibition and binding of APS8 outside the actual ACh
binding sites on this nAChR subtype.
We anticipated that APS8 in vitro would inhibit proliferation and trigger apoptosis in tumor cell
lines, but not in normal fibroblasts. Our hypothesis was based on our earlier observation that the
parental compound from which APS8 was derived, the natural poly-APSs from the marine sponge
Reniera sarai, can induce apoptosis of NSCLC cells, yet being well tolerated by normal cells [28].
Exposure to APS8 induced apoptosis in both lung cancer cell lines while normal fibroblasts MRC-5
did not undergo any significant apoptosis. These results were consistent when using different
methods and confirmed our hypothesis.
The cytotoxic effect is probably exerted by inducing apoptosis through the binding to Į7
nAChRs, which are expressed to a greater extent by cancer than by most normal cells. As expected
from previous studies in a number of laboratories, nicotine promoted cell survival of LC cells.
Therefore, we expected that nicotine in combination with APS8 would reduce the APS8 cytotoxic
effect on cancer cell lines. Our results show that nicotine in combination with APS8 had only
moderate effect on survival of A549 cells, while slightly stronger protection was evident on
SKMES-1 cells. These results are in accordance with a previous study that suggested that nicotine
has higher influence on proliferation of squamous carcinomas than of adenocarcinomas [19].
Nicotine in combination with APS8 somewhat also protected LC cells from apoptosis suggesting
antagonistic effect of APS8 to nicotine.
Mitochondrial permeabilization is one of the early stages of apoptosis, which leads to the release
of several pro-apoptotic factors, including cytochrome c and SMAC, which in turn facilitate the
activation of the apoptosome and downstream caspase-9 and caspase-3 activation. Our results show
that APS8 treatment of A549 and SKMES-1 causes a mitochondrial depolarization, suggesting
that APS8 in part can induce apoptosis via the apoptosome-mediated pathway. Indeed, after
exposure to APS8 we observed an activation of caspase-9, a typical initiator caspase of the intrinsic
apoptotic pathway.
To further test this hypothesis we used the RayBio® Human Apoptosis Antibody Array kit.
Treatment of A549 and SKMES-1 cells with APS8 (500 nM) increased the expression of caspase-3
which is an effector caspase activated by both intrinsic and extrinsic apoptotic pathways. The
intrinsic pathway is activated by cellular stress, involves disruption of mitochondria and is
controlled by bcl-2 family proteins. Induction of apoptosis relies on the ratio between pro-apoptotic
(bax, bak, bcl-Xs, bad, bid) and anti-apoptotic (bcl-2, bcl-XL, bcl-W, mcl-1, A1) members of the
bcl-2 family. Upon intrinsic apoptotic signal BH3 only proteins (bid, bad, PUMA, and NOXA)
interact with the bcl-2 family, leading to inhibition of anti-apoptotic proteins and activation of
pro-apoptotic proteins. Bax and bak proteins insert into the outer mitochondrial membrane causing
the release of cytochrome c, bim, and SMAC from mitochondria. Released proteins then induce
initiator caspase-9 activation and activation of effector caspase-3 [41,42]. The ratio between the
levels of bax and bcl-2 proteins, at least in part, thus determines whether apoptosis will be induced
with an increase in the bax/bcl-2 ratio causing a switch towards mitochondrial membrane
permeabilization and activation of apoptosis. We show that treatment of both A549 and SKMES-1
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cells expressing Į7 and some other nAChR subtypes with APS8 triggers an increase in the
expression of pro-apoptotic proteins bax, bad, bim and bid with a concomitant decrease in the
levels of anti-apoptotic proteins bcl-W and bcl-2. Hence the bax/bcl-2 is increased, which may
contribute to the observed increased apoptotic response of LC cells upon APS8 exposure. The data
also revealed that both cytochrome c and SMAC, which are released from mitochondria during
apoptosis, have an increased expression after APS8 treatment further increasing a pro-apoptotic
capacity of the NSCLC cells. In summary, these results imply that APS8 induces apoptosis through
the intrinsic pathway.
Our results also show that nicotine up-regulates bcl-2 and down-regulates bax, lowering the
bax/bcl-2 ratio, which would favor a reduced apoptotic propensity of the NSCLC cells. Indeed, it
was earlier suggested that inactivation of bax may be an essential step in anti-apoptotic mechanism
induced by nicotine [39]. Our data show strong up-regulation of bax and down regulation of bcl-2
by APS8, quite opposite effects as compared to nicotine, which suggests that APS8 may at least in
part counteract the protective effect of nicotine by increasing the bax/bcl-2 ratio. This effect was
more prominent in SKMES-1 than in the A549 cancer cell line.
Another large group of proteins involved in regulation of the apoptosome activity are inhibitors
of apoptosis proteins (IAPs), a family of pro-survival proteins [43]. In our experiments, all tested
IAPs (cIAP-2, livin, XIAP and survivin) with the sole exception of livin in SKMES-1 cells, were
down-regulated after exposure to APS8, whereas an increased expression was observed after nicotine
treatment. Moreover, as mentioned earlier, SMAC displayed an increased expression in APS8 treated
cells. This protein is an endogenous IAP antagonist and binds to IAP proteins, preventing their
binding and inactivation of caspases, and thus promoting cell death. As was shown earlier,
nicotine up-regulates IAPs, particularly XIAP, and in this way enhances resistance to anti-cancer
treatments [44]. Our results suggest that APS8 can circumvent nicotine-induced resistance to
apoptosis by interfering with IAPs allowing proper apoptosome function and downstream caspase
activation to take place.
The Fas, TNF-R1, TNF-R2, and TRAIL (TRAIL-R1, -R2, -R3, and -R4) cell membrane
receptors are key molecules of the extrinsic pathway of apoptosis and are activated upon binding
appropriate ligands (FasL, TNF, and TRAIL) resulting in downstream caspase-8 activation
followed by effector caspases (3, 6, and 7) activation [45]. Caspase-8 activation can trigger
cleavage and activation of the BH3 only protein bid, which in turn can interact with bcl-2 proteins
in mitochondria, resulting in intrinsic apoptotic pathway signaling and thereby activating effector
caspases [46]. In the present study we show that TRAIL-R1 and TRAIL-R2 expression are
enhanced following APS8 treatment while a decreased expression was observed after nicotine
treatment. Although APS8 markedly increased the expression levels of Fas in A549 cells, no
significant changes of FasL were noted. In SKMES-1 cell line both Fas and FasL showed a marked
increased expression following the APS8 treatment. On the contrary, nicotine in both cancer cell
lines slightly decreased the levels of Fas/FasL and TRAIL receptors. These results suggest that
APS8 can activate components of death receptor signaling which at least in part might be cell type
specific but, nevertheless, are oppositely regulated by nicotine.
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3. Experimental Section
3.1. Synthetic Poly-APS Analog and Cell Cultures
APS8 (Figure 1) was synthesized using a previously described microwave-assisted
polymerization procedure. This water-soluble compound has a molecular weight of 11.9 kDa and is
stable at room temperature [29]. For the current experiments, a stock concentration of 10 mg/mL
APS8 in deionized water was kept at 4 °C and further diluted in cell culture media upon use.
Human lung adenocarcinoma A549 [47] squamous carcinoma SKMES-1 [48], and lung
fibroblast MRC-5 [49] cells were purchased from the European Collection of Cell Cultures
(ECACC). A549 and MRC-5 cells were grown in Dulbecco’s Eagle’s medium (DMEM) (PAA,
Austria), while SKMES-1 was grown in RPMI1640 (PAA) both supplemented with 10% fetal
bovine serum (FBS), L-glutamine and penicillin/streptomycin (Sigma-Aldrich, Germany). All
experiments were carried out at 37 °C in 5% CO2.
3.2. Cell Viability Assay
Cytotoxicity was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide
(MTT) assay, as previously described [50], with minor modifications. Briefly, A549 and SKMES-1
cells were seeded at a density of 2500 cells/well and MRC-5 3500 cells/well into 96-well microtiter
plates in five replicates for each of the three sets of experiments. Experiments were carried out 24 h
post seeding when cells were about 80% confluent, at which time the growth medium was replaced
with fresh medium containing different concentrations of APS8, 1 ȝM nicotine, or combination of
both followed by incubation for 24, 48, or 72 h. Values shown are the mean of three or five
replicates in three independent experiments ± SE.
3.3. Apoptotic Morphology Assessment
Cell morphology and percentage of apoptotic cells were studied by staining cells with a
combination of the fluorescent DNA-binding dyes acridine orange (AO) and ethidium bromide
(EB) (Sigma-Aldrich). The method is based on differential staining, where AO stains nuclei green,
while EB stains red, and in which EB is excluded from viable cells. That allows enumeration of
four populations: live cells which have normal bright green nucleus, necrotic cells which have light
orange nucleus, early apoptotic cells which stain green with condensed chromatin, and late apoptotic
cells which have condensed and fragmented chromatin and a emit bright orange-red color.
For apoptotic morphology experiments A549, SKMES-1, and MRC-5 cells were seeded at a
density of 105 cells/mL for 24 h and then treated with various concentrations of APS8 and/or
nicotine for 48 h. Staurosporine (Sigma-Aldrich) (2 ȝM, 6 h) was used as a reference compound for
apoptosis induction. After harvesting cells by trypsinization and centrifugation (81,614× g, 2 min),
cell pellets were resuspended in 60 ȝL of medium. 50 ȝL of the cell suspension was mixed with
2 ȝL of AO/EB (1:1 w/w) dye mixture containing 100 ȝg/mL of AO and 100 ȝg/mL of EB in PBS.
Cells were visualized and counted under a fluorescence microscope (Nikon Eclipse E-800, Nikon,
Japan) at 400× magnification according to their color and structure. Pictures were taken with
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a digital camera (Nikon Coolpix 995, Japan). The quantification data shown are from three
independent experiments; each time 300 cells were examined.
3.4. Analysis of Apoptosis by Annexin V and Propidium Iodide Staining
Apoptosis was also detected by staining cells with annexin V-FITC and propidium iodide (PI)
(BD Pharmingen, San Diego, CA, USA). PI is a fluorescent dye that stains DNA. As the dye does
not cross intact plasma membranes, only cells with a damaged plasma membrane that already are
dead or in a late stage of apoptosis are stained. Annexin V-FITC is a fluorescent dye, which binds
to phosphatidylserine (PS). During the early stages of apoptosis PS translocates from the inner to
the outer layer of the plasma membrane and becomes available for binding to the annexin V-FITC.
Thus, living cells do not stain, cells in early apoptosis are annexin V-FITC positive and PI
negative, late apoptotic cells are both annexin V-FITC and PI positive and necrotic cells are
annexin V-FITC negative and PI positive. For annexin-PI staining, cells (105 cells/mL) were
cultured for 24 h and then exposed to various concentrations of APS8 and/or nicotine for 48 h.
Staurosporine (2 ȝM, 6 h) was used as a positive control. After treatment, cells were washed with
PBS, trypsinized and resuspended in binding buffer and stained with 5 ȝL annexin V-FITC and 10
ȝL PI (50 ȝg/mL). The cells were incubated for 15 min at room temperature, in the dark. After
incubation, 400 ȝL of binding buffer was added and cells were analyzed by flow cytometry (BD
FACSCaliburTM, USA). Values shown are the mean of three independent experiments.
3.5. Mitochondrial Permeability
Increased mitochondrial permeability and release of pro-apoptotic proteins, e.g., cytochrome c
to cytosol occurs prior to apoptosome activation. This transition is in part a result of activation and
pore formation of the proapoptotic proteins (bax, bak) in the mitochondrial membrane. A specific
dye,
5,5ƍ,6,6ƍ-tetrachloro-1,1ƍ,3,3ƍ-tetraethyl-benzimidazolylcarbocyanine
iodide
(JC-1),
accumulates in mitochondria of normal cells, forming fluorescent aggregates emitting red light.
When mitochondria are permeabilized the mitochondrial potential collapses and the dye is no
longer concentrated within these organelles. In apoptotic cells JC-1 is dispersed throughout the
cytosolic compartment in a monomeric form that emits green fluorescence. Therefore, the ratio
between red and green signals indicates whether the mitochondrial potential of a cell is intact or
not. To measure mitochondrial membrane potential, the Mitochondrial Permeability Transition
Detection Kit JC-1 (ImmunoChemistry Technologies, Bloomington, MN, USA) was used
according to the manufacturer’s instructions. Briefly, cells were plated at a density of 106 cells/well
and treated with 500 nM APS8 or 1 ȝM nicotine for 48 h. Staurosporine (2 ȝM, 6 h) and
carbonylcyanide chlorophenylhydrazone (CCCP) (30 min) were used as a positive control for the
induction of apoptosis and for the mitochondria depolarization, respectively. After, harvesting cells
were resuspended in Mito PTTM JC-1 solution. After incubation for 15 min at 37 °C, cells were
washed in assay buffer to remove any JC-1 excess and resuspended to achieve a cell suspension of
106 cells/mL. For each test condition, 100 ȝL of cell suspension was dispensed into five replicate
wells of a black 96 well microtiter plate. Cells were analyzed using a fluorescence plate reader
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using an excitation wavelength of 490 nm and emission wavelengths of 527 nm for green
fluorescence and 590 nm for red fluorescence, respectively. Changes in mitochondrial potential
were assessed by comparing the ratios of red (590 nm) and green (527 nm) fluorescence readings.
A decrease of this ratio was accounted to depolarized mitochondria. Values shown are the mean of
three independent experiments ± SE.
3.6. Expression of Pro-Apoptotic and Anti-Apoptotic Proteins
Expression of pro- and anti-apoptotic proteins in cells following APS8 or nicotine treatment was
measured using a Human Apoptosis Antibody Array (RayBiotech Inc., USA). The Human
Apoptosis Antibody Array kit simultaneously detects 43 apoptotic markers in cell lysates. Cells
were seeded at a density of 106 cells/mL and treated with 500 nM APS8 or 1 ȝM nicotine. Proteins
were extracted using the cell lysis buffer contained within the kit. After lysis by freeze-thawing,
and subsequent homogenization, lysates were centrifuged at 10,000× g for 5 min at 4 °C and
supernatants were stored at í20 °C until further analyses. Protein concentration was determined by
BCA Protein Assay Reagent (Pierce, USA). Protein array membranes were immersed in blocking
buffer and incubated with 50 ȝg of proteins overnight at 4 °C. After washing with the kit buffers,
samples were incubated overnight with biotinylated detecting antibodies at 4 °C and, after further
washing, exposed overnight to Alexa Flour 555-conjugated streptavidin. Slides were completely
dried by centrifugation (81,614× g, 3 min). Signals in the array membranes were depicted and
quantified by a chemiluminescence imaging system with an Axon GenePix laser scanner, using the
cy3 channel. For each protein signal, absorbance was determined using the Antibody Array
Analysis Tool (Ray Biotech Inc.). Intensities of the individual spots were normalized to the internal
positive control (standardized amounts of biotinylated IgG) printed directly onto the array. The
expression of proteins was determined by comparing the intensities of the signals in untreated and
treated cells. Only expression data on proteins that are directly involved in apoptosis and which
showed statistically relevant increase after treatment (p < 0.05) are shown. Values shown are the
mean of three independent experiments ± SE.
3.7. Caspase-9 Activity
A Caspase-9 Colorimetric Assay Kit (BioVision, USA) was used according to the
manufacturer’s instructions. The assay is based on the binding of active caspase-9 to the sequence
LEHD, which is labeled with a p-nitroanilide (pNA) chromophore. After cleavage from the labeled
substrate, pNA absorbance can be quantified spectrophotometrically at 400 nm. Briefly, cells were
plated at a density of 106 cells/mL and treated with 500 nM APS8 or 1 ȝM nicotine for 48 h.
Proteins were extracted from cells using cell lysis buffer within the kit, and the lysate was
centrifuged at 10,000× g for 1 min and supernatant was stored at í20 °C. Protein concentration was
determined with BCA protein assay. To 150 ȝg of total protein extract 50 ȝL of reaction buffer
containing 10 mM DTT and 5 ȝL of 4 mM LEHD-pNA substrate were added. After 2 h incubation
at 37 °C, pNA absorbance was quantified at 400 nm (Tecan Genios, Austria). Values shown are the
mean of three independent experiments ± SE.
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3.8. Effect of APS8 on Į7 nAChRs
Xenopus oocyte functional experiments and radioligand binding experiments were performed in
order to assess the effects of APS8 to Į7 nAChR. Human Į7 mRNA was expressed in Xenopus
frog oocytes, as previously described [51]. Individual oocytes were placed in a 20 ȝL oocyte
perfusion chamber (AutomateScientific, Berkeley, CA, USA) and perfused at room temperature in
Frog Ringer’s solution (115 mM NaCl, 2.5 mM KCl, 10 mM HEPES, 1.8 mM CaCl2, pH 7.3)
containing 1 ȝM atropine to block potential muscarinic responses. The two-microelectrode voltageclamp technique was used to measure current responses at a constant holding potential (í60 mV).
The electric resistance of the voltage-measuring microelectrode, filled with 3 M KCl solution, was
0.5–3.0 Mȍ; the resistance of the current-passing electrode (containing 250 mM CsCl, 250 mM
CsF, and 100 mM EGTA) was 0.5–2.0 Mȍ. Membrane currents were recorded with an AxoClamp-2
(Axon Instruments, Union City, CA, USA). Sampling rates were between 5 and 10 Hz and the data
were filtered at 10 Hz. Acetylcholine (ACh) was rapidly applied using a ValveLink8.2 controller
(AutoMate Scientific, Berkeley, CA, USA). ACh applications were 1.0 s in duration, unless
otherwise noted. The perfusion rate was 2.0 mL/min. Initially each oocyte received two control
applications of a near maximal stimulatory concentration of 1 mM ACh to achieve
a consistent response. Clampfit 8.1 (Axon Instruments, USA) was used for data acquisition. The
concentration-response curve for APS8 inhibition of the 1 mM ACh response was fitted with a
sigmoidal dose-response curve software (Prism 3.0, La Jolla, CA, USA) allowing a variable slope.
APS8 displacement of specific binding of 125I-Į-bungarotoxin (Į-BTX) to human Į7 nAChRs
expressed in SHEP-1 cells was measured according to methods essentially as previously described [51].
The membranes (50 ȝg per tube) were suspended in ice cold binding saline (120 mM NaCl, 5 mM
KCl, 2 mM CaCl2, 1 mM MgCl2, 50 mM Tris-Tris-HCl buffer, pH 7.4). Measurements of
Į7 nAChR affinity were done by displacement of 125I-Į-BTX (136 Ci/mmol) binding; these
experiments required incubation for three hours at 37 °C to assure equilibration [50]. The cell
membranes, 125I-Į-BTX (final concentration ~0.2 nM) and APS8 were incubated together in
48 13 × 100 mm disposable glass culture tubes, each possessing a final volume of 0.5 mL.
Nonspecific 125I-Į-BTX binding was measured in the presence of a final concentration of 1 mM
(S)-nicotine hydrogen tartrate salt (Sigma, St. Louis, MO, USA). After incubation, the radioligand
bound membranes in each of the 48 tubes were simultaneously collected by vacuum filtration
(Brandel cell harvester, Gaithersburg, MD, USA) on Whatman GF/C glass fiber filters pre-soaked
in 0.5% polyethylenimine for 45 min to reduce nonspecific binding. The radiolabeled membranes
were rapidly washed three times with 3 mL ice-cold binding saline to separate bound from free
radioligand. Filters containing 125I-Į-BTX bound membranes were placed in 4 mL vials and
counted with a Beckman 5500B gamma counter (Fullerton, CA, USA). Displacement assay
binding data were analyzed using GraphPad Prism software (San Diego, CA, USA). The mean
counts per minute values for each concentration of APS8 were obtained from four replicates. The
data were fitted to a sigmoidal concentration response curve from which the Hill slope (n) and IC50
(X) values were estimated:
Y = Bottom + (Top í Bottom)/(1 + 10(X í log(IC50)n)
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Here, Top (top of the curve) is the maximal specific binding plateau of radioligand and Bottom
(bottom of the curve) is the minimum specific binding plateau observed at high concentrations of
the displacing ligand.
3.9. Statistical Analysis
All experiments were repeated three to five times. All data were expressed in terms of mean
value and standard deviation. Statistical significance analysis was determined using Student’s t-test
or analysis of variance (ANOVA) followed by Tukey-Kramer multiple comparison. P < 0.05 was
considered significant.
4. Conclusions
Our data reveal that in the tested cancer cell lines APS8 triggers the intrinsic apoptotic pathway
although there is some evidence that it might be also involved in apoptotic response via the
extrinsic pathway. While further studies are needed, the present work suggests that compounds
with molecular characteristics similar to APS8 might represent a new molecular approach for
treating certain types of lung cancer.
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Proteomic Investigation of the Sinulariolide-Treated
Melanoma Cells A375: Effects on the Cell Apoptosis
through Mitochondrial-Related Pathway and
Activation of Caspase Cascade
Hsing-Hui Li, Jui-Hsin Su, Chien-Chih Chiu, Jen-Jie Lin, Zih-Yan Yang, Wen-Ing Hwang,
Yu-Kuei Chen, Yu-Hsuan Lo and Yu-Jen Wu
Abstract: Sinulariolide is an active compound isolated from the cultured soft coral Sinularia
flexibilis. In this study, we investigated the effects of sinulariolide on A375 melanoma cell growth
and protein expression. Sinulariolide suppressed the proliferation and migration of melanoma cells
in a concentration-dependent manner and was found to induce both early and late apoptosis by flow
cytometric analysis. Comparative proteomic analysis was conducted to investigate the effects of
sinulariolide at the molecular level by comparison between the protein profiles of melanoma cells
treated with sinulariolide and those without treatment. Two-dimensional gel electrophoresis (2-DE)
master maps of control and treated A375 cells were generated by analysis with PDQuest software.
Comparison between these maps showed up- and downregulation of 21 proteins, seven of which
were upregulated and 14 were downregulated. The proteomics studies described here identify some
proteins that are involved in mitochondrial dysfunction and apoptosis-associated proteins, including
heat shock protein 60, heat shock protein beta-1, ubiquinol cytochrome c reductase complex core
protein 1, isocitrate dehydrogenase (NAD) subunit alpha (down-regulated), and prohibitin
(up-regulated), in A375 melanoma cells exposed to sinulariolide. Sinulariolide-induced apoptosis is
relevant to mitochondrial-mediated apoptosis via caspase-dependent pathways, elucidated by the
loss of mitochondrial membrane potential, release of cytochrome c, and activation of Bax, Bad and
caspase-3/-9, as well as suppression of p-Bad, Bcl-xL and Bcl-2. Taken together, our results show
that sinulariolide-induced apoptosis might be related to activation of the caspase cascade and
mitochondria dysfunction pathways. Our results suggest that sinulariolide merits further evaluation
as a chemotherapeutic agent for human melanoma.
Reprinted from Mar. Drugs. Cite as: Li, H.-H.; Su, J.-H.; Chiu, C.-C.; Lin, J.-J.; Yang, Z.-Y.;
Hwang, W.-I.; Chen, Y.-K.; Lo, Y.-H.; Wu, Y.-J. Proteomic Investigation of the
Sinulariolide-Treated Melanoma Cells A375: Effects on the Cell Apoptosis through
Mitochondrial-Related Pathway and Activation of Caspase Cascade. Mar. Drugs 2013, 11,
2625-2642.
1. Introduction
Melanoma, the deadliest form of skin cancer, is a malignant tumor of cutaneous melanocytes.
The incidence rates of melanoma continue to rapidly rise throughout the world [1]. According to an
estimation of the American Cancer Society, invasive melanoma diagnoses were estimated to have
reached 70,230 cases in 2011 in the United States [2]. Metastatic melanoma is mostly incurable in
diagnosed patients, because melanoma does not respond to most systemic treatments [3–5].
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For patients with malignant melanoma, surgery is the most essential treatment [6,7]. Other medical
measures such as chemotherapy and cytokine therapy have also been investigated. However,
dacarbazine, the most active single agent against melanoma, has a response rate of approximately
15%–25% [8,9]. Cytokine therapy using high-dose interleukin (IL)-2 has an overall response rate
of 12.5%, but the response rate does not approach that of dacarbazine [10,11]. Hence, malignant
melanoma is an urgent medical and therapeutic issue. It is important to find new drugs and develop
therapies against this highly malignant tumor.
Recently, many studies have analyzed marine biologically active compounds to discover new
therapeutic drugs for the prevention or inhibition of cancer development [12–17]. Sinulariolide, an
active compound isolated from the cultured soft coral Sinularia flexibilis, has been shown to have
various biological properties, including anti-microbial and anti-bladder cancer activities [18,19].
In the current investigation, the effects of sinulariolide on melanoma cells were evaluated in terms of
cell viability, cell migration, and flow cytometric analysis. The results indicated anti-tumor and
apoptosis-induced effects of sinulariolide on A375 melanoma cells. A comparative proteomics
analysis was performed to investigate the effects of sinulariolide on A375 melanoma cells. Several
differential proteins identified after sinulariolide treatment by liquid chromatography-tandem mass
spectrometry (LC-MS/MS) analysis were characterized as potential anti-cancer protein markers.
Western blotting analysis was carried out to confirm the changes of protein expressions, which are
associated with energy metabolism and cell apoptosis. Overall, these results could provide valuable
information for drug development or potential strategies against human melanoma.
2. Results
2.1. The Cytotoxicity and Anti-Migratory Effects of Sinulariolide on A375 Cells
The potential cytotoxic effects of sinulariolide on human melanoma A375 cells were examined
by methylthiazoletetrazolium (MTT) assay, morphological changes and cell migration assay.
Figure 1A displays the cytotoxic effects of various concentrations of sinulariolide (1, 5, 10, 15,
20 ȝg/mL) on A375 melanoma cells. The results of the MTT assay revealed that sinulariolide
concentration-dependently inhibited the proliferation of A375 melanoma cells (* p < 0.001,
#
p < 0.05) (Figure 1A). Morphological changes of sinulariolide-treated cells were observed by
inverted light microscopy. The cell population of A375 cells obviously decreased after treatment
with 10 and 15 ȝg/mL sinulariolide (Figure 1B). Data from the cell migration assay showed that
5–15 ȝg/mL sinulariolide suppressed A375 melanoma cell migration in a concentration-dependent
manner, with suppression rates of approximately 21%, 42% and 72% for 5, 10 and 15 ȝg/mL
sinulariolide treatment, respectively (Figure 1C,D).
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Figure 1. Evaluation of the cell cytoxicity and anti-migratory effects of sinulariolide on
A375 melanoma cells. (A) The cell viability of A375 melanoma cells was found to be
concentration-dependently suppressed by methylthiazoletetrazolium (MTT) assay
(* p < 0.001, # p < 0.05); (B) Reduced cell population and morphological changes of
A375 melanoma cells treated with different concentrations of sinulariolide (5, 10 and
15 ȝg/mL); (C and D) Sinulariolide from 5 to 15 ȝg/mL concentration-dependently
decreased A375 cell migration (* p < 0.001). C: control, DMSO-treated cells. Scale bar
(B,C) = 20 ȝm.
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2.2. Apoptosis Was Triggered by Sinulariolide in A375 Cells
It has previously been shown that sinulariolide induced apoptosis of TSGH cells [18].
A375 cells showed growth inhibition with sinulariolide treatment in a concentration-dependent
manner. To investigate whether sinulariolide also induced apoptosis in melanoma cells, A375 cells
were exposed to sinulariolide and were analyzed by flow cytometry-based annexin
V-fluoresceinisothiocyanate (FITC)/porpidium iodide (PI) double staining using a flow cytometer.
After treatment with control, 5, 10 and 15 ȝg/mL of sinulariolide, the percentages of cells
displaying early apoptosis/late apoptosis were 2.8%/1.7%, 7.6%/2.0%, 20.2%/5.8% and
15.6%/18.7%, respectively (Figure 2A). These data showed that sinulariolide efficiently induced
apoptosis of A375 cells. To further validate the sinulariolide-induced apoptosis of A375 cells,
4ƍ,6-diamidino-2-phenyl iodide (DAPI) and Terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) stained assays were performed to evaluate the apoptosis. The results showed
that massive apoptotic bodies were induced in A375 cells treated with 15 ȝg/mL of sinulariolide
(Figure 2B). Altogether, these results demonstrated that treatment with sinulariolide is able to
induce both early and late apoptosis in A375 melanoma cells.
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Figure 2. Sinulariolide-induced cell apoptosis of A375 melanoma cells.
(A) Detection of apoptotic A375 cells after sinulariolide treatment by annexin
V-fluoresceinisothiocyanate (FITC)/porpidium iodide (PI) analysis. Sinulariolide
elevated early and late apoptosis in a concentration-dependent manner; (B) Detection of
apoptotic cells by 4ƍ,6-diamidino-2-phenyl iodide (DAPI) and terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) staining assay. A375 cells were treated
with DMSO or sinulariolide at final concentrations of 5, 10 and 15 ȝg/mL for 24 h.
Cells were harvested for DAPI and TUNEL staining as described in Materials and
Methods. Scale bar = 50 ȝm.
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2.3. Proteomic Analysis of A375 Cells Treated with Sinulariolide
Proteomic analysis was used for the identification of differentially expressed proteins between
control and sinulariolide-treated A375 cells. A375 cells were treated with 15 ȝg/mL sinulariolide
for 24 h and then harvested. Total proteins were extracted from cultured cells with lysis buffer and
subjected to two-dimensional gel electrophoresis (2-DE). A total of 100 ȝg protein was dissected
with 2-DE (pI 4–7) and visualized by silver staining (Figure 3A). PDQuest image analysis software
(Bio-Rad, Hercules, CA, USA) was employed for the detection of differential protein spots, which
were defined as proteins showing a more than one and a half-fold intensity difference in 2-DE
maps between the treated A375 cells and the control samples. Protein identification was carried out
by LC-MS/MS analysis after gel digestion. MASCOT protein identification search software was
used for the identification of the differential protein spots. A total of 21 differential protein spots
were successfully identified. A list of the identified proteins with their MASCOT scores,
theoretical MW/pI, tandem mass spectrometry (MS/MS) matched sequences, coverage, and fold
changes in expression levels (upregulation or downregulation) is given in Table 1. There were
seven differential proteins upregulated after sinulariolide treatment: Rho GDP-dissociation
inhibitor 1, transitional endoplasmic reticulum ATPase, Lamin-A/C, stomatin-like protein 2,
prohibitin, translation initiation factor eIF-2B subunit alpha and retinal dehydrogenase 2. A total of
14 differential proteins were downregulated after sinulariolide treatment: Calreticulin, vimentin, 60
kDa heat shock protein (Hsp60), ubiquinol cytochrome c reductase complex core protein 1
(UQCRC1), glutathione synthetase, DnaJ homolog subfamily B member 11, nucleophosmin,
reticulocalbin-1, protein disulfide-isomerase, platelet-activating factor acetylhydrolase IB subunit
beta, heterogeneous nuclear ribonucleoprotein F (hnRNP F), heat shock protein beta-1 (HspB1),
isocitrate dehydrogenase (NAD) subunit alpha (IDH) and pyruvate dehydrogenase E1 component
subunit beta. Differential proteins such as UQCRC1, IDH, prohibitin, Hsp60 and HspB1 are
associated with anti-proliferation and induction of apoptosis, and the changes in these proteins
were verified by western blot. Altogether, the differentially expressed proteins validated by western
blot analysis were in agreement with the 2-DE data (Figure 3B).
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Figure 3. (A) Protein spots marked on the maps were considered differentially
expressed as identified by liquid chromatography-tandem mass spectrometry
(LC-MS/MS). The results were repeated three times; (B) Western blotting assay to
validate the selected proteins identified by 2-DE, including isocitrate dehydrogenase
(NAD) subunit alpha (IDH), heat shock protein beta-1 (HspB1), prohibitin, Hsp60, and
ubiquinol cytochrome c reductase complex core protein 1 (UQCRC1). T: treatment; C:
control, DMSO-treated cells. ȕ-actin was used as the internal control.
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2.4. Sinulariolide Induced Mitochondrial Depolarization and Activated the Mitochondrial-Related
Pathway, Resulting in Cell Apoptosis
From the 2-DE results, some mitochondrial-related proteins were identified upon sinulariolide
treatment, such as IDH and UQCRC1, which are involved in energy production. Therefore, we
measured the loss of mitochondrial membrane potential (ǻȌm) induced by sinulariolide using JC-1
dye. Fluorescence microscopy showed that untreated melanoma cells had strong red fluorescence
(J-aggregation) and weak green florescence (JC-1 monomer). However, many 15 ȝg/mL
sinulariolide-treated A375 cells showed a significant reduction in red fluorescence and increased
signals of green fluorescence due to loss of ǻȌm following treatment with sinulariolide
(Figure 4A). The mitochondrial-related apoptosis pathway plays an important role in apoptosis.
To verify this mitochondrial-related apoptosis pathway, we further analyzed several
mitochondrial-related apoptotic markers, such as Bax, Bad, p-Bad, cytosolic cytochrome c, endo G,
apoptosis-inducing factor (AIF), Bcl-2, and Bcl-xL. The results are displayed in Figure 4B, and
show that sinulariolide significantly increases the expression levels of Bax, Bad, AIF, endo G and
cytosolic cytochrome c in A375 cells. In contrast, the expression levels of Bcl-2, Bcl-xL, and
p-Bad decrease after sinulariolide treatment.
Figure 4. Sinulariolide induced apoptosis via mitochondria potential (ǻȌm) change
and the mitochondria-related pathway in A375 melanoma cells. (A) A375 melanoma
cells were treated with or without sinulariolide. The mitochondria potential change in
melanoma cells was detected by staining with JC-1 and was analyzed by fluorescence
microscopy; (B) Western blotting data showed the changes of Bcl-2, Bcl-xL, Bax, Bad,
p-Bad, cytosolic cytochrome c, AIF, and endo G expression in melanoma cells treated
with different concentrations of sinulariolide. Scale bar = 50 ȝm. ȕ-actin was used as
the internal control.
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2.5. Sinulariolide Activates the Caspase-Dependent Pathway, Leading to Cell Apoptosis
Differential expression levels of caspase-3, caspase-8 and caspase-9 have been reported to be
involved in the cell apoptosis pathway. In Figure 5A, western blotting data showed that the
expression levels of both pro-caspase-3 and pro-caspase-9 were decreased in the
sinulariolide-treated cells. The expression levels of cleaved-caspase-3 (17 kDa proteolytic
fragments) and cleaved-caspased-9 (37 kDa proteolytic fragments) were elevated after sinulariolide
treatment. The expression level of caspase-8 did not change. Similarly, cleaved-poly ADP ribose
polymerase (PARP) (89 kDa proteolytic fragments) also increased in expression upon sinulariolide
treatment (Figure 5A). These results showed that the caspase-dependent pathway was activated
upon sinulariolide treatment. We examined whether caspase activation was involved in
sinulariolide-induced cell apoptosis. Three caspase inhibitors, Z-DEVD-FMK (caspase-3 inhibitor),
Z-IETD-FMK (caspase-8 inhibitor), and Z-LEHD-FMK (caspase-9 inhibitor), were used to
examine whether they were able to block sinulariolide-induced cell apoptosis. Only Z-DEVD-FMK
and Z-LEHD-FMK inhibited the sinulariolide-induced cell apoptosis (Figure 5B). These data
suggest that caspase-3 and caspase-9 but not caspase-8 are involved in melanoma cell apoptosis
after sinulariolide treatment.
Figure 5. Sinulariolide induced apoptosis through the caspase-dependent pathway.
(A) Representative western blots showing changes in the apoptosis-associated
protein expression levels after treatment with sinulariolide in A375 melanoma cells;
(B) Caspase-3, -8, and -9 inhibitors affected the A375 melanoma cell viability after
sinulariolide treatment. Cells were seeded on to a 24-well plate and pretreated with
or without Z-DEVD-FMK, Z-IETD-FMK and Z-LEHD-FMK, followed by treatment
with 15 ȝg/mL sinulariolide. The cells were then harvested at 24 h and subjected to
MTT assay for the evaluation of cell viability.!# p < 0.05 as compared to the control groups.
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Figure 5. Cont.
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3. Discussion
In the current study, sinulariolide, isolated from the cultured soft coral Sinularia flexibilis,
exerted cell cytotoxic and apoptosis-inducing effects on A375 melanoma cells. Our study examined
the effects of sinulariolide on the cell viability. Morphological changes and migration demonstrated
a concentration-dependent effect (Figure 1). The induction of apoptosis was determined by
annexin V-FITC/PI staining using a flow cytometer. Treatment with sinulariolide
concentration-dependently increased the early and late apoptotic rates in A375 melanoma cells
(Figure 2). These results demonstrate that sinulariolide exerts anti-proliferation and
apoptosis-inducing activities against melanoma cells.
The proteomic data could provide clues for the investigation of potential markers and
apoptosis-inducing effects of sinulariolide on A375 melanoma cells at the molecular level. Proteins
related to the effects of sinulariolide were identified by comparative proteomic analysis. We found
that changes in some crucial proteins, such as Hsp60, HspB1, prohibitin, IDH, and UQCRC1, were
associated with apoptosis or the mitochondrial function against melanoma cells. Hsp60 siRNA
induces mitochondrial dysfunction and activates both p53-dependent and mitochondrial apoptosis [20].
HspB1, also known as heat shock protein 27, has been indicated to be a critical marker in several
cancer cells [21]. Hsp B1 (Hsp27) siRNA leads to downregulation of Bcl-2 and upregulation of
Bax [22]. Our previous work has shown downregulation of Hsp60 in BFTC bladder cancer cells
treated with 13-acetoxysarcocrasslide and CAL-27 oral squamous cell carcinoma treated with
11-dehydrosinulariolide, which exerts anti-tumor effects in vitro [13,23]. Recent results have shown
that treatment with sinulariolide significantly enhances apoptosis in A375 melanoma cells and
reduces the Hsp60 and Hsp27 expression levels. Prohibitin, which is located in mitochondria, was
found to regulate apoptosis, cellular signaling, cell migration, and cell proliferation, and stabilize
mitochondria proteins [24–27]. The translocation of prohibitin to mitochondria couples with
simultaneous translocation of p53, which is highly correlated with inhibition of cancer growth.
Up-regulation of IDH has been reported to correlate with the metastasis of human breast cancer [28].
Inhibition of IDH resulted in curcumin-induced apoptosis in HCT116 colon cancer cells [29].
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UQCRC1 is a key subunit of complex III of the mitochondrial respiratory chain. Up-regulation of
UQCRC1 might contribute to the rapid proliferation of cancer cells by increased synthesis of ATP.
Some anti-cancer drugs can inhibit the mitochondrial respiratory chain at complex III [30]. This
suggests that the anti-cancer effects of sinulariolide may be correlated with mitochondrial function
in A375 cells and associated with the reduction of IDH and UQCRC1 and enhancement of prohibitin.
The apoptosis-induced activity is a good basis for anti-cancer therapies and also a valuable
guide to predict tumor response after anticancer administered treatment. The specific induction of
human cancer cell apoptosis using chemotherapy critically benefits anti-cancer drug development [12].
Apoptotic processes can be divided into two major pathways: One is mediated by the plasma
membrane (extrinsic pathways) and one is mediated by cells (intrinsic pathways) [31]. The intrinsic
pathways that initiate apoptosis involve a large number of intracellular signals that are located in the
endoplasmic reticulum or mitochondria [32]. In the mitochondria-dependent apoptotic pathway, the
suppression of anti-apoptotic proteins such as Bcl-xL, Bcl-2 and Mcl-1, and activation of
pro-apoptotic Bax, Bid and Bak, have been reported to alter the mitochondrial membrane potential
and release mitochondrial apoptotic factors [33].
Loss of mitochondrial membrane potential leads to the release of cytochrome c, AIF and endo G
from mitochondria. AIF and endo G, which are known to induce caspase-independent apoptosis,
might be released into the cytosol upon loss of mitochondrial membrane potential. Cytochrome c is
released from mitochondrial inter-membrane spaces and then binds to ARAF1, leading to the
activation of caspase-9 and further activating the downstream effector caspase-3. Activation of
caspase-3 subsequently cleaves poly (ADP-ribose) polymerase (PARP), which is further activated [34].
Thus, sinulariolide induces apoptosis in A375 cells through the mitochondria intrinsic pathway. We
found that sinulariolide treatment resulted in reduced levels of mitochondrial membrane potential
and led to the release of cytochrome c, AIF and endo G from mitochondria (Figure 4).
Furthermore, sinulariolide also suppressed anti-apoptotic factors Bcl-2, Bcl-xL and Mcl-1 but
promoted pro-apoptotic factors Bad and Bax (Figure 4). Sinulariolide treatment resulted in
concentration-dependent activation of caspase-3, caspase-9 and PARP (Figure 5). The present data
support that sinulariolide can induce apoptosis of A375 cells through activation of the caspase cascade.
Overall, our results indicate that sinulariolide increases apoptosis of A375 cells, which is
associated with the intrinsic mitochondria dysfunction pathway and activation of the caspase cascade.
4. Materials and Methods
4.1. Materials
Immobilized pH gradient (IPG) buffer and isoelectric focusing (IEF) strips were purchased from
GE Healthcare (Buckinghamshire, UK). Cell Extraction Buffer was obtained from BioSource
International (Camarillo, CA, USA). Rabbit anti-human AIF, endo G and prohibitin antibodies were
obtained from Epitomics (Burlingame, CA, USA). Rabbit anti-human Hsp60, HspB1, UQCRC1 and
IDH antibodies were obtained from ProteinTech Group (Chicago, IL, USA). Rabbit anti-human
pro-casapse-3, pro-caspase-9, pro-caspase-8, cleaved caspase-3, cleaved caspase-9, PARP,
cytochrome c, Bax, Bad, p-Bad, Bcl-2 and Bcl-xL antibodies were obtained from Cell Signaling
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Technology (Danvers, MA, USA). Protease inhibitor cocktail, dimethyl sulfoxide (DMSO),
Z-DEVD-FMK (caspase-3 inhibitor), Z-IETD-FMK (caspase-8 inhibitor), Z-LEHD-FMK
(caspase-9 inhibitor), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), and
rabbit anti-human ȕ-actin antibodies were obtained from Sigma (St. Louis, MO, USA).
Polyvinylidene difluoride (PVDF) membranes and goat anti-rabbit and horseradish peroxidase
conjugated IgG were obtained from Millipore (Bellerica, MA, USA). Chemiliminescent
horseradish peroxidase (HRP) substrate was from Pierce (Rockford, IL, USA). A DAPI fluorescent
kit was obtained from Promega (Madison, WI, USA). Sinulariolide was isolated from the cultured
soft coral Sinularia flexibilis according to the reported procedures [35]. DMSO was used to
dissolve sinulariolide.
4.2. Cell Culture
A375 melanoma cells were purchased from the Food Industry Research and Development
Institute (Hsinchu, Taiwan) and were grown in DMEM (Biowest, Nuaillé, France), 4 mM
L-glutamine, 10% (v/v) fetal bovine serum, 100 ȝg/mL streptomycin, 100 U/mL penicillin and
1 mM sodium pyruvate in a humidified atmosphere of 5% CO2 in air at 37 °C.
4.3. Determination of Cell Viability
The cell viability effect of sinulariolide against A375 cells was examined by calorimetric
tetrazolium (MTT) assay [14]. Briefly, A375 cells were seeded in 96-well plates at a density of
1 × 105/cm2 in complete medium (with 10% fetal bovine serum) and treated with different
concentrations of sinulariolide (1, 5, 10, 15 and 20 ȝg/mL) for 24 h. Cells treated with DMSO
without sinulariolide were used as a blank control. After incubation, cells were washed and 50 ȝL
MTT solution added (1 mg/mL in phosphate buffered saline (PBS) buffer) at 37 °C for 4 h. Then,
cells were lysed with 200 ȝL DMSO. The absorbance was determined at 595 nm on a microtiter
plate ELISA reader (Bio-Rad, Hercules, CA, USA) with DMSO as the blank. All experiments were
carried out in triplicate to confirm the reproducibility, and the results of three independent
experiments were used for statistical analysis.
4.4. Cell Migration Assay
The cell migration assay was performed according to the methods described by Su et al. [36].
A375 melanoma cells were seeded onto a Boyden chamber (Neuro Probe, Cabin John, MD, USA)
at 104 cells/well in serum-free media for 24 h. Melanoma cells with or without sinulariolide
treatment were allowed to migrate for 24 h. The migrated cells on the lower site were fixed with
100% methanol and then stained with 5% Giemsa (Merck, Germany). Cell numbers were observed
and counted using a 100× light microscope.
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4.5. Quantitative Detection of Apoptosis by Flow Cytometry
To determine the apoptosis induced by sinulariolide in A375 melanoma cells, an annexin
V-FITC Apoptosis Detection kit (Pharmingen, San Diego, CA, USA) was used and the method was
as according to a previous study [37]. A total of 1 × 106 cells were seeded onto a 5-cm Petri dish and
treated with or without sinulariolide for 24 h, and subsequently cells were stained with annexin
V-FITC and propidium iodide (PI) for 30 min at 37 °C according to the manufacturer’s protocol.
Apoptotic cells were then assessed using a FACScan flow cytometer and Cell-Quest software
(Becton-Dickinson, Mansfield, MA, USA).
4.6. Protein Extraction and Concentration Estimation
A375 melanoma cells were treated without or with various concentrations of sinulariolide
(0, 5, 10 and 15 ȝg/mL) for 24 h and then lysed with Cell Extraction Buffer (BioSource). The total
protein in the supernatant was then precipitated out by triple the volume of 10% trichloroacetic acid
(TCA)/acetone solution overnight at í20 °C. The precipitated proteins were suspended in a
rehydration buffer (6 M urea, 2 M thiourea, 0.5% IPG buffer, 0.5% 3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate (CHAPS), 20 mM dithiothreitol (DTT), and 0.002%
bromophenol blue) at 4 °C overnight. The protein concentrations were determined using a 2-D
Quant Kit (GE Healthcare).
4.7. Two-Dimensional Gel Electrophoresis, Image Analysis and Protein Identification by
LC-MS/MS
Two-dimensional gel electrophoresis (2-DE), image analysis and LC-MS/MS analysis were
carried out by methods similar to those used in our previous study [13,23,38]. For 2-DE, protein
samples (100 ȝg) from control cells and cells treated with 15 ȝg/mL sinulariolide were applied for
first dimension electrophoresis (isoelectric focusing) using a GE Healthcare Ettan IPGphor 3. Then,
the equilibrated strip was loaded onto the top of a sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE gel) (12.5%) for second dimension electrophoresis using an SE 600
Ruby (Hoeffer, Holliston, MA, USA). 2-DE images were obtained in triplicate for each sample and
normalization prior to statistical analysis was performed to ensure reproducibility. The 2-DE gels
were stained by silver. The silver-stained gels were then scanned and analyzed using PDQuest
image analysis software (Bio-Rad). Protein spots showing more than a one and a half-fold intensity
difference were considered statistically significant in 2-DE between the sinulariolide treated
A375 cells and the control. The protein spots of interest were excised from the 2-DE gels. After
digestion with trypsin, the excised protein spots were used for identification by LC-MS/MS
analysis using an AB SCIEX QTRAP® 5500Q mass spectrometer (Applied Biosystems,
Framingham, CA, USA). For the LC-MS/MS procedure, the peptide mixture was separated by a
reversed phase column (Agilent Zobax 2.1 mm × 150 mm C18 column, Santa Clara, CA, USA) on
a nano LC system (Agilent NanoLC 1200 System). The LC-MS/MS analysis employed a 10-mm
online trapping and desalting step followed by a linear gradient from 5% to 60% acetonitrile
containing 0.1% formic acid over 60 min. The scan range was from m/z 100 to1000 for MS. The
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raw data were processed into the text file format of WIFF using Analyst 1.5.1. All MS/MS spectra
of identified peptides were further verified by manual interpretation.
4.8. DAPI and TUNEL Stain
A375 melanoma cells (1 × 105 cells/well) in a 12-well plate were treated with 5, 10, 15 ȝg/mL
sinulariolide for 24 h, and DMSO was added as the control. Cells in each treatment and control
group were fixed with 4% paraformaldehyde in PBS solution for 15 min and stained by DAPI
according to the manufacturer’s instructions. The DeadEnd™ Fluorometric TUNEL System
(Promega) was used to detect nuclear DNA fragmentation according to the manufacturer’s manual.
The cells were photographed under a fluorescence microscope (Olympus IX71 CTS, Chinetek
Scientific, Hong Kong, China).
4.9. Mitochondria and Cytosol Fractionation
The mitochondria and cytosol fractions were separated using a mitochondria/cytosol fractionation
kit (BioSource) by the methods described in our previous report [18].
4.10. Assessment of Mitochondrial Membrane Potential (ǻȌm)
The mitochondrial membrane potential (ǻȌm) was examined by fluorescence microscopy
following staining with the cationic dye JC-1 (Biotium, Hayward, CA, USA). A375 cells (1 × 105
cells/well) in a 12-well plate were treated with different concentrations of sinulariolide (0, 5 and 15
ȝg/mL) and grown in 5% CO2 at 37 °C. After incubation, cells were harvested and washed twice with
PBS, then 70 ȝL of JC-1 staining solution were added and incubation performed at 37 °C in the dark
for 30 min. After a brief wash with serum-free medium, cells were directly observed by fluorescence
microscopy (Olympus IX71 CTS, Chinetek Scientific, Hong Kong, China).
4.11. Western Blot Analysis
The treated samples and control samples (25 ȝg) were separated by 12.5% SDS-PAGE, and then
transferred to a PVDF membrane (Millipore) for 1.5 h at 400 mA using Transphor TE 62 (Hoeffer).
The membranes were incubated with 5% dehydrated skim milk to block nonspecific protein
binding, and then incubated with primary antibodies at 4 °C for overnight. The primary antibodies
were anti-human prohibitin, IDH, UQCRC1, Hsp60, HspB1, PARP, pro-caspase-3,
cleaved-caspase-3, pro-caspase-9, cleaved-caspase-9, pro-caspase-8, Cyt c, Bax, Bad, p-Bad, Bcl-2,
Bxl-xL, AIF, endo G and ȕ-actin antibodies. The secondary antibodies (horseradish peroxidase
conjugated goat anti-rabbit, 1:5000 in blocking solution) were added and incubated for 2 h and then
visualized using chemiluminesence (Pierce Biotechnology, Rockford, IL, USA). The western blot
data were quantified using Image J software.
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4.12. Statistical Analysis
Data for the MTT assay, cell migration assay and flow cytometric analysis were pooled from
three independent experiments and are expressed as the mean ± standard error of mean (SEM). Data
analysis of variance (ANOVA) by the Tukey-Kramer test was performed using GraphPad InStat 3
(San Diego, CA, USA) to determine the significant differences (p  0.05) as compared with the
experimental groups [14].
5. Conclusions
In conclusion, our results establish that the natural marine compound sinulariolide possesses
anti-cancer activity through the induction of cellular apoptosis in A375 melanoma cells. Proteomic
analysis of the differentially expressed proteins profiled indicated that energy metabolism proteins
were related to the apoptotic progress. Furthermore, our findings indicate that sinulariolide
performs anti-cancer activity involving induction of cellular apoptosis. Overall, this study indicates
that sinulariolide-induced apoptosis can be summarized as shown in Figure 6.
Sinulariolide-induced apoptosis might be related to the activation of the caspase cascade and the
mitochondrial-related apoptosis pathway. Further in vivo evaluation of the anti-melanoma cancer
activity of sinulariolide in an animal model is needed in the future. The findings of our study also
benefit melanoma pharmaceutical development in the clinical setting.
Figure 6. Sinulariolide induces A375 melanoma cell apoptosis through the
mitochondrial-related apoptosis pathway and activation of the caspase cascade.
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Cytotoxic Anthranilic Acid Derivatives from Deep Sea
Sediment-Derived Fungus Penicillium paneum SD-44
Chun-Shun Li, Xiao-Ming Li, Shu-Shan Gao, Yan-Hua Lu and Bin-Gui Wang
Abstract: Five new anthranilic acid derivatives, penipacids A–E (1–5), together with one known
analogue (6), which was previously synthesized, were characterized from the ethyl acetate extract
of the marine sediment-derived fungus Penicillium paneum SD-44. Their structures were
elucidated mainly by extensive NMR spectroscopic and mass spectrometric analysis. The
cytotoxicity and antimicrobial activity of the isolated compounds were evaluated. Compounds 1,
and 5 exhibited inhibitory activity against human colon cancer RKO cell line, while compound 6
displayed cytotoxic activity against Hela cell line.
Reprinted from Mar. Drugs. Cite as: Li, C.-S.; Li, X.-M.; Gao, S.-S.; Lu, Y.-H.; Wang, B.-G.
Cytotoxic Anthranilic Acid Derivatives from Deep Sea Sediment-Derived Fungus Penicillium
paneum SD-44. Mar. Drugs 2013, 11, 3068-3076.
1. Introduction
Marine fungi have recently attracted great attention owing to their structurally unique and
biologically active metabolites [1–4]. Our previous investigation of filamentous fungi from marine
habitats [5–10] enabled us to obtain a fungus Penicillium paneum SD-44 from the sediment sample
collected from the South China Sea. Chemical investigation of this fungus by static culture in solid
rice medium led to the isolation of one novel triazole and two new quinazolinone alkaloids,
penipanoids A–C [11]. During our ongoing exploration of new bioactive metabolites of this fungal
strain by changing fermentation conditions, we had a chance to access a large-scale bioreactor, and,
as a result, six anthranilic acid derivatives including five new ones (1–5) and one previously
synthesized analogue (6) [12] (Figure 1) were isolated from the culture broth of the dynamic
fermentation in a 500-L fermentator. All the isolated new compounds possess an amidine moiety,
which is rare among naturally occurring compounds [13]. Details of the isolation, structure
elucidation, and biological activities are reported herein.
Figure 1. Structures of the isolated compounds 1–6.
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2. Results and Discussion
Structure Elucidation of the New Compounds
Penipacid A (1) was isolated as yellowish solid. Its molecular formula was demonstrated as
C13H18N2O3 by HR-ESI-MS, with six degrees of unsaturation. Detailed analyses of the 1D NMR
data (Tables 1 and 2) indicated the presence of one carbonyl, one ortho-disubstituted benzene ring,
two additional quaternary carbons (one sp2 and one sp3), one methylene carbon and three methyls.
Among them, the de-shielded sp3 quaternary carbon resonating at įC 70.8 was deduced to be
oxygenated, while the two sp2 carbons at įC 148.3 and 148.4 and the methylene at įC 49.7 were
ascribed to be connected with nitrogen atoms. The characters of the 1D NMR data and the UV
spectrum (Ȝmax 286 and 340 nm) as well as the observed 1H–1H COSY and HMBC correlations
(Figure 2) suggested that 1 might be an anthranilic acid derivative [14]. In the HMBC spectrum, the
correlation from the double doublet aromatic proton H-3 to C-1 (įC 172.9) allowed the placement
of the carboxyl group at C-2 (Figure 2). The observed HMBC cross-peaks from the exchangeable
proton (H-8, įH 10.63), ascribed to nitrogenated atom, to the aromatic carbons C-2 and C-6 implied
the presence of the 2-aminobenzoic acid moiety. Meanwhile, the HMBC correlations (Figure 2)
from the symmetrical methyls (H3-13 and H3-14) to the oxygenated carbon C-12 (įC 70.8) and the
nitrogen-bearing methylene C-11 (įC 49.7) and from singlet methyl H3-15 to C-9 (įC 148.4/3) and
C-11 as well as from H-8 to C-9 suggested the presence of N'-(2-hydroxy-2methylpropyl)acetimidamide motif in the structure of 1. The observed NOE correlation of H2-11
with H3-15 ascribed the imine double bond C9=N10 to be E-configured. The structure of 1 was thus
established to be (E)-2-(N'-(2-hydroxy-2-methylpropyl)acetimidamido)benzoic acid, named as
penipacid A.
Penipacid B (2), yellowish powder, was revealed by HR-ESI-MS data to have the molecular
formula C14H20N2O3, with a CH2 unit more than that of 1. Comparison of the NMR data of 2 with
those of 1 indicated that the structures of these two compounds are very similar, except that one
methoxy group was present in 2. The resonance of the oxygenated quaternary carbon C-12 shifted
downfield from įC 70.8 in 1 to įC 76.8 in 2, while the adjacent methyl carbon C-13/C-14 moved
upfield from įC 29.4 in 1 to įC 25.6 in the 13C NMR spectrum of 2 (Table 2). Correspondingly, the
methyl signal H-13/H-14 shifted from įH 1.35 in 1 to upfield at įH 1.23 in the 1H NMR spectrum
of 2 (Table 1). The observation implied that the hydroxy group at C-12 in 1 was replaced by
a methoxy moiety in 2, which was verified by the obvious HMBC correlation from
the protons of the methoxy (įH 3.27) to C-12. The NOE correlation of H2-11 with H3-15
also suggested the E-configured of C9=N10. Thus, the structure of 2 was established
as (E)-2-(N'-(2-methoxy-2-methylpropyl)acetimidamido)benzoic acid.
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Table 1. 1H NMR data for compounds 1–6 (500 MHz, į in ppm, J in Hz).
No.
1a
2b
3 7.97 dd (7.9, 0.8) 7.89 dd (8.0, 1.3)
4
6.76 br t (7.9)
6.70 br t (8.0)
5 7.45 td ( 8.2, 1.0) 7.38 td (8.5, 1.4)
6
7.50 br d (8.2)
7.58 br d (8.5)
8
10.63 s
9
11
2.53 s
2.53 s
12
13
1.35 s
1.23 s
14
1.35 s
1.23 s
15
2.00 s
1.97 s
OMe
3.27 s
a

3c
7.89 d (7.9)
6.94 t (7.4)
7.55 t (7.4)
7.81 d (8.4)
11.36 s

4b
7.98 d (7.7)
6.93 t (7.5)
7.48 t (7.5)
7.80 d (8.4)
-

5b
7.92 d (7.8)
6.77 t (7.5)
7.42 t (7.5)
7.66 br d (8.5)
7.82 s

2.04 s

2.14 s

6.63 d (3.1)
6.50 dd (2.8, 1.7)
7.55 br s

6b
7.99 dd (7.9, 1.2)
6.94 td (8.0, 0.9)
7.46 td (8.0, 1.5)
7.76 br d (8.4)

2.47 s
2.01 s

Recorded in CDCl3; b Recorded in methanol-d4; c Recorded in DMSO-d6.

Table 2. 13C NMR data for compounds 1–6 (125 MHz, į in ppm).
No.
1
2
3
4
5
6
7
9
10
11
12
13
14
15
OMe
a

1a
172.9 s
108.4 s
131.8 d
117.5 d
135.7 d
113.1 d
148.3 s
148.4 s

2b
172.3 s d
111.1 s
132.5 d
117.9 d
135.2 d
114.1 d
149.7 s
147.9 s

3c
170.4 s
112.4 s
131.6 d
120.2 d
135.0 d
114.3 d
146.4 s
136.5 s

4b
172.7 s
112.1 s
132.6 d
121.0 d
135.0 d
115.0 d
147.5 s
135.4 s

5b
172.2 s
112.2 s
132.5 d
118.7 d
135.1 d
114.4 d
148.7 s
131.5 d

49.7 t
70.8 s
29.4 q
29.4 q
17.9 q

48.7 t
76.8 s
25.6 q
25.6 q
17.3 q
49.0 q

166.2 s
11.4 q

167.4 s
11.4 q

152.3 s
110.8 d
112.7 d
144.5 d

6b
173.3 s d
117.6 s
132.7 d
121.3 d
134.2 d
114.5 d
146.8 s
143.4 s
199.3 s
8.5 q
24.2 q

52.7 q

Recorded in CDCl3; b Recorded in methanol-d4; c Recorded in DMSO-d6; d Data deduced from HMBC.

Penipacid C (3) was shown to have the molecular formula of C10H10N2O4 (seven degrees of
unsaturation) by means of HR-ESI-MS. Detailed analysis of the 1H-, 13C- as well as DEPT NMR
data of 3 suggested that the molecule might possess the same 2-acetimidamido benzoic acid moiety
as those of compounds 1 and 2. The remaining structural unit (COOH) with the quaternary carbon
atom resonated at įC 166.2 (C-11) was ascribed to the presence of one carbonyl group. The obvious
HMBC correlations from the only methyl group (įH 2.04, H3-12) to C-9 (įC 136.5) and C-11
established the position of the remaining carbonyl group (Figure 2). The chemical atmosphere of
the methyl (C-12) might be influenced by the carboxyl group (C-11), which was correspondingly
affected by the configuration of the double bond (C9=N10). When the C9=N10 takes the

303
E configuration, the methyl group (C-12) is at the shielding area of the carboxyl group, which
implied the lower chemical shift of C-12 in this mode than in that of the Z configured C9=N10
molecule. The preliminary prediction of the chemical shift of C-12 by the software ChemBioDraw
Ultra (V12.0) verified this deduction that C-12 was in a higher fielded atmosphere (įC 18.9) in the
E-configured molecule, and in a lower one (įC 24.9) for the Z-configured model. The experimental
value (įC 11.4) of the chemical shift of C-12 is closer to that of the predicted one of E-configured
molecule than that of the Z-configured model. The configuration of the double bond C9=N10 was
thus tentatively assigned to be E, which was biogenetically identical to those of compounds 1 and 2.
A double bond isomer (C9=N10) of 3 was previously described in a complex with manganese [15].
Penipacid E (4) was isolated as yellowish solid. Its molecular formula was determined to be
C11H12N2O4 by HR-ESI-MS, possessing one more CH2 moiety than that of 3. Comprehensive
comparison of the 1D NMR data of 4 with those of 3 suggested that the two molecules were very
similar, except that an O-methyl group (įH 3.84 and įC 52.7) was observed in the NMR spectra of
4, implying one of the COOH group in 3 was replaced by a COOMe group in 4. The HMBC
correlation from the methoxy group to C-11 (įC 167.4) allowed the placement of the COOMe
group at N-10. The geometry of the double bond (C9=N10) in 4 was also assigned by the chemical
shift prediction using ChemBioDraw Ultra (version 12.0) software to be E-configured. The
similarity of the chemical shifts of compounds 3 and 4 also implied that both of them should take
the same configuration.
Penipacid G (5) was obtained as a yellowish solid. The molecular formula was deduced from the
HR-ESI-MS data to be C12H10N2O3, with nine degrees of unsaturation. The similarity of the 1D
NMR data of 5 with compounds 1–4 suggested that 5 should also be an anthranilic acid derivative.
Besides the 2-aminobenzoic acid moiety, the remaining part (C5H4NO) of the structure was
established by 2D NMR spectra. The COSY correlations from H-12 to H-13 and from H-13 to
H-14 as well as the HMBC correlations from H-12 and H-13 to the oxygenated aromatic carbons
C-11 (įC 152.3) and C-14 (įC 144.5) and from H-14 to C-11 and C-12 (Figure 2) implied the
presence of the nitrogen substituted furan moiety. Moreover, the HMBC cross peak from H-9 to
C-11 established the planar structure of compound 5 to be 2-(N'-(furan-2yl)formimidamido)benzoic acid. The NOE correlation from H-9 to the furan proton H-12 implied
the E-configuration of C9=N10.
To clarify whether the new compounds 2 and 4 are artifacts, which might be respectively
derived from 1 and 3 during the purification procedures, compounds 1 and 3 were mixed with silica
gel in CHCl3–MeOH (1:1) for 24 hours and then checked by HPLC. Additionally, these
compounds were respectively dissolved in MeOH and were stirred at room temperature for 48
hours and then also analyzed by HPLC. The results indicated that none of them showed obvious
change compared with the standard samples. Based on the above experiments, compounds 2 and 4
are regarded as natural occurring products, rather than the artifacts.
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Figure 2. Key HMBC (arrows) and 1H–1H COSY (bold lines) correlations of
compounds 1, 3, and 5.

Compounds 1–6 were evaluated for the cytotoxicity against Hela and RKO cell lines and the
antimicrobial activity on two bacteria (Staphylococcus aureus and Escherichia coli) and three
plant-pathogenic fungi (Alternaria brassicae, Fusarium graminearum, and Rhizoctonia cerealis).
In the cytotoxic assays, penipacids A (1) and E (5) exhibited inhibitory activity against RKO cell
line with an IC50 value of 8.4 and 9.7 M, respectively, while compound 6 displayed cytotoxic
activity against Hela cell line with the IC50 value of 6.6 M, which are all stronger than the positive
control fluorouracil (with IC50 values of 25.0 and 14.5 M, respectively). In the antimicrobial
screening, no obvious activity could be observed for the tested compounds.
3. Experimental Section
3.1. General
UV Spectroscopic data were obtained on a Lengguang Gold S54. NMR Spectra were recorded
at 500 and 125 MHz for 1H and 13C, respectively, on a Bruker Advance 500. Mass spectra were
measured on a VG Autospec 3000 mass spectrometer. Column chromatography (CC) was
performed with silica gel (200–300 mesh, Qingdao Marine Chemical Factory, Qingdao, China),
Lobar LiChroprep RP-18 (40–63 m; Merck), and Sephadex LH-20 (18–110 m, Merck,
Darmstadt, Germany). HPLC was performed using an Elite semi-preparative colume (10 × 300 mm,
Elite, Dalian, China) on Dionex HPLC system.
3.2. Fungal Material
The procedures of isolation and identification of the fungal strain used in this experiment were
described in an earlier report [11].
3.3. Extraction and Isolation
The fresh mycelium was inoculated into 500 mL flask preloaded with 200 mL liquid medium
(consisting of mannitol 20 g, maltose 20 g, monosodium glutamate 10 g, glucose 10 g, yeast extract
3 g, corn steep liquor 1 g, KH2PO4 0.5 g, and MgSO4·7H2O 0.3 g, in 1 L filtered sea water)
followed by a two-day culture incubation at 28 °C and 150 rpm/min. The whole liquid (15 × 200 mL)
collected from the flask was inoculated into a 50-L seed fermentator containing 27 L sterilized
medium for a one-day fermentation at 28 °C and 150 rpm/min. The cultured liquid was then
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transferred into a 500 L fermentator preloaded with 270 L sterilized medium and cultured for another
5 days at the same conditions.
The fermented mycelia and broth were separated by centrifugation, and the mycelia were
exhaustively extracted with acetone to afford the crude extract (70.0 g). The extract was
fractionated by Si gel vacuum liquid chromatography (VLC) using petroleum ether (PE)–EtOAc
(from 1:0 to 1:1) and CHCl3–MeOH (from 20:1 to 0:1) gradient elution to afford 10 fractions
(Fr.1–Fr.10). Fr.2 (6.1 g) eluted with PE–EtOAc (5:1) was further purified by column
chromatography (CC) on reversed-phase silica gel C18 eluted with a MeOH–H2O gradient (20% to
100%) to obtain eight parts (P.1–P.8). P.4 (170.0 mg) was further purified by semi-preparative
HPLC (Elite ODS-BP column, 10 ȝm; 10.0 × 300 mm; 3 mL/min; 70% MeOH/H2O with 0.1%
acetic acid in mobile phases) to obtain compounds 4 (5.7 mg, tR 10.2 min), 1 (16.7 mg, tR 17.5 min),
and 2 (9.3 mg, tR 27.6 min;). P.5 (110.0 mg) was then subjected to Sephadex LH-20 (MeOH),
which was followed by semi-preparative HPLC (73% MeOH/H2O) to get 5 (4.1 mg, tR 19.6 min).
P.6 (180.0 mg) was fractionated by Sephadex LH-20 (MeOH) and semi-preparative HPLC to yield
compound 6 (8.7 mg, tR 15.5 min; 65% MeOH/H2O). Fr.3 (8.43 g) eluted with PE–EtOAc (2:1)
was further separated by CC on reversed-phase silica gel C18 eluted with a MeOH–H2O gradient
(20% to 100%) to afford eight parts (P.1–P.8). P.7 (125.0 mg) was separated by semi-preparative
HPLC (75% MeOH/H2O) to get 3 (21.2 mg, tR 9.8 min).
Penipacid A (1): yellowish solid; UV (MeOH) Ȝmax (log İ) 215 (4.50), 286 (4.40), 340 (3.85) nm;
H and 13C NMR data, see Tables 1 and 2; ESIMS m/z 251 [M + H]+; HRESIMS m/z 251.1393
[M + H]+ (calcd for C13H19N2O3, 251.1390).
1

Penipacid B (2): yellowish powder; UV (MeOH) Ȝmax (log İ) 215 (4.06), 286 (4.07), 336 (3.48)
nm; 1H and 13C NMR data, see Tables 1 and 2; ESIMS m/z 287 [M + Na]+; HRESIMS m/z
287.1365 [M + Na]+ (calcd for C14H20N2O3Na, 287.1371).
Penipacid C (3): yellowish solid; UV (MeOH) Ȝmax (log İ) 218 (4.70) nm, 334 (4.66);
ESIMS m/z 223 [M + H]+; HRESIMS m/z 223.0713 (calcd for C10H11N2O4, 223.0714).
Penipacid D (4): yellowish solid; UV (MeOH) Ȝmax (log İ) 217 (4.31) nm, 334 (4.42); 1H and
13
C NMR data, see Tables 1 and 2; ESIMS m/z 237 [M + H]+; HRESIMS m/z 237.0869 [M + H]+
(calcd for C11H13N2O4, 237.0870).
Penipacid E (5): yellowish solid; UV (MeOH) Ȝmax (log İ) 215 (4.65), 350 (4.75) nm; 1H and
C NMR data, see Tables 1 and 2, respectively; ESIMS m/z 229 [M í H]í; HRESIMS m/z
229.0629 [M í H]í (calcd for C12H9N2O3, 229.0619).

13

3.4. Cytotoxic Assay
The cytotoxic activity against Hela (human epithelial carcinoma) and RKO (human colon
cancer) cell lines was determined according to previously reported methods [16]. Briefly, cells
were seeded onto 96-well plates at a density of 4 × 103 cells/well for 24 h, and treated with gradient
concentrations of the tested compounds for 48 h. MTT (100 L, 0.5 mg/mL) was added to each
well and the cells were incubated for further 4 h in the dark at 37 °C. Then, the dye crystals were
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dissolved in 150 L dimethyl sulphoxide (DMSO) after careful removal of the medium.
Absorbance was measured at 570 nm using a microplate reader (BioTek, USA). The viability of the
treated groups was assessed as a percentage of non-treated control groups, which was assumed to
be 100%. The cytotoxicity of the compounds was expressed as an IC50, defined as the
concentration causing a 50% reduction of cell growth compared with untreated cells.
3.5. Antimicrobial Assays
The antimicrobial activities against two bacteria (S. aureus and E. coli) and three plant-pathogenic
fungi (A. brassicae, F. graminearum, and R. cerealis) were carried out using the disk diffusion
method [17]. Chloramphenicol and amphotericin B were used as antibacterial and antifungal
positive controls, respectively.
4. Conclusions
Five new anthranilic acid derivatives, penipacids A–E (1–5), along with one known analogue
(6), were identified from P. paneum SD-44 fermented in a 500 L bioreactor. Compounds 1, 5, and
6 exhibited cytotoxic activities. The biosynthetic potential of filamentous fungi is proven to be
under exploited [18,19]. The strategy of changing culture conditions of fungi for inducing the
production of new metabolites has been successfully applied in recent years [20–23]. Detailed
HPLC-DAD analysis of the crude extract and VLC fractions of fungus SD-44 cultured in rice
medium revealed that none of the penipacid compounds could be detected. However, the
penipanoids, which were isolated from the static fermentation [11] were also isolated from the
dynamic cultured products in the present investigation. Since there is no more powerful evidence to
prove whether the penipacid compounds could be metabolized by SD-44 in the static fermentation,
the discovery of penipacids could not be definitely ascribed to the change of fermentation condition
of the fungus SD-44.
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Epigonal Conditioned Media from Bonnethead Shark,
Sphyrna tiburo, Induces Apoptosis in a T-Cell Leukemia
Cell Line, Jurkat E6-1
Catherine J. Walsh, Carl A. Luer, Jennifer E. Yordy, Theresa Cantu, Jodi Miedema,
Stephanie R. Leggett, Brittany Leigh, Philip Adams, Marissa Ciesla, Courtney Bennett and
Ashby B. Bodine
Abstract: Representatives of Subclass Elasmobranchii are cartilaginous fish whose members
include sharks, skates, and rays. Because of their unique phylogenetic position of being the most
primitive group of vertebrates to possess all the components necessary for an adaptive immune
system, the immune regulatory compounds they possess may represent the earliest evolutionary
forms of novel compounds with the potential for innovative therapeutic applications. Conditioned
medium, generated from short term culture of cells from the epigonal organ of bonnethead sharks
(Sphyrna tiburo), has been shown to have potent reproducible cytotoxic activity against a variety of
human tumor cell lines in vitro. Existing data suggest that epigonal conditioned medium (ECM)
exerts this cytotoxic activity through induction of apoptosis in target cells. This manuscript
describes apoptosis induction in a representative tumor cell line, Jurkat E6-1, in response to
treatment with ECM at concentrations of 1 and 2 mg/mL. Data indicate that ECM exposure
initiates the mitochondrial pathway of apoptosis through activation of caspase enzymes. Future
purification of ECM components may result in the isolation of an immune-regulatory compound
with potential therapeutic benefit for treatment of human cancer.
Reprinted from Mar. Drugs. Cite as: Walsh, C.J.; Luer, C.A.; Yordy, J.E.; Cantu, T.; Miedema, J.;
Leggett, S.R.; Leigh, B.; Adams, P.; Ciesla, M.; Bennett, C.; et al. Epigonal Conditioned Media
from Bonnethead Shark, Sphyrna tiburo, Induces Apoptosis in a T-Cell Leukemia Cell Line, Jurkat
E6-1. Mar. Drugs 2013, 11, 3224-3257.
1. Introduction
While a few pharmaceuticals have originated from the marine environment or been derived from
tissues of marine inhabitants, marine organisms represent a relatively untapped source of
potentially novel compounds. In particular, elasmobranch fishes (cartilaginous fish whose members
include the sharks, skates, and rays) may provide a unique and underutilized source of potential
therapeutic agents. With anecdotal observations that sharks, skates, and rays have a low incidence
of disease in general, but specifically a low incidence of documented malignant tumors,
understanding the role of the elasmobranch immune system in this apparent resistance would open
the door for new areas of research.
Although research in this area may potentially translate into applications for human health, a
basic understanding of the elasmobranch immune system components and how they function is
essential. Immunologically, elasmobranch fishes fill a unique niche in that they are phylogenetically
the most primitive group of vertebrates to possess all the components necessary for an adaptive

310
immune system [1–4]. As in higher vertebrates, elasmobranchs possess thymus and spleen, but in
the absence of bone marrow and lymph nodes, these fish have evolved unique lymphomyeloid
tissues, namely the epigonal and Leydig organs. Because they are specific to elasmobranchs,
research in our lab has focused on the epigonal and Leydig organs, with efforts focused on in vitro
culture of cells collected from the epigonal organ. Optimization of short-term culture of
elasmobranch immune cells has facilitated investigation of cytokine-like factors derived from
conditioned culture medium from elasmobranch epigonal cells (epigonal conditioned medium,
ECM). Specifically, media conditioned by cultures of epigonal tissue from bonnethead sharks
(Sphyrna tiburo) contains potent growth inhibitory activity against a number of tumor cell lines [5],
while only limited growth inhibitory activity against normal cells [6]. Among the cell lines tested,
the Jurkat E6-1 cell line, derived from an acute T-cell leukemia [7], was shown to be among the
most sensitive to growth inhibition effects resulting from exposure to ECM. Previous reports
indicate that cytotoxic activity of ECM against mammalian tumor cell lines proceeded through
mechanisms of apoptosis [5,6]. In this paper, pathways of apoptosis initiated by exposure to ECM
in Jurkat cells are described.
Caspases (cysteine-dependent aspartate-directed proteases) belong to a highly conserved family
of cysteine proteases with specificity for aspartic acid residues on their substrates. Caspase
enzymes play a central role in apoptosis and are classified as initiators or effectors (executioners),
depending on point of entry into the apoptotic cascade. To date, ten major caspases have been
identified and broadly categorized as initiators (caspases-2, -8, -9, -10), effectors/executioners
(caspases-3, -6, -7), or inflammatory caspases (caspases-1, -4, -5) (reviewed in [8]). Initiator
caspases are the first to be activated, and serve as the initial steps in a cascade effect that activates
downstream effector or executioner caspases. Initiator caspases (-8, -9, and -10) are closely coupled
to pro-apoptotic signals and once activated, the execution phase of apoptosis is triggered and
downstream effector caspases (-3, -6, and -7) are cleaved and activated, which, in turn, cleave
cytoskeletal and nuclear proteins, such as PARP, and ultimately result in cell apoptosis. A
schematic diagram of selected initiator and effector caspase activation pathways resulting in
apoptosis is shown in Figure 1.
2. Results and Discussion
2.1. Growth Inhibition Assay
Growth inhibitory activity of ECM was assessed using a T-cell leukemia cell line, Jurkat E6-1
(ATCC TIB 152). Growth inhibition was quantified using the MTT assay [9], an assay that
measures the ability of live cells to convert the tetrazolium salt MTT (3-(4,5-dimethylthiazol-2-yl)2,5-diphenyl tetrazolium bromide) to a formazan product via mitochondrial enzymes. At ECM
concentrations of 1 and 2 mg/mL, inhibition of Jurkat cell growth after 72 h was greater than 90%
(Figure 2A). At 0.5 mg/mL, growth inhibition was greater than 50%. Growth inhibition in response
to 1 and 2 mg/mL ECM was significantly (P < 0.05) greater than control. Reduction in conversion
of MTT to the formazan product by ECM-treated Jurkat cells indicates that ECM induces
dose-dependent inhibition of Jurkat cell growth.
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Figure 1. Schematic diagram showing the activation of selected initiator and effector
caspase pathways resulting in apoptosis.

2.2. Annexin V Assay
Annexin V is a phospholipid binding protein with high affinity for phosphatidylserine. In viable
cells, phosphatidylserine is located on the cytoplasmic surface of cell membranes. In cells
undergoing early cell membrane changes associated with apoptosis, phosphatidylserine is
translocated from the inner membrane to the outer part of the plasma membrane where it can be
detected using fluorescently labeled annexin V conjugates [10]. After 24 h, 16.72% ± 2.97%
(SEM) of the Jurkat cells treated with 1 mg/mL ECM and 19.97% ± 1.76% (SEM) of the cells
treated with 2 mg/mL ECM were shown to bind annexin V (Figure 2B). Binding of annexin V was
significantly greater in Jurkat cells treated with 1 mg/mL ECM (P = 0.0057) and 2 mg/mL ECM
(P = 0.0197) compared to untreated control cells. A flow cytometry histogram indicating a shift in
the percentage of cells binding annexin V in response to ECM treatment is shown in Figure 2C.
These results indicate that ECM-treated Jurkat cells undergo apoptosis and that apoptotic processes
are likely involved in the observed growth inhibition. In this histogram, an insignificant (P = 0.202)
increase in the number of dead cells (Q1-UR; Figure 2C) was also observed with ECM treatment.
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Figure 2. Effects of epigonal conditioned medium (ECM) on cell growth and apoptosis
in Jurkat cells. (a) Growth inhibition of Jurkat cells (N = 11) treated with ECM for 72 h
measured using MTT. * Significantly greater (P < 0.05) than control; (b) Apoptosis in
Jurkat cells treated with ECM for 24 h (N = 3), measured using flow cytometric
detection of annexin V binding. * Significantly greater than untreated control (P = 0.0057
and 0.0197, respectively); (c) Histogram from ECM treated Jurkat cells showing binding
of annexin V in flow cytometry; untreated control (top), 2 mg/mL ECM (bottom).

2.3. Caspase Activity Assays
To determine whether ECM exposure activates the caspase cascade in Jurkat cells, the
functional activity of two initiator caspases (-8, -9) and one effector caspase (-3) was assessed in
cell lysates from untreated and ECM-treated Jurkat cells. Results from enzyme activity assays are
shown in Figure 3, and indicate increased caspase activity with exposure to ECM. Exposure to
ECM resulted in a greater than 4-fold (4.11 ± 1.13, N = 4, P < 0.05) increase in the activity of the
initiator caspase-8 (Figure 3A) in response to 1 mg/mL ECM and a greater than 2-fold (2.31 ± 0.67,
N = 4, P < 0.05) increase in activity in response to 2 mg/mL ECM compared to untreated cells.
Activity of the initiator caspase-9 (Figure 3B) was also significantly increased compared to
untreated cells. At 1 mg/mL ECM, caspase-9 activity was 2.73 ± 0.41 (SEM)-fold and at 2 mg/mL
ECM, caspase-9 activity was 2.83 ± 0.59 (SEM)-fold greater than in untreated Jurkat cells. Activity
of the terminal caspase, caspase-3, was also increased in Jurkat cells treated with ECM compared to
untreated controls (Figure 3C). The highest caspase-3 activity was observed in response to 2 mg/mL
ECM, with a 4.8 ± 0.16-fold (N = 3, P < 0.05) increase in relative fluorescence compared with
untreated controls. In response to 1 mg/mL ECM, the fold increase was 4.3 ± 0.22 (P < 0.05,
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N = 3). These results indicate significant activation of key enzymes in the caspase cascade—caspases-8,
-9, and -3—in response to exposure to ECM for 24 h. All apoptotic pathways end in activation of
caspase-3, so observation of caspase-3 activation only provides additional evidence that apoptosis
is occurring in target cells. Activation of caspase-8 is generally triggered through signals
transmitted by death receptors (TRAIL or Fas) on the cell surface, but apoptosis can proceed either
through the mitochondria (intrinsic) or bypass the mitochondria (extrinsic). Activation of caspase-9,
however, can only occur in response to mediators released from the mitochondria, and thus
indicates involvement of the mitochondria in apoptosis. Thus, observations reported here of
significant activation of caspases-8, -9, and -3 are consistent with progression of apoptosis through
the mitochondrial pathway.
Figure 3. Activation of caspase enzymes in Jurkat cells by ECM treatment. (a) Caspase-8;
(b) Caspase-9; (c) Caspase-3. Activity of caspases-8 and -9 were measured using a
colorimetric microplate assay; activity of caspase-3 was measured using a fluorimetric
microplate assay. * Significantly different (P < 0.05) from control.

2.4. Western Blotting
In addition to functional activity assays, expression of specific apoptotic pathway intermediates
at the protein level was assessed in ECM-treated Jurkat cells through Western blotting with
monoclonal antibodies against caspases-3, -6, -7, -8, -9, and -10, cleaved caspases -3, -7, -8, and -9,
apoptotic pathway promoters Smac/DIABLO, APAF-1, FADD, and apoptotic pathway inhibitors
FLIP, PARP, and XIAP.
Western blot images demonstrating relative concentrations of initiator caspases -8 and -10, as
well as cleaved caspase-8, are shown in Figure 4A. Figure 4B,C show relative band densities,
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normalized to ȕ-actin as protein loading control, of each of these molecules in ECM-treated Jurkat
cell lysates compared with control. A significant (P < 0.05) decrease in the amount of full-length
caspase-10 was observed after treatment with both 1 and 2 mg/mL ECM, which demonstrates
activation of pro-caspase-10 to cleaved caspase-10. Differences in full-length and cleaved caspase-8
expression were not significant, although visually there appeared to be a difference in expression of
these proteins in ECM-treated cells. These images demonstrate significant activation of caspase-10.
A significant effect on protein expression of caspase-8 is not strongly observed through Western
blotting. Once caspases-8 and -10 are activated, caspase-9 is cleaved, followed by activation of
effector caspases-6 and -7, and finally by the terminal caspase, caspase-3. Western blot images
demonstrating relative concentrations of caspase-9 and cleaved caspase-9 in Jurkat cells treated
with ECM for 24 h are shown in Figure 5A. Relative band densities, using ȕ-actin as protein
loading control, are shown in Figure 5B. Full-length caspase-9 was significantly reduced in
response to 2 mg ECM/mL (78.58% ± 2.36% of control; P = 0.015; one-way ANOVA). Production
of cleaved caspase-9 is apparent, with an increase in band density over untreated cells observed
following 1 mg/mL ECM treatment (125.89% ± 9.74%, N = 4, P = 0.029, t-test) and 2 mg/mL
ECM treatment (131.20% ± 4.34%, P = 0.029, t-test). Activation of caspase-9 indicates progression
of apoptosis through the mitochondrial (intrinsic) pathway.
Figure 4. Western blot analysis demonstrating relative concentrations of caspase-10,
caspase-8, and cleaved caspase-8 in Jurkat cells treated with ECM for 24 h, using
ȕ-actin as protein loading control. (a) Western blot images and relative band densities
for (b) caspase-10; and (c) caspase-8 and cleaved caspase-8. * Significantly different
(P < 0.05) from control.
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Figure 5. Western blot analysis demonstrating relative concentrations of caspase-9 and
cleaved caspase-9 in Jurkat cells treated with ECM for 24 h, using ȕ-actin as protein
loading control. (a) Western blot images; (b) relative band densities for caspase-9 and
cleaved caspase-9. * Significantly different (P < 0.05) from control.

Western blot images demonstrating relative concentrations of caspase-6, -7, and -3 and cleaved
caspases -7 and -3 in Jurkat cells treated with ECM for 24 h are shown in Figure 6A. Corresponding
relative band densities are shown in Figure 6B,C. Caspase-6 is one of the major executioner
caspases functioning in cellular apoptotic processes [11]. With full-length caspase-6 (35 kDa),
there was very little detectable change in protein expression with ECM treatment (Figure 6A),
although there was a slight (86.89% ± 6.52% of control), but statistically insignificant, decrease in
expression at 2 mg/mL (Figure 6B). No significant differences in expression of full length caspase-6
were detected. Likewise, with caspase-7, there were no detectable changes in expression of full-length
caspase-7 following ECM treatment for 24 h (Figure 6A,C). A slight increase (120% ± 15%) was
seen in amount of cleaved caspase-7 in response to treatment with 2 mg/mL ECM, but this
expression did not differ significantly from control. With caspase-3, there were slight decreases in
amount of protein for full-length caspase protein (Figure 6A,D). Amounts of cleaved caspase-3
were increased by 117.72% ± 17.07% in response to 1 mg/mL and 205.84% ± 20.64% in response
to 2 mg/mL (P = 0.037; one way ANOVA; Figure 6D). These observations indicate cleavage, and
consequently, activation of initiator caspase-9 and terminal caspase-3. No significant differences in
expression of proteins for caspase-6 or -7 were observed. Molecular pathways in Jurkat cells
treated with ECM at concentrations of 1 and 2 mg protein/mL for 24 h indicate activation of
apoptotic pathways and progression of cell death through apoptotic mechanisms.
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Figure 6. Western blot analysis demonstrating relative concentrations of caspases -6, -7,
and -3 and cleaved caspase -7 and -3 in Jurkat cells treated with ECM for 24 h, using
ȕ-actin as protein loading control. (a) Western blot images; and relative band densities
for (b) caspase-6; (c) caspase-7 and cleaved caspase-7; and (d) caspase-3 and cleaved
caspase-3. * Significantly different from untreated control.

Other apoptosis pathway intermediates that were examined for their role in ECM-induced
apoptosis in Jurkat cells include regulators involved in activation (FADD, APAF-1,
Smac/DIABLO) as well as inhibitors of apoptosis (FLIP, XIAP, PARP). Western blotting results
for FADD, APAF-1, and Smac/DIABLO are shown in Figure 7. Western blotting results for
inhibitors FLIP and XIAP are shown in Figure 8. FADD (Fas-associated via death domain)
functions as an apoptotic adaptor molecule that recruits caspase-8 or -10 to activated Fas (CD95) or
TNFR-1 to form a death-inducing signaling complex (DISC) [12]. Relative band densities
demonstrating effects of 24 h ECM on expression of FADD through Western blotting are shown in
Figure 7B. With FADD, relative band density changed in response to 1 mg/mL (144.73% ± 25.45%,
N = 3) and in response to 2 mg/mL (199.32% ± 45.2%, N = 3, P <0.05, one-way ANOVA followed
by Tukey’s). APAF-1 (apoptotic protease activating factor 1) is a cytoplasmic protein involved in
apoptosis by forming part of the apoptosome that binds and activates caspase-9. Relative band
densities for APAF-1 are shown in Figure 7C. APAF-1 changed in relative band density by
114.79% ± 6.82% at 1 mg/mL ECM and 124.98% ± 6.07% at 2 mg/mL ECM (P = 0.021, one way
ANOVA followed by Tukey’s). Smac/DIABLO is a mitochondrial protein that functions as an
apoptotic promoter by translocating to the cytosol and activating caspases in the cytochrome
c/APAF-1/caspase-9 pathway and opposing inhibitory activity of inhibitor of apoptosis proteins
(IAP), including XIAP [13]. No detectable change in expression of Smac/DIABLO was observed
among ECM treatments. In summary, results indicate an increase in FADD and APAF-1

317
expression, but no change in expression of Smac/DIABLO. An increase in FADD expression
indicates that ECM is involved in recruitment of FADD to the receptor, possibly through binding to
TRAIL receptor [14], which would also be consistent with observed increased in caspase-8
activity. The increase in APAF-1 expression provides evidence that ECM initiates pathways that
involve apoptosome formation and activation of caspase-9 [15]. Logically, a translocation of
Smac/DIABLO would be involved in this process as well, but a significant change in expression of
this molecule was not observed. This is not unexpected; however, since the whole cell lysate
method used in these experiments does not provide information about protein localization within
the cell.
Figure 7. Western blot analysis demonstrating effects of 24 h ECM treatment on
expression of apoptotic pathway proteins FADD, APAF-1, and Smac/DIABLO.
Western blot images (a) and relative band densities for (b) FADD; (c) APAF-1; and
(d) Smac/DIABLO, using ȕ-actin as protein loading control. *Significantly different
(P < 0.05) from untreated control.

XIAP (X-linked inhibitor of apoptosis) encodes a potent apoptotic suppressor protein that
functions by suppressing activities of caspases -3 and 7 [13]. FLIP (FLICE-like inhibitory protein),
also known as CFLAR (CASP8 and FADD-like apoptosis regulator), is structurally similar to
caspase-8 and regulates apoptosis by functioning as a crucial link between cell survival and cell
death pathways by inhibiting TNFRSF6-mediated apoptosis [16,17]. As the major protein that
prevents caspase-8 from activation by death receptors, c-FLIP protein can be recruited to the
death-inducing signaling complex (DISC) to inhibit caspase-8 activation [18,19]. Western blot
images demonstrating effects of 24 h ECM treatment on expression of apoptotic pathway inhibitor
proteins, XIAP and FLIP, are shown in Figure 8A. Graphs representing relative band densities are
shown in Figure 8B,C. XIAP was strongly affected by ECM treatment, with a relative band density
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51.13% ± 11.29% of control at 1 mg/mL and 48.24% ± 12.14% of control at 2 mg/mL. These
differences were significant at 1 mg/mL (P = 0.014, One way ANOVA Tukey’s) and 2 mg/mL
(P = 0.01, Tukey’s). These results indicate a strong down-regulation of the key inhibitor protein,
XIAP. Down-regulation of XIAP functions in facilitating progression of apoptotic pathways
towards cell death by inhibiting caspase activity. Relative band density of FLIP did not change
significantly in response to ECM treatment at either 1 or 2 mg/mL. Since FLIP is involved in
inhibiting recruitment of caspase-8 [17], the absence of significant effects on expression of this
inhibitor protein indicates no inhibition of apoptosis proceeding through caspase-8 recruitment
and activation.
Figure 8. Western blot analysis demonstrating effects of 24 h ECM treatment on
expression of apoptotic pathway proteins XIAP and FLIP. (a) Western blot images; and
relative band densities for (b) XIAP; and (c) FLIP, using ȕ-actin as protein loading
control. * Significantly different (P < 0.05) from untreated control.

Another protein involved in inhibition of apoptosis is PARP (poly ADP-ribose polymerase), a
nuclear protein that plays an important role in DNA repair [20] and is inactivated by enzymatic
cleavage. Once the enzyme is inactivated by caspase-3, DNA repair is prevented, which allows
DNA fragmentation, and thus apoptosis, to proceed. Effects of ECM treatment on the apoptotic
inhibitor, PARP, were investigated using Western blotting, with results shown in Figure 9A (blot)
and 9B (relative band densities for PARP/cleaved PARP). Cleavage of PARP was strongly
observed in ECM-treated Jurkat cells, as evidenced by significant (P < 0.05) decreases in full-length
PARP and significant increases in cleaved PARP at both 1 and 2 mg ECM protein/mL. These
results indicate that the nuclear DNA repair protein, PARP, is inactivated in Jurkat cells treated
with ECM.
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Figure 9. Western blot analysis demonstrating effects of 24 h ECM treatment on
expression of apoptotic pathway protein PARP. (a) Western blot images; (b) relative
band densities for PARP and cleaved PARP, using ȕ-actin as protein loading control.
* Significantly different from untreated control.

2.5. Antibody Array
An antibody array that measures 43 different apoptotic pathway intermediates was utilized to
assess effects of ECM on Jurkat cells. The change in expression of apoptotic pathway proteins in
Jurkat cell lysates detected on the antibody array following 24 h treatment with ECM is shown in
Figure 10. Results are expressed as relative percent change compared to control (untreated) Jurkat
cells using a graph representing relative band densities (Figure 10A) and a heat map (Figure 10B).
A representative image of antibody arrays from control and ECM-treated (1 mg/mL) Jurkat cell
lysates is also given (Figure 10C). Responses to ECM varied with concentration; of the 43 proteins
that were on the array, only 9 were significantly (P < 0.05) changed from control in response to
treatment with either 1 or 2 mg/mL ECM (ANOVA, P < 0.05). No pathway intermediates changed
significantly in response to both ECM concentrations. The nine proteins which changed
significantly at either 1 or 2 mg/mL ECM included the mitochondrial proteins BAD and BAX,
apoptosis inhibitor, survivin, initiator caspase-8, death receptors DR6 and Fas, insulin growth
factor binding protein IGFBP-1, and TNF family members TNF-Į and sTNF-R2.
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Figure 10. Relative percent change in expression of apoptotic pathway proteins in
Jurkat cell lysates following 24 h treatment with ECM. Protein expression was
determined using an antibody array (RayBio) containing 43 different antibodies for
apoptotic pathway intermediates. Results are expressed as relative percent change
compared to control (untreated) Jurkat cells using a heat map according to the color
scale on the lower right. Only proteins that were significantly different (P < 0.05)
compared to control at either 1 or 2 mg/mL ECM are shown. (a) Relative expression of
intermediates significantly increased or decreased (d) from control at either 1 or 2 mg/mL.
* Significantly different from control (P < 0.05); (b) heat map showing relative change
in expression of proteins with significant increases or decreases; (c) representative array
blot. N = 4 trials for the experiment.

BAD and BAX are mitochondrial proteins that belong to the bcl-2 family of apoptosis regulators [21].
BAD, also known as BCL2-associated agonist of cell death, positively regulates apoptosis by
forming heterodimers with BCL-XL and BCL-2 and reversing their repressor activity. BAX, also
known as BCL2-associated X protein, activates apoptosis by opening mitochondrial voltage-dependent
anion channel (VDAC) which leads to loss in membrane potential and subsequent release of
cytochrome c from the mitochondria. BAX and BAD were both up-regulated greater than >150%
in response to 1 mg/mL ECM (P < 0.05), but not significantly up-regulated in response to 2 mg/mL.
Although an antibody for cytochrome c was included on the array, expression of cytochrome c was
not significantly changed in response to ECM treatment. An increase in cytochrome c release,
however, was previously demonstrated using mitochondrial and cytosolic fractions from another
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cell line, a B-cell lymphoma (Daudi) exposed to ECM [5,6]. Similar to Smac/DIABLO, it is likely
that no change was observed in these experiments with ECM-treated Jurkat cells because whole
cell lysates rather than separated mitochondrial and cytosolic fractions were utilized.
Only two caspases (caspase-3 and caspase-8) were included on the array. Interestingly, caspase-3
was not significantly changed in response to ECM treatment on the array, although blot results with
individual antibodies did show a significant change in both full-length procaspase enzyme forms as
well as cleaved (active) forms of the enzyme. Levels of caspase-8 were up-regulated on the
antibody array in response to 1 mg/mL ECM, a response different from the results obtained using
Western blotting and individual antibodies, however, functional enzyme activity assays also
indicated induction of caspase-8 activity with ECM treatment.
Several members of the TNF receptor superfamily were included on the array. DR6 and Fas are
both cell surface receptors belonging to the TNF receptor superfamily that were significantly
up-regulated in response to ECM. Expression of DR6 was significantly increased in response to
1 mg/mL ECM, but not 2 mg/mL. DR6 is TNF receptor superfamily member 21 (TNFRSF21) and
is involved in inducing apoptosis. Through its death domain, DR6 interacts with TRADD
(TNFRSF1A-associated via death domain), an adaptor molecule that mediates signal transduction
occurring through TNF-receptors and triggers the caspase cascade [12,22]. DR6 also activates
NF-țB and MAPK8/JNK. Fas, another member of the TNF-receptor superfamily (TNFRSF6), was
also significantly up-regulated in response to 1 mg/mL ECM, but not 2 mg/mL. Fas, also known as
CD95 or APO-1, plays a central role in regulation of apoptosis and contains a death domain [12].
The interaction of Fas with FasL forms a death-inducing signaling complex that includes
Fas-associated death domain protein (FADD), caspase-8 and caspase-10, and leads to apoptosis [12].
Results indicate activation of Fas and DR6 by ECM, thus likely leading to induction of the caspase
cascade through caspase-8. Other TNF family members on the array included soluble TNF
receptors sTNF-R1 and sTNF-R2, with sTNF-R2 significantly down-regulated in response to 2 mg/mL
ECM. TNF-R2 mediates most effects of TNF-Į [23]. TNF-Į was significantly down-regulated in
response to ECM treatment at 2 mg/mL. Although several TRAIL receptors, death receptors
TRAIL-R1 (DR4) and TRAIL-R2 (DR5) and decoy receptors TRAIL-R3 (DcR3) and TRAIL-R4
(DcR2), were included on the array, none of these were significantly altered in response to ECM
treatment. TRAIL-R1 (DR4) is activated by TRAIL and functions in transducing cell death signals
and inducing apoptosis [12]. TRAIL-R2 (DR5) is also activated by TRAIL binding and transduces
apoptosis signals [12]. The decoy receptor, TRAIL-R3 (DcR1), binds TRAIL but lacks a
cytoplasmic death domain and therefore is not capable of inducing apoptosis. This receptor is
believed to protect against TRAIL-mediated apoptosis by competing with TRAIL-R1 and R2 for
ligand binding [12]. Another decoy receptor, TRAIL-R4 (DcR2), also binds TRAIL but contains a
truncated cytoplasmic death domain and thus does not transmit signals for apoptosis induction [12].
Several heat shock proteins (HSP27, HSP60, HSP70), markers of cell stress, were included on the
array, although none were significantly affected by ECM treatment.
Apoptosis is tightly regulated through careful balance of pro- and anti-apoptotic factors.
Survivin and IGFBP-1 are apoptotic inhibitor proteins that were present on the array. IGFBP-1 has
been reported to function as a negative regulator of BAK-dependent apoptosis, and thus functions

322
to inhibit apoptosis [24]. In response to ECM treatment, IGFBP-1 was significantly down-regulated
at 2 mg/mL. Based on its role as an inhibitor of apoptosis, this decrease in IGFBP-1 protein levels
indicates ECM facilitates apoptosis by decreasing inhibitor expression. Although a number of
pro-apoptotic molecules were positively up-regulated, a significant increase in the anti-apoptotic
molecule, survivin, was observed in response to 1 mg/mL ECM. Survivin, also known as BIRC5, is
an inhibitor of apoptosis and functions in promoting cell survival by inhibiting activities of
caspase-3 and caspase-7 [25,26]. Survivin is a member of the IAP (inhibitor of apoptosis proteins)
family of proteins and acts downstream of mitochondria to prevent processing of caspase-9 from
the apoptosome, which prevents activation of downstream effector caspases, and is thought to
modulate both extrinsic and intrinsic apoptotic pathways [25,26]. In contrast to malignant
tissues, survivin is not usually expressed in normal cells, thus making it an ideal target for cancer
therapy [27]. In experiments reported here, ECM treatment significantly increased survivin
expression at 1 mg/mL, observations which are inconsistent with the large amount of data
indicating activation of pro-apoptotic molecules. Despite up-regulation of survivin, however, ECM
induces apoptosis in Jurkat cells. The explanation for this is unclear, although it appears that the
pro-apoptotic signaling activated by ECM overcomes the anti-apoptotic signaling provided by
survivin. Similar responses have been observed with another potential therapeutic agent, P2-341
(Bortezomib), in which survivin expression was increased in presence of apoptosis, an observation
hypothesized to be a consequence of proteasome inhibition [28]. In other systems, Fas-induced
apoptosis was associated with release of cytochrome c as well as up-regulation of survivin in
mitochondria, nucleus, and cytosol [29]. Survivin is known to be a multifunctional protein with
roles in cell division as well as apoptosis [30]. Survivin biology includes a link to multiple
pathways of cellular homeostasis [31]. XIAP binds survivin that is released from mitochondria in
response to cell death stimuli [32]. Since XIAP was dramatically decreased, it is possible that the
increase in survivin was a reflection of lower amounts of available XIAP. Alternatively, the
observed increase in survivin expression may be related to one of the other cellular roles attributed
to survivin. Overexpression of survivin has been reported to be more efficient at blocking
mitochondrial but not death-receptor-induced apoptosis [33]. Also of interest is that a complex
between survivin and caspase-9 has been demonstrated [34]; survivin is also believed to associated
with Smac/DIABLO [35].
2.6. Gene Expression
Effects of ECM treatment on the expression of APAF-1, Smac/DIABLO, XIAP, and Bcl-xL
genes in Jurkat cells was investigated using both gene-specific primers and PCR arrays (described
below). These results using real-time quantitative PCR are shown in Figure 11. The genes that were
significantly altered included XIAP, which was significantly decreased in response to ECM
treatment at 1 and 2 mg/mL and APAF-1, which was significantly decreased in response to 2 mg/mL.
Genes coding for Smac/DIABLO and Bcl-xL were not significantly affected by ECM treatment.
The significant decrease in gene expression for XIAP corresponds to what was observed at the
protein level with the individual antibody to XIAP. The significant decrease in APAF-1 observed at
the gene level, however, is contrary to what was observed at the protein level.
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Figure 11. Effect of ECM treatment on gene expression on APAF-1, Smac/DIABLO,
XIAP, and Bcl-xL using qPCR. * Significantly different from control (ANOVA, P < 0.05).

2.7. PCR Array
The relative fold change in expression of apoptotic pathway genes in Jurkat cells following 24 h
treatment with ECM is shown in Figure 12. Gene expression was determined using a PCR array
(Applied Biosystems) containing primers for 84 different genes coding for apoptotic pathway
intermediates. Results are expressed as relative fold change compared to control (untreated) Jurkat
cells using a heat map. Only genes with expression that was significantly changed (P < 0.05) in
response to ECM treatment at 1 or 2 mg/mL were included on the heat map. Genes that encode
positive inducers of apoptosis are shown in Figure 12A; inhibitors of apoptosis are shown in Figure
12B. The first several genes listed in the array data in Figure 12A encode mitochondrial proteins
(BAD, BCL10 BCL2L11, BCL2L14, and BID). Expression of the genes encoding BAD, a
mitochondrial protein that promotes apoptosis, was down-regulated in response to 1 and 2 mg/mL
ECM treatment; an opposite effect to that observed at the protein level. Expression of
mitochondrial BCL family members BCL10, BCL2L11, BCL2L14, all inducers of apoptosis, was
up-regulated in response to 2 mg/mL ECM. BCL10 contains a caspase recruitment domain
(CARD) and has been shown to induce apoptosis through activation of pro-caspase-9 and NF-țB.
BCL2L11, also known as BIM, encodes a protein that acts as an apoptotic activator, as does
BCL2L14. A gene coding for another mitochondrial protein and BCL2 family member, BID, was
down-regulated in response to 1 and 2 mg/mL ECM. BID functions by mediating mitochondrial
damage induced by caspase-8 and ultimately triggering cytochrome c release [21].
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Figure 12. Relative fold change in expression of apoptotic pathway genes in Jurkat
cells following 24 h treatment with ECM. Gene expression was determined using a
PCR array (Applied Biosystems) containing primers for 84 different genes for
apoptotic pathway intermediates. Results are expressed as relative fold change
compared to control (untreated) Jurkat cells using a heat map according to the color
scale. (a) relative fold change of pro-apoptotic intermediates; (b) relative fold change
of anti-apoptotic intermediates. N = 3 trails for the experiment. Only genes that were
significantly different among treatments (P < 0.05, N =3) are included in the heat map.

The genes BNIP3, BNIP3L, and NOD1 were all down-regulated. BNIP3 and BNIP3L are
apoptosis-inducing proteins that can overcome BCL2 and BCL-XL suppression [36]. Nods, a
growing family of proteins containing a nucleotide-binding oligomerization domain (NOD), are
involved in regulation of programmed cell death and immune responses. APAF-1, ced-4, and Nod1
are members of this family. The NOD module is homologous to ATP-binding cassette (ABC)
found in a large number of proteins with diverse biological function, and result in activation of
diverse signaling pathways involved in elimination of cells via programmed cell death. NOD1
encodes a cytosolic APAF-1 like molecule that contains a caspase recruitment domain (CARD) and
promotes apoptosis by enhancing caspase-9-mediated apoptosis [37]. The most strongly up-regulated
molecule on the array was CARD6, with greater than 8-fold increase in expression at both 1 and
2 mg/mL ECM. The protein encoded by this gene contains a CARD with a domain structure not
shared by other CARD proteins and is a microtubule-associated protein that interacts with

325
receptor-interacting protein kinases (RIPK) and positively modulates signal transduction pathways
activating NF-țB [38,39]. Most proteins containing a CARD are involved in pathways regulating
apoptosis [38,39]. Examples of prominent CARD proteins are caspase-9 and APAF-1, which are
involved in the intrinsic death pathway; BCL10 and CARD11, which mediate antigen receptor-induced
NF-țB activation, and receptor-interacting protein (RIP)-like interacting caspase-like apoptosis
regulatory protein kinase (RICK) and the nucleotide-binding oligomerization domain (NOD)
proteins, which induce NF-țB activation [38].
With regard to caspase genes on the array, the genes coding for CASP4 and CASP6 were
up-regulated, whereas the genes coding for CASP5 and CASP8 were down-regulated. Caspase-8
was the only caspase that appeared on both the protein and gene arrays. CASP8 was down-regulated
in the gene array and up-regulated on the protein array. CASP4, CASP5, CASP6, and CASP8 all
encode caspase enzymes which are initially present in the cell as inactive precursor forms that
become activated with cellular processing; overexpression of these genes promotes cell death.
HIP1, also known as huntingtin interacting protein, was up-regulated. The protein encoded by this
gene is important in cell filament networks and promotes apoptosis through the intrinsic apoptosis
pathway [40]. The gene coding for LRDD, also known as PIDD (p53-induced death domain
protein), was down-regulated. LRDD is involved in apoptosis through interaction with death
domain proteins such as FADD and MADD and may function as an adaptor protein in cell
death-related signaling processes and play a role as an effector of p53-dependent apoptosis by
promoting apoptosis as a component of the DNA damage/stress response pathway that connects
p53 to apoptosis [41]. PIDD is implicated in activation of pro-caspase-2 and may mediate apoptosis
induction by tumor suppressor p53 [42]. LTA encodes a protein, lymphotoxin alpha—a member of
the tumor necrosis factor family, that functions as a death receptor ligand and plays a role in
promoting apoptosis by binding to TNFRs [43]. LTA was up-regulated in response to both 1 and 2
mg/mL ECM. NLRP1 is a gene that encodes a member of the ced-4 family of apoptosis proteins;
ced-family members contain a CARD and are known to be key mediators of programmed cell
death by enhancing APAF-1 and cytochrome c-dependent activation of pro-caspase 9. NLRP1 was
up-regulated in response to 1 mg/mL ECM, but unchanged in response to 2 mg/mL ECM. The
higher expression of genes for certain caspase enzymes, genes coding for death domain proteins,
and genes coding for proteins that promote apoptosis through death receptors in response to ECM
treatment indicates apoptosis induction in target cells by ECM, proceeding through death
receptor-initiated mechanisms.
The transcription factor NFțB is activated in response to death receptor signaling [44]. The
pattern of NFkB pathway activation in Jurkat cells treated with ECM was complex. In the NFțB
family, some mediators were up-regulated and some were down-regulated in response to ECM
treatment. NFKB2, NFKBIE, and NFKBIZ were up-regulated. NFKB2, a subunit of the NFțB
transcription factor complex, was up-regulated. REL (also designated c-Rel) was up-regulated,
which functions in promoting cell death [44]; RELB was also up-regulated. Certain NFkB pathway
regulators, NFKBIE and NFKBIZ, were also up-regulated. PMAIP, also known as NOXA, was
up-regulated. This molecule is known to promote activation of caspases, and thus induction of
apoptosis. PMAIP1, REL, and RELB were up-regulated. PMAIP1 promotes activation of caspases
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and mitochondrial membrane changes that result in efflux of apoptogenic proteins from the
mitochondria, while REL and RELB form part of NFKB complex.
RIPK1, also known as receptor (TNFRSF)-interacting serine-threonine kinase, was down-regulated.
The protein encoded by this gene induces apoptosis following death receptor ligation and forms a
necroptosis inducing complex [45]. TNFRSF10A, also known as DR4 or TRAIL-R1, is activated
by TRAIL and transduces cell death signals and induces apoptosis [43]. TNFRSF10A was
down-regulated on the gene array in response to both 1 and 2 mg/mL ECM. TNFRSF25 was
up-regulated in response to 1 mg/mL ECM and TRADD was up-regulated in response to both 1
and 2 mg/mL ECM. TNFRSF25, also known as DR3, regulates apoptosis by interacting directly
with TRADD and activating NFțB [46]. Overexpression of TRADD (TNFR1-associated death
domain protein) is involved in Fas-induced cell death pathway and activation of NFțB [46].
BCL2A1, an inhibitor of apoptosis, was up-regulated in response to both 1 and 2 mg/mL.
BCL2A1 is a member of the BCL2 family and encodes a protein that decreases mitochondrial
release of cytochrome c and blocks caspase activation [47]. Another apoptosis inhibitor, BCL2L1,
was down-regulated. BCL2L1 also works by preventing release of caspase activators from the
mitochondrial membrane and thus preventing activation of caspases [21]. Other inhibitors, BCL3,
NAIP, and BIRC3, were up-regulated. NAIP (NLR family, apoptosis inhibitory protein) is involved
in suppressing apoptosis by inhibiting activities of caspases-3, -7, and -9 [48]. BIRC3 encodes a
member of the IAP family of proteins that inhibit apoptosis by binding to tumor necrosis receptorassociated factors TRAF1 and TRAF2 [49]. BIRC5, also known as survivin, was down-regulated
on the PCR array in response to 1 mg/mL ECM, but was up-regulated at the protein level on the
antibody array in response to treatment with the same concentration of ECM. ICEBERG was
strongly (>8-fold) up-regulated in response to 2 mg/mL ECM. ICEBERG is a CARD family
member that inhibits caspase-1 [50]. In other studies, ICEBERG was up-regulated in response to
TNF [50]. TBK1 (TANK-binding kinase 1), which is also known as NF-kappa-B-activating kinase,
was up-regulated; this molecule plays a role in mediate NFKB activation in response to certain
growth factors.
2.8. Expression of TRAIL Receptors on Jurkat Cells Treated with ECM
TRAIL, tumor necrosis factor-related apoptosis-inducing ligand, is a member of the TNF family
of proteins [51]. TRAIL activates apoptosis through binding to receptors known as “death
receptors”. The primary known death receptors are TRAIL-R1 (also designated as DR4) and
TRAIL-R2 (also known as DR5), which are members of the TNFR superfamily [52–54]. TRAIL
also binds two other cell receptors which are known as “decoy” receptors. These decoy receptors
are designated TRAIL-R3 (or DcR1) and TRAIL-R4 (or DcR2) and contain substantial homology
in their extracellular domains to TRAIL-R1 and TRAIL-R2. Because of their homology, TRAIL
readily binds to TRAIL-R3 and TRAIL-R4, but because they have either a truncated (DcR2) or
absent (DcR1) intracellular death domain, binding of TRAIL to these receptors does not trigger
apoptosis [12]. Unlike TRAIL-R1 and TRAIL-R2, neither TRAIL-R3 nor TRAIL-R4 contain intact
cytoplasmic death domains that signal for apoptosis. TRAIL-R4 possesses a partially truncated
death domain, whereas TRAIL-R3 is anchored on the membrane via glycosyl-phosphatidylinositol
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linkage [55]. In cells that are sensitive to TRAIL-induced apoptosis, increased expression of decoy
receptors on normal cells is believed to be a major factor responsible for resistance against
TRAIL-induced apoptosis [44,56].
In these experiments, expression of two death receptors, TRAIL-R1 and TRAIL-R2, and two
decoy receptors, TRAIL-R3 (DcR1) and TRAIL-R4 (DcR2) were examined. Jurkat cells are known
to express high levels of TRAIL-R2 [57]. Expression of TRAIL-R1 (DR4) and/or TRAIL-R2
(DR5) was up-regulated in cancer cells in response to a number of chemotherapeutic drugs [58].
Surface expression of death receptors TRAIL-R1 (DR4) and TRAIL-R2 (DR5) on Jurkat cells in
response to ECM is shown in Figure 13. Expression of TRAIL-R2 (DR5) was significantly
(P < 0.05) up-regulated in response to 1 and 2 mg/mL ECM (25.35% ± 3.26%; 24.75% ± 1.65%)
whereas expression of TRAIL-R1 (DR4) was significantly up-regulated only in response to
2 mg/mL ECM (24.84% ± 0.98% SEM). Surprisingly, expression of TRAIL-R3 (DcR1) and
TRAIL-R4 (DcR2) were significantly up-regulated in response to both 1 and 2 mg/mL ECM.
Figure 13. Expression of death and decoy receptors on the surface of untreated Jurkat
T cell leukemia cells (control) and Jurkat cells treated with ECM at 1 and 2 mg/mL for
24 h. (a) death receptor (TRAIL-R1 and TRAIL-R2) expression; (b) decoy receptor
(TRAIL-R3 and TRAIL-R4) expression. * Significantly different (P < 0.05; one-way
ANOVA; N = 3) from control.

2.9. Comparison of Apoptosis Pathway Intermediates Using Different Means of Detection
Figures 14 and 15 show qualitative comparisons of effects of 1 and 2 mg/mL ECM on apoptosis
mediators in Jurkat cells as measured by different methods. Observed increases or decreases of
pro-apoptosis regulators (Figure 14) and anti-apoptosis regulators (Figure 15) among Western
blotting with individual antibodies and antibody arrays, gene expression of pathway intermediates
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using Q-PCR of individual genes and PCR arrays, functional enzyme activity assays, and surface
expression of receptors using flow cytometric detection are shown.
Figure 14. Qualitative comparison of changes in 62 pro-apoptotic regulators in Jurkat
T cell leukemia cells exposed to ECM at 1 and 2 mg/mL. Observed increases or
decreases are based on antibody recognition of pathway intermediates using Western
blotting with individual antibodies and antibody arrays, gene expression of pathway
intermediates using Q-PCR of individual genes and PCR arrays, functional enzyme
activity assays, and surface expression of receptors using flow cytometric detection.

In these comparisons, inconsistencies among results obtained through different methods of
analysis were observed. Some variations may be a result of the temporal nature of apoptotic
signaling, with gene expression changes occurring generally earlier than changes reflected at the
protein level.
With regard to mitochondrial proteins, BAD was up-regulated in response to 1 mg/mL at the
protein level but down-regulated at the gene level in response to both 1 and 2 mg/mL treatments.
BID showed no change in response to 1 mg/mL at the protein level, but was decreased in
expression at the gene level. In response to 2 mg/mL, BIM was decreased at the protein level but
increased at the gene level. BAX was up-regulated at the gene level. BAX and BAD are important
pro-apoptotic in the mitochondria [59].
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Figure 15. Qualitative comparison of changes in 17 anti-apoptotic regulators in Jurkat
T cell leukemia cells exposed to ECM at 1 and 2 mg/mL. Observed increases or
decreases are based on antibody recognition of pathway intermediates using Western
blotting with individual antibodies and antibody arrays, and gene expression of
pathway intermediates using Q-PCR of individual genes and PCR array.

With caspase enzymes, expression of caspase-8 was increased at the protein level and at the
level of functional enzyme activity. Genetic expression of caspase-8, however, was decreased in
response to 1 mg/mL. With 2 mg/mL ECM treatment, caspase-8 expression was decreased at both
protein and gene levels. Caspase-3 expression was not significantly changed at the protein level as
determined using the antibody array, but functional enzyme activity and amount of cleaved
caspase-3 at the protein level were increased in response to 2 mg/mL ECM.
Expression of TRAIL-R1 was not changed at the protein level, but was decreased at the gene
level. Surface expression was also not significantly up-regulated in response to 1 mg/mL ECM.
Jurkat cells express higher levels of TRAIL-R2 than TRAIL-R1 [56,57]. Surface expression of
TRAIL-R1 and TRAIL-R2, however, was significantly increased with 2 mg/mL ECM. No changed
was observed at the protein level in expression of the decoy receptor TRAIL-R3, but an increase in
expression was observed at the gene level in response to 2 mg/mL. Surprisingly, surface expression
of the decoy receptors TRAIL-R3 and TRAIL-R4 was significantly increased. The observed effects
with decoy and death receptors are difficult to interpret. In other studies, decoy receptors DcR1 and
DcR2 were expressed on Jurkat cells and were increased in expression with stimulation with
TRAIL [60]. Generally, it has been believed that transient overexpression of DcR1 or DcR2 in
TRAIL-sensitive tumor cells prevents cell death trigger by TRAIL [61,62] and recent evidence
indicates that tumor and normal cells can acquire resistance to TRAIL-induced killing by
up-regulating TRAIL antagonistic receptors [55,63,64]. It has been proposed that decoy receptors
actually are likely to play more of a regulatory rather than inhibitory role [55].
Overall, the results obtained indicate that ECM is cytotoxic (MTT) towards cultured Jurkat cells
through triggering apoptosis (annexin V). The diagram in Figure 16 can be used to illustrate
proposed ECM-induced regulation of pathway intermediates resulting in apoptosis in ECM-treated
Jurkat cells. Briefly, results presented here following ECM treatment are consistent with apoptotic
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activation pathways that would be observed with binding to death receptors (DR4 and DR5) on the
cell surface (Figure 16, Box 1). Based on the pattern of adaptor molecule (FADD; Box 2) and
initiator caspase activation (caspase 8 and caspase 10; Box 3), activation of mitochondrial proteins
BAD (Box 4) and BAX (Box 5), post-mitochondrial apoptosis pathway intermediates APAF-1
(Box 6) and caspase-9 (Box 7), and activation of the terminal caspase, caspase-3 (Box 9), these
data are consistent with progression of apoptosis through the intrinsic (mitochondrial) pathway.
Down-regulation of an important inhibitor of apoptosis (XIAP, Box 8) and cleavage of the nuclear
DNA repair enzyme, PARP (Box 10) also facilitate progression of apoptosis.
Figure 16. A schematic diagram showing the proposed ECM-induced regulation of
pathway intermediates resulting in apoptosis in ECM-treated Jurkat cells. In this
proposed schematic, ECM binds to death receptors DR4 and DR5 on the cell surface
(Box 1) which stimulates the adapter molecule FADD (Box 2) to activate initiator
caspases -8 and -10 (Box 3), mitochondrial proteins BAD (Box 4) and BAX (Box 5),
post-mitochondrial apoptosis pathway intermediate APAF-1 (Box 6) and initiator
caspase-9 (Box 7), resulting in the activation of terminal effector caspase-3 (Box 8).
These data are consistent with progression of apoptosis through the intrinsic
(mitochondrial) pathway. Down-regulation of an apoptotic inhibitor XIAP (Box 9) and
cleavage of the nuclear DNA repair enzyme PARP (Box 10) also facilitate progression
of apoptosis.
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3. Experimental Section
3.1. Animals
Mature bonnethead sharks (Sphyrna tiburo) were collected in the Gulf of Mexico in nearshore
waters off Sarasota, FL, under a Special Activities License issued to Mote Marine Laboratory by
the Florida Fish and Wildlife Conservation Commission, and transported live to Mote Marine
Laboratory, in Sarasota, FL, USA.
3.2. Culture of Elasmobranch Epigonal Cells
Epigonal organs were excised under aseptic conditions from sharks euthanized using methods
approved by the AVMA Guidelines for the Euthanasia of Animals (2013 Edition), and following
protocols approved by Mote Marine Laboratory’s IACUC. Epigonal tissue was rinsed thoroughly
with sterile elasmobranch-modified phosphate buffered saline (E-PBS) [65], epigonal cells were
resuspended in sterile elasmobranch-modified RPMI (E-RPMI) [5,6], and cultured at 25 °C, 5%
CO2 for 2–4 days as described [6].
3.3. Preparation of Epigonal Conditioned Medium (ECM)
After 2–4 days of culture, cell-free-ECM was prepared by aspirating culture supernatants and
centrifuging at 2000 × g for 20 min at 4 °C. Cell pellets were discarded and supernatant dialyzed
against several changes of 50 mM ammonium bicarbonate at 4 °C for 4–5 days using 6–8000
MWCO dialysis tubing (Spectrum). Dialyzed conditioned media preparations were lyophilized at
stored at í80 °C. Protein concentration of ECM was determined using the Bradford assay (BioRad).
3.4. Cell Line
Jurkat cells, clone E6-1, were obtained from the American Type Culture Collection (TIB-15;
ATCC, Manasass, VA, USA) and maintained in RPMI-1640 (ATCC) with 10% heat-inactivated
fetal bovine serum (HI-FBS; Hyclone) in a humidified atmosphere of 37 °C, 5% CO2. Cells were
subcultured by adjusting cell concentration to 2 × 105 cells/mL every 2–3 days.
3.5. Growth Inhibition Assay
Growth inhibitory activity of ECM against Jurkat cells was assessed using 1-(4,5dimethylthiazol-2-yl)-3,5-diphenylformazan (MTT) [9]. Lyophilized ECM samples (N = 11) were
resuspended in RPMI 1640 at a concentration of 4 mg/mL and filter-sterilized through a 0.2 m
syringe filter. Cells (2.5 × 104 cells/mL final concentration) were co-cultured with ECM in 96-well
sterile microtiter plates in triplicate for concentrations ranging from 0.25 to 2 mg/mL protein in a
total volume of 200 L RPMI 1640 and 10% HI-FBS for 72 h at 37 °C, 5% CO2 in a humidified
atmosphere. After 72 h incubation, 100 L supernatant was removed from each well, and microtiter
plates were returned to the incubator for 4 h. After 4 h, 100 L solubilizer (0.01 N HCl, 10% SDS)
was added to each well and plates incubated overnight at 37 °C. MTT conversion was measured at
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570 nm with background absorbance at 630 nm using a microplate reader (BioTek, Model ELx800,
Winooski, VT, USA). Percent growth inhibition was calculated using the following formula: %GI =
(CTL Abs570-630 í TRT Abs570-630 × 100).
3.6. Experimental ECM Exposures
Jurkat cells were co-cultured with ECM for 24 h and harvested as appropriate for analysis by
enzyme activity assay, western blotting, antibody array, Q-PCR, PCR array, or cell flow cytometry.
Jurkat cells were plated in sterile 24-well plates at concentrations of either 2 × 106 cells/well
(Q-PCR), 5 × 106 cells/well (enzyme activity, Western blotting, antibody array, cell flow
cytometry) or as specified below. Lyophilyzed ECM samples were resuspended in RPMI 1640 at a
concentration of 4 mg/mL and filter-sterilized through a 0.2 m syringe filter. Cells were co-cultured
with ECM in concentrations of 0, 1, and 2 mg/mL protein in a total volume of 1 mL RPMI 1640
and 10% HI-FBS. Cells were incubated for 24 h at 37 °C, 5% CO2 in a humidified atmosphere.
3.7. Annexin V
Induction of apoptosis in Jurkat cells was measured using the ApoDETECT Annexin V-FITC
kit (Life Technologies, Grand Island, NY, USA) according to manufacturer’s instructions. Jurkat
cells were cultured as described above for flow cytometry and exposed to three different ECM
(0, 1, 2 mg/mL protein) preparations or staurosporine (1 M) in duplicate. A dead cell control was
prepared by freezing cells (í80 °C) for 30 min, followed by heating (95 °C) for 30 min. Cells were
incubated with ECM for 24 h at 37 °C, 5% CO2 in RPMI 1640 containing 10% FBS. After
treatment, cells were harvested by centrifugation, washed in sterile PBS, resuspended in binding
buffer, and stained with FITC-labeled Annexin V (10 L) and propidium iodide (1 g/mL final
concentration). Samples were analyzed using an Accuri C6 Flow Cytometer with CFlow PLUS
software (BD Biosciences, San Jose, CA, USA), with 25,000 events collected on each sample.
Compensation was adjusted to minimize overlap in fluorescence signals. Percent apoptosis was
calculated as the percentage of the total cell population which stained positive for Annexin V, but
not propidium iodide.
3.8. Caspase Activity
Lysates of Jurkat cells were prepared using lysis buffers specific for each activity assay provided
with enzyme activity kits. Protein in cell lysates was determined using the Lowry method (BioRad
DC) [66]. Activity of caspase-3, caspase-8, and caspase-9 was measured in lysates of Jurkat cells
treated with ECM for 24 h as described above using fluorimetric (caspase-3) and colorimetric
(caspase-8 and -9) microtiter plate based assays.
3.8.1. Caspase-3
Activity of caspase-3 was measured using a fluorescent microtiter plate assay (Invitrogen) based
on cleavage of a non-fluorescent substrate, rhodamine 110 bis-(N-CBZ-L-aspartyl-L-glutamyl-L-
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valyl-L-aspartic acid amid, Z-DEVD-R110) by active caspase-3. With enzymatic cleavage by
caspase-3, the nonfluorescent bisamide substrate is converted to fluorescent R110. Jurkat cells
(20,000 per well) were treated with 0, 1, and 2 mg/mL ECM for 3 and 24 h. Excitation and emission
were measured at 496 nm and 520 nm, respectively. Fluorescence was measured using black
microtiter plates and a fluorescence microtiter plate reader (BioTek, Flx800, Winooski, VT, USA).
3.8.2. Caspase-8
Caspase-8 activity was measured using a colorimetric microtiter plate based assay (Sigma). This
assay, based on hydrolysis of the peptide substrate acetyl-Ile-Glu-Thr-Asp p-nitroaniline
(Ac-IETD-pNA) by caspase-8, results in the release of p-nitroaniline (pNA) which is measured
spectrophotometrically (405 nm, BioTek Model ELx800). Ac-IETD-pNA (caspase-8 substrate)
was added at a final concentration of 2 mM. Initial absorbance was measured at 405 nm (T = 0) and
then read at 5 min intervals for 90 min.
3.8.3. Caspase-9
Caspase-9 activity was measured using a colorimetric microtiter plate based assay (R&D
Systems, Inc., Minneapolis, MN, USA), with release of pNA from the caspase-9 substrate, LEHD-pNA,
measured spectrophotometrically (405 nm, BioTek Model ELx800). Lysates were incubated with
substrate for 1, 1.5, and 2 h at 37 °C.
3.9. Western Blotting
For Western blotting, lysates of Jurkat cells were prepared using Western lysis buffer
(1% Triton X-100, 50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 10% glycerol, 0.1 mM EDTA, 10 mM
NaF, 1 mM sodium orthovanadate) with protease inhibitors (Sigma Protease Cocktail, 1 mM
PMSF) added. Cells were lysed on ice, and spun at 12,500 × g for 15 min to remove cell debris.
Supernatants were aspirated and supernatants stored at í80 °C until analysis. For enzyme activity
assays, lysates of Jurkat cells were prepared using lysis buffers specific for each activity assay and
provided with the enzyme activity kits. Protein in cell lysates was determined using the Lowry
method (BioRad) [66]. Cell lysates from Jurkat cells exposed to ECM were loaded onto SDS-PAGE
gels (12%) at a concentration of 40 g/lane. Proteins were separated at 200 V for approximately
1 h. Proteins were transferred from gels onto PVDF membranes (BioRad) at 70 V for 90 min via
wet transfer. Blots were blocked for approximately 1 h in blocking buffer (10% non-fat dry milk,
NFDM) and incubated overnight in primary antibody dilution buffer (1:1000) to prevent non-specific
binding. Primary antibodies and their sources are listed in Table 1. Anti-rabbit IgG HRP-linked
secondary antibody (1:2000; Santa Cruz) in 1% blocking buffer (3% NFDM, 2% BSA in TBS-T)
was used with 1 L Precision Protein™ Strep Tactin-HRP conjugate (BioRad) added for imaging
of standards. Imaging of blots was accomplished using enhanced chemiluminescence (ECL) with
the Immun-Star Western C Kit (BioRad). As a protein loading control, blots were stripped with
stripping buffer (15 g glycine, 1 g SDS, 10 mL Tween 20, pH 2.2 in 1 L), and then re-probed with
HRP-ȕ-actin (Santa Cruz) using 1:2000 dilution (in 1% blocking buffer) for overnight incubation
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(4 °C). Relative band densities on western blots were measured using ChemiDoc™ XRS+ with
Image Lab™ image acquisition and analysis software (BioRad). Relative band densities of each
protein sample were normalized to relative band density of ȕ-actin within each lane. ȕ-actin has
been shown not to undergo cleavage in Jurkat cells undergoing apoptosis [67].
Table 1. Primary antibodies used in Western blotting in lysates from Jurkat cells
treated with ECM.
Antibody
Caspase-3
Caspase-6
Caspase-7
Caspase-8
Caspase-9
Caspase-10
PARP
APAF-1
FADD
FLIP
XIAP
Smac/DIABLO

Source
Cell Signaling
Cell Signaling
Cell Signaling
Santa Cruz
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signal
Abcam
Abcam
Cell Signaling
R & D Systems

3.10. Antibody Arrays
Antibody arrays (RayBio Human Apoptosis Antibody Array) containing 43 apoptotic pathway
intermediates were used to measure effects of ECM exposure on Jurkat cells. Following
experimental treatments with ECM for 24 h, cells from duplicate wells (10 × 106 cells/treatment)
were solubilized in lysis buffer containing protease inhibitors at 2 × 107 cells/mL for 30 min with
rocking at 4 °C. Cells were pelleted at 14,000 × g for 15 min, and supernatants aspirated. Protein
concentration in supernatants was determined using the Lowry method (BioRad) [66]. Protein load
per membrane was approximately 600 g/mL total protein diluted 5-fold with blocking buffer.
Membranes were blocked with blocking buffer for 30 min at room temperature. Diluted sample
was applied to membranes and incubated overnight with gentle rocking at 4 °C. Membranes were
washed, and a biotin-conjugated secondary antibody added. HRP-conjugated streptavidin was
added for detection through enhanced chemiluminescence (ECL). Blots were imaged using
ChemiDoc XRS+ gel imager (BioRad). Relative densities of antibodies were determined by
comparing to protein loading control antibodies.
3.11. Real-Time PCR (Q-PCR) and PCR Arrays
ECM-treated Jurkat cells and untreated controls were screened in triplicate for expression of
96 different genes related to cell death and cell survival using “Human Apoptosis” PCR arrays
(Applied Biosystems, Carlsbad, CA, USA). RNA was isolated from ECM-treated Jurkat cells with
TRIzol (Invitrogen, Grand Island, NY, USA) according to the manufacturer’s instructions.
Concentration and purity of RNA was assessed using a NanoDrop spectrophotometer
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(ThermoScientific, Waltham, MA, USA) and cDNA was prepared with the High Capacity cDNA
Reverse Transcription kit (Applied Biosystems). Prepared cDNA was diluted with nuclease-free
water and added to PCR arrays at a concentration of 25 ng/well with Taqman Gene Expression
Master Mix (Applied Biosystems). Arrays were amplified using a 7500 Real time PCR system
(Applied Biosystems) with the following conditions: initial denaturation step at 50 °C, 2 min and
95 °C, 10 min, followed by 40 cycles of 95 °C, 15 s, 60 °C, 1 min.
Expression of select genes was also analyzed in ECM-treated Jurkat cells and untreated control
cells using gene-specific primers (Table 2). RNA was isolated as described using TRIzol
(Invitrogen) and concentration and purity were determined using a NanoDrop spectrophotometer
(ThermoScientific). RNA was reverse transcribed into cDNA using Superscript III First Strand
Reverse Transcription kit (Invitrogen). Amplification of individual genes was conducted using
specific primer sequences (Table 2). Primers for 18S, ȕ-actin, beta-2 microglobulin (B2M), Fas,
FADD, APAF-1, XIAP, Smac/DIABLO, and Bcl-xL were purchased from Integrated DNA
Technologies (Coralville, IA). Copy DNA (cDNA) products were amplified by qPCR in
quadruplicate wells containing 10 ng cDNA, 200 nM of each primer (combined forward and
reverse sequences) and Power SYBR Green PCR Master Mix (Applied Biosystems) with a 7500
Real-Time PCR system (Applied Biosystems). Conditions for qPCR were as follows: initial
denaturation step at 95 °C, 10 min, followed by 40 cycles of 95 °C, 15 s, 60 °C, 1 min. Q-PCR data
(mean CT values) for target genes was normalized to the average expression levels of three internal
reference genes (18S, ȕ-actin, and B2M) as previously recommended [68].
Table 2. Primer sequences used for real-time PCR amplification of individual genes in
ECM-treated Jurkat cells.
Gene

Direction

5ƍ-3ƍ sequence

18S

FWD

ȕ-actin

RVS

CTC AGG AGG AGC AAT GAT CTT GA

B2M
XIAP
Smac/DIABLO
APAF-1
Bcl-xl
CD95/Fas
FLIP

Reference

GCC AGG TCC TAG CCA ATG G

Applied Biosystems

RVS

TCA GTC GCT CCA GGT CTT CA

Applied Biosystems

FWD

TGC CGA CAG GAT GCA GAA G

FWD

TGC TGT CTC CAT GTT TGA TGT ATC T

RVS

TCT CTG CTC CCC ACC TCT AAG T

FWD

5ƍ GCA CGA GCA GGG TTT CTT TAT ACT GGT G 3ƍ

RVS

5ƍ CTT CTT CAC AAT ACA TGG CAG GGT TCC TC 3ƍ

FWD

5ƍ CCT GTG TGC GGT TCC TAT TGC 3ƍ

RVS

5ƍ TGA TTC CTG GCG GTT ATA GAG 3ƍ

FWD

5ƍ CAC GTT CAA AGG TGG CTG AT 3ƍ

RVS

5ƍ TGG TCA ACT GCA AGG ACC AT 3ƍ

FWD

5ƍ GTA AAC TGG GGT CGC ATT GT 3ƍ

RVS

5ƍ TGC TGC ATT GTT CCC ATA GA 3ƍ

FWD

5ƍ-GAC CCA GAA TAC CAA GTG CAG ATG TA-3ƍ

RVS

5ƍ-CTG TTT CAG GAT TTA AGG TTG GAG ATT-3ƍ

FWD

5ƍ-GTT AGG TAG CCA GTT GG-3ƍ

RVS

5ƍ-CCT GCC TTG CTT CAG C-3ƍ

Vandesompele et al, 2002 [68]
Espinosa et al., 2006 [69]
Dai et al., 2010 [70]
Robles et al., 2001 [71]
Will et al., 2010 [72]
Petak et al., 2003 [73]
Kataoka et al., 1998 [74]
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3.12. Surface Expression of TRAIL-R1 (DR4), TRAIL-R2 (DR5), TRAIL-R3 (DcR1), and
TRAIL-R4 (DcR2)
The cell surface expression of death receptors (TRAIL-R1, TRAIL-R2) and decoy receptors
(TRAIL-R3, TRAIL-R4) was measured in Jurkat cells (N = 3) treated with 0, 1, or 2 mg/mL ECM
for 24 h using flow cytometry. After 24 h, cells were harvested and stained with fluorescently
labeled (PE) antibodies to TRAIL-R1 (anti-hTRAILR1, FAB347P), TRAIL-R2 (anti-hTRAIL-R2,
FAB311P), TRAIL-R3 (anti-hTRAIL-R3, FAB6320P), and TRAIL-R4 (anti-hTRAIL-R4,
FAB633P). Mouse IgG (PE 1C002P) was used as isotype control. All antibodies were obtained
from R&D Systems. Expression of cell surface receptors was measured using an Accuri C6 Flow
Cytomter with CFLow PLUS software (BD Biosciences, San Jose, CA, USA), with 25,000 events
collected on each sample.
3.13. Statistical Analyses
3.13.1. Growth Inhibition (MTT), Annexin V, and Receptor Expression Assays
Statistical analyses comparing untreated with ECM-treated cells were performed using SigmaStat Version 2.03. Means ± SEM are presented. Data that passed tests for both normality and equal
variance were analyzed using either one-way analysis of variance (ANOVA) or Student’s t-test.
Data that did not satisfy requirements for normality and equal variance were analyzed using either
non-parametric rank sum test or one-way ANOVA on Ranks. P-values less than 0.05 were
considered significant.
3.13.2. Western Blots and Antibody Arrays
ȕ-actin was used as a protein loading control. Blot images were normalized to ȕ-actin. Percent
change compared to untreated control was determined. Relative band densities from three to four
individual blots were measured, and data reported as mean ± SEM. Antibody arrays were
normalized to three averaged protein loading controls. Tests of significance were determined using
either one-way ANOVA among ECM treatment concentrations or Student’s t-test for comparing
individual concentrations to untreated control. P values less than 0.05 were considered significant.
3.13.3. Q-PCR and PCR Arrays
Q-PCR array data were analyzed using the RT2 Profiler PCR Array Data Analysis web-based
software (Version 3.5, Qiagen). Briefly, mean CT values for target genes were normalized to the
average expression levels of two internal reference genes (GAPDH and beta glucuronidase
(GUSB)). The resulting ǻCT values were averaged for replicates within the untreated and
ECM-treated groups (1 mg/mL and 2 mg/mL). Mean ǻCT values for ECM-treated groups were then
normalized to those of the untreated control group and used to calculate the fold change in
expression. Expression changes (up- or down-regulated) greater than 2-fold with P < 0.05 were
considered significant.
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Data from gene specific Q-PCR analysis (mean CT values) for target gene expression of APAF-1,
Smac/DIABLO, XIAP, and Bcl-xL were normalized to the average expression levels of three
internal reference genes (18S, ȕ-actin, and B2M) as previously recommended [68]. The resulting
ǻCT values were averaged for replicates within the untreated and ECM-treated groups (1 mg/mL
and 2 mg/mL). Mean ǻCT values for ECM-treated groups were then normalized to those of
untreated control group and used to calculate the relative quantity (RQ). Differences in expression
between untreated and ECM-treated groups were determined by one-way ANOVA, with P < 0.05
indicating significant differences.
4. Conclusions
Sharks and their skate and ray relatives (Subclass Elasmobranchii), collectively known as the
elasmobranch fishes, represent a novel and untapped source of marine-derived compounds with the
potential to be developed into therapeutic agents to benefit human health. Apoptosis of Jurkat T
cell leukemia cells (clone E6-1, ATCC TIB-15) occurs in response to 24 h treatment with
compounds present in a culture medium conditioned by shark epigonal organ cells (epigonal
conditioned medium, ECM). The data presented support the conclusion that specific apoptotic
pathways are targeted by ECM compounds and may have a direct role in inducing tumor cell death
and/or sensitizing cancer cells to apoptosis induced through other means.
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Towards the Small and the Beautiful: A Small
Dibromotyrosine Derivative from Pseudoceratina sp. Sponge
Exhibits Potent Apoptotic Effect through Targeting
IKK/NFțB Signaling Pathway
Jui-Hsin Su, Yu-Cheng Chen, Mohamed El-Shazly, Ying-Chi Du, Chiang-Wen Su,
Chia-Wei Tsao, Li-Lian Liu, Yalan Chou, Wen-Been Chang, Yin-Di Su, Michael Y. Chiang,
Yao-Tsung Yeh and Mei-Chin Lu
Abstract: A dibromotyrosine derivative, (1ƍR,5ƍS,6ƍS)-2-(3ƍ,5ƍ-dibromo-1ƍ,6ƍ-dihydroxy-4ƍoxocyclohex-2ƍ-enyl) acetonitrile (DT), was isolated from the sponge Pseudoceratina sp., and was
found to exhibit a significant cytotoxic activity against leukemia K562 cells. Despite the large
number of the isolated bromotyrosine derivatives, studies focusing on their biological mechanism
of action are scarce. In the current study we designed a set of experiments to reveal the underlying
mechanism of DT cytotoxic activity against K562 cells. First, the results of MTT cytotoxic and the
annexin V-FITC/PI apoptotic assays, indicated that the DT cytotoxic activity is mediated through
induction of apoptosis. This effect was also supported by caspases-3 and -9 activation as well as
PARP cleavage. DT induced generation of reactive oxygen species (ROS) and the disruption of
mitochondrial membrane potential (MMP) as indicated by flow cytometric assay. The involvement
of ROS generation in the apoptotic activity of DT was further corroborated by the pretreatment of
K562 cells with N-acetyl-cysteine (NAC), a ROS scavenger, which prevented apoptosis and the
disruption of MMP induced by DT. Results of cell-free system assay suggested that DT can act as a
topoisomerase II catalytic inhibitor, unlike the clinical anticancer drug, etoposide, which acts as a
topoisomerase poison. Additionally, we found that DT treatment can block IKK/NFțB pathway
and activate PI3K/Akt pathway. These findings suggest that the cytotoxic effect of DT is associated
with mitochondrial dysfunction-dependent apoptosis which is mediated through oxidative stress.
Therefore, DT represents an interesting reference point for the development of new cytotoxic agent
targeting IKK/NFțB pathway.
Reprinted from Mar. Drugs. Cite as: Su, J.-H.; Chen, Y.-C.; El-Shazly, M.; Du, Y.-C.; Su, C.-W.;
Tsao, C.-W.; Liu, L.-L.; Chou, Y.; Chang, W.-B.; Su, Y.-D.; et al. Towards the Small and the
Beautiful: A Small Dibromotyrosine Derivative from Pseudoceratina sp. Sponge Exhibits Potent
Apoptotic Effect through Targeting IKK/NFțB Signaling Pathway. Mar. Drugs 2013, 11,
3168-3185.
1. Introduction
Living organisms in oceans are widely regarded as the ancestral tree of all creatures and the
cradle of the first signs of uni- and multicellular life. One of the earliest manifestations of
multicellular organisms is the development of marine sponges. It took millennia to develop
multicellular organisms equipped with necessary tools of survival. Sponges are sessile creatures
which can be attacked by different kinds of predators and fouling microorganisms [1]. These harsh
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conditions led to the development of a highly sophisticated defense system of secondary
metabolites. A silver line had to be established in developing such defense system, through
synthesizing compounds which are extremely toxic to the predators under high dilution condition,
however still tolerable by the sponges. Among these compounds which were discovered in the
seventies of the last century, are bromotyrosine derivatives. These derivatives are biosynthesized
from common L-tyrosine metabolites such as 3-bromo-L-tyrosine and 3,5-dibromo-L-tyrosine
which serve as the basic structural elements for this class of marine alkaloids [2].
In the past four decades, over 300 different bromotyrosine derivatives were isolated from
sponges and their biological activity was evaluated [3]. In 1987, a dibromotyrosine derivative was
found to act on the hypothalamic centers which control thyroid function and was proposed as a
potential candidate targeting certain CNS disorders [4]. Aeroplysinin-1, a dibromotyrosine
acetonitrile derivative, was isolated from marine sponges along with an array of closely related
analogues. The potent biological activities of these derivatives led to the development of different
synthetic protocols for their synthesis [5–7]. Reports indicated that aeroplysinin-1 exhibited a
myriad of biological activities including antiparasitic [5], antiinflammatory [8], antibiotic [9] and
cytotoxic activities [7,10]. Moreover, it was found that this compound can be utilized as a structural
template for the synthesis of antiangiogenic agents based on the docking experiments in the ATP
binding site of Vascular Endothelial Growth Factor Receptors (VEGFR) [11]. Despite the wide
spectrum of biological activities exhibited by bromotyrosine derivatives, only a handful of reports
have focused on studying their biological mechanism of action [3].
Sponges belonging to the order Verongida are considered the richest source of naturally
occurring bromotyrosine derivatives. Over 15 classes of these derivatives were isolated including
fistularin, psammaplysin, aerothionin, psammaplin, purealidinand bastadin subtypes [12]. Among
the widely studied genera of this order is Pseudoceratina sp. From this order different
bromotyrosine derivatives were isolated including pseudoceramines A–D and spermatinamine [13],
aplysamine 6 [14], ceratinadins A–C [15], as well as 11,19-dideoxyfistularin-3, 11-deoxyfistularin-3
and dibromoverongiaquinol [16]. The wide diversity of the separated bromotyrosine derivatives has
encouraged us to subject Pseudoceratina sp., collected from the Green Island on the east cost
of Taiwan, to an intensive chemical investigation which led to the isolation of
(1ƍR,5ƍS,6ƍS)-2-(3ƍ,5ƍ-dibromo-1ƍ,6ƍ-dihydroxy-4ƍ-oxocyclohex-2ƍ-enyl) acetonitrile (DT) (Figure 1).
This secondary metabolite is an oxidized derivative of aeroplysinin-1, suggesting that DT may
possess similar cytotoxic activity. In the current study we sought to evaluate the cytotoxic activity
of DT on chronic myeloid leukemia (CML) (K562) as well as to identify its underlying mechanism
of action.

345
Figure 1. (a) Morphology of the Taiwanese Green Island sponge, Pseudoceratina sp.;
(b) Molecular structure of (1ƍR,5ƍS,6ƍS)-2-(3ƍ,5ƍ-dibromo-1ƍ,6ƍ-dihydroxy-4ƍoxocyclohex-2ƍ-enyl) acetonitrilebased on X-ray analysis.
(a)

(b)

2. Results
2.1. DT Inhibits Cellular Growth and Induces Apoptosis in K562 Cells
The cytotoxic effect of DT was evaluated against several cancer cell lines and we found that DT
exhibited potent activity against K562, Hela, MCF-7, and MDA-MB-231 cells, with IC50 values of
1.4, 4.8, 1.9, and 5.5 g/mL, respectively, for 72 h. Leukemia K562 cell line was the most sensitive
cell line to the cytotoxic effect of DT and was selected for further investigation. K562 cells and rat
alveolar macrophage NR8383 cell line were treated with different doses of DT, for 24 h. DT
downregulated viability of K562 cells in a dose dependent manner, but did not suppress growth of
NR8383 cells. Even at the highest dose (5 g/mL), DT treatment resulted in viability of NR8383
cells about 80% (Figure 2a). Nuclear condensation was observed after treating K562 cells with
2.5 and 5 g/mL of DT (Figure 2b). To understand whether DT cytotoxic effect is mediated
through apoptosis, we used annexin V/PI double staining and flow cytometric analysis. We found
that increasing the concentration of DT (2.5, 5 and 10 g/mL) led to a significant increase in the
apoptotic population (13, 61.9 and 87.1%, respectively) after 24 h (Figure 2c). Treatment with 0.5
and 1 g/mL of DT resulted in a significant increase in the level of caspase 3 activation and PARP
cleavage, but at high concentration (5 g/mL) it led to a decrease in caspase 3 activation, PARP
cleavage and XIAP expression (Figure 2d). Furthermore, the phosphorylation of H2AX, a
biomarker of DNA damage, was observed with the DT treatment. Moreover, an increase in ATM
and BRCA phosphorylation was observed with the use of low doses (0.5 and 1 g/mL) of DT,
however their phosphorylation decreased at high doses (2.5 and 5 g/mL). Also ATR
phosphorylation was observed with the treatment of increasing concentrations of DT (Figure 2e).
Upon DNA damage, cells activate a complex DNA-damage-response (DDR) signaling network to
arrest the cell cycle and repair DNA, but if the extent of the damage is beyond the capacity of the
repair system, apoptosis is induced [17]. Our results indicated that apoptosis and DNA damage induced
by DT treatment were mediated through caspase activation and Chk2 phosphorylation, respectively.
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2.2. DT Inhibits Topoisomerase IIġCatalytic Cycle
Phosphorylation of H2AX (ȖH2AX) is the hallmark of DNA damage which was observed in
K562 cells upon DT treatment (Figure 2e). We tried to determine whether the DNA damage
induced by DT is associated with the interruption of topo II activity. For this purpose, a cell-free
DNA cleavage assay using an enzyme-mediated negatively supercoiled pHOT1 plasmid DNA, was
applied. As shown in (Figure 3), DT at low doses (0.01, 0.1, and 1 g) induced DNA relaxation in
the presence of topo IIĮ (Lanes 1–3); but at high doses (2.5, 5, and 10 g) it inhibited DNA
relaxation in the presence of topo IIĮ (Lanes 4–6). Lane 7 is showing a linear DNA strand which
was also observed upon treating the supercoiled pHOT1 plasmid DNA with etoposide, a standard
topo II poison (Lane 11) [18]. These results suggested that one of the DT targets, as a DNA
damaging agent, is to interfere with various steps of topoisomerase IIĮ catalytic cycle, which plays
a critical role in DNA replication, transcription and chromosomal segregation [19].
Figure 2. DT inhibits K562 cellular growth and induces apoptosis. K562 cells were
treated with different doses of DT and incubated for 24 h, (a) Viability of K562 and
normal rat macrophage NR8383 cells were determined with different doses of DT;
(b) Treated cells were stained with DAPI and examined with fluorescence microscope
(200×); (c) Double staining with annexin V/propidium iodide (PI) was used to
determine the induction of apoptosis following the treatment of K562 cells with
different concentrations of DT (0, 0.5, 1, 2.5, 5 and 10 g/mL) for 24 h. The histogram
summarizes the apoptotic population in percentage of K562 cells. Results are presented
as mean ± SD of three independent experiments; (d) Caspase-activated proteins;
(e) DNA damage-related proteins were examined following the treatment with the
indicated doses of DT for 24 h, as shown from the Western blots. GAPDH was the
loading control.
(a)

(b)
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Figure 2. Cont.
(c)

(d)

(e)

2.3. DT-Induced Apoptosis Is Mediated through Reactive Oxygen Species (ROS) Generation in
K562 Cells
Mounting experimental evidence has continued to lend credence to the fact that ROS plays a
critical role in the cellular homeostasis and a delicate balance should be established to avoid
overproduction of ROS which may induce apoptosis and cell death [20]. Hence, we further
examined whether ROS production was involved in the DT-induced apoptosis. Production of ROS
was examined utilizing the carboxy derivative of fluorescein, carboxy-H2DCFDA. As shown in
Figure 4a, treatment with DT at 2.5 g/mL for 20 and 60 min, resulted in 6.53- and 8.73-fold
increase in ROS levels, respectively, and the high production of ROS persisted for the next 18
hours as compared to the mean fluorescence index (MFI) of the control. However, the use of DT
(5 g/mL) for 10, 30, 40, 50 and 60 min resulted in 1.73-, 3.11-, 3.07-, 2.88- and 1.99-folds
increase of the fluorescence intensity, respectively as compared to the mean fluorescence index
(MFI) of the control (Figure 4b). To clarify whether ROS generation is the major regulator in the
DT-induced apoptosis, K562 cells were pretreated with NAC, a ROS scavenger, to suppress the
intracellular oxidative stress. Cellular viability was measured by a trypan blue dye exclusion assay
following DT treatment. As shown in Figure 4c, NAC pretreatment improved cell viability up to
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37% and 58% in response to the use of 2.5 and 5 g/mL of DT, respectively in comparison to the
control group.
Figure 3. Effect of DT on topo IIĮ mediated supercoiled pHOT1 plasmid DNA
relaxation, Lanes 1–6: DT (0.01, 0.1, 1, 2.5, 5, and 10 g); Lane 7: Linear DNA; Lane 8:
negative control plasmid DNA; Lane 9: plasmid DNA + topoisomerase IIĮ (induction
of DNA relaxation); Lane 10: plasmid DNA + topoisomerase IIĮ + solvent control
(induction of DNA relaxation); Lane 11: positive control, etoposide (20 mM), as topo II
poison (induction of linear DNA).

2.4. DT-Induced Oxidative Stress Disturbs Mitochondrial Membrane Potential (MMP)
The next step after showing that DT induced apoptosis in K562 cells is mediated through ROS
overproduction; was to evaluate the effect of ROS overproduction on the mitochondrial membrane
potential (MMP) of these cells. Flow cytometric assay with JC-1 cationic dye was used to evaluate
this effect. Cells were divided into two groups, one group was treated with NAC (1.5 mM)
followed by 5 g/mL of DT and the other group was treated with DT (5 g/mL) only. After 24 h,
the change of MMP was analyzed in the two groups. DT treatment led to 46.1% disruption of
MMP in K562 cells. However, NAC pretreatment maintained the integrity of MMP to the status of
the control group (Figure 5a). We further determined the effect of NAC pretreatment on the
expression of the DNA damage-signaling proteins. As shown in Figure 5b, NAC pretreatment
abrogated PARP cleavage and H2AX phosphorylation.
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Figure 4. DT-induced K562 cellular apoptosis involves ROS production, we evaluated
the effect of DT treatment on the ROS generation in K562 cells; (a) Cells were treated
with 2.5 g/mL of DT for the indicated times; (b) Cells were treated with 5.0 g/mL of
DT for the indicated times. Quantitative results of the change in the ROS level showed
a gradual increase in the ROS production upon DT treatment when compared with the
control group; (c) Effect of ROS generation on DT-induced cell death in K562 cells.
Following pretreatment of 1.5 mM NAC for 1.5 h, cells were treated with 2.5 and 5
g/mL of DT, respectively, and the cellular viability was measured with trypan blue
dye exclusion assay. Results are presented as mean ± SD of three independent
experiments (* P < 0.001).

(a)

(b)

(c)

350
Figure 5. Effect of N-acetyl-cysteine (NAC) pretreatment on mitochondrial membrane
potential (MMP) disruption- and DNA damage-induced by DT. Following pretreatment
with NAC (1.5 mM) for 1.5 h, K562 cells were then treated with 5 g/mL of DT for
additional 24 hours. Cells were collected and analyzed; (a) Change of MMP with flow
cytometry; (b) Expression of DNA damage-related proteins as shown by Western blot,
results are presented as mean ± SD of three independent experiments (** P <0.001).

(a)

(b)

2.5. ROS Generation in DT-Induced Apoptosis is Mediated through the Inhibition of IKK/NFțB
and the Activation of PI3K/Akt Pathways
Recent studies have revealed the interlocking nature of different pathways in controlling several
cellular abnormalities such as inflammation and excessive cellular proliferation [21]. It was
suggested that IKK/NFțB pathway is a potential therapeutic target in cancer treatment [22,23] and
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the ROS-mediated apoptosis involves the inhibition of this pathway [24,25]. Additionally, it was
found that phosphatidylinositol 3-kinase (PI3K)/Akt (protein kinase B, PKB) signaling pathway is
overexpressed in many human malignancies and it plays a critical role in many cellular functions
including cellular proliferation and survival, autophagy, metabolism, angiogenesis and motility [26].
Since our results demonstrated that the oxidative stress is the major contributor of DT-induced
apoptosis in K562 cells, we further investigated whether these IKK/NFțB and PI3K/Akt pathways
are associated with the ROS overproduction. To assess the involvement of IKK/NFțB and
PI3K/Akt pathways, Western blot analysis was performed with specific antibodies. This allowed us
to examine the effect of DT treatment on the expression of certain proteins related to these
pathways. We found that treating K562 cells with DT (5 g/mL) for 6 and 18 h diminished the
expression of IKK/NFțB-related proteins and the phosphorylation of PTEN. On the other hand, an
elevation of Akt and PLCȖ-1 phosphorylation was observed (Figure 6a). Finally, in line with our
expectation, NAC pretreatment of K562 cells abrogated the induction of Akt and PLCȖ-1
phosphorylation as well as the inhibition of IKK/NFțB/TRADD, p-PTEN, PKR and HIF 1
expression caused by DT treatment (Figure 6b).
Figure 6. Effect of the oxidative stress caused by DT treatment on IțB kinases
(IKK)/NFțB and phosphatidylinositol 3-kinase (PI3K)/Akt pathways; (a) Cells were
treated with DT (5 g/mL) for 6 and 18 h, respectively; (b) Other group of cells were
pretreated with 1.5 mM NAC for 1.5 h, followed by the treatment with
2.5 or 5 g/mL of DT for 18 additional hours. The expression of IKK/NFțB and
PI3K/Akt pathways related proteins was examined in all groups. GAPDH was the
loading control.
(a)

(b)
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3. Discussion
In our preliminary cytotoxic screening assays against different cancer cell lines, DT exhibited a
dose- and time-dependent cytotoxic effect against K562 leukemia cell line (IC50 of 1.4 g/mL)
(Figure 2a). K562 cells are derived from chronic myeloid leukemia (CML) patients, which are
a clonal myeloproliferative disorder with constitutive tyrosine kinase (TK) activity [27,28].
Inhibition of TK has emerged as a promising target for leukemia treatment. The second generation
of TK inhibitors, such as nilotinib and dasatinib, has been recently utilized as a potent class of
chemotherapeutic agents. However, it was found that these inhibitors possess significant toxicities
for 30%–60% of the patients [29], with high possibility of cancer relapse [30]. The significant
cytotoxic activity of DT against K562 cells and the lack of efficient treatment for myeloid leukemia
(CML) encouraged us to investigate its cytotoxic mechanism of action aiming to develop a safer
and more potent anti-myeloid leukemia lead candidate.
We examined the induction of apoptosis by DT in K562 cells and found that ROS production is
a critical factor in regulating DT cytotoxicity. Overproduction of ROS is usually accompanied with
negative consequences on cellular function and integrity. It may lead to the disruption of
mitochondrial membrane potential (MMP) resulting in the loss of mitochondrial membrane
integrity. As shown in Figures 4 and 5, pretreatment of K562 cells with NAC, a ROS scavenger,
prevented apoptosis and the disruption of MMP induced by DT. A recent report suggested that
psammaplysenes A and B, dibromotyrosine-derived metabolites isolated from marine sponges,
could act as potent inhibitors of FOXO1a nuclear export [31]. FOXO proteins are both sensors of
oxidative stress and effectors of the cellular response [32]. These proteins are important
downstream targets of the PI3K/Akt pathway. Activation of PI3K/Akt pathway directly
phosphorylates FOXO proteins and inhibits their activity [33]. Our results showed that the DT
induced apoptosis can be associated with the inhibition of FOXO, exerted through activation of
PI3K/Akt (Figure 6a).
Reports on new cancer molecular targets indicated that some success has been achieved in the
inhibition of PI3K/Akt/mTOR pathway for therapeutic purposes, but unfortunately different
feedback loops were found to interrupt chemotherapeutic efficiency of the inhibitors [34]. A recent
study has suggested that the loss of PTEN function, a PI3K/Akt related protein, leads to the
accumulation of activated Akt, which plays a key role in the PTEN-mediated tumorigenesis via
multiple mechanisms including the inhibition of apoptosis [35,36]. Our results were in harmony
with previous results showing that the activation of Akt by DT is mediated through the inhibition of
PTEN. Despite these preliminary results on the positive role of Akt activation in cancer therapy, its
actual role is still controversial. Ahn et al. reported that apoptosis induced by shikonin, a secondary
metabolite with a naphthoquinone skeleton, required the activation of the Akt/ASK/p38 signaling
cascade via ROS generation [37]. On the other hand, chemoresistance accompanying PI3K/Akt activation
was found to be regulated by the inhibition of PARP-1 [38] or the promotion of survivin [39].
Recently, several preclinical studies have focused on developing novel small molecules as
inhibitors of IțB kinases (IKKs), such as Bayer “Compound A” [40], PS-1145 [41], SC-514 [42],
and diarylbenzamide [43], aiming to block IKK/NFțB activation [44]. Inhibition of IKKs is
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emerging as an exciting novel target for cancer therapy [44]. Moreover, hypoxia-Inducible factor-1
(HIF-1) and NFțB were found to act as pivotal regulators of cellular growth and oncogenesis [45].
Interestingly, our results indicated that the inhibition of the ROS generation with NAC pretreatment
was accompanied with the recovery of HIF-1 and IKK/NFțB pathway to similar levels of the
control group (Figure 6b). Kuphal et al. proposed that NFțB regulation in malignant melanoma
under normoxic conditions is mediated through ROS. They also demonstrated that the inhibition of
NFțB by adenoviral overexpression of NFțB inhibitor (IțB) led to the attenuation of HIF
activity [46]. Therefore, we can propose that NFțB-attenuated HIF-1, along with ROS generation,
is involved in DT-induced K562 cellular apoptosis.
4. Experimental Section
4.1. Bioassays Materials
RPMI 1640 medium, fetal calf serum (FCS), trypan blue, penicillin G, and streptomycin were
obtained from GibcoBRL (Gaithersburg, MD, USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), dimethyl sulfoxide (DMSO), and all other chemicals were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Antibodies against caspases-3, -8, and -9,TRADD, PKR,
p-PTEN, p-PLCȖ-1 as well as p-Akt (Ser473) and PARP were purchased from Cell Signaling
Technologies (Beverly, MA, USA). Antibodies of IkkȖ, Ikkȕ, GAPDH, XIAP, and NFțB (p65)
were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). HIF 1 was obtained from
Enzo Life Science International, Inc. (Farmingdale, NY, USA). JC-1 cationic dye, and the carboxy
derivative of fluorescein (carboxy-H2DCFDA) were purchased from Molecular Probes and Invitrogen
detection technologies (Carlsbad, CA, USA). Anti-mouse and rabbit IgG peroxidase-conjugated
secondary antibody were purchased from Pierce (Rockford, IL, USA). HybondECL transfer
membrane and ECL Western blotting detection kits were obtained from Amersham Life Sciences
(Amersham,UK).
4.2. Preparation of (1ƍR,5ƍS,6ƍS)-2-(3ƍ,5ƍ-dibromo-1ƍ,6ƍ-dihydroxy-4ƍ-oxocyclohex-2ƍ-enyl)
Acetonitrile (DT) Stock Solution
The marine sponge Pseudoceratina sp. was collected by scuba diving at the Green Island, which
is located on the east coast of Taiwan, in March 2011, at a depth of 10 m, and the collected material
was frozen immediately. A voucher sample was deposited at the National Museum of Marine
Biology and Aquarium, Taiwan (specimen No. 2011-03-1). The sponge (800 g, wet wt.) was stored
frozen and then freeze dried. The freeze-dried material (250 g) was minced and extracted five times
with EtOAc (1 L) for 24 h each time at room temperature. The organic extract was evaporated to
yield a residue (22.5 g), which was subjected to open column chromatography on silica gel eluted
with gradient solution of n-hexane (H)–EtOAc (E), to give 11 fractions: Fr-1 (eluted by n-hexane),
Fr-2 (eluted by H–E 100:1), Fr-3 (eluted by H–E 50:1), Fr-4 (eluted by H–E 20:1), Fr-5 (eluted by
H–E 10:1), Fr-6 (eluted by H–E 5:1), Fr-7 (eluted by H–E 3:1), Fr-8 (eluted by H–E 2:1), Fr-9
(eluted by H–E 1:1), Fr-10 (eluted by H–E 1:2), and Fr-11 (eluted by EtOAc). Fraction 8 (200 mg),
was subjected to normal phase HPLC, using n-hexane–EtOAc (3:1) as the eluent, to afford four
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subfractions (A1–A4). Subfraction A1 (60 mg) was separated by normal phase HPLC using nhexane–EtOAc (2:1) to afford DT (30.5 mg). The structure and the absolute configuration of this
compound was unambiguously proven by X-ray diffraction analysis [47]. In the current report we
isolated also aeroplysinin-1 and the other isomer of DT, (1ƍR,5ƍR,6ƍS)-2-(3ƍ,5ƍ-dibromo-1ƍ,6ƍdihydroxy-4ƍ-oxo-cyclohex-2ƍ-enyl) acetonitrile which was isolated in minute quantity [48,49].
A suitable colorless crystal was grown by slow evaporation of the EtOAc solution. Diffraction
intensity data were acquired with Bruker APEX DUO single-crystal X-ray diffractometer with
graphite-monochromated Mo KĮ radiation (Ȝ = 0.71073 Å). Crystal data for this compound:
C8H7Br2NO3 (formula weight 324.97), approximate crystal size, 0.2 × 0.15 × 0.15 mm3,
monoclinic, space group, P21 (# 4), T = 100(2) K, a = 7.7217(3) Å, Į = 90°, b = 8.2480(3) Å,
ȕ = 90°, c = 15.0536(6) Å, Ȗ = 90°, V = 958.74(6) Å3, Dc = 2.251 mg/m3, Z = 4, F(000) = 624,
(MoKĮ) = 8.433 mmí1. A total of 8639 reflections were collected in the range 2.63 < ș < 26.67, with
1993 independent reflections [R(int) = 0.0202], completeness to șmax was 99.6%; semi-empirical
from equivalents absorption correction applied; full-matrix least-squares refinement on F2, the
number of data/restraints/parameters were 1993/0/135; goodness-of-fit on F2 = 1.060; final R
indices [I > 2 sigma (I)], R1 = 0.0134, wR2 = 0.0286; R indices (all data), R1 = 0.0143, wR2 = 0.0287,
largest difference peak and hole, 0.311 and í0.282e/Å3.
4.3. MTT Antiproliferative Assay
Cells were seeded at 4 × 104 per well in 96-well culture plates before treatment with different
concentrations of the test compound. After treatment for 24, 48, or 72 h, the cytotoxicity of the test
compound was determined using MTT cell proliferation assay (thiazolyl blue tetrazolium bromide,
Sigma-M2128). Light absorbance values (OD = OD570 í OD620) were recorded at wavelengths of
570 and 620 nm using an ELISA reader for calculating IC50, i.e., the cell concentration at which the
light absorbance value of the experimental group is half that of the control group. These results were
expressed as a percentage of the control ± SD established from n = 4 wells per one experiment from
three separate experiments.
4.4. Annexin V/PI Apoptosis Assay
The externalization of phosphatidylserine (PS) and membrane integrity were quantified using an
annexin V-FITC staining kit. In brief, 106 cells were grown in 35 mm diameter plates and were
labeled with annexin V-FITC (10 g/mL) and PI (20 g/mL) prior to harvesting. After labeling, all
plates were washed with a binding buffer and harvested. Cells were resuspended in the binding
buffer at a concentration of 2 × 105 cells/mL before analysis by flow cytometer FACS-Calibur
(Becton-Dickinson, San Jose, CA, USA) and CellQuest software. Approximately 10,000 cells were
counted for each determination.
4.5. Determination of ROS Generation and MMP Disruption
These assays were performed as described previously [50]. MMP disruption and ROS
generation were detected with JC-1 cationic dye (5 g/mL) and the carboxy derivative of
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fluorescein (carboxy-H2DCFDA, 1 mM), respectively. In brief, the treated cells were labeled with a
specific fluorescent dye for 30 min. After labeling, cells were washed with PBS and resuspended in
PBS at a concentration of 1 × 106 cells/mL before analysis by flow cytometry.
4.6. Assay of Topoisomerase II Inhibitors and Poisons
The assay was performed as described previously [18]. Standard relaxation reaction mixtures
(20 L) containing 50 mMTris–HCl (pH 8.0), 10 mM MgCl2, 200 mM potassium glutamate, 10
mM dithiothreitol, 50 g/mL bovine serum albumin, 1 mM ATP, 0.3 g of pHOT1 plasmid DNA,
two units of human topoisomerase II (Topogen, Columbus, OH, USA) and the indicated
concentrations of etoposide and 10AB were incubated at 37 °C for 30 min. Reactions were
terminated by the addition of 2 L of 10% SDS to facilitate trapping the enzyme in a cleavage
complex, followed by the addition of 2.5 L of proteinase K (50 g/mL) to digest the bound
protein (incubated 37 °C for 15 min) and finally by adding 0.1 volume of the sample loading dye.
The DNA products were analyzed by electrophoresis through vertical 2% agarose gels at 2 V/cm in
0.5XTAE buffer. Gels were stained with ethidium bromide and photographed using an Eagle Eye II
system (Stratagene, La Jolla, CA, USA).
4.7. Western Blotting Analysis
Cell lysates were prepared by treating the cells for 30 min in RIPAlysis buffer, 1% Nonidet
P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulphate (SDS), 1 mM sodium
orthovanadate, 100 g/mL phenylmethylsulfonyl fluoride and 30 g/mL aprotinin) (all chemicals
were obtained from Sigma). The lysates were centrifuged at 20,000× g for 30 min, and the protein
concentration in the supernatant was determined using a BCA protein assay kit (Pierce, Rockford,
IL, USA). Equal amounts of proteins were respectively separated by 7.5%, 10% or 12% of
SDS-polyacrylamide gel electrophoresis and then were electrotransferred to a PVDF membrane.
The membrane was blocked with a solution containing 5% non-fat dry milk TBST buffer
(20 mMTris-HCl, pH 7.4, 150 mM NaCl and 0.1% Tween 20) for 1 h and washed with TBST
buffer. The protein expressions were monitored by immunoblotting using specific antibodies.
These proteins were detected by an enhanced chemiluminescence kit (Pierce).
4.8. Statistics
The results were expressed as mean ± standard deviation (SD). Comparison in each experiment
was performed using an unpaired Student’s t-test and * P value of less than 0.05 was considered to
be statistically significant.
5. Conclusions
The purpose of this work was to elucidate the mechanism underlying the cytotoxic activity of
marine
dibromotyrosine,
(1ƍR,5ƍS,6ƍS)-2-(3ƍ,5ƍ-dibromo-1ƍ,6ƍ-dihydroxy-4ƍ-oxocyclohex-2ƍ-enyl)
acetonitrile (DT), against K562 cells. DT induced ROS production which resulted in mitochondrial
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dysfunction and apoptosis in K562 cells. Our results suggest that this marine product may elevate
the ROS-induced apoptosis in leukemia K562 cells via the blockage of IKK/NFțB/HIF/PTEN
pathway and the activation of PI3K/Akt pathway. Taken together, despite the large footprint of
bromotyrosine derivatives we believe that they are still under-researched and our findings will
provide an impetus for future research revealing the mechanisms underlying the biological activity
of these compounds.
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Hippuristanol Reduces the Viability of Primary Effusion
Lymphoma Cells both in Vitro and in Vivo
Chie Ishikawa, Junichi Tanaka, Harutaka Katano, Masachika Senba and Naoki Mori
Abstract: Primary effusion lymphoma (PEL) caused by Kaposi’s sarcoma-associated herpesvirus
(also known as human herpesvirus-8) shows serious lymphomatous effusion in body cavities. PEL
is difficult to treat and there is no standard treatment strategy. Hippuristanol is extracted from
Okinawan coral Isis hippuris, and inhibits translational initiation by blocking eukaryotic initiation
factor 4A, an ATP-dependent RNA helicase, binding to mRNA. Recently, there has been much
interest in targeting translation initiation as an anticancer therapy. Here, we show that treatment of
PEL cell lines with hippuristanol resulted in cell cycle arrest at G1 phase, and induced caspases
activation and apoptosis. Hippuristanol also reduced the expression of cyclin D2, CDK2, CDK4,
CDK6 and prosurvival XIAP and Mcl-1 proteins. Activation of activator protein-1, signal
transducers and activators of transcription protein 3 and Akt pathways plays a critical role in the
survival and growth of PEL cells. Hippuristanol suppressed the activities of these three pathways
by inhibiting the expression of JunB, JunD, c-Fos, signal transducers and activators of transcription
protein 3 and Akt proteins. In a xenograft mouse model that showed ascites and diffused organ
invasion of PEL cells, treatment with hippuristanol significantly inhibited the growth and invasion
of PEL cells compared with untreated mice. The results of the in vitro and in vivo experiments
underline the potential usefulness of hippuristanol in the treatment of PEL.
Reprinted from Mar. Drugs. Cite as: Ishikawa, C.; Tanaka, J.; Katano, H.; Senba, M.; Mori, N.
Hippuristanol Reduces the Viability of Primary Effusion Lymphoma Cells both in Vitro and in Vivo.
Mar. Drugs 2013, 11, 3410-3424.
1. Introduction
The lymphoproliferative disorder, primary effusion lymphoma (PEL), afflicts mainly patients
infected with human immunodeficiency virus, and exclusively involves body cavities such as the
peritoneal, pleural and pericardial cavities [1,2]. PEL is caused by clonal expansion of Kaposi’s
sarcoma-associated herpesvirus (KSHV; also known as human herpesvirus-8) infected B cells [1,2].
Patients with PEL present with lymphomatous effusions within body cavities [1,2]. This type of
lymphoma is generally aggressive, rapidly progressing and resistant to conventional chemotherapy,
with a median survival time of six months and a one-year overall survival rate of 40% [3],
emphasizing the need for new therapies. A number of constitutively activated signaling pathways
play critical roles in the survival and growth of PEL cells. These include nuclear factor kappa B
(NF-țB), activator protein-1 (AP-1), signal transducers and activators of transcription protein
(STAT) and phosphatidylinositol-3-kinase (PI3K)/Akt pathways [4–7]. KSHV is a master in
altering these pathways in favor of its survival [8].
Hippuristanol, a steroid isolated from coral Isis hippuris, has been identified as a selective and
potent inhibitor of RNA helicase, eukaryotic initiation factor 4A, and RNA-binding activity [9].
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The eukaryotic initiation factor 4A plays a key role in the recruitment of ribosomes to mRNA
templates during the initiation of eukaryotic translation. Recently, there has been much interest in
targeting translation initiation as an anticancer therapy, because deregulated translation initiation is
implicated extensively in cancer initiation and progression [10].
In the present study, we investigated the effects of hippuristanol on the proliferation and
apoptosis of cultured human PEL cells and analyzed the mechanisms of such effects. We also
assessed the in vivo effects of hippuristanol in immunodeficient SCID mice inoculated with PEL
cells. The results provide insights into the molecular target of hippuristanol in PEL cells and the
anticancer mechanism of hippuristanol against PEL cells.
2. Results
2.1. Hippuristanol Dose-Dependently Inhibits PEL Cell Viability
First, we examined the effects of hippuristanol on PEL cell viability. Two PEL cell lines
(BCBL-1 and TY-1), two KSHV-uninfected lymphoma B cell lines (BJAB and Ramos), and
peripheral blood mononuclear cells (PBMCs) from three healthy volunteers were cultured for 24 h
in the presence of various concentrations of hippuristanol, and their viability was analyzed by
water-soluble tetrazolium (WST)-8 assays. Figure 1A shows that increasing the concentration of
hippuristanol from 12.5 to 200 nM resulted in further suppression of cell viability and that this
effect was dose-dependent in the two PEL cell lines. The estimated 50% inhibitory concentration
(IC50) values for BCBL-1 and TY-1 were 62 and 55 nM, respectively. In contrast, the IC50 values
for BJAB and Ramos were 175 and 104 nM, respectively. We reported previously that the IC50
values for five human T cell leukemia virus type 1-infected T cell lines ranged from 189 to 329 nM [11].
Thus, PEL cell lines were considered more sensitive than T cell lines and KSHV-uninfected
lymphoma B cell lines to hippuristanol. On the other hand, PBMCs from healthy volunteers were
resistant to hippuristanol with IC50 of >1021 nM [11]. These results suggest that hippuristanol is
less cytotoxic to normal cells than PEL cells, and most effectively inhibited cell survival of PEL
cells at low nanomolar concentrations.
2.2. Effects of Hippuristanol on PEL Cell Cycle and Apoptosis
In following experiments, we determined the mechanism of the suppressive effects of
hippuristanol on PEL cell viability. The effect of hippuristanol on cell cycle progression was
investigated by flow cytometry analysis after propidium iodide staining. Hippuristanol accumulated
cells in sub-G1 phase (from 3.9% and 2.9% of control BCBL-1 and TY-1 cells to 17.4% and 13.9%
of treated BCBL-1 and TY-1 cells, respectively). A cell cycle profile was then created by using
selective gating excluding sub-G1 population. As shown in Figure 1B, hippuristanol increased the
G1 population of PEL cells, compared with the control. This increase was accompanied by a
concomitant decrease in the S phase and G2/M phase cell populations. These results indicate that
the inhibitory effects of hippuristanol on PEL cell viability were due to cell cycle arrest at G1 phase.
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Figure 1. Hippuristanol reduces viability and induces cell cycle arrest of primary
effusion lymphoma (PEL) cells. (A) Left: Structure of hippuristanol. Right:
Hippuristanol reduced PEL cell viability. PEL cell lines were treated with the indicated
concentrations of hippuristanol for 24 h. The cell viability was determined by WST-8.
Data are mean ± SD percentage values of triplicate experiments compared with
untreated cells; (B) Hippuristanol causes PEL cell cycle arrest. PEL cells were treated
with hippuristanol (200 nM) for 24 h and analyzed by flow cytometry. The percentages
of cells in the G1, S and G2/M phases were calculated using MultiCycle software. Data
are mean ± SD percentage values of cells at various phases of the cell cycle (n = 3).
* P < 0.05, ** P < 0.01, compared with control cells.

Since cells with sub-G1 DNA content were considered apoptotic, we determined the extent of
apoptosis in hippuristanol-treated PEL cells by using Apo2.7 staining. Apo2.7 specifically detects
the 38-kDa mitochondrial membrane antigen 7A6 expressed on the mitochondrial outer membrane
during apoptosis [12]. As shown in Figure 2A, the addition of 200 nM hippuristanol to cultures of
PEL cells for 24 h resulted in apoptosis of these cells. Next, we studied the role of caspases in this
process by determining cleavage of endogenous caspases. Western blot analyses carried out after
treatment of PEL cells with hippuristanol showed increased levels of activated cleaved forms of
caspase-3, -8 and -9, and that such increases were hippuristanol dose-dependent (Figure 2B).
Caspase-3 has several substrate proteins, and the DNA damage repair enzyme polyadenosin-5ƍdiphosphate-ribose polymerase (PARP) is a major substrate [13]. The cleaved PARP was present as
an active form and its production level was hippuristanol dose-dependent. Control experiments
showed no change in the expression of the structural protein actin after the addition of
hippuristanol up to 200 nM.
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Immunoblotting allowed us to examine the processing of caspases, but did not indicate whether
the cleavage products were enzymatically active. Therefore, we used colorimetric assays to
determine caspase-3, -8 and -9 activities based on cleavage of caspase-specific-labeled substrates.
Hippuristanol activated caspase-3, -8 and -9 in PEL cells (Figure 2C). The results of the above
experiments confirmed that caspase activation mediates hippuristanol-induced apoptosis of PEL cells.
2.3. Effects of Hippuristanol on Expression of Cell Cycle and Apoptosis Regulatory Proteins in
PEL Cells
The cell cycle process in eukaryotes is orchestrated by the function of a family of protein kinase
complexes. Each complex is composed minimally of cyclins that bind to CDK to form active
cyclin-CDK complexes. We next examined the effects of hippuristanol on cell cycle regulatory
molecules operative in the G1 phase of the cell cycle in PEL cells. Western blot analysis showed
that treatment of BCBL-1 cells with hippuristanol resulted in a significant and dose-dependent
decrease in the protein expression of cyclin D2, CDK2, CDK4 and CDK6, but not cyclin E
(Figure 3A).
Figure 2. Hippuristanol induces apoptosis of PEL cells. (A) PEL cells were cultured in
the presence or absence of hippuristanol (200 nM) for 24 h and apoptosis was
determined by Apo2.7 staining. Data are mean ± SD; (B) Immunoblot analysis of
caspases and PARP cleavage. PEL cells were treated with the indicated concentrations
of hippuristanol for 24 h, and then subjected to Western blotting. Arrowheads indicate
the cleaved form of caspase-8; (C) Changes in caspase-3, -8 and -9 activities in PEL
cells. Cells were cultured in the presence or absence of hippuristanol (200 nM) for 24 h
before harvesting. The activity of the indicated caspases was measured using the
colorimetric caspase assay and labeled caspase substrates. Caspase activity in untreated
cells was defined as 1. Data are mean ± SD of three experiments.
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We also examined whether the effects of hippuristanol on apoptosis is mediated through the
modulation of expression of inhibitors of apoptosis. Hippuristanol caused a dose-dependent
downregulation of XIAP and Mcl-1, but had no effect on the expression of cIAP-2, survivin and
Bcl-xL (Figure 3A). Furthermore, hippuristanol did not alter the expression of pro-apoptotic
proteins, Bax and Bak. These results suggest the possible involvement of XIAP and Mcl-1 proteins
in hippuristanol-induced apoptosis.
Figure 3. Hippuristanol induces downregulation of cell cycle and apoptosis regulatory
proteins and suppresses AP-1 signaling in PEL cells. (A) Effects of hippuristanol on the
expression of cell cycle (left panels) and apoptosis regulatory proteins (right panels).
BCBL-1 cells were treated with the indicated concentrations of hippuristanol for 24 h
and then harvested. Total cell lysates were prepared and equal amounts of protein were
subjected to Western blot analysis; (B and C) Hippuristanol inhibits AP-1 activation.
BCBL-1 cells were treated with hippuristanol (200 nM) for the indicated time periods
and assessed for AP-1, NF-țB and Oct-1 DNA-binding activity by EMSA using each
specific oligonucleotide probe; (D) Competition and supershift assays were performed
by adding the indicated competitor oligonucleotides or antibodies (Ab), to nuclear
extracts from BCBL-1 cells.
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2.4. Hippuristanol Efficiently Blocks Constitutive Activation of AP-1 in PEL Cells
Several reports have suggested that NF-țB and AP-1 can act as survival factors and are required
for the proliferation of PEL cells [4,7]. Because NF-țB and AP-1 are constitutively active in PEL
cells [4,7], we examined whether hippuristanol inhibits NF-țB and AP-1 activation using
electrophoretic mobility shift assay (EMSA). Treatment with 200 nM hippuristanol suppressed the
DNA-binding activities of AP-1 but not NF-țB in BCBL-1 cells (Figure 3B). The suppression was
specific to AP-1 and was not due to cell death because no significant change in binding activity of
Oct-1 was observed after treatment of cells with hippuristanol (Figure 3C). The specificity of the
gel retardation was demonstrated in cold competition experiments. Excess of the cold AP-1 probe
abrogated the band, whereas excess of the cold NF-țB probe had no effect (Figure 3D). We next
analyzed AP-1 subcomponents by supershift assays using BCBL-1 cells. Supershift analyses
showed that AP-1 band was composed of JunB and JunD (Figure 3D). We then examined the effect
of hippuristanol on the expression of JunB and JunD proteins in BCBL-1 cells. When incubated
with hippuristanol for 24 h, BCBL-1 cells displayed decreased expression of JunB and JunD, and
the decrease was hippuristanol dose-dependent (Figure 4A). c-Jun, the most potent transcription
factor in AP-1 family, forms heterodimer with c-Fos. The KSHV-encoded latency-associated
nuclear antigen induces binding of a c-Jun-Fos heterodimer to the AP-1 response element [14]. We
also examined the effect of hippuristanol on the expression of c-Jun and c-Fos proteins. As shown
in Figure 4A, hippuristanol reduced the expression of c-Fos, but not c-Jun. These results suggest
that hippuristanol inhibits AP-1 activation through depletion of JunB, JunD and c-Fos.
2.5. Hippuristanol Inhibits Activation of STAT3 and Akt in PEL Cells
Aberrant STAT3 and Akt activation is also found in PEL cells [5,6]. The next series of
experiments examined the inhibitory effect of hippuristanol on STAT3 and Akt activation in
BCBL-1 cells using Western blot analysis. Phosphorylation of STAT3 and Akt was detected in
BCBL-1 cells, and hippuristanol suppressed the levels of total and phosphorylated STAT3 and Akt
proteins (Figure 4B). Phosphatidylinositol 3-kinase (PI3K) catalyzes the phosphorylation of the
3-hydroxyl position of phosphatidylinositol 4,5-diphosphate (PIP2) to phosphatidylinositol
3,4,5-triphosphate (PIP3). PIP3 facilitates the phosphorylation of Akt at Thr308 by
3-phosphoinositide-dependent protein kinase 1 (PDK1) [15]. Phosphorylation on the activation
loop Ser241 by autophosphorylation is necessary for PDK1 activity [16]. The phosphorylation
level of PDK1 was also examined at this time point. Hippuristanol inhibited the phosphorylation of
PDK1 in a dose-dependent manner (Figure 4B), but had no effect on PDK1 total protein level.
These results suggest that hippuristanol inhibits constitutive activation of STAT3 and Akt in PEL
cells, and that Akt inhibition is due at least in part to PDK1 dephosphorylation.
2.6. In Vivo Effects of Hippuristanol in Immunodeficient Mice Inoculated with PEL Cells
The above in vitro experiments demonstrated the efficacy of hippuristanol against PEL cells. In
the next series of experiments, we tested the effects of hippuristanol in immunodeficient mice.
BCBL-1 cells were injected intraperitoneally into the SCID mice and hippuristanol or vehicle was
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administered intraperitoneally every day. BCBL-1 produced massive ascites within 35 days of
inoculation. Vehicle-treated mice developed massive abdominal distention, whereas hippuristanol-treated
mice appeared normal and healthy. The body weight of hippuristanol-treated mice was
significantly less than that of vehicle-treated mice at 28 and 35 days (Figure 5A). Evaluation of
PEL cell infiltration in body organs on day 35 by hematoxylin and eosin (H&E) staining showed
infiltration of BCBL-1 cells in the liver and spleen of vehicle-treated mice (Figure 5B). In contrast,
the infiltration of BCBL-1 cells into the liver and spleen in hippuristanol-treated mice was not
observed. The weight of the livers and spleens was significantly lower in hippuristanol-treated mice
than in vehicle-treated mice (Figure 5B). No apparent adverse effects were observed in mice treated
with hippuristanol.
Figure 4. Hippuristanol inhibits the constitutively active AP-1, STAT3 and Akt in PEL
cells. (A) Hippuristanol reduced AP-1 family proteins, JunB, JunD and c-Fos; (B)
Hippuristanol inhibited the activation of STAT3 and Akt. BCBL-1 cells were treated
with various doses of hippuristanol for 24 h, and cell lysates were prepared. Equal
amounts of protein from each sample were separated and immunoblotted with the
indicated antibodies.

PEL cells are known to express CD30, a 120-kDa type I surface glycoprotein [1] and soluble
CD30 (sCD30) is produced by PEL cells [17]. The serum level of sCD30 appears to be a useful
biological tumor marker for the diagnosis and management of PEL [17]. Treatment of mice with
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hippuristanol significantly reduced serum sCD30 to undetectable levels, whereas that of
vehicle-treated mice was 352 ± 186 ng/mL (n = 5) (Figure 5C). These data indicate that
hippuristanol significantly inhibits the growth and infiltration of PEL cells in vivo. Collectively,
these results demonstrated that hippuristanol is effective against PEL cells.
Figure 5. Treatment of SCID mice with hippuristanol suppresses the development of
PEL in vivo. (A) Left: Body weight of mice inoculated with BCBL-1 cells and treated
or untreated with hippuristanol. Data are mean ± SD of five mice. Right: Photographs
of hippuristanol-treated and -untreated ascites-bearing mice five weeks after
intraperitoneal inoculation of BCBL-1; (B) Metastasis of PEL cells into the liver and
spleen in BCBL-1 inoculated mice. Left: Weight of the indicated organs in mice
inoculated with BCBL-1 cells and treated or untreated with hippuristanol. Data are
mean ± SD of five mice. * P < 0.05, compared with the vehicle-treated group. Top
Right: Photographs of the livers and spleens in hippuristanol- and vehicle-treated mice.
Bottom Right: H&E staining was performed to detect BCBL-1 cells in the liver in mice
untreated with hippuristanol. Original magnification, ×400; (C) Serum levels of sCD30
in hippuristanol-treated and -untreated mice. The sCD30 concentrations were measured
by ELISA.
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3. Discussion
In the present study, we investigated the effects of a naturally occurring eukaryotic translation
initiation inhibitor, hippuristanol, on PEL cells, both in vitro and in vivo, and showed that
hippuristanol is cytotoxic to these cells and this action is mediated through inhibition of the AP-1,
STAT3 and Akt pathways and depletion of JunB, JunD, c-Fos, STAT3 and Akt. Since
hippuristanol did not significantly alter the ratios of phosphorylated STAT3 versus total STAT3
and phosphorylated Akt versus total Akt, the decrease in phosphorylated STAT3 and Akt is
possibly due to the downregulation of total STAT3 and Akt, rather than their dephosphorylation. In
this study, we found that hippuristanol disrupted the phosphorylation of PDK1 in PEL cells. We
also showed that hippuristanol reduced the expression of cyclin D2, CDK2, CDK4, CDK6, XIAP
and Mcl-1 proteins. Cyclin D2 promoter contains AP-1 site [18]. Constitutively activated STAT3 is
known to participate in oncogenesis through upregulation of STAT3 target genes encoding cyclin
D2 [19] and apoptosis inhibitors such as XIAP, which is known to suppress cell death by inhibiting
caspase-3 and caspase-9 [20]. Furthermore, Akt interacts with and phosphorylates XIAP, leading to
inhibition of ubiquitination of XIAP [21]. A link between STAT3 activation and regulation of
Bcl-2 family protein expression has been demonstrated [22]. Inhibition of STAT3 signaling resulted
in apoptosis and decreased Mcl-1 expression [22]. Mcl-1 is also a PI3K-regulated protein [23]. In
addition, STAT3 can regulate the AP-1 family protein, JunB [24]. Thus, AP-1, STAT3 and Akt can
collaborate in PEL, depending on various of survival factors. Although hippuristanol-induced
downregulation of cell cycle and apoptosis regulatory proteins depends on direct inhibition of
translation, we speculate that this agent blocks the AP-1, STAT3 and Akt signaling pathways,
resulting in reduced expression of their downstream effectors.
It is known that hippuristanol delays poliovirus replication in infected cells [9]. Therefore, we
investigated whether hippuristanol affects KSHV lytic replication in PEL cells. The expression of
two viral genes known as lytic genes (ORF50 and ORFK9) and three viral genes known as latent
genes (ORF72, ORF73 and ORFK13) was examined in TY-1 cells treated with hippuristanol by
reverse transcription-polymerase chain reaction. However, there was no significant change in the
expression levels of lytic and latent genes after treatment (data not shown), suggesting that
hippuristanol does not induce viral reactivation.
In vivo experiments showed that untreated PEL-xenografted mice tended to be heavier, both in
appearance and weight. The mean body weight and weight of livers and spleens were significantly
higher in the control group, which was likely due to effusion in body cavities and organ invasion.
Treatment with hippuristanol reduced serum levels of the surrogate marker sCD30 to undetectable
levels, compared with relatively high levels in untreated mice. Although there is still the possibility
that hippuristanol directly inhibits CD30 mRNA translation, treatment with hippuristanol could
induce cell death of PEL cells, a major source for sCD30, resulting in a decrease in serum sCD30.
The significant reduction of ascites and organ invasion with no apparent adverse effects in mice
suggests that hippuristanol could add a new direction in the treatment of refractory PEL.
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4. Experimental Section
4.1. Cell Lines and Reagents
Human KSHV-infected PEL cell lines, BCBL-1 [25] and TY-1 [26], and KSHV-uninfected
lymphoma B cell lines, BJAB and Ramos, were maintained in Roswell Park Memorial Institute
(RPMI) 1640 medium supplemented with 10% heat inactivated fetal bovine serum, penicillin
(50 U/mL) and streptomycin (50 g/mL) in a humidified incubator. Hippuristanol was extracted
from the gorgonian I. hippuris as described previously [9]. Final purification of hippuristanol was
done by HPLC up to 97%. Its purity was confirmed by 1H NMR spectrum. Antibodies to cleaved
PARP, cleaved caspase-3, cleaved caspase-8, cleaved caspase-9, survivin, Bcl-xL, Bax, Bak, c-Jun,
Akt, phospho-Akt (Thr308), phospho-Akt (Ser473), PDK1, phospho-PDK1 (Ser241), STAT3 and
phospho-STAT3 (Tyr705) were purchased from Cell Signaling Technology (Beverly, MA, USA).
Antibodies to cyclin E, CDK2, CDK4, CDK6 and actin were purchased from NeoMarkers
(Fremont, CA, USA). The antibody to XIAP was obtained from Medical & Biological Laboratories
(Nagoya, Japan). Antibodies to cyclin D2, cIAP-2, Mcl-1, JunB, JunD and c-Fos were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
4.2. Assesement of Cell Viability and Apoptosis
Cell viability was determined by color reaction with WST-8 (Wako Pure Chemical Industries,
Osaka, Japan). Mitochondrial dehydrogenase cleavage of WST-8 to formazan dye provided a
measure of cell viability. Briefly, 1 × 105 cells/mL were incubated in triplicate in a 96-well
microculture plate in the presence of different concentrations of hippuristanol for 24 h.
Subsequently, WST-8 was added to each well. After 4 h of additional incubation, absorption values
at 450 nm were determined with an automatic microplate reader. Values were normalized to
untreated control samples. The IC50 value was calculated by dotting the data points to a logistic
curve using the CalcuSym software. Apoptotic events in cells were detected by staining with
phycoerythrin-conjugated Apo2.7 antibody (Beckman Coulter, Marseille, France), which specifically
detects the 38-kDa mitochondrial membrane antigen 7A6 [12], and analyzed by flow cytometry.
4.3. Cell Cycle Analysis
Log phase growing cells were treated with hippuristanol (200 nM) in complete culture medium
for 24 h. Cell cycle analysis was performed with the CycleTEST PLUS DNA reagent kit (Becton
Dickinson Immunocytometry Systems, San Jose, CA, USA). Cell suspensions were analyzed by
flow cytometry. The population of cells in each cell cycle phase was determined with
MultiCycle software.
4.4. In Vitro Measurement of Caspase Activity
Caspase activity was measured using colorimetric caspase assay kits (Medical & Biological
Laboratories). Cell extracts were recovered using the cell lysis buffer supplied with the kit and
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assessed for caspase-3, -8 and -9 activities using colorimetric probes. The assay kits are based on
detection of chromophore ȡ-nitroanilide after cleavage from caspase-specific labeled substrates.
Colorimetric readings were performed in an automated microplate reader.
4.5. Western Blotting
Cells were treated with various concentrations of hippuristanol in complete medium for 24 h.
Cells were lysed in a buffer containing 62.5 mM Tris-HCl (pH 6.8), 2% sodium dodecyl sulfate,
10% glycerol, 6% 2-mercaptoethanol and 0.01% bromophenol blue. For Western blotting, 20 g
protein was resolved over polyacrylamide gels and transferred to a polyvinylidene difluoride
membrane, and probing with the specific antibodies. Detection was performed using Amersham
Biosciences enhanced chemiluminescence kit (Piscataway, NJ, USA).
4.6. Electrophoretic Mobility Shift Assay (EMSA)
Nuclei were extracted from cells using the method described previously [27] with some
modifications. EMSA was conducted as described by Mori and Prager [28]. Briefly, nuclear
extracts (5 g) were incubated with 32P-labeled probes, followed by separation of the DNA-protein
complex from free oligonucleotides on 4% polyacrylamide gel. The sense and antisense
synthetic oligonucleotides, containing the AP-1 element from interleukin-8 gene
(5ƍ-gatcGTGATGACTCAGGTT-3ƍ) and the NF-țB element from interleukin-2 receptor Į chain
gene (5ƍ-gatcCGGCAGGGGAATCTCCCTCTC-3ƍ), were annealed and the resultant probes were
used. The oligonucleotide 5ƍ- gatcTGTCGAATGCAAATCACTAGAA-3ƍ, containing the
consensus sequence of the octamer binding motif, was used to identify specific binding of the
transcription factor Oct-1, which regulates the transcription of a number of so-called housekeeping
genes. The above underlined sequences represent the AP-1, NF-țB and Oct-1 binding sites,
respectively. Cold-competition experiments were performed with excess of cold AP-1 or NF-țB
oligonucleotides. For supershift assays, the prepared extracts were preincubated with antibodies
against c-Fos, FosB, Fra1, Fra2, c-Jun, JunB and JunD from Santa Cruz Biotechnology.
4.7. In Vivo Therapeutic Effect of Hippuristanol
Five-week-old female C.B-17/Icr-SCID mice, obtained from Kyudo, Co. (Tosu, Japan), were
maintained in containment level 2 cabinets and provided with autoclaved food and water ad
libitum. They were inoculated intraperitoneally with 5 × 106BCBL-1 cells and then randomly
placed into two cohorts of five mice each that received vehicle or hippuristanol. Treatment was
initiated on the day after cell injection. Hippuristanol was dissolved in 5.2% polyethylene glycol
400 (Wako Pure Chemical Industries) and 5.2% Tween 80 (Becton Dickinson, Franklin Lakes, NJ,
USA) at a concentration of 0.25 mg/mL, and hippuristanol was administered at 7.5 mg/kg body
weight every day for 35 days. Tumor burden was evaluated by measuring body weight. All mice
were sacrificed on day 35, and then the liver, spleen and kidneys were dissected out and their
weight was measured. Organ infiltration by BCBL-1 cells was evaluated by H&E staining.
Treatment efficacy was determined by measuring the serum levels of human sCD30 by ELISA
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(BioVendor Inc., Brno, Czech Republic). This experiment was performed according to the
guidelines for Animal Experimentation of the University of the Ryukyus and approved by the
Animal Care and Use Committee of the same University.
4.8. Statistical Analysis
All values are expressed as mean ± SD. Differences between groups and between treatments
were tested for statistical significance by the Mann-Whitney U-test and Student’s t-test as
appropriate. A confidence level of P < 0.05 was chosen as indication of statistical difference.
5. Conclusions
The present results indicated that hippuristanol is a potentially promising natural product for the
treatment of PEL, warranting further exploration. Hippuristanol reduced cell viability through the
induction of G1 cell cycle arrest and apoptosis, and these effects were mediated, at least in part, by
inactivation of AP-1, STAT3 and Akt pathways.
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Purified Brominated Indole Derivatives from Dicathais orbita
Induce Apoptosis and Cell Cycle Arrest in Colorectal Cancer
Cell Lines
Babak Esmaeelian, Kirsten Benkendorff, Martin R. Johnston and Catherine A. Abbott
Abstract: Dicathais orbita is a large Australian marine gastropod known to produce
bioactive compounds with anticancer properties. In this research, we used bioassay guided
fractionation from the egg mass extract of D. orbita using flash column chromatography and
identified fractions containing tyrindoleninone and 6-bromoisatin as the most active against
colon cancer cells HT29 and Caco-2. Liquid chromatography coupled with mass
spectrometry (LCMS) and 1H NMR were used to characterize the purity and chemical
composition of the isolated compounds. An MTT assay was used to determine effects on cell
viability. Necrosis and apoptosis induction using caspase/LDH assay and flow cytometry
(PI/Annexin-V) and cell cycle analysis were also investigated. Our results show that
semi-purified 6-bromoisatin had the highest anti-cancer activity by inhibiting cell viability
(IC50 = ~100 M) and increasing caspase 3/7 activity in both of the cell lines at low
concentration. The fraction containing 6-bromoisatin induced 77.6% apoptosis and arrested
25.7% of the cells in G2/M phase of cell cycle in HT29 cells. Tyrindoleninone was less
potent but significantly decreased the viability of HT29 cells at IC50 = 390 M and induced
apoptosis at 195 M by increasing caspase 3/7 activity in these cells. This research will
facilitate the development of these molluscan natural products as novel complementary
medicines for colorectal cancer.
Reprinted from Mar. Drugs. Cite as: Esmaeelian, B.; Benkendorff, K.; Johnston, M.R.; Abbott, C.A.
Purified Brominated Indole Derivatives from Dicathais orbita Induce Apoptosis and Cell Cycle
Arrest in Colorectal Cancer Cell Lines. Mar. Drugs 2013, 11, 3802-3822.
1. Introduction
Colorectal cancer (CRC) is the third most diagnosed cancer worldwide [1] with an incidence of
1.2 million new cases (9.7% of all cancers excluding non-melanoma skin cancers) and 608,000
deaths in 2008 [2]. Many therapeutic strategies are used to fight CRC. However, chemotherapy
with drugs such as 5-fluorouracil and radiotherapy can expose patients to troublesome side effects [3].
Surgical treatment of CRC is associated with a high mortality and the risk of local repetition [4].
Natural products have served as the most productive source of leads for drug development for
centuries [5]. In recent decades, many of the new antibiotics and new antitumor drugs approved by
the US Food and Drug Administration (FDA), or comparable entities in other countries, are natural
products or derived from natural products [6–8]. Protective effects against a wide range of cancers,
including colon cancer, have been shown by several foods such as nuts, spices, grains, fruits,
cereals, vegetables, herbs, as well as medicinal plants and their various bioactive constituents
including flavonoids, alkaloids, phenolics, carotenoids, and organosulfur compounds [9]. Natural
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products are usually considered to exhibit low toxicity, and are cost effective and socially
acceptable alternatives to pharmaceutical chemopreventatives [10]. The marine environment is one
of the major sources for novel natural products. The immeasurable chemical and biological
diversity of the ocean offers a great source for new as yet undiscovered potential bioactive
compounds [11–13]. Many marine secondary metabolites have shown bioactivity for application as
anticancer agents [14–16].
The Muricidae (Neogastropoda) are a family of predatory marine gastropods that are historically
known for the production of Tyrian purple (6,6ƍ-dibromoindigo), an ancient dye, de novo
biosynthesized from a choline ester precursor salt of tyrindoxyl sulphate after a series of oxidative,
enzymatic and photochemical reactions in the hypobranchial gland and egg masses [17–21].
Tyrindoleninone is the main indole precursor found in the extracts, along with 6-bromoisatin, a
natural oxidative by-product of Tyrian purple synthesis [18,22]. 6,6-dibromoindirubin is a
structural isomer of Tyrian purple that can form from the combination of tyrindoleninone and
6-bromoisatin [19,23] and is a minor pigment found in hypobranchial and male reproductive gland
extracts of some muricids [19,24]. Benkendorff [25] highlights the fact that all of these brominated
indole derivatives in Muricidae molluscs conform to Lipinskis’ rule of five for druglikeness and
orally active drugs in humans.
Anticancer properties of egg mass extracts and the isolated brominated indoles from the
Australian Muricidae Dicathais orbita, have been shown by several studies [25]. The extracts have
been tested against a panel of cancer cell lines in vitro [26]. Tyrindoleninone and 6-bromoisatin
purified from D. orbita extracts were shown to specifically decrease cell viability of female
reproductive cancer cells, rather than freshly isolated human granulosa cells [27]. Furthermore, in a
study by Vine et al. [28], some substituted isatin derivatives including 6-bromoisatin have been
synthesized and show in vitro anticancer properties on a range of human cancer cells, including
leukemia, lymphoma and colorectal (HCT-116) cell lines. Bioassay guided fractionation of
secretions from hypobranchial gland of a Mediterranean Muricidae Hexaplex (Murex) trunculus
showed that 6,6-dibromoindirubin is an inhibitor of protein kinases and efficiently inhibits cell
proliferation by selectively targeting glycogen synthase kinase-3 (GSK-3) [29,30]. In an in vivo
study using a rodent model for colon cancer prevention by administrating the DNA damaging agent
azoxymethane, pro-apoptotic activity of a crude extract from D. orbita containing these brominated
indoles, was demonstrated in the distal colon [22]. However, the compound or compounds
responsible for the anticancer in vivo and in vitro activity have not yet been characterized.
Muricidae molluscs are subject to a small scale world-wide fisheries industry and are of growing
interest in aquaculture [31,32]. Given that these edible molluscs have anticancer properties, there is
growing interest in their potential use as a medicinal food for prevention of colon cancer [25,33].
The aim of this study was to perform bioassay guided fractionation on D. orbita extracts and to
characterize these fractions in vitro using cell viability, apoptosis and cell cycle analysis in two
human colon adenocarcinoma cell lines, Caco2 and HT29.
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2. Results and Discussion
2.1. Chemical Analysis and Bioassay Guided Fractionation
LC-MS analysis of D. orbita egg capsule mass crude extract showed five peaks corresponding
to brominated indoles (Figure 1). The dominant peak in this extract at tR 6.39 min and major ions in
ESI-MS at m/z 224, 226 was attributed to the molecular mass of 6-bromoisatin. Another dominant
peak at tR 11.03 min corresponded to the molecular weight of tyrindoleninone with major ions at
m/z 255, 257. Mass spectrum of the peak at tR 9.40 min with major ions in ESI-MS at m/z 302,
304 was indicative of tyrindolinone. The peak at tR 8.58 min corresponds to tyrindoxyl sulphate,
with major ions in ESI-MS at m/z 336, 338 and a smaller peak at tR 11.90 min occurred with ions in
ESI-MS at m/z 511, 513, 515 corresponding to the molecular mass of tyriverdin with major
fragment ions at m/z 417, 419, 421 formed by the elimination of dimethyl disulphide.
Bioassay guided fractionation using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) cell viability assay revealed a statistically significant mean reduction of 27.6% and
72.4% cell viability in HT29 cells respectively at high concentrations of 1 and 2 mg/mL of crude
extract compared with the solvent control (Figure 2a). Caco2 cells showed 86.4% (p < 0.001) mean
reduction in cell viability when exposed to the highest concentration of crude extract 2 mg/mL
(Figure 2b). Significant reductions in cell viability also occurred in some fractions. For example,
HT29 cells treated with 0.1 and 0.05 mg/mL of fraction 2, showed 57.3% and 30.2% reduction in
formazan production (Figure 2a), while this reduction was more than 90% for Caco2 cells treated
with the same concentrations of fraction 2 (Figure 2b). At the highest concentration of 0.5 mg/mL,
cell viability was less than 2% in both cell types. Similar activity was observed for fraction 3
(Figure 2). The highest concentration of fraction 4 (0.5 mg/mL) caused 23.9% and 24.3% reduction
in cell viability of HT29 and Caco2 cells respectively. Fraction 5 at the concentrations of 0.05 and
0.1 mg/mL showed 76.3% and 91.4% reduction of cell viability for Caco2 cells respectively and
the greatest reduction in cell viability for HT29 cells. Fraction 5 reduced the viability of both cell
lines by over 95% at the highest concentration of 0.5 mg/mL. A mean reduction of 24.4% in the
cell viability of Caco2 cells was also observed in fraction 6 with the higher concentration of
0.5 mg/mL. Significant dose effects were observed in both cancer cell lines, with lower viability
rates recorded at the higher treatment concentrations. Bioassay guided fractionation using the MTT
assay showed that fractions containing both tyrindoleninone and 6-bromoisatin inhibit the viability
of HT29 and Caco2 cells, though tyrindoleninone was more potent towards Caco2 cells than HT29.
The effect on viability of fraction 3 (mixture of tyrindoleninone and tyrinolinone) was similar to
fraction 2 (tyrindoleninone), indicating the additional methyl thiol group on tyrindolinone does not
increase the overall activity.
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Figure 1. Liquid chromatography-mass spectrometry (LC-MS) analysis of extract from
D. orbita egg capsules. The chromatogram obtained from diode array detection at 300
and 600 nm shows five peaks corresponding to brominated indoles where a:
6-bromoisatin (m/z 224, 226); b: tyrindoxylsulphate (m/z 336, 338); c: tyrindolinone
(m/z 302, 304); d: tyrindoleninone (m/z 255, 257) and e: tyriverdin (m/z 511, 513, 515).

All fractions from flash chromatography of the crude egg capsule extract that were found to
effect cell viability using the MTT assay, were then analyzed by LC-MS. In addition to matching
the molecular mass of the isolated compounds with tyrindoleninone and 6-bromoisatin, the identity
of these compounds was also confirmed by data gained from 1H NMR. One purified compound
was identified in fraction 2 at tR 11.03 min, which was attributed to the molecular mass of
tyrindoleninone (m/z 255, 257). The purity and identity of tyrindoleninone in fraction 2 was
confirmed by GC/MS with one peak at tR 11.24 min and exact MS match to tyrindoleninone in the
mass spectrum library (Figure 3a). 1H NMR also confirmed the identity of tyrindoleninone: 1H
NMR (400 MHz, CD3CN) į 7.46 (1H, dd, J = 0.5, 1.4 Hz), 7.42 (1H, dd, J = 0.5, 7.6 Hz), 7.39 (1H,
dd, J = 7.6, 1.4 Hz), 2.63 (3H, s). Our data for tyrindoleninone was consistent with the 1H NMR
results for this compound previously reported by Benkendorff et al. [18] and Baker and Duke [34].
LC-MS of fraction 3 revealed two major peaks at tR 9.40 and 11.03 min corresponding to the
molecular mass of tyrindolinone (m/z 302, 304) and tyrindoleninone (m/z 255, 257) respectively.
LC/MS of fraction 5 identified one major compound at tR 6.42 min which was indicative of
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6-bromoisatin (m/z 224, 226). GC/MS revealed several other minor compounds (at least six peaks)
in this fraction but confirmed 6-bromoisatin as the major component (90%) with a dominant peak
at tR 13.01 min (Figure 3b). The other minor compounds in fraction 6 were matched with two short
chain aldehydes at tR 11.71 min and tR 12.35 min, two sterols at tR 16.82 min (molecular mass of
366% and 93.7% match with cholesta-4,6-dien-3-ol (3ȕ); C27H44O) and at tR 17.02 min (molecular
mass of 364), an unidentified ester at tR 15.96 min (molecular mass of 302) and finally a new
brominated indole with a tiny amount was found at tR 13.61 min (molecular mass of 267/269).
1
HNMR confirmed the identity of the major compound in fraction 5 as 6-bromoisatin: 1H NMR
(400 MHz, CD3CN) į 8.96 (1H, s), 7.44 (1H, d, J = 8.08 Hz), 7.30 (1H, dd, J = 1.64, 8 Hz), 7.19
(1H, d, J = 1.6 Hz) despite also detecting small peaks associated with minor contaminants.
Chemical analysis of the most bioactive fractions showed that a good separation for
tyrindoleninone producing pure material and a semi-purification for 6-bromoisatin (90% purity)
based on the GC/MS analysis.
Figure 2. MTT viability results of D. orbita egg mass crude extract (CE) and all
fractions collected from flash column chromatography (Frac 1–7) on HT29 cells (a) and
Caco2 cells (b). Fraction 1 is the most lipophilic collected with 100% hexane and
fraction 7 is the most polar collected with 100% methanol. Significant difference
between each group and the 1% DMSO control are shown as p  0.05 (*), p  0.01 (**)
and p  0.001 (***).
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Figure 2. Cont.

Figure 3. Gas chromatography–mass spectrometry (GC-MS) chromatogram of
fractions from the egg masses extract of the Australian muricid, D. orbita. Fraction 2
(a) at tR 11.24 min corresponds to tyrindoleninone and fraction 5 (b) with dominant
peak at tR 13.01 min matches the molecular mass of 6-bromoisatin. The mass spectra
(ESI-MS) for the major peaks are inset.
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2.2. Biological Activity of the D. orbita Compounds
2.2.1. Apoptosis, Necrosis and Cell Viability
Death by necrosis, which may result in damage to the plasma membrane and releasing of the
cytoplasmic contents, including lysosomal enzymes into the extracellular fluid, is often considered
as a toxic process in comparision to apoptosis [35,36]. The most bioactive fractions from the MTT
assay—fraction 2 (tyrindoleninone) and fraction 5 (semi-purified 6-bromoisatin) were examined
for their ability to induce either apoptosis or necrosis.
Tyrindoleninone, was found to be more cytotoxic towards Caco2 cells (IC50 = 98 ȝM), than for
the HT29 cells (IC50 = 390 ȝM; Figure 4a,d). In a study by Benkendorff et al. [26], greater
reduction in cell viability (over 60%) was observed in Caco2 and U937 lymphoma cells treated
using a semi-purified egg extract with increased concentration of tyrindoleninone, compared to
crude extract, whereas less activity was observed against HT29 cells. This confirms our result that
Caco2 cells are more susceptible to tyrindoleninone than HT29 cells. Edwards et al. [27] showed
that tyrindoleninone inhibited KGN cell viability (a tumour-derived granulosa cell line), JAr and
OVCAR-3 cells with the IC50 39 ȝM, 39 ȝM and 156 ȝM respectively. In addition, Vine et al. [37]
demonstrated that tyrindoleninone had less cytotoxic effects on untransformed human mononuclear
cells (IC50 = 195 ȝM) than U937 cancer cells (IC50 = 4 ȝM) after 1 h exposure. The current study
confirms the different cell line specificity of tyrindoleninone, with a four-fold difference observed
here between the two adherent colon cancer cells lines. This difference in drug resistance may be
due to the variations in metabolic and signaling pathways and also the difference in expression and
activity of some drug-metabolizing enzymes in different cancer cells [38].
The other bioactive compound, 6-bromoisatin however, inhibited the viability of both Caco2
and HT29 cells (IC50 = 100 ȝM; Figure 4a,d). Edwards et al. [27] demonstrated that semi-purified
6-bromoisatin significantly reduced cell numbers of three reproductive cancer cell lines KGN, JAr
and OVCAR-3, although converse to this study, it was not as potent as tyrindoleninone. The JAr
cells were the most susceptible, with cell numbers halved at approximately 223 ȝM 6-bromoisatin.
Vine et al. [28], on the other hand, showed that a range of isatin derivatives including 7-bromoisatin
(IC50 = 83 ȝM) and 6-bromoisatin (IC50 = 75 ȝM) reduced the cell viability of lymphoma cell line
U937, which was similar to the efficacy of 6-bromoisatin against Caco2 and HT29 cells in our
study (IC50 = 100 ȝM). Vine et al. [28] also reported different specificity of isatin derivatives
against different cancer cell lines. Human leukemic Jurkat cell lines were the most sensitive to
isatin treatment (IC50 = 5–20.9 M), the next most sensitive cells were the colon cancer cell line
HCT-116 (IC50 = 15.9–37.3 ȝM) and the least sensitive cells were the prostrate PC3 cell line
(IC50 = 25.9–101 ȝM). In a review by Vine et al. [39], small electron withdrawing groups, mono, di
and tri-halogenation at positions 5, 6 and/or 7 on the isatin molecule were found to enhance
cytotoxicity activity. 6-Bromoisatin is an example of this kind of halogenated isatin.
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Figure 4. Effects of D. orbita egg mass crude extract (CE), purified tyrindoleninone
(TYR) and semi-purified 6-bromoisatin (6-BRO) in mg/mL on HT29 (left panels) and
Caco2 (right panels) cells. Cell viability (a,d), lactate dehydrogenase (LDH) release
(b,e) and caspase-3/7 activity (c,f). LDH release was measured by fluorescence at
535EX/590EM and caspase-3/7 activity was measured at full light on a luminescence
plate reader. Staurosporin (Str) (5 M; Sigma) was used as a positive control for the
MTT and caspase-3/7 assay; lysis buffer (5 L/well; Promega) served as the positive
control for the LDH assay. A final concentration of 1% DMSO was used in all control
and treated cells. The results are the mean for three independent repeat assays each
performed in triplicate (n = 3). Significant difference between each group and the
DMSO control are shown as p  0.05 (*); p  0.01 (**) and p  0.001 (***).

Caspase-3 and -7 activity significantly increased only in HT29 cells treated with 195 M
(0.05 mg/mL) tyrindoleninone in 1% DMSO compared to the 1% DMSO control (Figure 4c). An
increase in the proportion of Annexin-V positive, PI negative cells (27.6% ± 9.25%) was also
observed by flow cytometry in HT29 cells treated with 195 M (0.05 mg/mL) tyrindoleninone;
however, it was not significant (Figure 5). Despite a dose-dependent decrease in viability from
Caco2 cells treated with tyrindoleninone, no significant increase in caspase-3 and -7 activity was
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observed (Figure 4d). Tyrindoleninone at high concentrations appears to induce necrosis rather
than apoptosis (increase in LDH observed, Figure 4e) towards Caco2 cells, whereas some apoptosis
by caspase 3/7 up-regulation was observed in HT29 treated with tyrindoleninone. Apoptotic cells
are characterized by particular morphological features [40,41], such as dense chromatin surrounded
by a halo, which were observed in the treated HT29 cells in this study (Figure 6d). Purification of
tyrindoleninone from the crude extract consistently increased the cytotoxic potency towards Caco2
cells, but resulted in induction of necrosis rather than apoptosis in these cells, whereas HT29 cells,
which were more resilient to the anti-proliferation effects of tyrindoleninone, underwent apoptosis
at the concentration of 195 ȝM. This difference in cell line specificity might be due to the phenotype
of the cells, as bioactive compounds may target alternative pathways in different cells [26,42].
Edwards et al. [27] revealed that purified tyrindoleninone induced 66% apoptosis with 20 ȝM in
KGN compared to 31% apoptosis (391 ȝM) in freshly isolated human granulosa cells (HGC) using
TUNEL assay after 4 h. This study showed that reproductive cancer cell lines were ten times more
susceptible than HCG to tyrindoleninone and indicated specificity of this compound toward
reproductive cancer cells.
Figure 5. Flow cytometric analysis of HT29 cells (1.5 × 105) treated with (a) DMSO
only (final concentration 1%); (b) 0.025 mg/mL semi-purified 6-bromoisatin; (c) 0.05
mg/mL semi-purified 6-bromoisatin and (d) 0.05 mg/mL tyrindoleninone purified from
D. orbita egg masses. Cells were treated for 12 h and stained with Annexin-V-FITC
and PI then analyzed by a FACscan flow cytometer and FlowJo analysis software.
X-axis shows Annexin-V positive cells and Y-axis shows propidium iodide (PI) positive
cells. (e) Histograms of the mean ± SE of three separate experiments for PI and annexin
positive cells Significant difference between each group and the DMSO control are
shown as p  0.05 (*) and p  0.01 (**).
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The fraction containing 6-bromoisatin considerably activated caspase-3 and -7 enzymes and
induced cell death by apoptosis in both cell lines at approximately 100 M (0.025 mg/mL) and
200 M (0.05 mg/mL), much lower concentrations than those required to cause lactate
dehydrogenase (LDH) release and necrosis (~1000 to ~2000 M; Figure 4b,e). For example, the
HT29 cells treated with 6-bromoisatin at ~100 M and 200 M showed significant increases in
caspase-3 and -7 activity, with luminescence values greater than five times the negative (DMSO)
control. The light microscopic images from the HT29 cells treated with ~200 M 6-bromoisatin
showed morphological alterations, such as chromatin condensation characteristic of the apoptotic
process (Figure 6b). Flow cytometry results (Figure 5) also confirmed that HT29 cells treated with
~100 M (0.025 mg/mL semi-purified) 6-bromoisatin underwent a significant induction of
apoptosis (75.3% ± 14.03% Annexin-V positive, PI negative cells) compared with the DMSO
control (6.6% ± 3.43% Annexin-V positive, PI negative). Similarly, ~200 M 6-bromoisatin,
induced apoptosis up to 68.1% ± 17.1%, but also with a 9.7% increase in the number of PI positive
necrotic cells, as compared to DMSO control. In contrast, the highest concentrations of 6-bromoisatin
(~1000 M and 2000 M) caused a high release of LDH indicating necrosis in HT29 cells (Figure 4b)
without any sign of apoptosis. HT29 cells incubated with approximately 400 M of 6-bromoisatin
underwent a significant induction of apoptosis, while the increase in LDH release did not reach
significance at this concentration (Figure 4b). Caco2 cells treated with the three lowest
concentrations of semi-purified 6-bromoisatin (~40 M, 100 M and 200 M) showed a significant
induction of apoptosis (Figure 4f), but without any significant increase in the release of LDH
compared to the DMSO control (Figure 4e). At the highest concentrations of 6-bromoisatin (~1000 M
and 2000 M) Caco2 cells underwent a significant increase in LDH release (Figure 4e) with no in
increase in caspase-3 and -7 activity.
Our results showed that 6-bromoisatin increased the level of caspase 3/7 in both cell lines, while
tyrindoleninone only up-regulated the caspase 3/7 in HT29 cells. 6-Bromoisatin also showed more
potency than tyrindoleninone producing higher levels of caspase 3/7 in HT29 cells and indicating
high induction of apoptosis in these cells. The morphology of condensed chromatin and haloed
areas in nearly all cells from the images was also consistent with this type of cell death.
Furthermore, Caco2 cells treated with semi-purified 6-bromoisatin also underwent the induction of
apoptosis. Therefore, semi-purified 6-bromoisatin in our study had the most consistent anti-cancer
efficacy against both colon cancer cell lines at low concentrations. Necrosis, as indicated by LDH
release, was only significantly increased with exposure to the highest concentrations of 6bromoisatin in both cell lines. Our caspase 3/7 and LDH results suggest that 6-bromoisatin induces
cell death by apoptosis at low concentrations, while the apoptotic pathway is terminated at higher
concentrations and secondary necrosis or necrosis is being triggered [43,44]. It has been shown that
some structurally similar isatin and indole compounds at low concentrations induce apoptosis
through the activation of caspase 3 in a range of cell lines [28,45,46]. For example, caspase 3/7 was
activated by 5,6,7-tribromoisatin at a concentration of 8 ȝM in the Jurkat cell line after 5 h [28].
Edwards et al. [27] showed that caspase 3/7 was up-regulated significantly with approximately 22 ȝM
6-bromoisatin in KGN cells and apoptosis was also confirmed by Tunnel staining in these cells.
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Figure 6. HT29 cells at 400× magnification under an Olympus inverted microscope.
DMSO control (a); cells treated with 0.05 mg/mL semi-purified 6-bromoisatin (b); cells
treated with 0.5 mg/mL semi-purified 6-bromoisatin (c) and cells treated with 0.05 mg/mL
tyrindoleninone (d) for 12 h (final concentration of 1% DMSO). Apoptotic cells with
chromatin condensation characteristic are shown by arrows and necrotic cells with
deformed cell shapes are shown by arrowheads.

Our results suggest that both tyrindoleninone and semi-purified 6-bromoisatin induce apoptosis
through caspase-dependent pathways on HT29 cells. However, more investigation on initiator
caspase 8 and 9 would be required to distinguish between the extrinsic and intrinsic apoptosis
pathways [36,47] induced by these brominated indoles. In a review by Vine et al. [39], the mode of
action of some halogenated isatins, such as 6-bromoisatin, was proposed to be linked to the
reduction in extracellular signal-regulated protein kinase (ERK) activity. Another study by
Cane et al. [48] suggests that isatin and indole inhibit cell proliferation and induce apoptosis via
inhibiting the signaling of ERK. Inhibition of ERK can suppress cell growth and results in
induction of apoptosis in the cells [49]. Moreover, some other apoptosis pathways, including both
caspase-dependent or caspase-independent, can occur via inhibition of ERK, as has been reported
by Georgakis et al. [50]. ERK may also act through suppression of the anti-apoptotic signaling
molecule Akt [51]. Therefore, further study on ERK and Akt inhibition, especially with pure
6-bromoisatin, is required to evaluate the exact mode of action of these brominated compounds.
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2.2.2. Cell Cycle Analysis
Cell cycle analysis revealed three distinct cell populations in HT29 cells, which were indicative
of cells in the G0/G1, S and G2/M phases of the cell cycle (Figure 7). The DMSO control showed
more accumulation of the cells in G0/G1 (64% ± 1.9%) with approximately the same proportion of
the cells in S and G2/M (17% versus 15.6%). After exposure to ~400 M (0.1 mg/mL semi-purified)
6-bromoisatin, 26.7% of HT29 cells were in the S phase (p  0.001). This switched to
significantly more cells in G2/M at the lower and most effective concentrations (100 M = 25.7% and
200 M = 23.8%). There were no significant differences in the cell population analysis between the
DMSO control negative and the cells treated with 6-bromoisatin at the concentration of
0.01 mg/mL. Our result revealed that the most effective concentration of 6-bromoisatin that
induced the highest apoptosis in HT29 cells, also caused the accumulation of cells at G2/M phase
of the cell cycle. G2 phase in the cell cycle is where DNA repair might occur in cells, along with
preparation for mitosis in M phase [52].
Figure 7. Cell cycle analysis using propidium iodide (PI) staining and flow cytometry.
HT29 cells (5 × 105 cells in 1 mL media/well) were treated for 12 h with (a) DMSO
only (final concentration 1%); (b) 0.025 mg/mL 6-bromoisatin; (c) 0.05 mg/mL 6bromoisatin; (d) 0.1 mg/mL 6-bromoisatin semi-purified from egg mass of D. orbita;
(e) Results are the mean ± SE of three separate experiments. Significant difference
between each group and the DMSO control are shown as p  0.05 (*); p  0.01 (**) and
p  0.001 (***).

Increasing arrest of the cells in G2/M phase has been shown to be associated with enhanced
apoptosis [10]. CDK1 (cyclin dependent kinase) is one of the protein kinase families that is
activated by dephosphorylation and acts as a G2 checkpoint, which controls cell cycle progression
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from G2 to M phase [52]. For example, in a study by Singh et al. [53] sulforaphane, a naturally
occurring cancer chemopreventive agent, caused an irreversible arrest in the G2/M phase of human
prostate cancer cells (PC-3), which was associated with a significant reduction in protein levels of
cyclin B1, CDC25B, and CDC25C. In a study by Vine et al. [45] various N-alkyl isatins induced
G2/M cell cycle arrest. It is known that the indole based small molecules inhibit serine/threonine
kinases, glycogen synthase kinase-3 (GSK3) [30,54] and CDK5 [55,56]. Another well-known isatin
derivative 6,6ƍ-dibromoindirubin has also been identified as a specific GSK-3 inhibitor [29]. Antiproliferative activity of indirubin has been shown via ATP-competitive inhibition of both CDK1
and CDK2 [57–59]. The modes of action associated with indirubins [58] includes the induction of
apoptosis through cell cycle arrest at G2/M via the inhibition of GSK3 [30], as well as induction of
the c-Src kinase and nuclear factor-țB signaling pathway and expression [60,61] and activation of
the aryl hydrocarbon receptor [62,63]. Vine [37] tested the inhibitory effect of six representative
N-alkyl isatins on a range of tyrosine-specific and serine/threonine-specific protein kinases, but
found no inhibition of enzyme activity by these isatins [37]. Based on molecular modeling results,
neither 6-bromoisatin or tyrindoleninone are predicted to have any kinase receptor binding or
enzyme inhibiting activity [25]. However, inhibition of tubulin polymerisation in a range of cancer
cell lines was shown by an array of imidazole and pyrrole containing 3-substituted isatins, resulting
in cell cycle arrest at G2/M and final cell death [64,65]. Based on morphological examination of
treated cells, Vine et al. [45] suggested that N-alkyl isatins may either stabilize or disrupt
microtubules in a similar manner. Therefore, the finding that 6-bromoisatin increases the proportion
of cells in the G2/M phase is consistent with a range of other studies on isatin derivatives and could
be linked to a range of different modes of action that require further investigation.
3. Experimental Section
3.1. Egg Mass Extraction, Purification
All chemicals, HPLC grade solvents and silica gel where obtained from Sigma-Aldrich Pty Ltd.
(Castle Hill, Australia) unless otherwise stated. D. orbita egg capsules (27 g) were collected from a
recirculating aquarium in the School of Biological Sciences, Flinders University, South Australia.
The eggs capsules were opened and soaked in 100 mL (per 10 g eggs) chloroform and methanol
(1:1, v/v) under agitation at room temperature for 2 h, followed by overnight soaking in fresh
solvent. Both extracts were combined and filtered. Then a low volume of milli-Q water (~20–30 mL)
was added to facilitate the separation of methanol and chloroform into two phases. The chloroform
layer was separated and dried under reduced pressure of 474 mbar on a Buchi rotary evaporator at
40 °C. The dried extracts were re-dissolved in a small volume of dichloromethane (~1 mL),
transferred to amber vials, then dried under a stream of nitrogen gas, yielding 300 mg of a light
brown/red oily extract which was subsequently stored at í20 °C. Previous research has shown that
the dominant compounds in D. orbita extracts are colored and can be separated by silica
chromatography [18]. Here flash column chromatography pressurized with nitrogen gas was used
to separate the bioactive compounds. The stationary phase consisted of approximately 20 g silica
gel (100 mesh) mixed with hexane. The chloroform extract (300 mg) was loaded onto the column
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and eluted using a stepwise gradient of solvents, starting with 100% hexane (100 mL, Fraction 1).
Fraction 2 was eluted using 20% DCM in hexane (50 mL), then Fraction 3 was collected using
25% DCM in hexane (200 mL), followed by Fraction 4 with 100% DCM (200 mL). The polarity of
the solvent was then increased to 10% methanol in DCM to collect Fractions 5 (15 mL) and 6 (85
mL). Finally, Fraction 7 was collected by washing the column with 50 mL 100% methanol. All
solvents were evaporated from the fractions under reduced pressure by rotary evaporation at 40 °C.
3.2. Chemical Analysis
All fractions affecting cell viability in the MTT assay (see below) were further analyzed using
liquid chromatography coupled with mass spectrometry (LC/MS). Briefly, fractions were dissolved
in acetonitrile and analyzed by HPLC (Waters Alliance) that was coupled to a mass spectrometer
(MS, Micromass, Quatro micro™) with a Hydro-RP C18 column (250mm × 4.6 mm × 4 ȝm) and
parallel UV/Vis diode-array detection at 300 and 600 nm. The flow rate was 1 mL/min of formic
acid and a gradient of acetonitrile in water, according to the methods established by Westley and
Benkendorff [24]. Compounds were identified using electrospray ionization-mass spectrometry
(ESI-MS) with a flow rate of 300 ȝL/min. Mass Lynx 4.0 software was used to analyze the data.
Additional analysis on bioactive fractions was facilitated by gas chromatography–mass
spectrometry (GC-MS, Agilent Technologies (Mulgrave, Australia) 5975C Series GC/MS) with a
capillary column (SGE HT-5, 15 m × 0.25 mm i.d.) with a 0.25 m film thickness. The injection
port temperature was set at 260 °C. The initial oven temperature was held at 50 °C for 3 min and
then ramped with a rate of 15 °C/min to the final temperature of 300 °C and held for 2 min. The
carrier gas was helium with a constant flow rate of 2 mL/min. Electron ionisation (EI) was used
with the electron energy of 70 eV. The source temperature was set to 230 °C and the MS
quadrupole was 150 °C. To confirm the identity of the bioactive compounds, 1H NMR
spectroscopy was also used on purified fractions on a Bruker Avance III 400 MHz spectrometer
(Bruker Biosciences, Preston, Australia), operating at 294K, in deuterated acetonitrile. Chemical
shifts (į) are reported as parts per million (ppm) and referenced to residual solvent peaks. Spin
multiplicities are indicated by: s, singlet; bs, broad singlet; d, doublet; t, triplet; q, quartet; m,
multiplet; and dd, doublet of doublets.
3.3. Cell Culture
Two human colorectal cancer cell lines Caco2 (passage no. 26–34) and HT29 (passage no. 18–26)
maintained at 37 °C in a 5% CO2 humidified atmosphere. The cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 4500 mg/L L-glutamine, 10% FBS,
100 U/mL Penicillin/Streptomycin and 1% Non-essential Amino Acid (100×).
3.4. MTT Viability Assay and Cell Morphology
All fractions and purified compounds were tested using an MTT viability assay which measured
the reduction of MTT tetrazolium salt to formazan [66,67]. Caco2 and HT29 cells were grown to
70% confluence, detached from flasks with 1X Trypsin-EDTA, counted using trypan blue dye
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exclusion method, and plated into 96-well plates (Costar®) (2 × 104 cells in 100 ȝL media/well).
The cells were incubated for 48 h before treatment. All extracts and purified compounds were
dissolved in 100% dimethylsulphoxide (DMSO) then diluted in media and added to the cell
cultures in triplicate (final DMSO concentration of 1%), with final concentrations ranging from 2
to 0.01 mg/mL. 1% DMSO controls were also included on each plate. All extracts were incubated
with the cells for 12 h. The media was removed prior to adding 100 L of 0.05% MTT with fresh
media to each well. The cells were incubated for 1 h and then 80 L of 20% SDS in 0.02 M HCl
was added to each well. The absorbance of the samples was determined spectrophotometrically
after 1 h by measuring the optical density at 480 and 520 nm on a FLUOstar Omega microplate
reader (BMG Labtech, Mornington, Australia). This assay was repeated on three separate occasions
(n = 3). The morphological changes in HT29 cells were also observed by Olympus (Mt Waverly,
Australia) CK2 inverted optical microscope (original magnification 400×) 12 h after treatment.
3.5. Combined Caspase 3/7, Membrane Integrity and Cell Viability Assays
HT29 and Caco-2 cells (2 × 104 cells in 100 ȝL media/well) were seeded into sterile white
(opaque) 96-well plates (Interpath, Heidelberg West, Australia) (for determination of apoptosis and
necrosis) and clear sterile 96-well plates (Costar®) (for measurement of cell viability). All cells
were incubated for 48 h to allow attachment of these adherent cells, then the media was removed
and the cells were washed with PBS. The cells were treated with different concentrations of crude
extract and purified compounds from 0.5 to 0.01 mg/mL in fresh media. Two positive controls
were added to each plate in triplicate wells; staurosporin (5 M/mL) for apoptosis and lysis
solution (5 ȝL/well, Promega, Madison, WI, USA) for necrosis. All cells were treated for 12 h. To
measure necrosis, 70 ȝL of supernatant from each well of the white opaque plate was transferred to
another white opaque 96-well plate. The CytoTox-ONE Homogeneous Membrane Integrity Assay
reagent (Promega) was applied based on the manufacturer’s instructions, in equal volume to the
cell culture medium (70 ȝL). The plates were then incubated at 22 °C for 10 min and the
fluorescence recorded with an excitation wavelength of 535 nm and an emission wavelength of
590 nm on a FLUOstar Omegaplate reader (BMG Labtech, Mornington, Australia). To measure
apoptosis, the Caspase-Glo 3/7® assay (Promega) was applied. 30 ȝL Caspase-Glo® 3/7 Reagent
was added to the primary white opaque 96-well containing cells and 30 ȝL cell culture medium and
incubated at 22 °C for 1 h. The plates were read on a FLUOstar Omega with full light to capture
total luminescence. This experiment was repeated on three separate occasions (n = 3).
3.6. Flow Cytometric Detection of Apoptosis
To confirm the caspase assay results, the most bioactive compounds were used in flow
cytometry. HT29 cells were plated in 24 well plates (Nunc®) in duplicate with 1.5 × 105 cells/well
in 1 mL media, then incubated for 48 h. Media were removed and 1 mL media and treatments
including 0.025 and 0.05 mg/mL semi-purified 6-bromoisatin and 0.05 mg/mL tyrindoleninone
(final concentration of 1% DMSO) were added to each well. Staurosporin (5 M/mL) was used as
a positive control reagent for triggering apoptosis (data not shown). Cells were treated for 12 h and
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collected from the wells after the trypsinization by 1× trypsin-EDTA, then were placed in 15 mL
tubes before centrifugation (1500 rpm for 3 min). Media were removed and the cells were washed
twice with sterilized phosphate buffered saline (PBS) and suspended in 1× Binding buffer (10 mM
Hepes/NaOH, pH 7.4, 140 mM NaCl, 2.5 mM CaCl2) at a concentration of 1 × 106 cells/mL.
100 L of the solution (1 × 105 cells) were transferred to a 5 mL culture tube then 5 L of FITC
Annexin V (BD Biosciences, Franklin Lakes, NJ, USA) and 5 L of propidium iodide (BD
Biosciences) at 10 g/mL final concentration were added to each tube. All cells were incubated for
15 min at RT (25 °C) in the dark and cell distribution was analyzed using FACSan Flow Cytometer
(Becton Dickinson, North Ryde, Australia) and FlowJo analysis software.
3.7. Cell Cycle Analysis
Flow cytometry was used to assess whether the bioactive compounds arrested the cells at a
particular stage of the cell cycle. HT29 cells (5 × 104 cells in 1 mL media/well) were seeded into
12-well plates (Costar®). The cells were incubated for 48 h before treating with different
concentrations of semi-purified 6-bromoisatin for 12 h (final DMSO concentration of 1%). The
supernatant and cells were then harvested by exposing the cells to 0.25%, Trypsin-EDTA solution
for 10 min, then centrifuged and washed in phosphate buffered saline (PBS), fixed in 3 mL ice-cold
100% ethanol and stored overnight at í20 °C. At the time of analysis, the cells were centrifuged,
washed once again in PBS and stained with a freshly made solution containing 0.1 mg/mL
propidium iodide (PI), 0.1% Triton x-100 and 0.2 mg/mL ribonuclease A in PBS. All samples were
incubated for 30 min at room temperature in the dark. Cell cycle distribution was determined by an
analytical DNA flow cytometer (Accuri C6, BD Biosciences) and CFlow Plus software on DNA
instrument settings (linear FL2) on low.
3.8. Statistical Analysis
Statistical analyses were performed using SPSS and values of p  0.05 were considered to be
statistically significant. One way ANOVA test was performed to compare between different
concentrations of treatments and control. Tukey post-hoc test was applied to detect which groups
significantly differ.
4. Conclusions
Our study demonstrated that both semi-purified 6-bromoisatin and purified tyrindoleninone
decreased cell viability in the colon cancer cell lines HT29 and Caco2. In particular, 6-bromoisatin
showed more specificity and potency than tyrindoleninone and greater induction of apoptosis
toward the colon cancer cells. 6-Bromoisatin also inhibited cell cycle progression of HT29 cells by
arresting some cells in the G2/M phase. This data, along with the previously reported in-vivo
induction of apoptosis in DNA damaged cells of the colon using Muricidae extracts [22] suggests
that 6-bromoisatin from Muricidae molluscs is promising as an anti-cancer drug against colon cancer.
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6-Bromoisatin Found in Muricid Mollusc Extracts Inhibits
Colon Cancer Cell Proliferation and Induces Apoptosis,
Preventing Early Stage Tumor Formation in a Colorectal
Cancer Rodent Model
Babak Esmaeelian, Catherine A. Abbott, Richard K. Le Leu and Kirsten Benkendorff
Abstract: Muricid molluscs are a natural source of brominated isatin with anticancer activity. The
aim of this study was to examine the safety and efficacy of synthetic 6-bromoisatin for reducing the
risk of early stage colorectal tumor formation. The purity of 6-bromoisatin was confirmed by 1H
NMR spectroscopy, then tested for in vitro and in vivo anticancer activity. A mouse model for
colorectal cancer was utilized whereby colonic apoptosis and cell proliferation was measured 6 h
after azoxymethane treatment by hematoxylin and immunohistochemical staining. Liver enzymes
and other biochemistry parameters were measured in plasma and haematological assessment of the
blood was conducted to assess potential toxic side-effects. 6-Bromoisatin inhibited proliferation of
HT29 cells at IC50 223 ȝM (0.05 mg/mL) and induced apoptosis without increasing caspase 3/7
activity. In vivo 6-bromoisatin (0.05 mg/g) was found to significantly enhance the apoptotic index
(p  0.001) and reduced cell proliferation (p  0.01) in the distal colon. There were no significant
effects on mouse body weight, liver enzymes, biochemical factors or blood cells. However,
6-bromoisatin caused a decrease in the plasma level of potassium, suggesting a diuretic effect. In
conclusion this study supports 6-bromoisatin in Muricidae extracts as a promising lead for
prevention of colorectal cancer.
Reprinted from Mar. Drugs. Cite as: Esmaeelian, B.; Abbott, C.A.; Le Leu, R.K.; Benkendorff, K.
6-Bromoisatin Found in Muricid Mollusc Extracts Inhibits Colon Cancer Cell Proliferation and
Induces Apoptosis, Preventing Early Stage Tumor Formation in a Colorectal Cancer Rodent
Model. Mar. Drugs 2014, 12, 17-35.
1. Introduction
Isatin (1H-indole-2,3-dione) is a synthetically versatile molecule, and its derivatives possess
diverse biological and pharmacological properties, including antibacterial, antifungal, antiviral,
anticonvulsant, and anticancer activities [1–5]. Isatin itself has demonstrated cytotoxic and
apoptotic activity. For example, Cane et al. [6] showed that isatin at a concentration of 100 M
reduced cell proliferation of human promyelocytic leukemia (HL60) cancer cells by 80% and
induced morphological changes consistent with proapoptotic cells (including DNA fragmentation
and chromatin condensation). In another study by Igosheva et al. [7], apoptosis was observed in
human neuroblastoma SH-SY5Y cells exposed to 50 M of isatin. A range of mono-substituted
isatins have been studied by Vine et al. [8] for their in vitro cytotoxicity on a lymphoma (U937)
cell line. Structure activity relationship studies have shown that substitution with halogens
(5-bromo-, 5-iodo-, and 5-fluoroisatin) yielded 5–10 times more activity for killing cancer cells,
than the unsubstituted isatin [8]. Sunitinib (Sutent®) is a fluorinated isatin derivative that has been
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approved by FDA as a new anticancer drug to treat advanced renal carcinoma [9] and
gastrointestinal stromal tumors [10].
Various substituted isatins have been found in nature including in plants [11], fungi [12] and
marine molluscs [5,13]. Recently 6-bromoisatin (Figure 1) from the Australian marine mollusc
Dicathais orbita has become of particular interest as a major compound of the bioactive extract
from this species [5]. In a study by Edwards et al. [14], semi-purified 6-bromoisatin from D. orbita
extracts revealed specific anticancer activity with >10 fold selective cytotoxicity towards female
reproductive cancer cells compared to freshly isolated human granulosa cells. Furthermore,
semi-purified 6-bromoisatin was shown to significantly reduce proliferation and induce apoptosis
in human colon cancer cell lines HT29 and Caco2 cells [15]. In a short-term rodent model for the
prevention of colon cancer Westley et al. [16] demonstrated that the crude extract of D. orbita
increased the apoptotic index of distal colon cells significantly. Due to several contaminants in the
naturally purified extract [15,16], further work using the pure synthesized compound is required to
confirm the activity of 6-bromoisatin against colon cancer cells.
Figure 1. 1H NMR spectrum of synthetic 6-bromoisatin on the Bruker Avance III
400 MHz spectrometer in deuterated acetonitrile. Chemical shifts (į) are as parts per
million (ppm) and referenced to residual solvent peaks. The peaks corresponding to the
solvent occur below 3 ppm are not shown.
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Colorectal cancer (CRC) is the third most common cancer worldwide [17] with the highest
incidence rates in Australia, New Zealand, North America and Europe [18]. In the United States,
CRC is the second highest cause of cancer-related mortality in both males and females [19]. Just
39% of CRCs are diagnosed at early stage and in most cases the cancer spreads to adjacent and
distant organs before detection [20]. Therefore, prevention of CRC is an important priority [21].
Chemoprevention involves the use of functional foods, specific natural products or synthetic
chemical agents to suppress or prevent a wide range of cancers, including colon cancer [22].
The acute apoptotic response to genotoxic carcinogens (AARGC) is a good model for
chemopreventative research which has been used in several studies [16,23–27]. In this model, the
carcinogen azoxymethane (AOM) is injected into mice causing DNA damage in epithelial cells in
the crypts of the distal colon inducing an acute apoptotic response 6–8 h later. The AARGC model
has been mainly used to identify the effect of natural products on inducing apoptosis of the
damaged colon cells, with the aim of detecting early stage CRC prevention [25].
In a previous in vivo study using a two-week preventative treatment with the crude extract from
D. orbita, we detected an increase in apoptosis in the colon of mice in response to AOM injection.
The aim of this study is to test the in vitro and in vivo effects of pure synthetic 6-bromoisatin, to
confirm whether this compound is the key factor in D. orbita extracts responsible for the inhibition
of colon cancer cells and the induction of apoptosis in damaged colon cells in the AARGC rodent
model of colon cancer prevention. We also obtained additional data to assess any potential side
effects of synthetic 6-bromoisatin on blood parameters and liver toxicity in the mice.
2. Results and Discussion
2.1. Chemical Analysis
1

H NMR results showed four major peaks corresponding to the four hydrogen protons in the
6-bromoisatin molecule: 1H NMR (400 MHz, CD3CN) į 8.96 (1H, s), 7.44 (1H, d, J = 8.08 Hz),
7.30 (1H dd, J = 1.64, 8 Hz), 7.19 (1H, d, J = 1.6 Hz) and confirming the identity of synthetic
6-bromoisatin and its high purity (Figure 1). The 1H NMR spectra for synthetic 6-bromoisatin
matches our previous NMR data for semi-purified 6-bromoisatin in anticancer extracts from the
marine mollusc D. orbita [15].
2.2. In Vitro Apoptosis, Necrosis and Cell Viability
The effects of 6-bromoisatin on proliferation, apoptosis and necrosis of HT29 cells was
examined. A dose dependent effect of 6-bromoisatin on the viability of cells was observed using
the 3-(4,5-dimethylthiazol-2-yl)-2 5-diphenyltetrazolium bromide (MTT) assay for inhibition of
metabolic activity (Figure 2). The three highest concentrations of 6-bromoisatin (1 mg/mL,
0.05 mg/mL and 0.025 mg/mL) significantly reduced the cell viability by 64%, 53% and 26%
respectively (p < 0.001), relative to the DMSO control, but no significant reduction was observed
at the lowest dose of 0.01 mg/mL (p > 0.05). The IC50 for synthetic 6-bromoisatin was calculated at
223 ȝM (0.05 mg/mL) for HT29 cells (Figure 2a). However, our previous in vitro study using
semi-purified 6-bromoistain, on both HT29 and Caco2 cells, revealed a lower IC50 of 100 ȝM [15],
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suggesting possible synergistic activity with other factors in the extract. The in vitro cytotoxic
effects of synthetic 6-bromoisatin in this study could also be due to lower bioavailability of the
pure compound to the cells when compared to the natural extract, which contains trace lipids that
may help dissolve this lipophylic compound and/or facilitate interactions with cell membrane lipids.
Previous studies have reported lower bioavailability of some synthetic compounds, in comparison with
the naturally purified compounds [28,29]. For example, the bioavailability ratio of natural Vitamin
E versus synthetic Vitamin E was shown to be close to 2:1 [29], which is similar to our study.
No increase in the level of lactate dehydrogenase (LDH) (Figure 2b) a measure of necrosis or
late stage apoptosis was observed in the cells treated with any concentration of 6-bromoisatin, in
comparison with DMSO control. Unexpectedly, synthetic 6-bromoisatin did not increase caspase
3/7 activity in HT29 cells in vitro at concentrations <0.1 mg/mL. This is in conflict with our
previous study on semi-purified 6-bromoisatin, which significantly upregulated caspase 3/7 activity
in HT29 cells [15]. The positive controls, lysis buffer and staurosporine, resulted in a significant
increase in LDH activity (Figure 2b, p < 0.001) and caspase 3/7 activity (Figure 2c, p < 0.001)
respectively, demonstrating that the assays were working. The cells treated with the highest
concentration of 6-bromoisatin (446 ȝM = 0.1 mg/mL) showed a minor but significant reduction of
caspase3/7 activity compared to the DMSO control (Figure 2c, p = 0.011). Nevertheless, the light
microscopic images from the HT29 cells treated with 223 ȝM and 112 ȝM 6-bromoisatin showed
morphological alterations, such as chromatin condensation, characteristic of the apoptotic process
(Figure 3b,c). Apoptotic cells were also observed in cultures treated with the highest dose of
6-bromoisatin 446 ȝM, although in lower numbers than the two other doses (Figure 3d). This indicates
that synthetic 6-bromoisatin may induce apoptosis in the HT29 cells through a caspase-independent
pathway. In the past few years, the existence of caspase-independent programmed cell death
pathways have been reported in the literature, which are associated with executioners other than the
caspases, such as cathepsins, calpains, serine proteases and also apoptosis inducing factor (AIF)
protein [30].
In terms of the mode of action, the isatin molecule has been proposed to interact via extracellular
signal regulated protein kinases (ERKs) to inhibit cancer cell proliferation and promote apoptosis [2].
In a study by Cane et al. [6], isatin at a concentration of 100 M inhibited the phosphorylation of
ERK-2 (but not ERK-1) by 35% compared to the control. ERK is attributed to a survival signaling
pathway in several cell types; however, it mediates apoptosis in some cell types and organs (e.g.,
neuronal and renal epithelial cells) under certain conditions [31]. Although the mechanisms for
mediating apoptosis by ERK is not fully understood, three mechanisms have been proposed: (1)
ERK1/2 may act through the intrinsic apoptotic pathway by up-regulating Bax and p53 followed by
mitochondrial cytochrome c release and activation of caspase-3 [31–33]; (2) Through the extrinsic
pathway by increasing an upstream signal for death receptors, such as TNF-Į followed by
activation of caspase-8 and caspase-3 [31,34] or; (3) Through inhibition of Akt (Protein kinase B)
mediated survival signaling [35]. As synthetic 6-bromoisatin in this study induced apoptosis in
HT29 cells without activating caspase-3 and considering the fact that both intrinsic and extrinsic
pathways are associated with upregulation of caspase-3, the third pathway resulting in a decrease in
Akt activity is hypothesized as a caspase-independent apoptosis pathway for synthetic 6-bromoisatin.
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However, further mode of action studies that specifically target Akt gene expression in colon
cancer cells are required with 6-bromoisatin to confirm this.
Figure 2. Effects of synthetic 6-bromoisatin on HT29 cells: Cell viability (a), LDH release
(b) and caspase-3/7 activity (c). LDH release was measured by fluorescence at
535EX/590EM and caspase-3/7 activity was measured at full light on a luminescence
plate reader. The positive controls are lysis buffer (5 L/well) for the LDH assay and
staurosporine (Str) (5 M) for apoptosis. A final concentration of 1% DMSO was used
in all control and treated cells. The results are mean for three independent repeat assays
(n = 3) each performed in triplicate. Significant differences between each group and the
DMSO control are shown as p  0.05 (*) and p  0.001 (***).
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Figure 3. HT29 cells at 400× magnification under the Olympus inverted microscope.
One percent dimethylsulphoxide (DMSO) control (a); cells treated with 0.025 mg/mL
synthetic 6-bromoisatin (b); cells treated with 0.05 mg/mL synthetic 6-bromoisatin
(c) and cells treated with 0.1 mg/mL synthetic 6-bromoisatin (d) for 12 h (final
concentration of 1% DMSO). Examples of apoptotic cells with chromatin condensation
and surrounded by a halo are indicated by the arrows.

2.3. In Vivo Mouse Model
2.3.1. Mice; General Observations
Given synthetic 6-bromoisatin reduced the cell viability of a colon cancer cell line in vitro, we
tested its effects on the AARGC response in a mouse model of CRC. The mice did not show any
signs of illness in the treatment groups or the control group during the study. The body weights of
all mice increased steadily over the trial duration, without any significant differences in mean total
weight gain between the treatment groups and the control (Table 1, p = 0.999). No significant
change in the liver weight or the percentage liver to body weight (p = 0.098) was revealed between
treatment groups and the control (Table 1).
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Table 1. Comparison of mean (±S.E.) progressive body weight (g) in controls and mice
treated with different concentrations of 6-bromoisatin on different days of the
experiment. All treatments and the control were injected with 10 mg/kg AOM 6 h prior
to kill. Liver weight (g) and percentage liver weight/body weight were calculated on the
day of kill. n = 10 mice in treatment groups and n = 8 mice in the control.
Weight (g)
Concentration Body (Day1) Body (Day5) Body (Day10) Body (Day14) Total weight Gain

Liver

Liver/Body (%)

Control

22.0 ± 1.6

22.6 ± 1.6

22.8 ± 1.9

23.5 ± 1.9

1.4 ± 0.7

1.1 ± 0.3

4.8 ± 1.2

0.025 mg/g

22.2 ± 1.3

22.7 ± 1.3

23.0 ± 1.3

23.6 ± 1.4

1.4 ± 0.8

1.0 ± 0.1

4.4 ± 0.6

0.05 mg/g

22.6 ± 1.2

23.4 ± 1.2

23.4 ± 1.5

24.1 ± 1.6

1.4 ± 1.0

1.2 ± 0.1

5.2 ± 0.6

0.1 mg/g

22.3 ± 1.3

22.6 ± 1.3

23.3 ± 1.3

23.8 ± 1.6

1.4 ± 0.8

1.3 ± 0.1

5.3 ± 0.4

2.3.2. Apoptotic Index, Crypt Height and Cell Proliferation
Synthetic 6-bromoisatin was found to significantly increase apoptosis in response to AOM
injection (ANOVA F = 14.660, p < 0.001, df = 3), but had no significant effect on colon crypt
height (ANOVA F = 1.013, p = 0.403, df = 3); (Figure 4). The mice treated for two weeks daily
with 0.05 mg/g 6-bromoisatin showed the greatest increase in apoptotic index in the distal colon
(Figure 4a), with a 2.3 fold increase over the oil control (p  0.001). The highest dose of
6-bromoisatin (0.1 mg/g) also significantly induced apoptosis (p = 0.007) in the distal colon of the
mice compared with the control group. However, this effect was significantly lower, by 40%, than
the dose of 0.05 mg/g (p = 0.031). In contrast, although the distal colon of the mice administered
with the lowest concentration of 6-bromoisatin showed a slightly increased apoptosis index, there
was not a significant difference when compared to the AOM injected control (Figure 4a,
p = 0.158). Apoptosis in the distal colon of the mice occurred mostly in basal crypt cells (Figure 5).
Figure 4. Apoptotic response and crypt height in the distal colon of mice after 14 day
oral gavage with different concentrations of synthetic 6-bromoisatin, showing: apoptotic
index (a) and crypt height (b). All treatments and the oil only control were injected with
10 mg/kg AOM 6 h prior to kill. Data are means ± S.E. for 10 full crypts/animal (n = 10
mice in treatment groups and n = 8 mice in control group). Significant differences
between each group and the control are shown as p  0.01 (**) and p  0.001 (***).
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Figure 5. Cont.

Figure 5. Apoptosis in the basal crypt cells of the distal colon of mice 6 h post AOM
injection (10 mg/kg). Mice were oral gavaged daily for two weeks prior with oil.
(a) control; (b) 6-bromoisatin 0.025 mg/g; (c) 6-bromoisatin 0.05 mg/g; (d) 6-bromoisatin
0.1 mg/g. Apoptotic cells with chromatin condensation characteristics are shown by arrows.

Ki-67 immunohistochemistry showed evidence for cell proliferation, also in the basal cells of
colon crypts of mice, in response to AOM injection (Figure 6). After two weeks daily oral gavage,
synthetic 6-bromoisatin was found to significantly reduce this cell proliferation in the distal colon

403
of mice (ANOVA F = 41.273, p < 0.001, df = 3); (Figure 7). After AOM injection, the mice treated
with the highest concentration of 6-bromoisatin (0.1 mg/g) had the greatest reduction in cell
proliferation in the distal colon, by more than 50% compared to control mice gavaged with oil
alone (p  0.001). Similarly, the dose of 0.05mg/g significantly reduced the proliferation in the
distal colon compared to the oil alone control (p = 0.006), and was not significantly different to the
higher dose of 0.1 mg/g (p = 0.652). In contrast, the lowest dose of 6-bromoisatin (0.025 mg/g) did
not show a signi¿cant anti-proliferative effect in the distal colon as compared to the oil alone
control (Figures 6 and 7, p = 0.052).
Figure 6. Proliferative activity of distal colonic epithelial cells in mice 6 h after AOM
injection (10 mg/kg), shown using an antibody specific for the ki-67 antigen. Mice
were oral gavaged daily for two weeks prior with oil; (a) control; (b) 6-bromoisatin
0.025 mg/g; (c) 6-bromoisatin 0.05 mg/g; (d) 6-bromoisatin 0.1 mg/g. Proliferating
cells are shown by arrowheads.
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Figure 7. Proliferation index in the distal colon of oil control mice and mice treated
with different concentrations of 6-bromoisatin by daily oral gavage for 2 weeks,
followed by 10 mg/kg AOM injection 6 h prior to kill. Significant differences between
each group and the control are shown as p  0.01 (**) and p  0.001 (***).

A connection between AARGC stimulation and the inhibition of oncogenesis in the distal colon
has been previously shown in mice [36,37]. In our study, synthetic 6-bromoisatin at the
concentration of 0.05 mg/g had the greatest effect in facilitating apoptosis in the distal colon of
mice. Interestingly, the apoptotic index at the highest dose of synthetic 6-bromoisatin (0.1 mg/g)
was lower than the middle dose of 0.05 mg/g, which is consistent with a previous study using the
crude extract from D. orbita [16]. This could be related to the fact that cell proliferation in the
colon showed the highest reduction at the highest dose of 0.1 mg/g 6-bromoisatin, indicating that
fewer DNA damaged cells may have been present that required removal by the initiation of
programmed cell death. In a study by Saini et al. [38] the cytotoxic effect of streptozotocin, at low
doses, was shown to be associated with the activation of the apoptotic pathway on beta cells,
whereas this predominantly changed to necrosis at high doses. Therefore the lower apoptosis index
with the highest dose of 6-bromoisatin may indicate that some necrosis or cell cycle arrest occurred
in the crypt cells at this high dose. However, the in vitro LDH assays found no evidence of an
increase in cell membrane permeability that would suggest necrosis at this concentration.
2.3.3. Blood Biochemistry and Hematology
To be useful as a future drug or nutraceutical for the prevention of colon cancer, 6-bromoisatin
and/or D. orbita extracts must also be safe for oral use. The plasma level of the liver enzymes
aspartate aminotransferase (AST), alanine aminotransferase (ALT) and alkaline phosphatase (ALP)
are indicators of hepatotoxicity [39]. No significant difference was revealed in the plasma level of
these enzymes in the oil control, as compared to treatment groups gavaged for two weeks daily
with 6-bromoisatin (Figure 8, p > 0.6), providing evidence that synthetic 6-bromoisatin is not
hepatotoxic at these concentrations. In a study by Westley et al. [40], mice treated with the crude
D. orbita extracts containing 6-bromoisatin showed some idiosyncratic toxicity in the liver,
whereas pure 6-bromoisatin did not exhibit this hepatotoxicity.
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Figure 8. Liver enzymes aspartate aminotransferase (AST), alanine aminotransferase
(ALT) and alkaline phosphatase (ALP) levels in serum (U/L) of oil control mice and
mice treated with different concentrations of 6-bromoisatin by daily oral gavage for
two weeks.

In the plasma there were no significant differences in sodium, urea, creatinine, calcium, protein,
albumin and globulin levels in the mice treated with 6-bromoisatin in comparison to the oil control
(Table 2; p > 0.05). However, a significant dose dependent reduction in potassium plasma levels
(Hypokalemia) was observed in the mice administered with both 0.05 mg/g (p = 0.005) and 0.1
mg/g 6-bromoisatin (p = 0.001), as compared to the oil control (Table 2). Consequently, the
sodium/potassium ratio (Na/K) increased significantly in these groups compared to the oil control
(Table 2, p < 0.005).
The most common reason for a potassium deficiency is diuretic therapy (loop diuretics,
thiazides) that causes urinary potassium excretion [41,42], and gastrointestinal potassium wasting
from diarrhea [41,43]. In this study, no diarrhea or change in stool consistency was observed in
either the oil control or 6-bromoisatin treatment groups. Therefore, the potassium deficiency in the
treatment groups might be due to a diuretic effect of 6-bromoisatin leading to an increase in urinary
potassium excretion. Diuretic effects of some novel isatin derivatives, especially the derivatives of
bromoisatin, were previously shown by Nataraj et al. [44]. Consequently, future in vivo studies
using 6-bromoisatin should carefully monitor this possible diuretic effect.
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Table 2. Plasma biochemistry and blood hematology from mice in the oil only control
group and mice treated with different concentrations of 6-bromoisatin, 6 h after
injection of 10 mg/kg AOM. Significant differences between each group and the oil
control are shown as p  0.05 (*), p  0.01 (**) and p  0.001 (***). Significant
differences between 6-bromoistain doses are shown as p  0.05 (#) relative to
0.1 mg/mL. Na/K = Sodium/Potassium ratio, Creat = Creatinine, Hct = Hematocrit,
MCV = Mean Corpuscular Volume, MCH = Mean Corpuscular Hemoglobin,
MCHC = Mean Corpuscular Hemoglobin Concentration.

Biochemistry
Sodium (mmol/L)
Potassium (mmol/L)
NA/K
Urea (mmol/L)
Creat. (umol/L)
Calcium (mmol/L)
Protein (g/L)
Albumin (g/L)
Globulin (g/L)
Hematology
Red cell count (×1012/L)
Hemoglobin (g/L)
Hct (L/L)
MCV (FL)
MCH (Pg)
MCHC (g/L)
White cell count (×109/L)
Neutrophils (×109/L)
Lymphocytes (×109/L)
Monocytes (×109/L)

Oil Control
(n = 6)

6-Bromoisatin
(0.025 mg/g, n = 6)

6-Bromoisatin
(0.05 mg/g, n = 6)

6-Bromoisatin
(0.1 mg/g, n = 8)

146.5 ± 1.2
5.4 ± 0.3
27.0 ± 2.2
10.6 ± 1.2
14.2 ± 1.2
2.2 ± 0.03
45.8 ± 3.0
28.2 ± 1.7
17.7 ± 1.5

147.7 ± 0.5
5.1 ± 0.2 #
29.1 ± 1.2 #
9.7 ± 1.6
13.3 ± 0.8
2.2 ± 0.1
46.7 ± 2.8
28.7 ± 1.5
18.0 ± 1.4

149.7 ± 1.4
4.5 ± 0.4 *
33.5 ± 2.7 **
9.9 ± 1.4
14.7 ± 0.5
2.2 ± 0.04
46.2 ± 1.9
27.8 ± 1.5
18.3 ± 0.8

149.7 ± 1.2
4.3 ± 0.4 **
34.1 ± 3.6 ***
9.6 ± 1.2
14.6 ± 1.2
2.2 ± 0.1
46.1 ± 2.2
28.2 ± 1.5
17.9 ± 1.2

9.0 ± 0.4
135.2 ± 2.7
0.4 ± 0.01
46.0 ± 1.2
15.2 ± 0.4
323.7 ± 4.5
4.8 ± 0.9
1.9 ± 0.3
2.8 ± 0.9
0.2 ± 0.1

9.3 ± 0.4
139.7 ± 5.1
0.4 ± 0.01
46.5 ± 0.8
15.0 ± 0.0
322.7 ± 1.5
5.2 ± 1.8
1.6 ± 0.8
3.3 ± 1.1
0.2 ± 0.3

9.1 ± 0.4
135.0 ± 3.5
0.4 ± 0.01
46.7 ± 1.2
15.0 ± 0.0
319.0 ± 2.8
5.8 ± 1.5 #
2.2 ± 1.3
3.4 ± 0.8
0.2 ± 0.1

9.4 ± 0.5
138.4 ± 5.7
0.4 ± 0.02
46.4 ± 0.7
15.0 ± 0.0
319.8 ± 3.0
3.2 ± 1.1
0.8 ± 0.7
2.3 ± 0.9
0.1 ± 0.1

The hematological factors including white blood count, red blood count, hemoglobin,
hematocrit (Hct), mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), mean
corpuscular hemoglobin concentration (MCHC), band form neutrophils, lymphocytes and
monocytes were not significantly altered in treatment groups, in comparison to the oil only control
(Table 2, p > 0.05). However, there was a significant increase in the white blood cell count of mice
treated with 0.05 mg/g 6-bromoistain, compared to mice treated with the higher dose of 0.1 mg/g
(Table 2, p = 0.037). This may indicate some mild anti-inflammatory effects at the higher dose of
6-bromoistain. Isatin has been previously found to inhibit NO production, COX-2, TNF and PGE2
in mouse macrophages [45]. Furthermore, indirubin derivatives exhibit inflammatory activity in
RAW 264.7 cells [46] and in rat brain microglia [47].
Overall, this study demonstrates that 6-bromoisatin, a dominant compound found in muricid
mollusc extract, has anticancer effects and low toxicity in vivo. Pure synthetic 6-bromoisatin

407
effectively reduced the proliferation of colon cells, both in vitro against the HT29 colorectal cancer
cell line and in vivo in mice administered AOM, which causes DNA damage in colon cells.
6-Bromoisatin also enhanced the apoptotic response in DNA damaged colon cells in vivo, with
0.05 mg/g found to be the most effective dose, with the only sign of toxicity after two weeks
administration being a possible diuretic effect. Although synthetic 6-bromoisatin did not increase
caspase 3/7 activity in HT29 cells, light microscopy confirmed the presence of many cells with the
morphological appearance of apoptosis, such as a condensed nucleus surrounded by a halo.
Consequently it can be concluded that 6-bromoisatin is the main factor in the D. orbita anticancer
extracts contributing to enhancing the apoptotic response to the genotoxic insult of AOM. Although
the effective doses of 6-bromoistain used in this study were high relative to common
chemotherapeutic drugs, cancer prevention strategies are more likely to utilize dietary supplements
or nutraceuticals containing higher doses of bioactive secondary metabolites with demonstrated
low toxicity. 6-Bromoisatin is the dominant compound in oxidized extracts from the hypobranchial
glands of D. orbita, an edible marine mollusc [40], This compound is stable at low pH in simulated
digestive fluid [16] and appears to be bioavailable in the distal colon. Therefore, this paper supports
the further development of a nutraceutical from Muricidae molluscs with potential application for
the prevention of early stage colon cancer, by specifically targeting the 6-bromoisatin fraction.
3. Experimental Section
3.1. Synthetic 6-Bromoisatin and Chemical Analysis
Synthetic 6-bromoisatin (6-Bromoindole-2,3-dione) was purchased from TCI AMERICA
(Portland, OR, USA) (purity of >97.0% GC). To confirm the identity and purity of the compound,
1
H NMR spectroscopy (Bruker Avance III 400 MHz spectrometer, Preston, VIC, Australia) was
performed in deuterated acetonitrile (Sigma Aldrich, Castle Hill, NSW, Australia). Chemical shifts
(į) are reported as parts per million (ppm) and referenced to residual solvent peaks. Spin
multiplicities are indicated by: s, singlet; bs, broad singlet; d, doublet; t, triplet; q, quartet; m,
multiplet; and dd, doublet of doublets.
3.2. In Vitro Experiments Using HT29 Colorectal Cancer Cells
All media and chemicals were purchased from Sigma Aldrich (Castle Hill, NSW, Australia)
unless otherwise stated. HT29 human colorectal cancer cell line (passage no. 36-42) were cultured
(37 °C and 5% CO2) in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with
4500 mg/L L-glutamine, 10% FBS, 100 U/mL Penicillin/Streptomycin and 1% Non-essential
Amino Acid (100×), until the cells reached 70% confluence.
The cells were harvested from flasks by trypsinization (1× Trypsin-EDTA) and were seeded
(20,000 cells/well) into clear 96-well plates (Costar®, Mt Martha, VIC, Australia) for measurement
of cell viability and white (opaque) 96-well plates (Interpath, Heidelberg West, VIC, Australia) for
determination of apoptosis and necrosis. HT29 cells were incubated for 48 h, then the media was
removed and the cells were washed with PBS. To treat the cells, synthetic 6-bromoisatin was
dissolved in 100% dimethylsulphoxide (DMSO) then diluted in media and added to the cells at a
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range of concentrations from 0.1 to 0.01 mg/mL, in triplicate (final DMSO concentration of 1%).
1% DMSO controls were also included on each plate. Staurosporine (5 M) for apoptosis and lysis
solution (5 ȝL/well, Promega, Alexandria, NSW, Australia) for necrosis were added to the white
plates in triplicate, as positive controls. All cells were treated for 12 h.
Morphological changes in the cells were observed on an Olympus CK2 inverted optical
microscope (×400 magni¿cation) 12 h after treatment. To measure cell viability, the MTT assay
was applied, which measures the reduction of MTT tetrazolium salt to formazan, as previously
described [15]. To measure necrosis and apoptosis, CytoTox-ONE Homogeneous Membrane
Integrity Assay reagent (Promega) and Caspase-Glo 3/7® assay (Promega) were applied
respectively, according to our previous study [15]. These assays were all repeated in triplicate on
three separate occasions (n = 3).
3.3. In Vivo Model for Early Stage Colon Cancer Prevention
This experiment was conducted under Flinders animal welfare approval number 751-10. A total
of 38 wild-type (C57BL/6J) male mice aged 10 weeks were obtained from the Animal Resource
Centre, Perth, Western Australia. Mice were divided randomly into 4 groups (ten mice in each
treatment group and 8 mice in the sunflower oil only control group) and housed in 8 cages (four to
five mice per cage). The mice were given water and food (rodent chow) ad libitum and maintained
at the temperature of 22 ± 2 °C and humidity of 80% ± 10% with a 12 h light/dark cycle. Mice
were weighed every five days and on the day of kill, and monitored daily for signs of illness, such
as weight and hair loss, diarrhea, constipation, rectal bleeding, labored breathing, lethargy, eye and
nose discharge.
To detect the early stage prevention of colon cancer, an established AARGC rodent model with
injection of the carcinogen AOM was used [16,25,26,48]. Synthetic 6-bromoisatin at 3 different
dosages (0.025, 0.05 and 0.1 mg/g body weight) was administered to mice by daily oral gavage in
100 L sunflower oil, containing 0.02% Vitamin E, for two weeks. The control group was gavaged
with sunflower oil (containing 0.02% Vitamin E) only. After two weeks, all mice were injected
with a single intraperitoneal (i.p.) injection of AOM at a dosage of 10 mg/kg bodyweight and
euthanized 6 h later by cervical dislocation under anesthesia. Our previous studies have shown that
the peak time for the acute apoptotic response to carcinogen occurs between 6 h and 8 h post AOM
injection (25), hence 6 h post AOM was chosen in the current study. The distal colon of each
mouse was excised and fixed in 10% buffered formalin for 24 h and then embedded in paraffin for
histological and immunohistological examination.
Distal colon segments were embedded in paraf¿n and sectioned at 4 m (3–4 sections per
mouse), then stained with hematoxylin, to evaluate apoptosis in epithelial cells of distal colon
sections [48]. The slides were examined under a light microscope (Olympus BH-2, Mt Waverly,
VIC, Australia, 400× magni¿cation) to identify the apoptotic cells, by characteristic morphological
changes such as cell shrinkage, condensed chromatin and sharply delineated cell borders
surrounded by an unstained halo [26,49]. Twenty randomly chosen crypts were used to calculate
the percent of apoptotic cells per crypt. The mean crypt column height was also determined.
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Ki-67 is a cell cycle associated antigen and regarded as a useful proliferation marker [50].
Proliferative activity of distal colonic epithelial cells was measured using an antibody specific for
the nuclear proliferating antigen ki-67 (rat-anti-mouse clone TEC-3, Dako, Campbellfield, VIC,
Australia) in combination with an immunohistochemistry detection method in paraffin embedded
sections, as previously described [15]. Sections of 4 m were examined under a light microscope
(Zeiss, Axio Imager A1, North Ryde, NSW, Australia) at 400× magni¿cation to calculate the
proliferation index as a percent of proliferated cells per crypt.
3.4. Liver Enzymes, Blood Biochemistry and Hematology
Blood samples (0.5–1 mL) were obtained from the mice under anesthesia by cardiac puncture at
time of kill and transferred to Gribbles Veterinary Pathology laboratory, Adelaide within
heparinized vacutainer tubes then centrifuged to separate into the cell layer for hematology analysis
(Abbott Cell Dyn 3700 analyzer, North Ryde, NSW, Australia) and plasma for biochemistry
analysis (Siemens Advia 1800 chemistry analyzer, Erlangen, Germany). The plasma levels of the
liver enzymes AST, ALT and ALP were assessed as indicators of hepatotoxicity [39].
3.5. Statistical Analysis
Statistical analyses were performed using SPSS and values of P  0.05 were considered to be
statistically significant. One way ANOVAs with post hoc Tukey HSD multiple comparisons were
performed to determine which concentrations of 6-bromoisatin were significantly different to each
other and the control.
4. Conclusions
In conclusion, this study supports the efficacy of synthetic 6-bromoisatin, at the concentration of
0.05 mg/g, for enhancing the apoptotic response to a genotoxic carcinogen and reducing cell
proliferation in the distal colon of mice, without significant toxic effects detected in the liver or
blood. The highest dose of 0.1 mg/g 6-bromoisatin showed a saturated dose–response for the
induction of apoptosis, but had a stronger effect of inhibiting cell proliferation in the crypt of the
distal colon and appears to also reduce the number of circulating white blood cells relative to the
lower dose. Synthetic 6-bromoisatin appears to induce apoptosis in HT29 cells by a caspase-independent
pathway. Although there was evidence of hypokalemia in the mice, due to the possible diuretic
effect of 6-bromoisatin, no further toxicity in the liver or blood cells were observed. Longer term
studies in mice are required to assess the effect of 6-bromoisatin on colonic aberrant crypt foci
formation and/or tumor formation and also any possible side-effects associated with longer term
use of this compound.
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Hypoxia Reduces the Efficiency of Elisidepsin by Inhibiting
Hydroxylation and Altering the Structure of Lipid Rafts
Anna Király, Tímea Váradi, Tímea Hajdu, Ralph Rühl, Carlos M. Galmarini, János SzöllĘsi
and Peter Nagy
Abstract: The mechanism of action of elisidepsin (PM02734, Irvalec®) is assumed to involve
membrane permeabilization via attacking lipid rafts and hydroxylated lipids. Here we investigate
the role of hypoxia in the mechanism of action of elisidepsin. Culturing under hypoxic conditions
increased the half-maximal inhibitory concentration and decreased the drug’s binding to almost all
cell lines which was reversed by incubation of cells with 2-hydroxy palmitic acid. The expression of
fatty acid 2-hydroxylase was strongly correlated with the efficiency of the drug and inversely
correlated with the effect of hypoxia. Number and brightness analysis and fluorescence anisotropy
experiments showed that hypoxia decreased the clustering of lipid rafts and altered the structure of
the plasma membrane. Although the binding of elisidepsin to the membrane is non-cooperative, its
membrane permeabilizing effect is characterized by a Hill coefficient of ~3.3. The latter finding is
in agreement with elisidepsin-induced clusters of lipid raft-anchored GFP visualized by confocal
microscopy. We propose that the concentration of elisidepsin needs to reach a critical level in the
membrane above which elisidepsin induces the disruption of the cell membrane. Testing for tumor
hypoxia or the density of hydroxylated lipids could be an interesting strategy to increase the
efficiency of elisidepsin.
Reprinted from Mar. Drugs. Cite as: Király, A.; Váradi, T.; Hajdu, T.; Rühl, R.; Galmarini, C.M.;
SzöllĘsi, J.; Nagy, P. Hypoxia Reduces the Efficiency of Elisidepsin by Inhibiting Hydroxylation
and Altering the Structure of Lipid Rafts. Mar. Drugs 2013, 11, 4858-4875.
1. Introduction
Although significant progress has been made in the understanding of cancer at the molecular
and cellular level, the potency of chemotherapy of advanced malignant tumors is still limited and
based on conventional cytotoxic drugs calling for medications with new mechanism of action [1].
Elisidepsin (Irvalec®, PM02734) is a synthetic cyclodepsipeptide closely related to Kahalalide F, a
natural antitumor compound isolated from the Hawaiian marine mollusk Elysia rufescens [2–4].
Preclinically, elisidepsin showed antiproliferative activity against a broad spectrum of tumor
types [5]. Additionally, elisidepsin has been found to have synergistic effects when combined with
several different conventional chemotherapeutic agents and tyrosine kinase inhibitors in cell lines
and mouse xenograft models most likely due to its unique mechanism of action [6,7]. In clinical
trials, elisidepsin has been shown to have a low toxicity profile [8–11] and preliminary assessment
of its clinical efficacy showed interesting results in different solid tumors [8–12].
Although ErbB proteins have been implicated as the target of elisidepsin based on weak
correlations between the drug’s efficiency and ErbB protein expression levels [6,7,13], we have
refuted this hypothesis by showing that the expression of ErbB1, ErbB2 or ErbB3 proteins have no
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influence on the sensitivity of cell lines to elisidepsin [14]. According to the most widely accepted
view the primary mechanism of action of elisidepsin involves a direct hit on the membrane by
binding to lipid rafts [5,14]. Based on experiments with RNA interference-mediated knock-down of
fatty acid 2-hydroxylase (FA2H) and incorporation of exogenous hydroxylated fatty acids,
2-hydroxylated sphingolipids have been suggested as the binding site of elisidepsin [15]. It has been
postulated that elisidepsin binds to hydroxylated lipids in rafts and induces rapid permeabilization
of the cell membrane [14]. All other effects of the drug, including autophagy [16], necrosis [2,13],
disruption of lysosomal membranes [17], inhibition of Akt signaling [6,16] and downregulation of
ErbB3 expression and activation [13,14], are thought to be secondary effects pursuant to the primary
hit on the membrane.
As FA2H, the enzyme thought to be responsible for the generation of the target of elisidepsin [15],
is oxygen dependent [18,19] and tumor hypoxia is widespread in advanced tumors [20], we have
decided to investigate its role in the mechanism of action of elisidepsin. In the current paper, we
show that the sensitivity of cell lines to elisidepsin is proportional to their FA2H level and hypoxia
reduces the efficiency of the drug. The effect of hypoxia was reversed by the addition of exogenous
hydroxylated fatty acid. Hypoxia was found to induce changes in the organization of lipid rafts. Our
results suggest that testing for tumor hypoxia or the density of hydroxylated lipids could potentially
increase the efficacy of elisidepsin.
2. Results
2.1. The Elisidepsin Sensitivity of Cell Lines is Reduced under Hypoxic Conditions
We suspected that hypoxia would lead to a diminished synthesis of hydroxylated fatty acids
thereby reducing the sensitivity of cells to elisidepsin. In order to test the aforementioned
assumption different cell types were cultured under hypoxic conditions for four days followed by
testing their elisidepsin sensitivity. Four of the seven investigated cell lines (A431, CHO, HaCaT,
HeLa) displayed significantly reduced elisidepsin sensitivity while the other three cell types (MCF-7,
MDA-MB-453, SKBR-3) were resistant to the hypoxia-induced effects (Table 1, Supplementary
Figure S1). We reasoned that the applied four-day hypoxia may be insufficient to deplete the pool
of hydroxylated fatty acids in those cells which did not show any change in elisidepsin sensitivity
in conditions of reduced oxygen partial pressure. Therefore, these cell types were cultured under
hypoxic conditions for fourteen days followed by testing their elisidepsin sensitivity. Extensive
hypoxia slightly increased the IC50 values in two of the cell lines (MDA-MB-453, SKBR-3),
whereas MCF-7 cells did not show any change under these experimental conditions either (Table 1,
Supplementary Figure S2). We conclude that hypoxic conditions generally lead to diminished
sensitivity of cells to elisidepsin.
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Table 1. Sensitivity of cell lines to elisidepsin under hypoxic and normoxic conditions.
Cells plated in 96-well plates were kept under hypoxic conditions for four days or
fourteen days followed by elisidepsin treatment. The normoxic control samples were
plated one day before adding elisidepsin. Both normoxic and hypoxic cells were treated
with the drug for 30 min and allowed to grow for another three days under normoxic and
hypoxic conditions. The mean IC50 values (±standard error of the mean), determined
from three independent measurements, are shown in the table. Two-way ANOVA
indicated a significant effect of hypoxia. Pairwise comparisons between normoxic and
hypoxic samples were carried out by Tukey’s HSD test. * Asterisks indicate significant
difference compared to the normoxic values (p < 0.05). Representative dose-response
curves from which the IC50 values were determined are shown in Supplementary
Figures S1 and S2 (n. d. = not determined).
Cell lines
A431
CHO
HaCaT
HeLa
MCF-7
MDA-MB-453
SKBR-3

Normoxia
7.8 ± 0.8
15 ± 0.8
7.5 ± 0.9
9.1 ± 1.2
1.4 ± 0.3
3.6 ± 0.5
2.4 ± 0.4

IC50 (M)
4-day hypoxia
15.4 ± 1.8 *
66 ± 9.3 *
27.6 ± 4.2 *
16.5 ± 1.7 *
1.6 ± 0.5
3.9 ± 0.7
2.3 ± 0.5

14-day hypoxia
n. d.
n. d.
n. d.
n. d.
1.7 ± 0.6
6.1 ± 0.5 *
5.2 ± 0.2 *

2.2. The Expression of FA2H Correlates with Elisidepsin Sensitivity in Normoxia and Determines
the Hypoxia-Induced Increase in the IC50 Values
We assumed that the complete absence of hypoxia-induced changes in MCF-7 may be the
consequence of the high expression level of FA2H in these cells. Therefore, we measured the
expression level of FA2H by fluorescent staining followed by flow cytometry and correlated the
fluorescence intensities with the IC50 values measured in normoxic conditions (Figure 1A). The IC50
values and the expression level of FA2H showed strong negative correlation (Pearson correlation
coefficient: í0.9, 95% confidence interval: [í0.96, í0.78], Spearman rank correlation coefficient:
í0.86, 95% confidence interval: [í0.94, í0.68]; confidence intervals determined by Fisher’s
z-transform). These results confirmed previous data implying the role of FA2H in determining
elisidepsin sensitivity [15]. Next, we compared the magnitude of the hypoxia-induced changes to the
expression of FA2H (Figure 1B). The analysis revealed a strong correlation between the parameters
(Pearson correlation coefficient: í0.85, 95% confidence interval: [í0.94, í0.66], Spearman rank
correlation coefficient: í0.89, 95% confidence interval: [í0.96, í0.75], Figure 1B) indicating
that high levels of FA2H (indicative of a higher density of hydroxylated lipids and thus high
cytotoxic activity of elisidepsin) counteracts the effect of hypoxia in reducing the sensitivity of
cells to the drug.
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Figure 1. FA2H expression determines the sensitivity of cell lines to elisidepsin under
normoxic conditions and the hypoxia-induced decrease in elisidepsin responsiveness.
(A) The IC50 values shown in Table 1 were correlated with the expression level of
FA2H determined by flow cytometry. The means (±standard error of the mean) of three
independent measurements are shown; (B) The sensitivity of cell lines was determined
under normoxic and hypoxic conditions as shown in Table 1. The FA2H expression
level is plotted as a function of the ratio of the IC50 values determined under hypoxic and
normoxic conditions. The means (±standard error of the mean) of three independent
measurements are shown.

In order to show that hypoxia indeed decreases the amount of the product of FA2H we
quantified 2-hydroxy fatty acids in normoxic and hypoxic cells using mass spectrometry. The
results showed that culturing cells for four days under hypoxic conditions significantly decreased the
amount of 2-hydroxylated palmitic and stearic acids without significantly affecting their 3-hydroxylated
counterparts. Representative mass spectrometry tracks are shown in Supplementary Figure S3.
2.3. 2-Hydroxy Palmitic Acid Reverses the Effect of Hypoxia on Elisidepsin Sensitivity
Hypoxia may have resulted in a reduced concentration of hydroxylated fatty acids in the plasma
membrane thereby bringing about the observed reduced efficiency of elisidepsin. In order to test
the aforementioned assumption hypoxia-responsive cell lines (A431, CHO, HaCaT, HeLa) were
incubated in the presence of 2-hydroxy palmitic acid during the last 24 hours of their hypoxic
culture followed by testing their elisidepsin sensitivity. Hypoxia reduced the efficiency of
elisidepsin compared to normoxia in this series of experiments as well, while 2-hydroxy palmitic
acid reversed the hypoxia-induced changes (Table 2, Supplementary Figure S4). We also tested the
effect of 3-hydroxy palmitic acid on one of the cell lines (A431), but it could not restore the
elisidepsin sensitivity of hypoxic cells (data not shown). This finding is in accordance with the lack
of any significant hypoxia-induced change in the levels of 3-hydroxy fatty acids (Supplementary
Figure S3). These results imply that 3-hydroxy fatty acids do not play an important role in
determining elisidepsin sensitivity. The fact that methanol, the solvent of the hydroxylated fatty
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acid, was without any significant effect allowed us to conclude that 2-hydroxy palmitic acid
abolishes the effect of hypoxia on the elisidepsin sensitivity of the cell lines tested.
Table 2. The effect of hydroxylated palmitic acid on the sensitivity of cell lines to
elisidepsin in hypoxia. Cells plated in 96-well plates were kept under hypoxic
conditions for four days. On the third day, they were treated with 100 M 2-hydroxy
palmitic acid (2-OH-PA) or its solvent, methanol (MeOH). The normoxic control
samples were plated one day before adding elisidepsin. Both normoxic and hypoxic
cells were treated with the drug for 30 min and allowed to grow for another three days
under normoxic and hypoxic conditions. The mean IC50 values (±standard error of the
mean), determined from three independent measurements, are shown in the table.
Representative dose-response curves from which the IC50 values were determined are
shown in Supplementary Figure S4.
Cell lines
A431
CHO
HaCaT
HeLa

Normoxia
9.0 ± 1.7
15.6 ± 2.1
7.6 ± 1.9
9.4 ± 1.0

Hypoxia
17.9 ± 2.8
34.6 ± 4.7
18.7 ± 2.5
21.0 ± 3.3

IC50 (M)
MeOH in hypoxia
15.6 ± 3.1
38.9 ± 5.3
16.4 ± 2.8
19.0 ± 2.4

2-OH-PA in hypoxia
7.75 ± 2.0
12.3 ± 2.4
9.5 ± 1.7
10.1 ± 1.8

2.4. Hypoxia Reduces the Binding of Fluorescent Elisidepsin
The results presented so far imply that hypoxia leads to diminished binding of elisidepsin to the
cell membrane. In order to test this idea normoxic and hypoxic A431 cells were incubated in the
presence of a 1:4 mixture of fluorescent and unlabeled elisidepsin for 2 min followed by removal of
unbound elisidepsin and confocal microscopy. Dilution of fluorescent and non-fluorescent
elisidepsin was necessary since it has been shown previously that fluorescent elisidepsin displays
vague or no fluorescence in the membrane in the absence of unlabeled drug molecules most likely
due to the formation of clusters and fluorescence quenching [5]. The fluorescence intensity was
evaluated in the membrane after image segmentation showing a significant reduction in the binding
of elisidepsin by hypoxia (mean fluorescence intensity in normoxic cells: 79 ± 7, in hypoxic cells:
27 ± 5; p = 0.0002; Figure 2A). Since generation of statistically reliable data is more
straightforward in flow cytometry, we repeated the binding experiment using this technique.
Elisidepsin binds to cells and is internalized very rapidly [14], therefore fluorescence intensities
reported by the flow cytometer do not represent the amount of membrane-bound drug. In order to
get around this problem we developed an approach to measure the kinetics of binding of
fluorescent elisidepsin to the cells (see Supplementary Materials and Methods for details).
According to this model, the very first part of the curve represents membrane-bound elisidepsin
without significant contribution from the intracellular space. The slope of the initial part of the
curve was shown to be proportional to the amount of membrane-bound elisidepsin. We compared
the uptake of fluorescent elisidepsin in a panel of seven cell lines and calculated the fold-reduction
induced by hypoxia, which was correlated with the IC50 values observed under normoxic
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conditions (Figure 2B). According to this analysis, hypoxia significantly reduced the binding of
elisidepsin in those cell lines (A431, CHO, HaCaT, HeLa) whose IC50 values were increased under
hypoxic conditions. The hypoxia-induced reduction in elisidepsin binding displayed a negative
correlation with the normoxic IC50 values. We can conclude that the hypoxia-induced reduction in
elisidepsin sensitivity is caused by reduced binding of the drug to the cell membrane under
hypoxic conditions.
Figure 2. The binding of fluorescent elisidepsin is reduced by hypoxia. (A) A431 cells
kept under hypoxic conditions for four days and their normoxic counterparts were
labeled with a mixture of elisidepsin containing OregonGreen488-conjugated and
unlabeled elisidepsin at a molar ratio of 1:4 for two min followed by washing and
confocal microscopy in five min. The total concentration of elisidepsin was 2 M,
approximately 5-times smaller than the IC50 of A431 cells. The fluorescence intensity was
evaluated in the membrane mask determined by manually-seeded watershed
transformation after subtracting the background determined in a cell-free area of an
image; (B) A mixture of OregonGreen488-elisidepsin and unlabeled elisidepsin (molar
ratio of 1:4) was added to the cell suspension and the fluorescence intensity was
immediately measured by flow cytometry. The total concentration of elisidepsin was 0.5
M. The slope of cell-bound elisidepsin fluorescence intensity as a function of time
was estimated in the first ~30 s of uptake and the relative reduction of the rate of
elisidepsin binding in hypoxia is plotted against the IC50 of elisidepsin in normoxia
(mean ± standard error of the mean, n = 3).

2.5. Elisidepsin Induces Clustering of GPI-Anchored GFP
All of the current results and evidence presented elsewhere [5,14,15] point at elisidepsin binding
to the membrane, more specifically to lipid rafts. Therefore, we wanted to investigate the effect of
elisidepsin on the distribution of lipid rafts in the membrane. To this aim, normoxic and hypoxic
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A431 cells were transfected with GPI-anchored GFP (GFP-GPI) followed by elisidepsin treatment
in two days. The fluorescence of GFP-GPI was unevenly distributed in the membrane of both
normoxic and hypoxic cells. Elisidepsin treatment induced the formation of bright fluorescent spots
in normoxic cells while it was without any significant effect in hypoxic cells (Figure 3A). The
number of bright fluorescent clusters, enumerated by an algorithm, was shown to be significantly
higher in elisidepsin-treated normoxic cells than under other conditions (two-way ANOVA followed
by Tukey’s HSD test, p < 0.01). Next, we incubated GFP-GPI-transfected cells in the presence of a
fluorescent analog of elisidepsin for two min followed by determining the colocalization between
the two fluorescent signals. Quantitative analysis revealed a strong correlation between the
distribution of GFP-GPI and elisidepsin (Figure 3B, correlation coefficient = 0.92, 95% confidence
interval = [0.78,0.97]).
Figure 3. Elisidepsin induces the clustering of GPI-anchored GFP. (A) A431 cells were
kept under hypoxic conditions for two days followed by transfection with GFP-GPI and
another two days in hypoxia. Control normoxic cells were also transfected with
GFP-GPI and kept under normoxic conditions for another two days. Confocal
microscopic images were taken before and after treating the cells with 10 M
elisidepsin for five min. The representative images show the membrane adjacent to the
coverslip. The insert in the lower left panel displays another normoxic cell treated with
elisidepsin. Numbers in the lower right corner of images represent the mean (±standard
error of the mean) number of bright fluorescent spots in an image determined from six
images; (B) Normoxic A431 cells transfected with GFP-GPI were labeled with 2 M
elisidepsin containing AlexaFluor555-tagged and unlabeled elisidepsin at a molar ratio
of 1:4 for two min followed by washing twice. Confocal microscopic images taken five
min after the washing in the GFP and AlexaFluor555 channels and their overlay
(green–GFP-GPI; red–elisidepsin) are shown in the figure.

Since we observed binding of fluorescent elisidepsin at concentrations that did not induce any
killing, we systematically analyzed the reason for this discrepancy. As the IC50 of fluorescent
elisidepsin was found to be identical to that of the unconjugated drug within experimental error
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(IC50 of unconjugated drug in A431 cells: 8.8 ± 1.6 M, fluorescent analog: 9.2 ± 1.8 M; p > 0.1),
we compared the concentration dependence of killing and the binding of fluorescent elisidepsin.
Killing was quantitated as the fraction of propidium iodide-positive cells and binding of fluorescent
elisidepsin was determined in the membrane. The curves were fitted separately allowing for different
half-maximal effective or inhibitory concentrations (Kd of binding and IC50 for killing) and Hill
coefficients. The Kd of binding turned out to be 5.1 M, whereas the IC50 value was found to be
10.2 M in agreement with previous analyses. As opposed to the binding of fluorescent elisidepsin,
which was non-cooperative characterized by a Hill coefficient of 1.1, the killing curve was fitted
with an equation with a Hill coefficient of 3.2 (Figure 4, Supplementary Figure S5). These
observations support the assumption that elisidepsin undergoes oligomerization in the membrane
accompanied by increased clustering of lipid raft-associated proteins.
Figure 4. Difference in the concentration dependence of the binding and killing effect of
elisidepsin. A431 cells were treated with six different concentrations of elisidepsin
containing OregonGreen488-elisidepsin and unlabeled elisidepsin mixed at a molar
ratio of 1:4 in the presence of 10 g/mL propidium iodide. After a 20-min treatment,
cells were washed and imaged using confocal microscopy. The background-corrected
fluorescence intensity of membrane-bound elisidepsin (triangles) and the fraction of
propidium iodide-positive cells (circles) were determined and plotted as a function of
elisidepsin concentration. Error bars represent the standard error of the mean. The
continuous lines are fits of the Hill equation to the measurement points. A representative
image series is shown in Supplementary Figure S5.

2.6. Hypoxia Decreases the Clustering of Lipid Rafts and Induces Changes in the Fluidity and
Compactness of the Membrane
Results presented in the previous sections imply that elisidepsin alters the distribution and
clustering of lipid rafts. In order to test this hypothesis directly we carried out N&B analysis to
determine the mean number of GPI-GFP molecules in a cluster. We did not find any significant
difference between the molecular brightness of GPI-GFP in elisidepsin-treated and control cells
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implying that the drug did not significantly change the average number of GPI-GFP molecules per
cluster (Figure 5).
Hypoxia is expected to decrease the amount of hydroxylated lipids in the membrane thereby
reducing the number of hydrogen bond donors and acceptors, which may cause measurable
changes in the clustering of membrane proteins as well as in the fluidity and compactness of the
membrane. According to N&B analysis carried out on GPI-GFP-transfected normoxic and hypoxic
A431 cells the molecular brightness of GPI-GFP was indicative of molecular dimers in normoxic
cells while a pure monomeric population was present in hypoxic cells (Figure 5). Since our
previous results pointed at an effect of elisidepsin on the structure of the plasma membrane [14],
we analyzed whether hypoxia modifies the fluidity and compactness of the membrane. Both the
viscosity (measured by fluorescence anisotropy) and the order (measured by the generalized
polarization of Laurdan) of the plasma membrane increased in A431 cells cultured under hypoxic
conditions for four days, while there was no change in these parameters in SKBR-3 cells which did
not show any alteration in elisidepsin sensitivity after four days of hypoxia either (Supplementary
Figure S6). These results imply that hypoxia is associated with alterations in the structure of the
membrane and the clustering of lipid raft-associated proteins.
Figure 5. (A) A431 cells were cultured under normoxic conditions or kept in a hypoxic
atmosphere for four days. Both normoxic and hypoxic cells were transfected with
GPI-anchored GFP two days before N&B analysis using confocal microscopy. Cells
were left untreated or incubated in the presence of 10 g/mL elisidepsin for three min.
The molecular brightness of GPI-GFP (mean ± standard error of the mean), determined
from ten cells, is shown in the graph. Asterisks indicate a significant difference between
normoxic and hypoxic cells (p < 0.05, ANOVA followed by Tukey’s HSD test). The
molecular brightness of monomeric soluble GFP is shown as a reference; (B)
Representative brightness curves of pixels in normoxic (blue) and hypoxic (red) cells
and in a sample containing soluble monomeric GFP (black).
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3. Discussion
The results presented in the paper reveal insight into the mechanism of action of elisidepsin
which can be summarized in the following three points: (a) elisidepsin binds to lipid rafts; (b)
elisidepsin induces oligomerization of lipid rafts detected in confocal microscopic images and also
supported by the fact that elisidepsin-induced membrane permeabilization is characterized by a Hill
coefficient of 3–4 while its binding follows a non-cooperative concentration dependence; (c)
hypoxia reduces the efficiency of elisidepsin by decreasing its binding to the membrane.
Our results implying the formation of elisidepsin oligomers are in accordance with previous
fluorescence resonance energy transfer (FRET) experiments [5]. Here we not only present evidence
for the formation of elisidepsin oligomers, but also for elisidepsin-lipid raft interactions and
elisidepsin-induced raft clustering. Similar to membrane permeabilization elisidepsin-induced raft
associations were induced rapidly, within five min of elisidepsin application followed by the
internalization of lipid rafts in 30 min shown in a previous publication [14]. We failed to detect
elisidepsin-induced oligomerization of lipid rafts by N&B experiments. We suspect that clusters of
GPI-anchored, raft-associated proteins occupy only a small fraction of pixels; therefore, their
contribution to the average molecular brightness is negligible. Since they are not immobile for the
whole duration of a N&B experiment, they cannot be resolved as pixels with a different molecular
brightness either.
Based on the key findings of the paper we propose a model in which elisidepsin binds in a
non-cooperative fashion to membrane regions enriched in hydroxylated lipids followed by
oligomerization and membrane permeabilization. It was further assumed that elisidepsin oligomers
generate the pores responsible for membrane permeabilization and their concentration has to reach
a threshold so that necrosis takes place. A quantitative elaboration of the model, provided as
Supplementary material, shows that cooperativity in the dose dependence of cell death is the
consequence of attributing membrane permeabilization to elisidepsin oligomers [21]. Quantitative
predictions of the model which are in accordance with our experimental observations are: (a)
elisidepsin binds to the membrane at much lower concentrations than expected based on the killing
curves; (b) membrane permeabilization takes place in a narrow concentration range characterized
by high cooperativity; (c) the lower the number of elisidepsin binding sites (e.g., in hypoxia or in
cells with low FA2H expression), the higher the free concentration of the drug has to be so that the
concentration of elisidepsin oligomers in the membrane reaches the critical level; (d) a certain foldreduction in the number of elisidepsin binding sites results in negligible changes in the IC50 if the
original number of bindings sites was much higher than the critical level, while the same folddecrease causes substantial increase in the IC50 if the original number of binding sites was close to
the critical level (Supplementary Figure S7).
Several lines of evidence support the conclusion that the presence of a membrane environment
enriched in hydroxylated lipids is necessary for the binding of elisidepsin: (a) FA2H expression
level correlates with elisidepsin sensitivity; (b) hypoxia reduces the efficiency of elisidepsin which
is reversed by 2-hydroxy palmitic acid; (c) FA2H expression predicts how much hypoxia increases
the IC50 of elisidepsin. The last statement can be rationalized by the proposed model since highly
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expressed FA2H generates more “elisidepsin-friendly” plasma membrane requiring more
pronounced hypoxia to reduce the amount of hydroxylated lipids to a level close to the critical
concentration. Our results about the role of FA2H in determining elisidepsin sensitivity are in
agreement with previous findings [15]. The fact that hydroxylated lipids are primarily present in lipid
rafts explains that elisidepsin binds to these membrane microdomains [22]. It has recently been
shown that FA2H specifically generates the R-stereoisomer of fatty acids and only the Renantiomer is able to reverse the effect of FA2H knock-down on membrane viscosity [23]. These
findings can be rationalized by the fact that (S)-hydroxy fatty acids preferentially form
intramolecular hydrogen bonds, while the R-stereoisomer is usually involved in intermolecular
hydrogen bonds. Therefore, we expect that the (R)-2-hydroxy palmitic acid component of the
racemic mixture used in our experiments was responsible for restoring the effect of elisidepsin in
hypoxic cells.
Hypoxia was found to change the clustering of lipid rafts and the dynamic properties of the cell
membrane. Although decreased hydrogen bonding resulting from inhibited hydroxylation is
expected to increase membrane fluidity [22], hypoxia decreased the fluidity of the plasma
membrane and increased its compactness shown by decreased hydration of Laurdan. These
findings are in agreement with previous results showing that hypoxia-induced lipid peroxidation
results in decreased membrane fluidity [24,25]. Decreased clustering of GPI-anchored proteins in
hypoxic cells may be the consequence of decreased hydrogen bonding or increased viscosity which
has been shown to be associated with decreased protein clustering [26].
Lipid hydroxylation is important for the stability of the cell membrane, lipid rafts, myelin
sheaths and cornified epithelia [18,22]. The role of FA2H-mediated lipid hydroxylation in maintaining
the integrity of certain membranes is supported by observations linking the loss of FA2H
expression to late-onset demyelination [27,28]. Cancer cells display characteristic changes in their
fatty acid and ganglioside composition [29–31]. An increase in the ratio of saturated/non-saturated
fatty acids and accumulation of less-complex gangliosides have been observed. In addition,
upregulation of FA2H in malignant tumors has been reported which may lead to cancer specific
cytotoxic effects of elisidepsin [18,31]. However, tumor hypoxia is known to decrease the rate of
hydroxylation due to shortage of oxygen, which acts against the tumor-specificity of elisidepsin by
reducing the activity of FA2H [31]. The balance between hypoxia-induced increased FA2H
expression and its decreased catalytic activity due to oxygen shortage is unpredictable, but these
parameters must be predictive of the sensitivity of tumors to elisidepsin. Although tumor hypoxia is
readily detectable in vivo [20,32], FA2H expression and the amount of 2-hydroxy fatty acids in the
membrane are not amenable to clinical investigations and none of these parameters is routinely
measured in clinical practice. But future clinical trials could define the true potential of this drug
with a unique mechanism of action in the treatment of human cancer.
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4. Experimental Section
4.1. Cell Culture and Transfection
SKBR-3, HeLa, A431, MCF-7, MDA-MB-453 and CHO cells were obtained from the
American Type Culture Collection (ATCC, Manassas, VA, USA) and grown according to their
specifications. The immortalized human keratinocyte cell line HaCaT was obtained from the
Department of Physiology, University of Debrecen, and cultured in DMEM supplemented with
10% FCS and antibiotics. For generating hypoxic conditions cells plated in a flask or chambered
coverglass were kept in a modular hypoxia chamber (Billups-Rothenberg, Del Mar, CA, USA)
flushed with a gas mixture containing 1% O2, 5% CO2 and 94% N2 (Linde, Munich, Germany) at a
rate of 25 L/min for 4 min. During 4-day hypoxic culturing the cells were not harvested, but they
were harvested and split when reaching confluency during 2-week hypoxic culturing. The
GFP-GPI plasmid was a kind gift from Jennifer Lippincott-Schwartz (NIH, Bethesda, MD, USA).
Cells were transfected with the Amaxa Nucleofector device (Lonza, Basel, Switzerland). The
transfection solution and the program were selected according to the “Cell & Transfection
Database” of the manufacturer.
4.2. Antibodies and Chemicals
The polyclonal antibody against fatty acid 2-hydroxylase (sc161045) and the blocking peptide
(sc161045-P) were purchased from Santa Cruz (Santa Cruz, CA, USA). 2-hydroxy and 3-hydroxy
palmitic acid were from Sigma-Aldrich (St. Louis, MO, USA). 4ƍ-(trimethylammonio)diphenylhexatriene (TMA-DPH) and Laurdan (6-dodecanoyl-N,N-dimethyl-2-naphthylamine) were
purchased from Sigma-Aldrich. Elisidepsin was manufactured by PharmaMar (Madrid, Spain) and
dissolved in dimethyl sulfoxide at a concentration of 1 mg/mL.
4.3. Determination of Elisidepsin Sensitivity
Cells were plated into 96-well plates 24 h before the experiment carried out under normoxic
conditions or were kept in hypoxia for 96 h. They were treated with a dilution series of elisidepsin
for 30 min in triplicate followed by incubation for 72 h in cell culture medium in a CO2 incubator at
37 °C. The viability of cells was determined by measuring the absorbance of WST-1 reagent
(Roche Diagnostics GmbH, Mannheim, Germany) with an ELISA reader at 450 nm and 620 nm.
The IC50 value was determined by fitting the Hill equation to the measurement data using Matlab
(Mathworks Inc., Natick, MA, USA).
4.4. Flow Cytometric Measurement of Fatty Acid 2-Hydroxylase Expression
Cells were fixed with 3.7% formaldehyde for 30 min on ice followed by washing and labeling
with a polyclonal antibody against fatty acid 2-hyroxylase (FA2H) dissolved in PBS containing
0.1% BSA and 0.1% Triton X-100 for 30 min. Unbound antibodies were removed by washing
twice in PBS followed by staining with fluorescent secondary antibody. The fluorescence intensity
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was measured with a FacsArray flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA).
Evaluation was performed with FCS Express (De Novo Software, Los Angeles, CA, USA) and the
FA2H levels are reported as the mean intensity of the sample labeled by the primary and the
secondary antibodies corrected by subtracting the mean fluorescence intensity of the sample, which
was also incubated with the blocking peptide.
4.5. Confocal Microscopy
An Olympus FV1000 confocal microscope was used to acquire images using a 60× oil
immersion objective (NA = 1.35). GFP-GPI and OregonGreen488 were excited at 488 nm and their
emission was measured above 510 nm when the sample was not labeled by any other dye. It was
essential to increase the lower cutoff value of the detected emission wavelength range from the
default value of 500 nm due to strong light scattering from the glass surface when the membrane
adjacent to the coverslip was imaged. AlexaFluor555 was excited at 543 nm and detected above
555 nm. When GFP-GPI and AlexaFluor555 were both present in the sample, the fluorescence of GFP
was detected in the spectral region of 510–540 nm. For dual imaging of OregonGreen488-elisidepsin
and propidium iodide they were excited at 488 and 543 nm, respectively. The fluorescence of
OregonGreen488 was detected in the spectral region of 520 ± 15 nm, whereas propidium iodide
was measured at 620 ± 50 nm. Image analysis was carried out with DipImage (Delft University of
Technology, Delft, The Netherlands) in a Matlab environment. For quantitative evaluation of
membrane-associated fluorescence intensity the cell membrane was identified with the
manually-seeded watershed algorithm [33,34] and the mean background corrected fluorescence
intensity was calculated. The background was measured in a cell-free area of images. In order to
count the number of localized bright spots images were smoothed with a Gauss filter and
normalized to their maximum intensity followed by top-hat filtering to remove objects larger than
the observed spots. Local maxima were identified by the extended maxima transform followed by
filling the holes and shrinking the spots to single points which were enumerated.
4.6. Determination of the Binding of Fluorescent Elisidepsin to the Membrane
For confocal microscopic measurements cells, cultured on chambered coverglass, were labeled
with a mixture containing fluorescent and unlabeled elisidepsin at a molar ratio of 1:4 for 20 min in
the presence of 10 g/mL propidium iodide followed by washing to remove unbound elisidepsin.
For flow cytometry trypsinized cells were labeled with the same mixture of elisidepsin and
measured immediately without washing using a FacsAria instrument (Becton Dickinson).
Fluorescent elisidepsin was prepared by labeling the drug with OregonGreen488 or AlexaFluor555
(both from Invitrogen, Carslbad, CA, USA) according to the manufacturer’s specifications. Details
of the data analysis are described in Supplementary Materials and Methods (Supplementary
Figures S8 and S9).
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4.7. Number and Brightness (N&B) Analysis of Cells Transfected by GFP-GPI
An Olympus FV1000 confocal microscope running in pseudo photon-counting mode was used
to carry out N&B analysis according to Digman et al. [35]. Live cells were analyzed at room
temperature in Tyrode’s buffer with 10 mM glucose and 0.1% BSA. Image series of 100 optical
slices of the cell membrane adjacent to the coverslip were acquired with a pixel size of 82 nm and
pixel dwell time of 10 s. A single image consisted of 256 × 256 pixels and the central part of
images was used for analysis to eliminate artifacts arising from scanner speed nonlinearity at the
borders. The image stack was analyzed with a custom-written Matlab program incorporating
functions of the DipImage toolbox. The images were first registered (i.e., corrected for lateral shift)
followed by calculating the mean and variance of every pixel. The apparent brightness was
calculated according to the following equation:
B=

σ2
k

= ε +1

(1)

where σ2 and ¢k² are the variance and the mean, respectively, of a given pixel. The molecular
brightness (ε) characterizes the clustering state of a fluorescent molecule by giving the number of
photons detected from a single diffusing unit during the pixel dwell time. If the image mean
decreased by more than 10% due to stage shift or photobleaching or if the pixel variance did not
converge to zero with increasing stack size, the stack was discarded.
4.8. Measurement of Fluorescence Anisotropy and Generalized Polarization
Trypsinized cells were resuspended in Hank’s buffer at a concentration of 107/mL and labeled
with 2 M TMA-DPH or 2.5 M Laurdan at room temperature for 20 min. After TMA-DPH
labeling cells were diluted in Hank’s buffer without washing to a concentration of 106/mL for
fluorescence anisotropy measurements, whereas Laurdan-labeled cells were washed once and
resuspended at a concentration of 106/mL in Hank’s buffer. Fluorescence measurements were
carried out with a Fluorolog-3 spectrofluorimeter (Horiba Jobin Yvon, Edison, NJ, USA). The
temperature of the cuvette holder was adjusted to 37 °C by a circulating water bath. TMA-DPH
was excited at 352 nm and its emission was measured at 430 nm. The fluorescence anisotropy (r) of
TMA-DPH was measured in the L-format according to the following formula [36,37]:

r=

I vv − GI vh
I vv + 2GI vh

(2)

where Ivv and Ivh are the vertical and horizontal components, respectively, of the fluorescence
excited by vertically polarized light, and G is a correction factor characterizing the different
sensitivity of the detection system for vertically and horizontally polarized light.
Laurdan was excited at 350 nm and its emission was detected in the blue range of its emission
spectrum at 435 nm (Iblue) and at the red edge at 500 nm (Ired). Generalized polarization (GP) of
Laurdan fluorescence was calculated according to the following formula [38–40]:
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GP =

I blue − I red
I blue + I red

(3)

4.9. Determination of 2-Hydroxylated Fatty Acids Using Mass Spectrometry
We used an existing high performance liquid chromatography/mass spectrometry/mass spectrometry
(HPLC MS-MS) configuration similar to that already published [41,42]. The separation using
HPLC was performed in a manner similar to what has been reported previously [41]. For the
detection of 2-hydroxy-palmitate, 3-hydroxy-palmitate and 2-hydroxy-stearate (all chemical
reference standards were from Sigma-Aldrich) we established a specific MS-MS method using ESI (í)
setting with 271 ĺ 271 m/z for 2/3-hydroxy-palmitate with a collision energy of 5 V, a dwell time
of 0.1 s and 299 ĺ 299 m/z for 2/3-hydroxy-stearate with a collision energy of 5 V, a dwell time of
0.1 s and a cone voltage of 50 V in each case as parameters for multiple reaction monitoring
(MRM) measurements.
5. Conclusions

In summary, we have shown that the necrotic effect of elisidepsin is highly cooperative which is
most likely explained by membrane permeabilization resulting from elisidepsin oligomers.
Moreover, we have shown that hypoxia significantly inhibits the anti-tumor effect of elisidepsin in
some experimental models, apparently by reducing the level of 2-hydroxy lipids in the membrane
of tumor cells. Our results identify tumor hypoxia and the density of 2-hydroxy lipids as factors
predicting elisidepsin sensitivity.
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Fumigaclavine C from a Marine-Derived Fungus Aspergillus
Fumigatus Induces Apoptosis in MCF-7 Breast Cancer Cells
Yong-Xin Li, S.W.A. Himaya, Pradeep Dewapriya, Chen Zhang and Se-Kwon Kim
Abstract: Recently, much attention has been given to discovering natural compounds as potent
anti-cancer candidates. In the present study, the anti-cancer effects of fumigaclavine C, isolated
from a marine-derived fungus, Aspergillus fumigatus, was evaluated in vitro. In order to investigate
the impact of fumigaclavine C on inhibition of proliferation and induction of apoptosis in breast
cancer, MCF-7 cells were treated with various concentrations of fumigaclavine C, and
fumigaclavine C showed significant cytotoxicity towards MCF-7 cells. Anti-proliferation was
analyzed via cell mobility and mitogen-activated protein kinase (MAPK) signaling pathway. In
addition, fumigaclavine C showed potent inhibition on the protein and gene level expressions of
MMP-2, -9 in MCF-7 cells which were manifested in Western blot and reverse transcription
polymerase chain reaction (RT-PCR) results. The apoptosis induction abilities of the fumigaclvine
C was studied by analyzing the expression of apoptosis related proteins, cell cycle analysis, DNA
fragmentation and molecular docking studies. It was found that fumigaclavine C fragmented the
MCF-7 cell DNA and arrested the cell cycle by modulating the apoptotic protein expressions.
Moreover, fumigaclavine C significantly down-regulated the NF-kappa-B cell survival pathway.
Collectively, data suggest that fumigaclavine C has a potential to be developed as a therapeutic
candidate for breast cancer.
Reprinted from Mar. Drugs. Cite as: Li, Y.-X.; Himaya, S.W.A.; Dewapriya, P.; Zhang, C.; Kim, S.-K.
Fumigaclavine C from a Marine-Derived Fungus Aspergillus Fumigatus Induces Apoptosis in
MCF-7 Breast Cancer Cells. Mar. Drugs 2013, 11, 5063-5086.
1. Introduction
Breast cancer is one of the most common causes of cancer-related death in women. According to
the World Health Organization, more than 1.2 million women are diagnosed with breast cancer
each year worldwide [1,2]. Most of the present breast cancer chemopreventive and
chemotherapeutic agents lead to undesirable side effects [3]. Therefore, the search for new agents
derived from natural products with a fewer side effects should continue.
Marine fungi are a rich source of bioactive secondary metabolites including novel compounds
that have unique structural features. Marine fungi have been widely studied for their bioactive
metabolites, and these organisms have proved to be a rich, promising source of novel anticancer,
antibacterial, antiplasmodial, anti-inÀammatory and antitumor agents [4–7]. Therefore, bioactive
compounds produced by marine fungi are of interest as new lead compounds in medicine.
Aspergillus fumigatus is a common environmental fungus and a significant cause of disease in
immune-compromised patients and is responsible for up to 4% of deaths in tertiary hospitals in
Europe [8]. Nevertheless, a number of bioactive compounds such as dioxopiperazine, alkaloids,
dibenzofurans, and indole diketopiperazine have been isolated from Aspergillus fumigatus [9,10].
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In this study, subsequent culturing and fractionation of the ethyl acetate (EtOAc) extract of
Aspergillus fumigatus culture led to the isolation of fumigaclavine C as a major secondary
metabolite. Fumigaclavine C is an indole alkaloid which was first isolated from the culture of
Cephalosporium sp. IFB-018, an endophytic fungus from the rhizoma of a salinity-tolerant
medicinal plant Imperata cylindrica by a column chromatography fraction of chloroform-methanol
(1:1) extract [11,12]. Although this compound was discovered as early as 1977, its biological
activity is seldom reported [13]. Its immunosuppressive activity against concanavalin A-induced
hepatitis in mice by the mechanisms of inhibiting T cell proliferation, adhesion and TNF-Į
production has been reported previously, suggesting that fumigaclavine C may have a characteristic
to inhibit the T-cell mediated immune response [14].
It is a well-known fact that alkaloids often possess significant physiological activities including
anticancer and antitumor activity, and some of them are currently being used in clinical treatments.
Moreover, in the broad range of alkaloids, indole-containing alkaloids have been reported as an
interesting group of bioactive alkaloids and have frequently been isolated form marine organisms [15].
Ge and his research team [10] reported that two new alkaloids, which have a close similarity to
fumigaclavine C in structure, showed selectively potent cytotoxicity against human leukemia cells
(K562) with an IC50 value of 3.1 M; however, detailed studies have not been reported yet.
Therefore, in this study, we aimed to investigate the anti-cancer potential of fumigaclavine C while
revealing the underlying molecular signaling pathways using a MCF-7 breast cancer cell model.
2. Results
2.1. Structural Elucidation of Fumigaclavine C
The chemical structure of the isolated compound from broth extract of the marine-derived
fungus was determined according to 1D, 2D nuclear magnetic resonance (NMR), and low-resolution
electron ionization mass spectrometry (LREIMS) data, together with comparison with the data
published previously [10]. The compound was identified as fumigaclavine C (15.8 mg), illustrated
in Figure 1A.
Fumigaclavine C (15.8 mg): white powder; 1H-NMR (CD3OD, 400 MHz) į 7.06 (1H, d,
J = 8.0 Hz, H-12), 6.93 (1H, dt, H-13), 6.57 (1H, d, J = 7.1 Hz, H-14), 6.12 (1H, dd, J = 10.6 Hz,
J = 6.5 Hz, H-22), 5.61 (1H, t, H-9), 5.03 (1H, dd, H-23), 5.06 (1H, t, H-23), 3.55 (1H, dd, H-10),
3.19 (1H, m, H-5), 2.71 (2H, m, H-7), 2.55 (2H, m, H-4), 2.41 (3H, brs, H-17), 2.07 (1H, m, H-8),
1.83 (3H, brs, H-25), 1.51 (6H, d, H-20, 21), 1.31 (3H, d, J =7.5 Hz, H-18); 13C-NMR (CD3OD,
100 MHz) į 172.6 (C-24), 147.6 (C-22), 138.5 (C-2), 134.5 (C-15), 129.3 (C-11), 129.0 (C-16),
122.5 (C-14), 112.8 (C-12), 111.4 (C-23), 109.1 (C-13), 106.1 (C-3), 72.8 (C-9), 63.3 (C-5), 58.9
(C-7), 43.9 (C-17), 40.5 (C-10), 40.3 (C-19), 34.5 (C-8), 28.9 (C-4), 28.1 (C-20), 28.0 (C-21), 20.9
(C-25), 16.9 (C-18). LREIMS m/z: 366.20 [M]+ (C23H30N2O2).
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Figure 1. (A) Chemical structure of fumigaclavine C isolated from the marine-derived
fungus Aspergillus fumigatus; (B) cytotoxic and anti-proliferation effect of
fumigaclavine C on MCF-7 breast cancer cells. Briefly, MCF-7 cells were cultured in
96-well plates at a density of 5 × 103 cells per well and treated with different
concentrations (20 ȝM, 40 ȝM, and 60 ȝM) of fumigaclavine C for 24 h and 36 h; (C)
and (D) effect of fumigaclavine C on MCF-7 cells migration and invasion. The results
were observed with a microscope at 200× and the relatively blocked percentage (%) of
migrated and invaded cells per field was assessed. Each value was expressed as the
mean ± SD of triplicate experiments. * p < 0.05 as compared with blank groups.
A

B

C

D

2.2. Anti-Proliferative Effect of Fumigaclavine C on MCF-7 Cells
The anti-proliferative effect of fumigaclavine C was tested on a cultured MCF-7 breast cancer
cell line. Comparisons of the cell growth for 24 and 36 h with various concentrations of
fumigaclavine C (20 ȝM, 40 ȝM, and 60 ȝM) are shown in Figure 1B. In a comparative analysis,
fumigaclavine C showed signi¿cant high growth inhibitory effects on the MCF-7 cell line in a
dose-dependent and time-dependent manner (p < 0.05). Fumigaclavine C inhibited the proliferation
of MCF-7 cells with the viability percentages of 93%, and 89% (20 ȝM), 79%, and 57% (40 ȝM),
and 65% and 35% (60 ȝM) at 24 h and 36 h, respectively, compared to the vehicle treated blank.
Therefore, it was clear that fumigaclavine C had anti-proliferative effects on MCF-7 cells.
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Fumigaclavine C treatment (60 ȝM for 36 h) reduced the viable cell population up to 35% and thus
fumigaclavine C treatment for 24 h was selected for further analysis.
2.3. Effects of Fumigaclavine C on Migration and Invasion of MCF-7 Cells
MCF-7 cells were treated with different concentrations (20 ȝM, 40 ȝM, and 60 ȝM) of
fumigaclavine C for 24 h. It was observed that fumigaclavine C treatment reduced the cancer cell
migration and invasion in a dose-dependent manner (Figure 1C,D). Interestingly, it was also
observed that at the highest concentration (60 ȝM), fumigaclavine C almost completely blocked
MCF-7 cell migration and invasion. Fumigaclavine C blocked the migration and invasion of
MCF-7 cells with the blocking percentages of 38%, 29% (60 ȝM), and 25%, 19% (60 ȝM) at 24 h,
respectively. The results indicate that fumigaclavine C has the ability to suppress MCF-7 cell
migration and invasion.
2.4. Effect of Fumigaclavine C on MMP-2 and -9 Expressions in MCF-7 Breast Cancer Cells
Western blot results revealed that fumigaclavine C treatment of the MCF-7 cells resulted in an
inhibition of protein expression of both MMP-2 and MMP-9. At the highest concentration (60 M)
of the compound there was a significant inhibition in both MMP-2 and MMP-9 and the inhibitory
activity was significant (p < 0.05) from the concentrations of 20 to 60 ȝM (Figure 2A). These
results suggest that fumigaclavine C effectively inhibits the MMP-2 and -9 activities and that this
probably contributes to the anti-proliferative effects of fumigaclavine C.
To find out whether this inhibition of MMP-2 and -9 by fumigaclavine C are apparent at their
gene levels, a reverse transcription polymerase chain reaction (RT-PCR) experiment was carried
out using RNA isolated from MCF-7 cells treated with fumigaclavine C at different concentrations
(20 ȝM, 40 ȝM, and 60 ȝM). Fumigaclavine C showed a clear inhibitory activity on the expression
of both MMP-2 and -9 mRNAs in MCF-7 cells. The inhibition of MMP-2 and -9 gene expressions
were observed in a concentration-dependent manner, where the inhibition was even lower than the
blank group in MCF-7 cells at the highest concentration (60 ȝM) of the compound (Figure 2B).
These results of the inhibition of MMP-2 and -9 mRNA expressions coincide with protein
expression results suggesting that the MMP-2 and -9 were inhibited by the fumigaclavine C at both
the protein and gene level. This clear inhibition of MMP-2 and -9 may be involved in the
suppression of cell proliferation and migration.

436
Figure 2. Inhibitory effect of fumigaclavine C on MMP-2 and -9 protein and mRNA
expressions in MCF-7. (A) Protein expression level of MMP-2 and -9 in treated MCF-7
cells. Cell lysates were collected and subjected to sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) Western blot analysis using
antibodies specific for MMP-2 and -9. Beta-actin was used as an internal control. (B)
mRNA expression levels of MMP-2 and -9 in treated MCF-7 cells were analyzed by
RT-PCR. Each value was expressed as the mean ± SD of triplicate experiments.
* p < 0.05 as compared with blank groups.
A

B

2.5. Effect of Fumigaclavine C on ERK, JNK, and p38 MAPK Signaling Pathway
To find out through which pathway fumigaclavine C blocked the expression of MMP, the effect
of fumigaclavine C on the ERK 1/2, JNK, and p38 MAPK signaling pathways was analyzed.
Treatment with fumigaclavine C at various concentrations (20 ȝM, 40 ȝM, and 60 ȝM) showed a
dose-dependent inhibitory effect on the phosphorylation of ERK 1/2, JNK, p38 in MCF-7 cell line
(Figure 3A–C).
These results demonstrated that the anti-proliferative effect of fumigaclavine C was mediated by
blocking the signal transduction of MAPK pathway molecules, i.e., ERK, JNK, and p38 MAPK
signaling pathways in activated MCF-7 cells. Therefore it was clear that the possible molecular
mechanism for the fumigaclavine C mediated inhibition of proteinases is probably the inhibition of
the activation of these signaling cascades.
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Figure 3. Effect of fumigaclavine C on expression of (A) p-ERK 1/2, ERK 1/2,
(B) p-JNK, JNK, (C) p-p38, and p38 MAPK signaling pathways. Expression levels
were assayed using Western blot following treatment with fumigaclavine C at different
concentrations (20 ȝM, 40 ȝM, and 60 ȝM) for 24 h. Each value is expressed as the
mean ± SD of triplicate experiments. *p < 0.05 as compared with blank groups.
A

B

C

2.6. The Effects of Fumigaclavine C on the Cell Cycle of MCF-7 Cells
To further study the mechanism responsible for fumigaclavine C induced growth inhibition, the
effect of fumigaclavine C on the cell cycle distributions was analyzed by flow cytometry. As
shown in Figure 4A, treatment of the MCF-7 breast cancer cells with various concentrations of
fumigaclavine C for 24 h resulted in a significant dose-dependent induction of sub-G1 cell
population. It indicated that fumigaclavine C induced apoptosis in MCF-7 cells where the sub-G1
cell percentages were 15.6% (20 ȝM), 21.5% (40 ȝM), and 46.6%, (60 ȝM) at 24 h, respectively.
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Figure 4. Effect of fumigaclavine C on cell cycle progression and cell cycle apparatus.
(A) Cell cycle distribution pattern of fumigaclavine C treated (24 h) MCF-7 cells
analyzed by fluorescence-activated cell sorting (FACS). Cells were fixed in 70%
ethanol, re-suspended in PBS and stained with PI. After 24 h, a prominent sub-G1 peak
could be seen in the histogram. (B) and (C) protein and gene expressions of p53, and
p21 in MCF-7 cells treated with fumigaclavine C. MCF-7 cells were treated with various
concentrations of fumigaclavine C for 24 h under serum-free conditions. (D) Protein
expressions of CDK2, CDK4, cyclin B1, and cyclin E in fumigaclavine C treated
MCF-7 cells. The antibody bindings were detected by enhanced chemiluminescence
reagent using luminoimager. Each value was expressed as the mean ± SD of triplicate
experiments. * p < 0.05 as compared with blank groups.
A

C

B

D
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2.7. Effect of Fumigaclavine C on p53 Family Gene Expression in MCF-7 Breast Cancer Cells
The tumor suppressor gene p53 plays an essential role in various types of anti-proliferation and
apoptosis. And the induction of p21 is mostly mediated through a p53-dependent pathway.
Therefore, we determined whether the tumor suppressor factors, p53 and p21, were involved in the
anti-proliferative effect of fumigaclavine C. Treatment with different concentrations of fumigaclavine
C activated p53 and p21 proteins and gene levels in a dose-dependent manner (Figure 4B,C). These
results imply that a part of the anti-proliferative activity of fumigaclavine C is related to apoptosis
through up-regulation of p53 and p21 levels.
2.8. Effect of Fumigaclavine C on Cyclin B1, Cyclin E, CDK2, and CDK4 Expression in MCF-7
Breast Cancer Cells
To further explore the underlying mechanism by which fumigaclavine C mediates cell cycle
arrest, we examined the regulatory effects of fumigaclavine C on the expression of CDK2, CDK4,
cyclin B1 and cyclin E, which control the cell cycle progression. As shown in Figure 4D, CDK2,
CDK4, cyclin B1, and cyclin E were down-regulated to varying degrees by fumigaclavine C
treatment. These results demonstrated that fumigaclavine C induced cell cycle arrest by changing
the CDK2, CDK4, cyclin B1 and cyclin E protein expression levels.
2.9. The Morphological Changes and DNA Damages of MCF-7 Cells Observed with Hoechst
33258 Staining
To observe the morphological changes and DNA damage induced by the fumigaclavine C in
MCF-7 cells, Hoechst 33258 staining was used as described earlier. The results are depicted in
Figure 5A. MCF-7 cells were cultured in 24-well plate and treated with different concentrations
(20 ȝM, 40 ȝM, and 60 ȝM) of fumigaclavine C for 24 h. The results were observed under
fluorescence inverted microscope at 100× magnification. Clear morphological changes and DNA
damage were observed with the treatment of the compound. Moreover, the DNA damage was dose
dependently increased. The results indicate that fumigaclavine C potently damages DNA and
thereby induces apoptosis in MCF-7 cells.
2.10. Fumigaclavine C Induced DNA Fragmentation in MCF-7 Cells
For further confirmation of the effect of fumigaclavine C on nuclear damage, DNA
fragmentation of MCF-7 breast cancer cells was analyzed by an agarose gel electrophoresis. There
was a dose dependant DNA fragmentation or laddering pattern in the cells treated with various
concentrations of fumigaclavine C compared to the blank (Figure 5B). Hence, the results could
imply that fumigaclavine C may have induced apoptosis and subsequent DNA damage.

440
Figure 5. Effect of fumigaclavine C treatment on nuclear damage of MCF-7 cells.
(A) Hoechst staining of MCF-7 cells treated with fumigaclavine C. For Hoechst
staining, MCF-7 cells were cultured in 24-well plate and treated with fumigaclavine C
for 24 h. (B) The effects of fumigaclavine C on the DNA fragmentation. (C) Western
blot analysis of the expressions of PI3K, p-Akt, and Akt in MCF-7 cells treated with
fumigaclavine C. MCF-7 cells were grown at 5 × 105 cells/dish and treated with
different concentrations of fumigaclavine C. Each value was expressed as the mean ± SD
of triplicate experiments. * p < 0.05 as compared with blank groups.
A

B

C
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2.11. Effect of Fumigaclavine C on PI3K/Akt Pathway in MCF-7 Breast Cancer Cells
In order to elucidate the specific intracellular signaling pathways involved in the growth
inhibitory effects of fumigaclavine C in MCF-7 cells, the effect of fumigaclavine C on the
expression of PI3K, p-Akt, and Akt, which can control cell apoptosis progression was investigated.
As shown in Figure 5C, PI3K and Akt were down-regulated by the treatment of fumigaclavine C.
These results demonstrate that fumigaclavine C induces cell apoptosis most probably via regulating
the PI3Kand p-Akt protein levels.
2.12. Effect of Fumigaclavine C on Bcl-2 Family Protein Expression in MCF-7 Breast
Cancer Cells
Apoptotic genes regulate apoptosis by the activation of their pro- and anti-apoptotic products.
Among them, Bcl-2 proteins are very important in apoptosis regulation. In order to confirm the
expression levels of proteins and genes related to the induction of apoptosis, expression of Bcl-2,
Bcl-xl, Bax and Bad in fumigaclavine C treated MCF-7 cells were analyzed using Western blot and
RT-PCR analysis. As per the results fumigaclavine C exhibited the induction of apoptosis in MCF-7
cells by down-regulating the anti-apoptotic Bcl-2 and Bcl-xl levels as well as up-regulating the
pro-apoptotic Bax and Bad levels at protein and gene levels (Figure 6A,B).
2.13. Effect of Fumigaclavine C on Caspase-3, -8, and -9 Expression in MCF-7 Breast
Cancer Cells
To find out whether apoptosis is induced as an underlying mechanism of anti-proliferation of
fumigaclavine C treatment, Western blot analysis was carried out to investigate the activation of
caspase-3, -8 and -9. The results showed that the active caspase levels were increased by treatment
with fumigaclavine C in a dose-dependent manner (Figure 6C). Furthermore, fumigaclavine C
treatment more potently induced the expression of caspase-9 protein in MCF-7 cells compared to
caspase-3 protein.
In order to analyze whether this activation of caspase-3, -8 and -9 and by fumigaclavine C
occurs at their gene levels, a RT-PCR experiment was carried out using RNA collected from
MCF-7 cells treated with fumigaclavine C at different concentrations (20 ȝM, 40 ȝM, and 60 ȝM).
Fumigaclavine C showed a clear elevation in expression of caspase-9 and -3 mRNAs in MCF-7
cells. The activities of caspase-3, -8 and -9 gene expressions were observed in a concentration-dependent
manner (Figure 6D). These expression levels of caspase-3, -8 and -9 mRNA coincide with protein
expressions results, suggesting that the caspase-3, -8 and -9 were activated by the fumigaclavine C
at both protein and gene levels. This clear activation of caspase-3, -8 and -9 may be involved in the
induction of apoptosis.
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Figure 6. Effect of fumigaclavine C treatment on protein and gene expression in the
apoptotic signaling cascade. (A) and (B) Protein and gene expressions of Bcl-2 family
proteins in MCF-7 cells treated with fumigaclavine C. (C) and (D) effect of
fumigaclavine C on the protein and gene expressions of caspase-3, -8, and -9 in
MCF-7. Each value is expressed as the mean ± SD of triplicate experiments. *p < 0.05
as compared with blank groups.
A

B

C

D

2.14. Effect of Fumigaclavine C on Cytochrome C and Apaf-1 Protein Expression in MCF-7 Breast
Cancer Cells
In order to examine whether the activities of casapase-3 and caspase-9 were initiated due to
mitochondrial release of cytochrome C and Apaf-1, the MCF-7 cells were exposed to
fumigaclavine C in different concentrations (20 ȝM, 40 ȝM, and 60 ȝM). As shown in Figure 7A,
we observed an increase of cytochrome C and Apaf-1 in the cytosolic fraction of fumigaclavine C
treated MCF-7 cells. Mitochondrial release of cytochrome C and Apaf-1 resulted in the activation
of caspase-9-mediated apoptosis.
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Figure 7. Protein expression levels of cell survival signaling molecules of MCF-7 cells.
(A) Western blot analysis of the expression of cytochrome C and Apaf-1 in MCF-7
cells by fumigaclavine C. After incubation for 24 h, cell lysates were collected from
tread and the same amount of proteins were subjected to Western blot using antibodies
specific for cytochrome C and Apaf-1. ȕ-actin was used as an internal standard. (B)
Protein expressions of p50, p65, and IKK in MCF-7 cells by fumigaclavine C. Western
blot analysis confirmed that the p50, p65, and IKK protein levels were down-regulated.
MCF-7 cells were grown at 5 × 105 cells/dish and treated with different
concentrations of fumigaclavine C. The antibody bindings were detected by enhanced
chemiluminescence reagent using luminoimager. Each value was expressed as the
mean ± SD of triplicate experiments. * p < 0.05 as compared with blank groups.
A

B

2.15. Effect of Fumigaclavine C on p50, p65 and IKK Expression in MCF-7 Breast Cancer Cells
Transcription factor NF-țB (p50 and p65) is generally localized in the cytoplasm with its
inhibitor IțB kinase (IKK). We investigated whether fumigaclavine C is associated with the
inhibition of the activation of NF-țB and the NF-țB-dependent genes. The treatment with different
concentrations (20 ȝM, 40 ȝM, and 60 ȝM) of fumigaclavine C inhibited the expression levels of
p50 and p65 in a dose-dependent manner at transcriptional levels (Figure 7B). Down-regulation of
IKK and up-stream activating kinases of NF-țB was also observed. Fumigaclavine C strongly
suppressed NF-țB and IKK activation and this might have also been involved in the initiation
of apoptosis.
2.16. Computational Modeling of the Fumigaclavine C Apoptosis Activity
The compound of fumigaclavine C was docked at the active site of the crystal structure of
apoptosis regulator Bcl-2 (2w3L-Apoptosis). The computational docking study results are
presented in Figure 8A,B. The schematic 2D plot shows intermolecular interactions of the
representative fumigaclavine C with 2w3L-Apoptosis (Figure 8B). The nitrogen atoms of
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fumigaclavine C show an ionic interaction with GLU95 (2w3L-Apoptosis). The data show that
fumigaclavine C has the lowest estimated (est.) energy of binding (í6.97) and est. inhibition
constant (Ki = 7.75 M) (Table 1), which is necessary for a strong interaction. In the binding mode
(fumigaclavine C to 2w3L-Apoptosis), GLU95 residues in Bcl-2 were responsible for the hydrogen
bonding and GLU95 alone was expected to make a polar interaction with fumigaclavine C. A
hydrophobic interaction was the major interacting force brought up by MET74, LEU78, VAL92,
LEU96, and PHE112 amino acid residues. The experimental results suggest that the fumigaclavine
C can bind to the cleft of 2w3l-Apoptosis and interact with the key active-site residues GLU95,
which can result in induced apoptosis activity.
Figure 8. (A) The binding mode between Fumigaclavine C and 2w3l-Apoptosis. The
interacting side chains of 2w3l-Apoptosis are displayed in surface mode.
Fumigaclavine C is represented using balls and stick. The atoms of fumigalavine C are
color-coded as follows: O, red; N, blue; C, green; H, white. (B) Schematic 2D plot
showing intermolecular interactions.
A

B

Table 1. Docking results (fumigaclavine C was docked at the crystal structure of
apoptosis regulator (2w3L-Apoptosis)).
Electrostatic

Total Internoiec.

of Binding

Constant, Ki

desolv Energy

Energy

Energy

1

í6.97 kcal/mol

7.75 ȝM

í6.74 kcal/mol

í0.92 kcal/mol

í7.66 kcal/mol

40%

690.553

2

í6.60 kcal/mol

14.57 ȝM

í7.24 kcal/mol

í0.11 kcal/mol

í7.35 kcal/mol

10%

671.602

3

í6.56 kcal/mol

15.59 ȝM

í7.06 kcal/mol

í0.23 kcal/mol

í7.29 kcal/mol

10%

671.075

4

í6.34 kcal/mol

22.62 ȝM

í6.78 kcal/mol

í0.29 kcal/mol

í7.07 kcal/mol

30%

650.265

5

í5.85 kcal/mol

51.78 ȝM

í6.26 kcal/mol

í0.30 kcal/mol

í6.55 kcal/mol

10%

639.255

Rank

Est. Free Energy

Est. Ingibition vdW + Hbond +

Frequency

Interact
Surface
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3. Discussions
Apoptosis is a programmed cell death mechanism recognized as a vital process in the
regulation of tissue development and homeostasis, and a highly conserved mechanism throughout
evolution [16,17]. Homeostasis between cell death and cell proliferation is required to maintain a
normal state in all tissues [18,19]. The present study was designed to determine the anti-proliferative
and apoptotic effects of fumigaclavine C isolated from a marine-derived fungus, Aspergillus
fumigatus, on MCF-7 human breast cancer cells.
In recent years, interest in bioactive ingredients of marine fungi has been growing rapidly, as
most of the fungal derived compounds are capable of inhibiting the growth and proliferation of
cancer cells [20]. As shown in Figure 1B, fumigaclavine C showed significant cytotoxicity towards
MCF-7 breast cancer cells and arrested progression of cell cycle at the G1 level inducing apoptosis
in the cell. Even though similar cytotoxicity studies of effects of this compound on other cell
lines have not been reported in the literature, Ge and colleagues [10] showed that
9-deacetylfumigaclavine C and 9-deacetoxyfumigaclavine C, which have a close similarity to
fumigaclavine C in structure, have potent cytotoxicity towards human leukemia (K562), human
nasopharynyeal epidermoid tumor (KB), and human breast adenocarcinoma (MCF-7) cells.
Furthermore, previous studies have reported that fumigaclavine C acts against Con A-induced
hepatitis in mice by inhibiting T cell proliferation, adhesion and TNF-Į production [14]. Hence, it
may be expected that fumigaclavine C might have more or less similar cytotoxic effects on other
cancer cell lines. Moreover, Du and colleagues revealed that the compound does not exert any
detectable cytotoxicity on RAW 264.7 cells at concentrations up to 100 ȝM [21]. These findings
indicate that fumigaclavine C shows a selective toxicity towards cells, which is an interesting
characteristics in chemo preventive agents, as most potent cytotoxic compounds result in several
side effects due to lack of selectivity.
Here, we show that fumigaclavine C induces apoptosis in MCF-7 cells while inhibiting
expression of relevant matrix metalloproteases (MMPs). Anti-apoptotic actions along with
inhibition of MMP expression depend on the activation of the MAPK signaling pathway [22].
Several studies have shown that MMPs promote tumor proliferation and migration and therefore an
anti-cancer compound with MMP inhibitory activity provides added advantage in
chemoprevention. It has been found that metalloproteinase MMP-2 is responsible for increased
invasiveness while MMP-9 expression in carcinoma cells offers survival advantage [23]. Our data
clearly demonstrates that fumigaclavine C can inhibit MMP-2 and -9, which are known to be
highly expressed in invasive cancer cells while suppressing the survival of cancer cell. A number of
articles have shown that the MAPK signaling pathways play a considerable role in MMP
expression and apoptosis related to cancer signaling cascades [24–28]. The results indicate that the
inhibitory effect of fumigaclavine C on cell mobility, invasion and MMP-2, -9 expressions are due
to the compound-mediated suppression of phosphorylation of the MAPK signaling molecules ERK,
JNK and p38.
Tumor suppressor gene p53 plays an essential role in cell death and apoptosis [29]. When MAP
kinases are activated, they function as effector protein kinases to phosphorylate a number of
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substrates including p53. The p53 is the up-stream molecule of cyclin dependent kinase inhibitor
p21, and leads to many changes in cells such as cell growth differentiation and apoptosis [30,31].
Therefore, the p53 family was examined to determine apoptotic mechanisms in MCF-7 cells.
Treatment with fumigaclavine C induced the up-regulation of cyclin dependent kinase inhibitor p21
as well as the down-regulation of cyclin B1, cyclin E, CDK2 and CDK4 levels.
Interestingly, recent findings have revealed that MAPK inhibitory compounds have a high
potential to strengthen their apoptotic activity via regulating Bcl-2 family proteins,
phosphatidylinositol PI3K/Akt and nuclear factor kappa B (NF-țB) [32,33]. Akt is an up-stream
signaling intermediate molecule of NF-țB dependent cell survival gene expression, and activation
of NF-țB and subsequent signaling molecules plays an important role in tumor cell growth, cell
proliferation, tumor cell invasion and survival [34–36]. Inhibition of NF-țB activity has been
identified as an apoptotic stimulus in a number of human cell lines [37]. NF-țB activation requires
phosphorylation of IțBĮ by IțB kinases (IKKs). IțBĮ phosphorylation targets IțBĮ for
ubiquitination and proteolytic degradation, releasing p50-p65 heterodimers to migrate into the
nucleus and activate transcription [38,39]. In our results, it was clear that fumigaclavine C potently
inhibited the activation of NF-ԕB and responsible gene expressions. A previous study reported a
similar result, i.e., that MMP-2 inhibitory apigenin isolated from Anisomeles indica showed a
significant inhibition of NF-ԕB activation in MCF-7 cells [40].
Bcl-2 family proteins including Bcl-xl and pro-apoptotic members Bax and Bad are the most
important regulators of apoptosis, and the activation of the signaling partly depends on the Akt-NF-ԕB
activation. The results indicated that fumigaclavine C markedly reduced the expression of
anti-apototic protein Bcl-2 and Bcl-xl while upregulating Bax and Bad expressions. In the
literature, it could be found that many indole alkaloid induced apoptosis in cancer cells by
down-regulating apoptotic Bcl-2 family proteins in a NF-ԕB-dependent manner [41,42]. In
addition, many researchers have found that Bcl-2 protein is a promising small molecular anticancer
target because active compounds that can bind to hydrophobic surface pockets in Bcl-2 protein can
promote apoptosis. A computational docking study was performed to evaluate the affinity of
fumigaclavine C to Bcl-2 protein. In the field of molecular modeling, docking is a method which
predicts the preferred orientation of one molecule to a second when bound to each other to form a
stable complex. Docking is frequently used to predict the binding orientation of small molecular
drug candidates to their protein targets in order to predict the affinity and activity of the small
molecule. Hence docking plays an important role in the rational design of drugs [43]. Interestingly,
our molecular docking study showed that fumigaclavine C had a comparatively high capacity to
bind with GLU95 (2w3L-Apoptosis) having the lowest est. energy of binding (í6.97) and est.
inhibition constant (Ki = 7.75 M). This might be the reason why fumigaclavine C showed a
considerably high apoptotic effect on MCF-7 cells. Several findings support this argument showing
that small molecules such as tetrocarcin A and antimycin A may have the ability to recognize
surface pockets of Bcl-2 and Bcl-xl, respectively, and expedite apoptosis [44].
Activation of caspases is affected by Bcl-2 family proteins, which play a central role in the
mitochondrial apoptosis pathway [45,46]. Apoptosis is induced via two main pathways involving
either the mitochondria (the intrinsic pathway) or the activation of death receptors (the extrinsic
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pathway). Both pathways converge to induce the activation of caspases, the final executioners of
cell death [47]. Caspases play essential roles in cells for apoptosis and have been termed
"executioner" proteins for their roles in the cell [48]. The apoptosome is a multiprotein complex
comprising cytochrome C, Apaf-1, and caspase-9 that functions to activate caspase-3, down-stream
of the mitochondria apoptosis pathway in response to apoptotic signals. Binding of cytochrome C
and dATP to Apaf-1 in the cytosol leads to the assembly of a heptameric complex in which each
Apaf-1 subunit is bound non-covalently to a pro-caspase-9 subunit via its respective CARD
domains [49]. Caspase-9 is activated very early in the apoptotic cascade by cytochrome C, which is
released from the mitochondria in response to apoptotic stimuli [50]. Activated caspase-9 then
initiates the proteolytic activity of other down-stream caspases such as caspase-3. The results of
this study indicate that fumigaclavine C induces executor caspases-3, -8 and -9 leading to
apoptosis. The western blot analysis may suggest that activation of apoptotic caspases is mainly
due to induced expression of apoptotic Bax and Bid proteins, which leads to the mitochondrial cell
death pathway. As showed in the data reducing the expression of Bcl-2 promotes the activity of
Bax and Bak that mediate apoptosis by triggering destabilization of the mitochondrial membrane
and consequently release the cytochrome c from the mitochondria to the cytosol. The release of
cytochrome c is the leading factor for the higher expression of apoptotic caspases, which was
manifested in our data after treatment with fumigaclavine C [45]. Furthermore, the result was
con¿rmed by characteristic patterns of DNA fragmentation and cell cycle arrest.
4. Materials and Methods
4.1. Materials
Aspergillus fumigatus was isolated from the surface of marine green algae, collected at
Seosaeng-myeon, Ulsan in the Republic of Korea in 2009. The fungal strain was cultured in YPG
medium (1% yeast extract, 2% peptone, 10% glucose, 60% seawater, and 40% distilled water), and
the fungal strain stored in 10% glycerol with the YPG medium at í78 °C for further experiments.
4.2. Chemicals
Extraction of the bioactive compound from Aspergillus fumigatus was performed using the
extraction unit (Dongwon Scientific Co, Seoul, Korea). Silica gel 60 (230–400 mesh, Merck
KGaA, Darmstadt, Germany), sephadex LH-20 (Sigma, St. Louis, MO, USA), YMC gel ODS-A
12 nm S-150 m (YMC Co. Ltd., Kyoto, Japan) and thin-layer chromatography (TLC) plates
(Kieselgel 60 F254, 0.25 mm, Merck KGaA, Darmstadt, Germany) were used for column
chromatography and analytical TLC, respectively. The culture medium: Yeast extract (Lab M
Limited, Lancashire, UK), peptone (Lab M Limited, Lancashire, UK), D-(+)-glucose (Yakuri,
Sendai, Japan), agar powder (Lab M Limited, Lancashire, UK), glycerol (Sigma, 99%, St. Louis,
MO, USA), penicillin G (Sigma, St. Louis, MO, USA). Organic solvent: n-hexane, EtOAc,
CH2Cl2, MeOH, (Duksan Pure Chemical, Ansan-si, Korea, 99.5%) were used for the extraction.
Coloring reagent used for visualization of TLC was Ce(SO4)2 (Sigma, St. Louis, MO, USA). 1H
NMR (400 MHz) and 13C NMR (100 MHz) spectra were recorded on a JEOL JNM-ECP 400 NMR
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spectrometer (JEOL, Tokyo, Japan), using the CD3OD (3.34 ppm in 1H and 49.86 ppm in 13C
NMR) solvent peak as an internal reference standard. Mass spectra were recorded on a JEOLJMS700 spectrometer (JEOL).
4.3. Extraction and Isolation
The fungal strain was cultured in YPG medium (1% yeast extract, 2% peptone, 10% glucose,
4% agar, 60% seawater, and 40% distill water). Further culturing for extraction of metabolites was
completed on YPG broth which was inoculated with 20 mL of fungal spore into 1 L long-neck flat
bottom flask. The fungus was cultured (30 L) at 25 °C pH 7.6 in YPG medium for 30 days. The
culture broth was extracted (2.3 g) with EtOAc (1:1.5 v/v, 1:1 v/v, broth–EtOAc) two times. The
extract was fractionated by silica gel flash chromatography (n-hexane:EtOAc and CH2Cl2:MeOH)
to generate five fractions. Final purification of each fraction was performed using ODS column
chromatography (H2O:MeOH), followed by HPLC (YMC ODS-A, MeOH) and obtained
fumigaclavine C (15.8 mg ) as a pure compound.
4.4. Cell Culture
Human breast cancer cells MCF-7 were obtained from American Type Culture Collection
(ATCC). The cells were routinely grown in Dulbecco’s modified Eagle’s medium (Gibco, New
York, NY, USA) supplemented with 10% FBS (Gibco, New York, NY, USA), 100 ȝg/mL
penicillin, 100 ȝg/mL streptomycin, at 37 °C in humidified incubator under 5% CO2. For
experiments, cells were passaged at least for 5 times and detached with trypsin-EDTA.
4.5. Cell Viability (MTT) Assay
Cytotoxicity levels and anti-proliferative effects of the isolated compound from Aspergillus
fumigatus on MCF-7 cells were measured using MTT (3-(4,5-dimethyl-2-yl)-2,5-diphenyltetrazoliumbromide) assay as described by Carmichael et al. [51]. In the testing, MCF-7 cells were
cultured in 96-well plates at a density of 5 × 103 cells/well. After incubation for 24 h, cells were
washed with fresh medium and were treated with different concentrations of fumigaclavine C.
After 24 h or 36 h, 100 ȝL of MTT (0.5 mg/mL, final concentration) solution was added to each
well and incubated for another 4 h at 37 °C under 5% CO2. The MTT solution was removed and
DMSO (100 ȝL) was added to each well. The amount of formazan salt was determined by
measuring the OD at 570 nm wavelength by GENios® microplate reader (Tecan Austria GmbH,
Grödig, Austria). The data were expressed as means of at least three independent experiments.
Each value was expressed as the mean ± SD of triplicate experiments.
4.6. Cell Migration and Invasion Assay
The migration and invasion assay was performed using a 24-well transwell chamber with
polyvinylpyrrolidone-free polycarbonate membranes (8 ȝm pore size) as previously reported [52].
For migration assay, 200 ȝL cells (2.5 × 105/mL in serum-free medium) were placed in the upper
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compartment of the migration chamber and placed in 750 ȝL culture medium (with 10% FBS) in
the lower chamber. The transwell was placed into the lower chamber to incubate at 37 °C in 5%
CO2 for 12 h. Then it was incubated in a FBS-free medium containing 0.2% BSA in the presence or
absence of various concentrations (20 ȝM, 40 ȝM, and 60 ȝM) of fumigaclavine C, dissolved in
10% DMSO for 36 h at 37 °C. In 5% CO2, the invasive cells attached to the lower surface of the
inserted membrane and were ¿xed with 4% formaldehyde, methanol and stained with 0.5% crystal
violet for 10 min [53]. After incubation, the filter inserts were removed from the wells, and the
cells on the upper side of the filter were removed using cotton swabs. For the invasion assay, cells
were measured in 24-well matrigel-coated (BD, New Jersey, NJ, USA) invasion chambers, other
experiment steps were done with same with migration assay. Finally, the migrating and invading
cells were observed with an optical microscope (Leica Microsystems Wetzlar GmbH, Wetzlar,
Germany) at 100× magnification and the number of cells in four randomly selected microscopic
bright fields per membrane was counted.
4.7. Hoechst 33258 Staining Assay
MCF-7 cells were cultured in 24-well plates at a density of 2 × 105 cells/well. After the cells
were treated with fumigaclavine C for 24 h, cells were ¿xed with 3.7% formaldehyde in PBS at
room temperature for 20 min, the formaldehyde was aspirated and the cells were washed three
times with PBS, cold (í20 °C) methanol (100%) was added and then left at room temperature for
20 min, then stained with Hoechst 33258 (0.12 ȝg/mL), and then subjected to fluorescence microscopy.
4.8. Cell Cycle Assay
Cell cycle analyses were performed on propidium iodide-stained nuclei by using CellQuest
software on a FACSCalibur flow cytometer (Becton-Dickinson Biosciences, San Jose, CA, USA).
MCF-7 cells were cultured in six-well plates at a density of 5 × 105 cells/well. After the cells were
treated with fumigaclavine C for 36 h, cells were harvested by trypsinizing, pelleted by
centrifugation for 5 min at 1000 rpm, and 1 × 106 cells were resuspended in 0.5 mL ice cold PBS.
Cells were then fixed by drop-wise addition to 70% ice-cold ethanol and stored overnight at 4 °C.
The cell pellet was then resuspended in 0.5 mL staining solution containing 50 g/mL of RNase A
(Sigma, St. Louis, MO, USA) in 0.1% Triton X-100 and 100 g/mL of propidium iodide
(Molecular Probes, Eugene, OR, USA). Data were analyzed by single histogram statistics as
described [54].
4.9. DNA Laddering Assay
DNA was isolated according to the method described by Shinzawa et al. [55]. Briefly, MCF-7
cells (1 × 106 cells/mL) were cultured in 10 cm2 culture disks for 24 h and treated with different
concentrations (20 ȝM, 40 ȝM, and 60 ȝM) of fumigaclavine C. The amount of 1 × 106 cells/mL
was incubated with the tail lysis buffer (20 ȝg/mL of protease K, 1 mM of Tris pH 8.0, 100 mM of
NaCl, 10 mM of EDTA, and 0.5% of SDS) for 24 h at 37 °C. Chromosomal DNA was obtained by
phenol/chloroform/isoamyl alcohol (25:24:1) extraction and ethanol (100%) precipitation. The
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samples in TE solution (10 mM of Tris-HCl (pH 8.0) and 1 mM of EDTA) with 1 ȝg/mL of RNase
A were incubated for 1 h at 37 °C. Ten micrograms of DNA from each sample were subjected to
electrophoresis on 1.5% agarose gel for 2 h at 100 V and the gel stained with 1 mg/mL ethidium
bromide and visualized by UV light using AlphaEase gel image analysis software (Alpha Innotech,
Santa Clara, CA, USA).
4.10. Reverse Transcription-PCR (Polymerase Chain Reaction)
The total RNA from the MCF-7 cell line cultured in 10 cm dishes for 36 h was isolated using
Trizol reagent (Invitrogen Co., Carlsbad, CA, USA) according to the supplier’s protocol and
measured at 260 nm. In brief, 2 ȝg of total RNA was used to synthesize first-strand cDNAs with a
kit (Promega, Madison, WI, USA), which synthesis cDNA with long mRNA templates (>5 kb) [56].
PCR was then carried out in 50 ȝL of reaction volumes containing RNA PCR buffer, 2.5 mM
MgCl2, 0.2 ȝM of each primer, and 2.5 units of Taqpolymerase. Samples were pre-denatured at
94 °C for 4 min, followed by amplification at 94 °C for 1 min, at 55 °C for 30 s, and at 72 °C for 1 min
for 30 cycles, followed by a final 10 min extension step at 72 °C. The primers for ȕ-actin were
forward primer 5ƍ-AGC-CAT-GTA-CGT-AGC-CAT-CC-3ƍ and reverse primer 5ƍ-TCC-CTCTCA-GCT-GTG-GTG-GTG-AA-3ƍ; the primers for MMP-2 were forward primer 5ƍ-CAC-CTACAC-CAA-GAA-CTT-C-3ƍ and reverse primer 5ƍ-AAC-ACA-GCC-TTC-TCC-TCC-TG-3ƍ; the
primers for MMP-9 were forward primer 5ƍ-TTG-AGT-CCG-GCA-GAC-AAT-CC-3ƍ and reverse
primer 5ƍ-CCT-TAT-CCA-CGC-GAA-TGA-CG-3ƍ; the primers for caspase-3 were forward primer
5ƍ-GAA-CTG-GAC-TGT-GGC-ATT-GA-3ƍ and reverse primer 5ƍ-TGT-CGG-CAT-ACT-GTTTCA-GC-3ƍ; the primers for caspase-8 were forward primer 5ƍ-CAT-CCA-GTC-ACT-TTG-CCAGA-3ƍ and reverse primer 5ƍ-GCA-TCT-GTT- TCC-CCA-TGT-TT-3ƍ; the primers for caspase-9
were forward primer 5ƍ-TGG-ACG-ACA-TCT-TTG-AGC-AG-3ƍ and reverse primer 5ƍ-GCAAGA-TAA-GGC-AGG-GTG-AG-3ƍ; the primers for Bax were forward primer 5ƍ-TGC-CAGCAA-ACT-GGT-GCT-CA-3ƍ and reverse primer 5ƍ-GCA-CTC-CCG-CCA-CAA-AGA-TG-3ƍ; the
primers for Bcl-2 were forward primer 5ƍ-CGC-ATC-AGG-AAG-GCT-AGA-GT-3ƍ and reverse
primer 5ƍ-AGC-TTC-CAG-ACA-TTC-GGA-GA-3ƍ; the primers for p53 were forward primer 5ƍGCG-CAC-AGA-GGA-AGA-GAA-TC-3ƍ and reverse primer 5ƍ-CTC-TCG-GAA-CAT-CTCGAA-GC-3ƍ; the primers for p21 were forward primer 5ƍ-CTG-TCA-CAG-GCG-GTT-ATG-AA-3ƍ
and reverse primer 5ƍ-TGT-GCT-CAC-TTC-AGG-GTC-AC-3ƍ. Polymerase chain reaction
products electrophoresed on 1.5% argarose gels were visualized by ethidium bromide staining and
quantified using AlphaEase® gel image-analysis software (Alpha Innotech, San Leandro, CA, USA).
4.11. Western Blot Analysis
Western blotting was performed according to standard procedures [57]. A total amount of 1 ×
106 of MCF-7 cells was treated with different concentrations (20 M, 40 M, and 60 M) of the
fumigaclavine C. The cells were lysed in RIPA lysis buffer containing 50 mM Tris-HCl (pH 7.5),
0.4% Nonidet P-40, 120 mM NaCl, 1.5 mM MgCl2, 2 mM phenylmethylsulfonyl fluoride,
80 g/mL of leupeptin, 3 mM NaF and 1 mM DTT at 4 °C for 30 min. Cell lysates (about 20 ȝg of
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total proteins) were resolved on a 4%–20% SDS-page gel, electrotransferred onto a nitrocellulose
membrane and blocked with 5% (w/v) non-fat dry milk in Tris-buffered saline and 0.1% Tween 20
for 1 h at room temperature. Different antibodies (Santa Cruz Biotechnology, Inc., Dallas, TX,
USA) were used to detect the respective proteins using a chemiluminescent ECL assay kit
(Amersham Pharmacia Biosciences, Buckinghamshire, UK), according to the manufacturer’s
instructions. Blots were visualized using an LAS3000® Luminescent image analyzer and protein
expression was quantified by MULTI GAUGE V3.0 software (Fujifilm Life Science, Tokyo, Japan).
4.12. Docking Calculations
Docking calculations were carried out using DockingServer [58]. The MMFF94 force field was
used for energy minimization of ligand molecule (Fumigaclavine C) using DockingServer [59].
Gasteiger partial charges were added to the ligand atoms. Non-polar hydrogen atoms were merged
and rotatable bonds were defined.
Docking calculations were carried out on the crystal structure of apoptosis regulator Bcl-2
(2w3L-Apoptosis) protein model. Essential hydrogen atoms, Kollman united atom type charges,
and solvation parameters were added with the aid of AutoDock tools. Affinity (grid) maps of
20 × 20 × 20 Å grid points and 0.375 Å spacing were generated using the Autogrid program [60].
AutoDock parameter set- and distance-dependent dielectric functions were used in the calculation
of the van der Waals and the electrostatic terms, respectively.
Docking simulations were performed using the Lamarckian genetic algorithm (LGA) and the
Solis & Wets local search method [61]. Initial position, orientation, and torsions of the ligand
molecules were set randomly. Each docking experiment was derived from 10 different runs that
were set to terminate after a maximum of 250,000 energy evaluations. The population size was set
to 150. During the search, a translational step of 0.2 Å, and quaternion and torsion steps of five
were applied.
5. Conclusions
In summary, it was found in this study that fumigaclavine C isolated from a marine-derived
fungus, Aspergillus fumigatus, shows potent anti-cancer activity. In vitro screening in MCF-7
human cancer cells showed that the compound induced apoptosis in the cells most probably via
PI3/Akt and NF-țB signaling which lead to the activation of the mitochondrial cell death pathway.
Moreover, the correlative mechanisms behind the anti-proliferation and apoptosis induction of
fumigaclavine C were studied in detail (Figure 9). Collectively, it could be suggested that
fumigaclavine C could be developed as potential therapeutic candidate in the treatment of
breast cancer.
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Figure 9. Fumigaclavine C-induced apoptosis in MCF-7 breast cancer cells through the
mitochondrial pathway.
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Palmitic Acid and Ergosta-7,22-dien-3-ol Contribute to the
Apoptotic Effect and Cell Cycle Arrest of an Extract from
Marthasterias glacialis L. in Neuroblastoma Cells
David M. Pereira, Georgina Correia-da-Silva, Patrícia Valentão, Natércia Teixeira and
Paula B. Andrade
Abstract: We describe the effect of a chemically characterized lipophilic extract obtained from
Marthasterias glacialis L. against human breast cancer (MCF-7) and human neuroblastoma
(SH-SY5Y) cell lines. Evaluation of DNA synthesis revealed that both cell lines were markedly
affected in a concentration-dependent way, the SH-SY5Y cell line being more susceptible. Cell
cycle arrest was observed, an effect induced by the sterol, ergosta-7,22-dien-3-ol, present in the
extract. Morphological evaluation of treated cells showed the advent of lipid droplets and
chromatin condensation compatible with apoptosis, which was confirmed by the evaluation of
caspase-3 and -9 activities. Palmitic acid was the main compound responsible for this apoptotic
effect by a ceramide-independent mechanism that involved endoplasmic reticulum (ER)-stress with
upregulation of CCAAT/-enhancer-binding protein homologous protein (CHOP).
Reprinted from Mar. Drugs. Cite as: Pereira, D.M.; Correia-da-Silva, G.; Valentão, P.; Teixeira, N.;
Andrade, P.B. Palmitic Acid and Ergosta-7,22-dien-3-ol Contribute to the Apoptotic Effect and
Cell Cycle Arrest of an Extract from Marthasterias glacialis L. in Neuroblastoma Cells. Mar. Drugs
2014, 12, 54-68.
1. Introduction
Nature is an indisputable source of drugs for the human pharmacotherapeutical arsenal [1–3]. In
recent years, marine-derived drugs have received great attention, with a steady increase in the
number of molecules in clinical trials [4–7].
The chemical composition of Marthasterias glacialis L. has been described before, and amino
acids, fatty acids, carotenoids and sterols have been identified [8–10]. In addition, the effect of a
purified extract upon several human cancer and non-cancer cells was reported [8,11], though the
mechanism responsible for the anticancer activity has not been investigated.
Nowadays, there has been increasing awareness regarding the role of the endoplasmic reticulum
(ER) in the homeostasis of the cell. When ER homeostasis is disturbed, the unfolded protein
response (UPR) can be activated, and the associated ER stress is known to be the basis of several
cellular aggressions, namely apoptosis. In order to monitor ER status, three stress sensor proteins
are known: double-stranded RNA-dependent protein kinase PKR-like ER kinase (PERK), inositolrequiring 1Į (IRE1Į) and activating transcription factor 6 (ATF6). In the particular case of PERK,
its active form phosphorylates eIF2, which inhibits protein translation. In this branch of UPR, the
DNA-damage-inducible gene 153 (GADD153), also known as C/EBP homologous protein (CHOP,
a member of the C/EBP transcription factor family that heterodimerizes with other C/EBPs), is
upregulated, and for this reason, it is a widely used marker of ER-stress [12–14]. Increased levels
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of CHOP have been associated with pro-apoptotic effects in several cancer cell lines, an effect
attributed to CHOP-mediated repression of BCL2 gene family.
In this work, we evaluated the activity of a purified lipophilic extract from M. glacialis on the
cancer cell lines, MCF-7 (estrogen receptor positive human breast cancer cells) and SH-SY5Y
(human neuroblastoma cells), and investigated the mechanism involved in cell death and cell cycle
arrest. The contribution of the main compounds present in the extract (20 M palmitic acid, 30 M
cis 11-eicosenoic acid, 10 M cis 11,14-eicosadienoic acid and 25 M ergosta-7,22-dien-3-ol)
is discussed.
2. Results and Discussion
2.1. Screening of M. glacialis Lipophilic Extract Effect on Cell Morphology and DNA Synthesis
We evaluated the effect of a broad range of concentrations (78–625 g/mL) of M. glacialis
lipophilic extract in DNA synthesis. As shown in Figure 1, the extract caused a concentration-dependent
reduction of DNA synthesis in both cell lines. However, in neuroblastoma cells, the effect was
stronger and time-independent, while in MCF-7, it was time-dependent. These results are in line
with previous reports that point to a similar behavior with regards to cell viability [11]. The lowest
concentrations that elicited a biological effect were selected for morphological studies, 156 and
312 g/mL for the SH-SY5Y and MCF-7 cell lines, respectively.
Figure 1. Rate of DNA synthesis in MCF-7 and SH-SY5Y cells treated with the extract
(78–625 g/mL for 24 or 48 h) by the 3H-thymidine incorporation assay. The results
correspond to the mean ± standard deviation of three independent experiments
performed in triplicate.

[Extract] g/mL

[Extract] g/mL

Several techniques were employed for the study of the effect of M. glacialis extract on
cytoplasmic and nuclear morphology. After incubation with the extract for 48 and 24 h, both
Giemsa and Hoechst 33342 stainings showed chromatin condensation in MCF-7 and SH-SY5Y,
respectively, the latter presenting structures compatible with apoptotic bodies (Figures 2 and 3). In
both cell lines, exposure to the extract resulted in cytoplasmic vesicles. Given the lipophilic nature
of the extract, we hypothesized that these vesicles could be the result of the accumulation of lipid
compounds in the cell. For this reason, Oil Red O staining was performed. As shown in Figures 2
and 3, Oil Red O successfully stained the cytoplasmic vesicles, which is compatible with lipid
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droplets. This result was further confirmed by transmission electron microscopy, which showed
that these structures displayed the homogeneous grey opacity commonly found in lipid-containing
organelles (Figure 2). By evaluating the effect of individual compounds on lipid droplets
accumulation, we found that cis 11,14-eicosadienoic acid was able to elicit a similar effect
regarding lipid vesicles in cytoplasm (data not shown), being likely responsible for the same effect
presented by the extract. However, we cannot rule out the possibility that the accumulation of lipids
in cytoplasm is related to the impact of these compounds in lipid metabolism. As the SH-SY5Y cell
line showed higher susceptibility and morphological changes, it was selected for subsequent studies.
Figure 2. Morphological assessment of MCF-7 cells (control vs. treatment, 48 h of
incubation). Giemsa and Hoechst 33342 stainings show chromatin condensation (red
and white arrows, respectively) following incubation with the extract. Cytoplasmic
vesicles, visible in Giemsa staining, proved to harbor lipophilic compounds, as shown
with Oil Red O staining and transmission electron microscopy (yellow arrows).
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Phase contrast
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Giemsa staining
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Figure 3. Morphological assessment of SH-SY5Y cells (control vs. treatment, 24 h of
incubation). Giemsa and Hoechst 33342 stainings show chromatin condensation and
fragmentation (red and white arrows). The advent of lipophilic cytosolic vesicles is
demonstrated by the Oil Red O staining.
Control
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Phase contrast
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2.2. Ergosta-7,22-dien-3-ol Is Responsible for Cell Cycle Arrest
In light of the results from the thymidine incorporation assay, we evaluated the impact of the
M. glacialis lipophilic extract and of the pure compounds that were present in higher amounts in
the extract on the neuroblastoma cells’ cell cycle. At a concentration of 156 g/mL, the purified
extract caused a G0/G1 arrest, which resulted in an increase of 10% of the number of cells in this
phase (Figure 4).
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Figure 4. Representative histograms of the effect of M. glacialis lipophilic extract and
pure compounds on SH-SY5Y cell cycle. The extract caused a cell cycle arrest in the
G0/G1 phase, an effect attributed to ergosta-7,22-dien-3-ol. Other major compounds
found in the extract had no appreciable effect. Results are expressed as the mean ± standard
deviation of three experiments. * p < 0.05; ** p < 0.01; *** p < 0.001 (vs. control). PA:
20 M palmitic acid; cis 11: 35 M cis 11-eicosenoic acid; cis 11,14: 10 M cis 11,14eicosadienoic acid; E-7,22: 25 M ergosta-7,22-dien-3-ol; combination: Palmitic acid +
cis 11-eicosenoic acid + cis 11,14-eicosadienoic + ergosta-7,22-dien-3-ol.
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In previous work, we have established the identity of major compounds and their concentrations
in the purified extract from M. glacialis [11]. At the working concentration of 156 g/mL, the
major candidates to exert a biological effect were palmitic acid (20 M), cis 11-eicosenoic acid
(30 M), cis 11,14-eicosadienoic acid (10 M) and ergosta-7,22-dien-3-ol (25 M). In order to
evaluate the compounds responsible for the cell cycle arrest capacity of the extract, these
compounds were evaluated individually and in combination after 24 h of incubation (Figure 4).
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None of the fatty acids tested showed significant effect in these values, while the sterol,
ergosta-7,22-dien-3-ol, was able to cause an effect similar to that of the extract. When all
compounds were tested in combination, similar values were found. Our data show that cell cycle
arrest caused by the extract can be mostly attributed to the sterol, ergosta-7,22-dien-3-ol.
2.3. Palmitic Acid Is Responsible for the Extract-Induced Ceramide-Independent Apoptosis via the
Intrinsic Pathway
In previous work, we have described the impact of the purified lipophilic extract from M.
glacialis in the cell density, viability and membrane integrity of SH-SY5Y cells [11]. At the
concentration of 156 g/mL, the extract elicited about 30% of a reduction in cell viability. Palmitic
acid was the likely candidate for this activity; however, the mechanism of action was not
investigated. In the work herein, we confirmed these results and showed that, apart from palmitic
acid, the other compounds had no impact on cell viability. When all compounds were tested in
combination, an inhibitory effect was found, albeit slightly lower than palmitic acid alone
(Figure 5).
Figure 5. Cell viability was evaluated following incubation with the compounds
present in the extract for 24 h. PA: Palmitic acid (20 M); Cis 11: cis 11-eicosenoic
acid (30 M); Cis 11,14: cis 11,14-eicosadienoic acid (10 M); E-7,22: Ergosta-7,22dien-3-ol (25 M); Combination: All compounds. Results are expressed as the
mean ± standard deviation of three experiments. *** p < 0.001 (vs. control).

The above-mentioned morphological findings, which included apoptotic bodies in the case of
SH-SY5Y cells, led us to confirm that apoptosis was taking place by evaluating the activity of
caspase-3/-7, and -9. After 24 h of incubation, the extract caused an increase of about 30% in both
caspase-3/-7 and -9 activity (Figure 6). While cis 11-eicosenoic and cis 11,14-eicosadienoic acids
and ergosta-7,22-dien-3-ol had no impact on caspases activity (data not shown), palmitic acid
elicited an increase in caspase-9 and -3/-7 activity of approximately 12 and 20%, respectively.
However, when all compounds were tested in combination, higher values, closer to those displayed
by the extract (18% and 25%, respectively), were found. Taken together, these results suggest that,
although palmitic acid is the main compound responsible for the pro-apoptotic activity of the
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extract, its effect is enhanced by the presence of the unsaturated fatty acids and sterol. The proapoptotic effect of palmitic acid has been described in several cell lines, the concentrations used
being highly dependent on cell type and as variable as 100 M [15] and 1 mM [16]. Although our
study does, indeed, use lower palmitate concentrations, it should be taken into account that the
values of caspase activation found were 12% and 20%, for caspase-9 and -3, respectively.
Figure 6. Caspase-3/-7 and -9 activity. Ext: 156 g/mL extract; PA: Palmitic acid
(20 M); Combination: PA (20 M) + cis 11-eicosenoic acid (30 M) + cis 11,14eicosadienoic acid (10 M) + ergosta-7,22-dien-3-ol (25 M). The results are expressed
as the mean ± standard deviation of three experiments. ** p < 0.01; *** p < 0.001
(vs. control).

Palmitic acid plays several physiological roles in cells, from energy production to structural
support in membranes. In addition, it can be the biosynthetic precursor of ceramide. Ceramide is an
intra-cellular lipid signaling molecule that is involved in several cellular processes, including
differentiation, growth arrest and apoptosis [17,18]. This process has been widely studied in
neuronal cells [19,20]. Ceramide can be synthesized from palmitic acid via the de novo pathway,
by the action of serine-palmitoyl transferase (SPT), and also from sphingomyelin, by the enzyme,
sphingomyelinase [21]. The importance of ceramide to the pro-apoptotic effects of palmitic acid is
still in discussion, and two distinct mechanisms are known: ceramide-mediated/caspase-3independent cell death and ceramide-independent/caspase-3-dependent apoptosis [20]. We
hypothesized that the high amount of palmitate in the purified extract could induce an increase of
intra-cellular levels of ceramide, thus explaining the pro-apoptotic effect of the extract. In order to
test this hypothesis, we evaluated the effect of two inhibitors of the key enzymes involved in the de
novo biosynthesis of ceramide: L-cycloserine and fumonisin B1. As shown in Figure 7, the
co-incubation of the extract with the two inhibitors had no significant impact on viability, and
hence, we can conclude that the effects of palmitic acid are ceramide-independent. Taken together,
these results show that the mechanism of cell death taking place is ceramide-independent and
caspase-dependent.
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Figure 7. Cell viability of SH-SY5Y cells treated with the extract (Ext, 156 g/mL) for
24 h. The ability of L-cycloserine (CSer, 500 M) and fumonisin B1 (FumB1, 50 M)
to prevent the extract-induced loss of viability was evaluated. Both inhibitors were not
cytotoxic. Results are expressed as the mean ± standard deviation of three experiments.
* p < 0.05 (vs. control).
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2.4. The Extract and Palmitic Acid Cause ER-Stress Involving CHOP
There has been increasing awareness regarding the role of the ER in the homeostasis of the cell.
In particular, ER stress is known to be the basis of several cellular aggressions, namely apoptosis.
In order to monitor ER status, several markers can be used. Nowadays, CHOP is widely used, due
to its downstream involvement in several pathways of ER stress, namely PERK-eIF2a-ATF4 and
ATF6 [12–14]. As can be found in Figure 8, incubation with the extract resulted in a marked
increase of CHOP levels. Palmitic acid has been associated with ER-stress and apoptosis via
ER-stress in pancreatic ȕ-cells [16], liver cells [22] and neuronal cells [23]. Given the presence of
this compound in the extract, it was also tested, and as seen in Figure 8, the CHOP protein levels
were also increased in palmitic acid-treated cells. However, we cannot rule out the possibility that
other compounds may contribute to the activity displayed or that other signaling pathways may also
be involved in the induction of apoptosis.
Figure 8. Effect of the extract (Ext, 156 g/mL) and palmitic acid (PA, 20 M) on the
expression of CHOP by Western blot.
Control

PA

Ext

CHOP (29 kDa)
ɴ-tubulin (55 kDa)

Nowadays, the link between ER stress and apoptosis has been established; however, the precise
mechanisms underlying this is not completely understood. Several studies suggest that
CHOP-triggered apoptosis is a result of the repression of the BCL2 gene family, thus favoring
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pro-apoptotic proteins, which ultimately leads to the activation of caspase-9 and, subsequently,
caspase-3. This result is in line with the caspase activation reported above, and for this reason, we
suggest that extract/palmitic acid-induced apoptosis is a consequence of ER-stress via the CHOP
pathway (Figure 9). Although, in this work, we studied the intrinsic pathway of apoptosis,
nowadays it is also known that, in some situations, CHOP can result in the activation of the
extrinsic pathway as a consequence of DR5 upregulation caused by the modulation of CHOP on
the promoter of this superfamily. Another player, caspase-12, has been implicated before in mice,
however the fact that most humans do not possess an active caspase-12 gene [24,25] hinders our
current understanding of its importance in ER-mediated apoptosis.
Figure 9. Proposed mechanism for the effect of the purified extract from M. glacialis.
The anti-proliferative effect is caused by ergosta-7,22-dien-3-ol, which triggers cell
cycle arrest. Palmitic acid is not involved in ceramide biosynthesis; instead, it causes
ER-stress, as depicted by the increase in CHOP expression levels. This protein then
triggers apoptosis by interacting with mitochondrial proteins. SPT: Serine palmitoyl
transferase; CERase: Ceramidase; SM: Sphingomyelin; SM synthase: Sphingomyelin
synthase; CS: Ceramide synthase; SMase: Sphingomyelinase; ER: Endoplasmic reticulum.
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3. Experimental Section
3.1. Reagents and Standards
Dulbecco’s Modified Eagle Medium (DMEM), trypsin, fetal bovine serum (FBS), phosphate
buffer saline (PBS), fungizone and penicillin were from GIBCO (Invitrogen, Warrington, UK). Oil
Red O, glutaraldehyde, p-formaldehyde, DNase-free RNase A, palmitic acid (99%), cis 11-eicosenoic
acid (99%), cis 11,14-eicosadienoic acid (98%), Triton X-100 and propidium iodide were from
Sigma-Aldrich (St. Louis, MO, USA). Thymidine was from PerkinElmer (Waltham, MA, USA).
Ergosta-7,22-dien-3-ol (98%) was from BioBioPha Co., Ltd (Yunnan, China). L-cycloserine,
fumonisin B1, CHOP and ȕ-tubulin primary antibodies, as well as anti-rabbit secondary antibody
were from Santa Cruz (Heidelberg, Germany).
3.2. Extract Preparation
M. glacialis individuals were collected in Cabo Carvoeiro, Portugal, in September, 2009.
Samples were frozen, transported to the laboratory, lyophilized (Labconco 4.5 Freezone apparatus,
Kansas, MO, USA) and powdered using an electric blender.
The lyophilized powder (15 g) was extracted with acetone:methanol (7:3), and the extract was
added to a separating funnel with 20 mL of an ether:hexane mixture (1:1). An equivalent volume of
5% NaCl was then added. The mixture was separated into two phases, and the aqueous hypophase
was collected and re-extracted with the ether:hexane mixture. The organic epiphases were then
collected, washed with water in order to remove traces of acetone and evaporated until dryness in a
rotary evaporator. All procedures were conducted at room temperature, and the final residue was
kept at í80 °C in an inert atmosphere (nitrogen).
3.3. Compounds Preparation
Stock solutions of all compounds were prepared in ethanol. Working concentrations were
prepared by diluting stock solutions with culture medium. Controls consisting of ethanol in culture
medium (0.1%–1%) were used in all cases.
3.4. Cell Culture
SH-SY5Y and MCF-7 cells were maintained in DMEM and MEM, respectively, with 10% FBS
and 1% penicillin/streptomycin. In the case of SH-SY5Y, the cell media was also supplemented
with 1% non-essential amino acids. All cells were grown in an incubator at 37 °C and 5% CO2.
3.5. Morphological Studies
For Giemsa staining cells were seeded at a density of 2 × 104 cells/well in 24-well plates. After
incubation with different concentrations of the extract, cells were washed twice with PBS and fixed
with cold methanol, at 4 °C, for 30 min. Diluted Giemsa dye (1:10) was then added and kept for
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20 min, after which cells were repeatedly washed and then mounted in DPX mountant
(Sigma-Aldrich, St. Louis, MO, USA).
Changes in nuclear morphology were studied by employing Hoechst 33342 staining. Cells were
fixed as described for Giemsa staining, but 4% p-formaldehyde was used as the fixing agent. Cells
were exposed to 0.5 mg/mL Hoechst 33342 for 20 min at room temperature and mounted in
Vectashield mounting medium. Preparations were examined under a fluorescence microscope
(Eclipse E400, Nikon, Japan), equipped with an excitation filter with maximum transmission at
360/400 nm, and processed by Nikon ACT-2U image software.
In order to study lipid bodies, methanol-fixed cells were rinsed with propylene glycol and
exposed to Oil Red O (0.7% in propylene glycol) for 7 min, with agitation. Oil red O solution was
removed, and 85% propylene glycol was added and maintained for 3 min, after which, cells were
washed with distilled water and mounted with aqueous mounting media.
For electron microscopy studies, cells were harvested by trypsinization after 24 and 48 h of
incubation with the extract, washed with phosphate buffer fixed with 1.25% glutaraldehyde/4%
p-formaldehyde and preserved at 4 °C for further processing. The cells were post-fixed in 1%
osmium tetroxide in the same buffer, dehydrated in graded alcohols and embedded in Epon 812.
Ultra-thin sections obtained with a Reichert Supra Nova ultra-microtome were collected on copper
grids, stained with uranyl acetate/lead citrate and examined in a Zeiss 902A transmission
electron microscope.
3.6. 3H-Thymidine Incorporation Assay
Cells were seeded in 96-well plates (2 × 104/well) and incubated with different concentrations of
extract. Incubations were maintained for 24–48 h, and for each exposure time, 3H-thymidine
(0.5 ȝCi) was added to each well and incubated at 37 °C in 5% CO2 for the last 8 h. After two
cycles of freezing/thawing, cells were harvested using a cell harvester (Skatron Instruments,
Brønnøysund, Norway), and a 1 mL scintillation cocktail was added. Incorporated 3H-thymidine
was determined in a scintillation counter (LS 6500, Beckman Instruments, Fullerton, CA, USA). Assays
were carried out in triplicate, and the results are representative of three independent experiments.
3.7. Cell Cycle Analysis
Cell cycle analysis was performed by flow cytometry. Cells were seeded in 6-well plates
(7 × 105/well) and cultured with or without extract at different concentrations or with the
compounds. After 24 h of treatment, cells were harvested using 0.25% trypsin in ethylenediamine
tetraacetic acid (EDTA), washed twice with PBS and fixed in 70% cold ethanol. Fixed cells were
finally re-suspended in 0.5 mL DNA staining solution (5 ȝg/mL iodide propidium [PI], 0.1%
Triton X-100 and 200 ȝg/mL DNase-free RNase A in PBS) and kept 30 min at room temperature,
in the dark.
Flow cytometric analysis of DNA content was based on the acquisition of 20,000 events in a
Becton Dickinson FACSCalibur (San Jose, CA, USA) equipped with CELLQuest Pro software.
Debris, cell doublets, sub-G1 population and aggregates were gated out using a two-parameter plot
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of FL-2-Area to FL-2-Width of PI fluorescence. Detectors for forward and side light scatter (FSC
and SSC, respectively) and the three fluorescence channels (FL-1, FL-2 and FL-3) were set on a
linear scale. Cell cycle histograms were analyzed using FlowJo Software (Tree Star, Inc., Ashland,
OR, USA). Assays were carried out in triplicate, and the results are representative of three
independent experiments.
3.8. Cell Viability
Cells were cultured in 96-well plates (2 × 104 cells/well) and allowed to attach for 24 h. Cells
were pre-incubated with the extract/compounds for 2 h, after which, lipopolysaccharide (LPS) was
added and further incubated for 24 h. After incubation, 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide (MTT) (0.5 mg/mL, final concentration) was added to each well and
incubated for 2 h at 37 °C. The formazan was dissolved by the addition of a dimethyl sulfoxide
(DMSO): isopropanol mixture (3:1) and quantified spectrophotometrically at 560 nm. The results
of cell viability correspond to the mean of three independent experiments performed in triplicate
and are expressed as the percentage of the untreated control cells.
3.9. Caspase-3/-7 and -9 Activity Assay
For the evaluation of caspase-3/-7 and -9 activity, the luminescent assay kits, Caspase-GloH 9,
and Caspase-GloH 3/7 (Promega Corporation, Fitchburg, WI, USA), were used. Cells were seeded
in white 96-well plates in the conditions reported above for MTT. As positive control, cells were
incubated with staurosporine (STS) (1 M) for 12 h. Luminescence was measured in a 96-well
Microplate Luminometer (BioTek Instruments) and presented as relative light units (RLU). Assays
were carried out in triplicate, and the results are representative of three independent experiments.
3.10. Western Blot
Cells were seeded in 6-well plates with a density of 3.5 × 105 cells/well. Cells were treated for
24 h with the extract or palmitic acid. After this period, cells were washed with PBS, scraped and
incubated with a lysis solution (20 mM Tris-HCl, 150 mM NaCl, 5 mM EDTA, 1% Triton) and a
protease inhibitors cocktail (1 mM 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF), 15 M
pepstatin A, 14 M E-64, 40 M bestatin, 20 M leupeptin and 0.8 M aprotinin) for 20 min on
ice. The solution was then centrifuged at 14,000 × g for 15 min; the supernatant was collected, and
protein content was determined by the Bradford method. Samples (40 g) were subjected to 10%
SDS-PAGE, and proteins were transferred onto nitrocellulose membranes and blocked for one hour
at room temperature with a solution of 5% non-fat milk in 0.1% Triton X-100. Overnight
incubation at 4 °C was performed with anti-CHOP (1:100) and anti-tubulin (1:1000) and, then, with
peroxidase-conjugated secondary antibody (1:3000) at room temperature for 1 hour. ȕ-Tubulin was
used as a loading control. Finally blots were subjected to a chemiluminescence detection kit (Super
Signal West Pico; Pierce, Rockford, IL, USA).
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4. Conclusions
In this work, we described the effect of a lipophilic extract obtained from M. glacialis against
the human cancer cell lines, MCF-7 and SH-SY5Y. Evaluation of DNA synthesis revealed that
both cell lines were markedly affected in a concentration-dependent way, the latter being more
susceptible. We showed that the extract was responsible for two distinct effects: cell cycle arrest
and apoptosis. We evaluated the contribution of the main compounds and demonstrated that while
ergosta-7-dien-3-ol was responsible for the cell cycle arrest, palmitic acid was responsible for the
apoptotic effect via the CHOP-mediated pathway of ER-stress. A proposed mechanism of the
activity displayed by the extract can be found in Figure 9.
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The Marine Fungal Metabolite, AD0157, Inhibits
Angiogenesis by Targeting the Akt Signaling Pathway
Melissa García-Caballero, Librada Cañedo, Antonio Fernández-Medarde, Miguel Ángel
Medina and Ana R. Quesada
Abstract: In the course of a screening program for the inhibitors of angiogenesis from marine
sources, AD0157, a pyrrolidinedione fungal metabolite, was selected for its angiosupressive
properties. AD0157 inhibited the growth of endothelial and tumor cells in culture in the
micromolar range. Our results show that subtoxic doses of this compound inhibit certain functions
of endothelial cells, namely, differentiation, migration and proteolytic capability. Inhibition of the
mentioned essential steps of in vitro angiogenesis is in agreement with the observed antiangiogenic
activity, substantiated by using two in vivo angiogenesis models, the chorioallantoic membrane and
the zebrafish embryo neovascularization assays, and by the ex vivo mouse aortic ring assay. Our
data indicate that AD0157 induces apoptosis in endothelial cells through chromatin condensation,
DNA fragmentation, increases in the subG1 peak and caspase activation. The data shown here
altogether indicate for the first time that AD0157 displays antiangiogenic effects, both in vitro and
in vivo, that are exerted partly by targeting the Akt signaling pathway in activated endothelial cells.
The fact that these effects are carried out at lower concentrations than those required for other
inhibitors of angiogenesis makes AD0157 a new promising drug candidate for further evaluation in
the treatment of cancer and other angiogenesis-related pathologies.
Reprinted from Mar. Drugs. Cite as: García-Caballero, M.; Cañedo, L.; Fernández-Medarde, A.;
Medina, M.Á.; Quesada, A.R. The Marine Fungal Metabolite, AD0157, Inhibits Angiogenesis by
Targeting the Akt Signaling Pathway. Mar. Drugs 2014, 12, 279-299.
1. Introduction
Angiogenesis, a physiological process involving the generation of new capillaries from
pre-existing vessels, is strictly controlled by a balance of stimulators and inhibitors, being restricted
in adults to some processes related to the reproductive cycle and wound repair. However,
angiogenesis is now widely recognized as one of the hallmarks of cancer, a crucial step in the
transition of tumors from a dormant state to a malignant state, and playing an essential role in
tumor growth, invasion and metastasis [1]. Furthermore, a continuously increasing number of other
non-neoplastic diseases are being related to an upregulated angiogenesis. They include diabetic
retinopathy, age-related macular degeneration, hemangioma, arthritis and psoriasis, among others [2].
Currently, angiogenesis inhibitors are likely to change the face of medicine, arising as an attractive
approach for the treatment of cancer and other angiogenesis-dependent diseases, with some
antiangiogenic compounds approved by the Food and Drug Administration (FDA) for the treatment
of cancer, blindness and other angiogenesis-dependent diseases, encouraging expectations in their
therapeutic potential [3,4].
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In response to the angiogenic stimulus, the normally quiescent endothelial cells become
activated and undergo a series of phenotypic changes, including the release of proteases that will
allow them to degrade the extracellular matrix and migrate. Activated endothelial cells will
proliferate and avoid apoptosis, which could be triggered by the loss of survival signals and,
finally, will differentiate, rendering a new capillary. Any of these steps could be a target for the
pharmacological inhibition of angiogenesis [5].
Marine species are being demonstrated to be an unexplored and prolific source of molecular
diversity, yielding an increasing number of products for biotechnological applications, including
the production of bioactive compounds for pharmaceutical use [6,7]. Our group is actively involved
in the search for new modulators of angiogenesis from marine origin [8–11]. In the course of
a screening program, the pyrrolidinedione, AD0157 (Figure 1), isolated and purified from the
fermentation broth of a marine fungi, was selected for its ability to inhibit endothelial cell
differentiation in vitro [12]. In the present study, we provide evidence that AD0157 is a potent
inhibitor of angiogenesis in vitro, interfering with several key steps of the angiogenic process.
AD0157 inhibits the growth of both endothelial and tumor cells. The growth inhibitory activity of
this compound may be related in endothelial cells to an induction of apoptosis. AD0157 reduces the
migratory and proteolytic activities of endothelial cells and their ability to form a network of
tubular-like structures on Matrigel at micromolar concentrations. The data presented here show that
this compound represses the phosphorylation of endothelial serum-stimulated Akt-phosphorylation,
suggesting that AD0157 interferes with the molecular mechanisms of cell proliferation, migration
and survival. The in vitro antiangiogenic effect of AD0157 was confirmed by means of one ex vivo
and two in vivo models. Our results indicate the potential of AD0157 for the treatment of cancer
and other angiogenesis-related malignancies and reinforce the concept that marine compounds are a
valuable source of new inhibitors of angiogenesis.
Figure 1. Chemical structure of AD0157.
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2. Results and Discussion
2.1. AD0157 Inhibits the Growth of Endothelial and Tumor Cells
Angiogenesis involves the local proliferation of endothelial cells. We first investigated the
ability of AD0157 to inhibit the growth of serum-activated endothelial and tumor cells. As shown
in Figure 2, AD0157 inhibited the growth of cultured bovine aortic endothelial cells (BAECs) with
a half-maximal inhibitory concentration (IC50) value of 10.9 M for subconfluent BAECs
stimulated to grow with 10% FBS. The data obtained with the HT-1080 fibrosarcoma cell line,
HT-29 colon adenocarcinoma cell line, MDA-MB-231 breast carcinoma cell line and U2OS
osteosarcoma cell line are in the same range of concentrations as that of BAEC, suggesting that
AD0157 is not a specific inhibitor of endothelial cell growth.
Figure 2. (A) Dose-dependent effect of AD0157 on the in vitro growth of bovine aortic
endothelial cells (BAEC) (Ÿ), MDA-MB-231 (x), HT-29 (Ƈ), HT-1080(Ŷ) and U2OS
(Ɣ). Cell survival is represented as a percentage of control-cell growth in cultures
containing no drug. Each point represents the mean of quadruplicates; SD values were
typically lower than 10% of the mean values and are omitted for clarity; (B) Halfmaximal inhibitory concentration (IC50) values calculated from dose-response curves as
the concentration of compound yielding 50% of control cell survival. They are
expressed as means ± SD of three independent experiments.

(A)

(B)

IC50 (M)
AD0157

BAEC
10.9 ± 1.5

MDA-MB231
15.0 ± 1.7

HT-29
20.0 ± 4.2

HT-1080
11.0 ± 2.5

U2OS
5.1 ± 1.6
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2.2. AD0157 Inhibits Capillary Tube Formation by Endothelial Cells
The final event during angiogenesis is the organization of endothelial cells in a three-dimensional
network of tubes. In vitro, endothelial cells plated on Matrigel align themselves, forming cords,
already evident a few hours after plating (Figure 3A, left panel). Figure 3A shows that AD0157, at
a concentration of 5 M or higher, was able to completely inhibit the morphogenesis of endothelial
cells on Matrigel, with a partial inhibition of the tube-like structure formation observed at 1 M.
To check the viability of endothelial cells after treatment with the compounds in this assay, BAE
cells were incubated in a 96-well plate in the same conditions employed for the tube formation
assay. After 7 h, cell viability in comparison to control (untreated cells) was determined by the
addition of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), essentially as
described for the cell growth assay. The treatment with AD0157, at the concentrations used to
inhibit the differentiation of BAE cells, did not affect the viability of those cells after 7 h (results
not shown).
2.3. AD0157 Inhibits the Migratory Capacity of Endothelial Cells
The acquisition by endothelial cells of the capability to migrate through extracellular matrix is
essential for the formation of new blood vessels. To investigate the effect of AD0157 on
endothelial cell migration, the so-called “wound healing” assay was used. Figure 3B shows the
effects of five and 10 M AD0157 on endothelial cell migration after 7 h of treatment. Quantitative
determination of the invaded area shows a significant dose-dependent inhibition of the migratory
capability of BAECs by treatment with subtoxic concentrations of AD0157.
2.4. AD0157 Inhibits the Extracellular Matrix Degrading Potential of Endothelial Cells
Angiogenesis involves the acquisition by endothelial cells of the capability to degrade the
basement membrane and, in general, to remodel the extracellular matrix. MMP-2 (gelatinase A), a
matrix metalloproteinase expressed by endothelial cells, plays a relevant role in angiogenesis.
Gelatin zymography of conditioned media and cell extracts of BAE cells untreated and treated with
different concentrations of AD0157 for 24 h showed that this compound exerted a dose-dependent
inhibition of the MMP-2 production by endothelial cells (Figure 4A). Nevertheless, our results
show that no effect on the MMP-2 and MMP-9 levels is observed when the HT-1080 tumor cells
were treated with AD0157 (Figure 4B), suggesting some endothelial-specificity for the inhibition
of the cell proteolytic capabilities by this compound.
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Figure 3. AD0157 inhibits endothelial cell tube formation and migration. (A) BAEC
seeded on Matrigel formed tubes. AD0157 inhibited endothelial cell tubulogenesis
in vitro in a dose-dependent manner at non-toxic doses. Cells were photographed 7 h
after seeding under an inverted microscope (bar = 100 m); (B) Top panel: confluent
BAEC monolayers were wounded, and fresh culture medium was added either in the
absence or presence of the indicated concentrations of the compound. Photographs were
taken at 7 h of incubation. Broken lines indicate the wound edges (bar = 100 m);
Bottom panel: The regrowth of BAEC into the cell-free area was measured after 7 h,
and percentages of the recovered area are expressed as the mean ± SD, * p < 0.05
versus the control (n = 3).
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Figure 4. AD0157 inhibits endothelial MMP-2 production. Conditioned media and
cellular extracts from BAE cells (A) or HT1080 cells (B) were treated during 24 h with
the indicated concentrations of AD0157, were normalized for equal cell density and
used for gelatin zymography. The graphics show the quantification of the normalized
relative inhibitory effect on BAEC MMP-2 activity or HT1080 MMP-2 and MMP-9
activities. Data are given as the percentage of the untreated control, and they are the
means ± SD of three experimental values. * p < 0.05 versus the control and
** p < 0.005 versus the control.
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2.5. AD0157 Inhibits Angiogenesis in Vivo
The chicken chorioallantoic membrane (CAM) assay, a widely used and accessible system to
study angiogenesis, was used to determine the in vivo antiangiogenic activity of AD0157 [13]. As
shown in Table 1, treatment with AD0157 caused a dose-dependent antiangiogenic effect, which is
maintained as low as 0.5 nmol (0.32 g) per CAM, where 83% of the eggs scored positive, and
reaching a maximum activity at 1 nmol (0.64 g) per CAM, with 100% positive. As shown in
Figure 5A, in untreated chorioallantoic membranes (controls), blood vessels form a dense and
spatially-oriented branching network composed of vascular structures of progressively smaller
diameter as they branch. The inhibition of angiogenesis by AD0157 in this assay was observed as
an inhibition of the ingrowth of new vessels in the area covered by the methylcellulose discs. It
could also be observed that the peripheral vessels (relative to the position of the disc) grew
centrifugally, avoiding the treated area, with an overall decrease in the vascular density. When
CAMs were treated with AD0157 at concentrations above 5 nmol (3.2 g) per CAM, some intratissue
hemorrhages in the treated area could be occasionally observed (Figure 5A, bottom right panel).
Table 1. Inhibition of in vivo angiogenesis by AD0157.

CAM assay

Zebrafish embryo assay

AD0157 (nmol/CAM)
0.1
0.5
1
5
AD0157 (M)
5
10
25

Positive/Total
1/5
5/6
6/6
6/6
Positive/Total
5/20
12/25
17/20

% inhibition
20
83
100
100
% inhibition
25
48
85

In vivo chorioallantoic membrane (CAM) and live fluorescent zebrafish embryo assays were carried out
with different doses of AD0157, as described in the Methods section; data are given as the percentage of
eggs with inhibited angiogenesis in their CAMs per total number of treated egg CAMs or as the
percentage of embryos with inhibited angiogenesis per total number of treated zebrafish embryos.

A second experimental approach used to evaluate the effects of AD0157 on angiogenesis in vivo
was the use of the model of transgenic zebrafish. Embryos from a transgenic (TG(fli1:EGFP)y1)
zebrafish line that carries a 15-kb promoter of the transcription factor friend leukemia virus
integration-1 (fli-1), which drives the green fluorescent protein (GFP) expression in the
endothelium, were treated with different concentrations of AD0157 [14]. Along the development of
the zebrafish, intersegmental vessels sprout and grow upward from the aorta, and then, the tips join
by anastomosis to form a dorsal vein. Our results show that AD0157, when added to water,
inhibited the formation of the last zebrafish intersegmental blood vessels in a dose-response
manner, with 85% of zebrafish embryos incubated with 25 M AD0157 being scored as positive in
this assay (Table 1). Inhibition of embryo angiogenesis was observed by a decrease in the width of
some vessels and interruptions in the last intersegmental vessels (Figure 5B). The embryos
remained viable during the 24-h period of the study, and their overall morphology was similar to
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control embryos, indicating that development was unaffected and suggesting a low toxicity of
this compound.
Figure 5. AD0157 inhibits angiogenesis in vivo. (A) Chorioallantoic membrane assay
(CAM). The methylcellulose disc containing the substance vehicle alone and the
methylcellulose disc containing 0.5, one and 5 nmol of AD0157. Circles show the
locations of the methylcellulose discs (bar = 1 mm); (B) Inhibition of the zebrafish
neovascularization by AD0157. Transgenic TG(fli1:EGFP)y1 zebrafish embryos that
show green fluorescent protein (GFP) expression in endothelial cells were incubated
without or with 10 M AD0157 (bars represent 50 m).

(A)

(B)

2.6. AD0157 Inhibits Microvessel Outgrowth in Mouse Aortic Rings
An additional line of evidence showing the potential of AD0157 to inhibit overall angiogenesis
is provided by the ex vivo model of the mouse aortic ring assay [15]. In this assay, the capability of
new vessel formation from explants was evaluated after 7 days of incubation of the aortic rings
with different concentrations of the compound. As seen in Figure 6A, in the absence of AD0157
(controls), aortic rings were able to generate a dense microvessel outgrowth in a collagen matrix.
Our results indicate that AD0157 at concentrations above 2 M inhibited microvessel formation in
a dose-response fashion.
2.7. AD0157 Induces Apoptosis in Endothelial Cells
As the first approach to determine whether the growth inhibitory activity of AD0157 could be,
at least in part, due to the induction of apoptosis, the nuclear morphology of endothelial cells
was investigated after 14 h of treatment with different concentrations of this compound. Figure 7A
shows that AD0157, at a concentration of 5 M or higher, induced chromatin condensation in
endothelial cells.
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Figure 6. AD0157 inhibits microvessel outgrowth in the mouse aortic ring assay.
(A) Representative samples of the aortic ring without or with treatment. In the top
panel, the whole ring is photographed, and in the bottom panel, only one side is detailed
(bar = 500 m). (B) The results were calculated as the area occupied by new
microvessels expressed as a percentage by the outgrowth observed in the controls,
which we considered as having 100% vessel formation. The results are the mean ± SD
of four aortic rings from different mice, * p < 0.005 versus the control.

The apoptogenic activity of AD0157 was confirmed by the terminal deoxynucleotidyl
transferase mediated dUTP-biotin nick end-labeling (TUNEL) assay, showing that this compound
induces DNA fragmentation in BAE cells (Figure 7B). In addition, cell cycle analysis was
performed in AD0157-treated BAEC after propidium iodide staining. Flow cytometric analysis
showed that AD0157 significantly increased the apoptotic subG1 population at five, 10 and 20 M
(Figure 7C).
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Figure 7. AD0157 induces apoptosis in BAECs. (A) AD0157 induces chromatin
condensation in endothelial cells (Hoechst staining, bar = 50 m). Cells with condensed
chromatin are highlighted; (B) AD0157 induces DNA fragmentation in endothelial
terminal deoxynucleotidyl transferase dUTP-biotin nick end-labeling (TUNEL assay,
bar = 50 m); (C) The effect of AD0157 on the endothelial cell cycle distribution. After
incubation with AD0157, cells were stained with propidium iodide, and the percentage
of subG1, G1, and S/G2/M subpopulations were determined using a MoFlo Dako
Cytomation cytometer. A representative result and the calculated values for cell
subpopulations, expressed as the means ± SD of three independent experiments, are
shown, * p < 0.05, # p < 0.005 versus the untreated control; (D) The effect of AD0157
on the endothelial cells caspase-3-like activity. Ten micromolar 2-methoxyestradiol
(2-ME) was used as a positive control of caspase induction. The results are the mean ± SD
of three independent experiments, * p < 0.005 versus control. In all experiments,
BAECs were incubated for 14 h with or without the indicated concentrations of
AD0157 in complete medium, as detailed in the Methods section.
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The activation of caspases plays a central role in the induction of apoptosis. To evaluate if
endothelial cells caspases could be activated after cell treatment with AD0157, a caspase-3/7
substrate, N-Acetyl-Asp-Glu-Val-Asp-7-amino-4-methylcoumarin or Ac-DEVD-AMC, which is
cleaved to a luminescent product by caspase-3, was used. The results shown in Figure 7D indicate
that the “effector caspase-3” was significantly activated in a dose-dependent pattern in BAE cells
after treatment with AD0157. In this assay, 10 M 2-methoxyestradiol was used as the positive
control of caspase activation.
2.8. AD0157 Interference on the ERK1/2 and Akt Pathways
MAPK/ERK1/2 and PI3K/Akt are two of the most relevant signaling pathways controlling
angiogenesis [16]. Therefore, we examined the effect of AD0157 on the serum-induced
phosphorylation of ERK1/2 and Akt in BAECs. As shown in Figure 8A, treatment of the BAEC
with serum resulted in a significant enhancement of both Akt and ERK-1/2 phosphorylation. Akt
phosphorylation was significantly inhibited in BAECs by the presence of 1 M AD0157
(Figure 8B). A similar effect was observed for ERK-1/2 phosphorylation when endothelial cells were
serum-activated in the presence of 10 M AD0157 (Figure 8A).
Figure 8. The effect of AD0157 on the ERK1/2 and Akt pathways (A) A representative
Western blot showing the effects of AD0157 on the content of phosphorylated Akt,
phosphorylated ERK-1/2, total Akt and total ERK-1/2 in protein extracts from BAECs;
(B) Western blots were quantified by densitometry, and the pAkt/total Akt ratio and
P-ERK-1/2/ERK-1/2 are expressed as the percentage of the pAkt/total Akt ratio or the
P-ERK/total ERK ratio in serum-stimulated BAECs (in the presence of serum, in the
absence of AD0157) the means ± SD of four independent experiments), * p < 0.001
versus the control (in the presence of serum, in the absence of AD0157).

(A)

(B)
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2.9. Global Discussion
For angiogenesis to take place, activated endothelial cells must proliferate, migrate and invade
through the basement membrane and the extracellular matrix and, finally, differentiate to yield a
new capillary vessel. Any of these steps can be considered a target for the pharmaceutical
inhibition of angiogenesis [5].
The vast majority of the natural compounds that have been previously described as inhibitors of
angiogenesis have been isolated from plants and terrestrial microorganisms, mainly due to their
higher availability and because their therapeutic effects had been previously known in folk
traditional medicines [17]. However, increasing attention is being paid to the development of
marine-derived antiangiogenic agents, probably fuelled by the increase in the number of
marine-derived anticancer drugs, which are being successfully used for cancer therapy [18,19].
Nowadays, it is widely acknowledged that marine organisms produce interesting and singular
pharmacological lead compounds, derived from the large diversity of marine habitats and
environmental conditions. Marine organisms produce metabolites that allow them to adapt and
survive in extreme environments, unique molecules of the highest interest for drug discovery [20].
In this regard, some angiogenesis inhibitors from marine origin have been described by us and
others [8–11,21].
In this paper, we show that AD0157, a pyrrolidinedione isolated from the fermentation broth of
a marine fungus, is a new inhibitor of angiogenesis in vitro, in vivo and ex vivo. This compound
was first detected in a blind screening of compounds from marine origin that were able to inhibit, at
nontoxic doses, the endothelial cell tube formation in vitro. AD0157 is able to abrogate the
formation of “tubule-like” structures on Matrigel at concentrations that are lower than those
required to inhibit endothelial cell growth. Our results also show that similar concentrations of
AD0157 produced a significant inhibition of the migratory capability of BAECs, which could
contribute to its antiangiogenic activity. These concentrations are in the same range as those
required for other previously described inhibitors of angiogenesis, including a number of marine and
plant-derived antiangiogenic compounds [8,11,22–26]. Moreover, the mentioned biological activities
of AD0157 are exerted at one or two orders of magnitude lower than those required for some other
natural compounds that have been previously described as inhibitors of angiogenesis [27–30].
Some of the best characterized anti-angiogenic compounds were initially detected and selected
for their capability to interfere with endothelial cell growth, although the desirable endothelial cell
specificity of this effect is not a common feature [31]. Our data indicate a non-specific cell growth
inhibitory effect in long-term (three days) treatments with micromolar concentrations of AD0157
for endothelial and tumor cells, suggesting that this compound could also behave as a potential
anti-tumor drug. The fact that the growth inhibitory activity is exerted at higher concentrations of
AD0157 than those required to inhibit the endothelial tube formation suggests that the
antiangiogenic activity of this compound is dependent on the prevention of capillary-like tube
formation or endothelial cell migration rather than proliferation.
A positive proteolytic balance is required for capillary sprouting and lumen formation during
angiogenesis. Matrix metalloproteinases (MMPs) are essential in the angiogenesis process [32].
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MMP-2, also called gelatinase A, is constitutively secreted by endothelial cells contributing to the
triggering of tumor angiogenesis in vitro and in vivo [33,34]. Our data show that incubation with
AD0157 inhibits MMP-2 secretion in BAEC-conditioned media and cell lysates, which could
contribute to the anti-angiogenic effect of this compound. The inhibition of gelatinases production
by AD0157 seems to be endothelial-specific, since no effect on the levels of MMP-2 and MMP-9
(gelatinase B) produced by HT1080 tumor cells was observed after treatment with this compound.
Nevertheless, further investigation is needed to confirm and characterize this suggested specificity.
Inhibition by AD0157 of in vitro angiogenesis agrees well with the observed effect on the
in vivo angiogenesis, substantiated by using two widely employed and independent experimental
models: the chick chorioallantoic membrane and the live fluorescent zebrafish embryo
neovascularization assays. Our data show that AD0157 is a potent inhibitor of angiogenesis in vivo,
these activities being exhibited in a concentration-dependent fashion at doses that are below those
required for other previously described inhibitors of angiogenesis, including the marine natural
compounds, aeroplysinin-1, 8-epipuupehedione and toluquinol, among others [8,9,11]. AD0157
in vivo antiangiogenic activity was confirmed by means of an ex vivo aortic ring assay illustrating
the endothelial cell proliferation, migration and the capillary-like tube formation from aortic
explants in a collagen matrix [35].
Growing evidence indicates that the induction of apoptosis in endothelial cells is a mechanism
that could contribute to the biological activity of some antiangiogenic compounds [8–11]. The
results obtained with BAEC indicate that after being exposed to AD0157, endothelial cells exhibit
some typical hallmarks of apoptosis, including apoptotic cell morphology and DNA fragmentation.
Cell cycle studies clearly show a significant increase in the percentage of cells with sub-diploid
DNA content in AD0157-treated BAEC, indicating that the growth inhibitory effect produced by
this compound on activated endothelial cells could be due to an induction of apoptosis. Caspases
are critical components of the apoptotic machinery [36]. Measurement of the activity of the effector
caspase 3 in endothelial cells shows a dose-dependent activation of the caspase proteolytic cascade
after treatment with AD0157, suggesting that this compound induces apoptosis in BAEC through a
caspase-dependent pathway.
The angiogenic transformation of the endothelium involves the activation of diverse intracellular
signaling pathways. The knowledge about them may provide new targets of antiangiogenic
therapies [16]. The PI3K/Akt pathway plays a central role in regulating cell survival, proliferation,
migration, regulating normal vascularization and pathological angiogenesis, which makes this
pathway an exciting target for molecular therapeutics [37,38]. Our data reveal that AD0157 caused
the repression of Akt phosphorylation in serum-stimulated endothelial cells, which indicates that
components of this pathway, particularly essential for the survival of the angiogenic endothelium,
could be major targets in the molecular mechanism of this compound. The MAPK/ERK1-2
pathway, the main controller of the transduction of proliferation signals, is the molecular target of
some successfully developed inhibitors of angiogenesis [39]. The kinase domain phosphorylation
of ERK isoforms p44 (ERK-1) and p42 (ERK-2) is stimulated by a wide variety of growth factors
and mitogens, including FGF and VEGF [16]. Although our results show that incubation with
AD0157 abrogates the serum-stimulated ERK1-2 phosphorylation, the fact that this activity is only
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observed at concentrations that are ten times higher than those required to inhibit Akt
phosphorylation is in agreement with the cell cycle studies showing that this compound is
preferentially acting on endothelial cell survival, rather than on endothelial proliferation.
Nevertheless, deactivation of the ERK pathway in activated endothelial cells by high
concentrations of AD0157 could explain the observed downregulation of MMP-2, mediated by the
mentioned signaling pathway [40].
3. Experimental Section
3.1. Materials
Cell culture media, penicillin, streptomycin and amphotericin B were purchased from
Biowhittaker (Walkersville, MD, USA). Fetal bovine serum (FBS) was a product of Harlan-Seralab
(Belton, UK). Matrigel was purchased from Becton–Dickinson (Bedford, MA, USA). Plastics for
cell culture were supplied by NUNC (Roskilde, Denmark) and VWR (West Chester, PA, USA).
Hanks’ Balanced Salt Solution (HBSS) and MCDB131 medium were obtained from Gibco (Grand
Island, New York, NY, USA). Collagen was provided by SERVA Electrophoresis (Heidelberg,
Germany). Fertilized chick eggs were obtained from Granja Santa Isabel (Córdoba, Spain). The
antibodies used in this work were purchased from Cell Signaling Technology (Danvers, MA,
USA). Supplements and other chemicals not listed in this section were obtained from Sigma
Chemicals Co. (St. Louis, MO, USA). AD0157, kindly supplied by Biomar S.A. (León, Spain),
was purified as a colorless powder from the mycelium of a fungal strain, Paraconiothyrium sp.
HL-78-gCHSP3-B005, isolated from a marine Chordata sample collected in Guatemala, by
extraction with EtOAc/MeOH [12]. The organic extract was purified by VFC (vacuum flash
chromatography), flash-column chromatography on silica gel and by reverse phase HPLC. Data
regarding the fermentation of this fungus, extraction, isolation and structural determination of
AD0157 are available as Supplementary Information.
3.2. Cell Culture
Bovine aortic endothelial cells (BAEC) were isolated from bovine aortic arches, as previously
described [41], and maintained in Dulbecco’s modified Eagle’s medium (DMEM) containing
glucose (1 g/L), glutamine (2 mM), penicillin (50 IU/mL), streptomycin (0.05 mg/mL) and
amphotericin (1.25 mg/L) supplemented with 10% FBS (DMEM/10% FBS). Human fibrosarcoma
HT-1080 cells were maintained in DMEM containing glucose (4.5 g/L), glutamine (2 mM),
penicillin (50 IU/mL), streptomycin (0.05 mg/mL) and amphotericin (1.25 mg/L) supplemented
with 10% FBS. Human colon adenocarcinoma HT-29 cells and human osteosarcoma U2OS cells were
maintained in McCoy’s 5A medium containing glutamine (2 mM), penicillin (50 IU/mL), streptomycin
(50 g/mL) and amphotericin (1.25 g/mL) supplemented with 10% FBS. Human breast cancer
carcinoma MDA-MB-231 was maintained in RPMI1640 medium (medium developed at Roswell
Park Memorial Institute) containing glutamine (2 mM), penicillin (50 IU/mL), streptomycin
(50 g/mL) and amphotericin (1.25 g/mL) supplemented with 10% FBS. All cell lines were
maintained at 37 °C and humidified 5% CO2 atmosphere.
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3.3. Cell Growth Assay
The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide or MTT dye reduction assay
in 96-well microplates was used. This assay is dependent on the reduction of MTT by
mitochondrial dehydrogenases of a viable cell to a blue formazan product, which can be measured
spectrophotometrically. Three times ten to the power of three BAEC, 2 × 103 HT-1080, HT-29,
MDA-MB-231 and U2OS cells in a total volume of 100 L of their respective growth media were
incubated with serial dilutions of AD0157. After 3 days of incubation (37 °C and 5% CO2 in a
humid atmosphere), 10 L of MTT (5 mg/mL in phosphate-buffered saline (PBS)) were added to
each well, and the plate was incubated for a further 4 h at 37 °C. The resulting formazan was
dissolved in 150 L of 0.04 N HCl/2-propanol and read at 550 nm. All determinations were carried
out in quadruplicate, and three independent experiments were carried out. IC50 values were
calculated as those concentrations of AD0157 yielding 50% cell survival, taking the values
obtained for the control to be 100%.
3.4. Endothelial Cell Differentiation Assay: Tube Formation on Matrigel
Wells of 96-well microplate were coated with 50 L of Matrigel (10.5 mg/mL) at 4 °C and
allowed to polymerize at 37 °C for a minimum of 30 min. Some 5 × 104 BAE cells were added in
200 L of complete medium. Finally, different amounts of AD0157 were added and incubated at
37 °C in a humidified chamber with 5% CO2. After incubation for 7 h, cultures were observed and
photographed with a Nikon DIAPHOT-TMD inverted microscope (Tokyo, Japan). Each
concentration was tested in duplicate, and two different observers evaluated the results of chord
formation inhibition. Those assays where no tubular structure could be observed were considered
as positive in this assay.
3.5. Endothelial Cell Migration Assay
The migratory activity of BAEC was assessed using a wounded migration assay. Confluent
monolayers in 6-well plates were wounded with pipet tips with 2 perpendicular diameters, giving
rise to 2 acellular 1 mm-wide lanes per well. After washing, cells were supplied with 1.5 mL
complete medium in the absence (controls) or presence of different concentration of AD0157.
Wounded areas were photographed. After an additional 4, 7 and 24 h of incubation, plates were
observed under the microscope, and photos were taken of the same areas as those recorded at time
zero. The amount of migration at 7 h was determined by image analysis in both controls and treated
wells and normalized with respect to their respective values at time zero, using the NIH Image
1.6 software. The regrowth of BAEC into the cell-free area was calculated as the percentage of the
initial wounded area (time 0) that had been recovered by endothelial cells after 7 h.
3.6. Gelatinolytic Activity
To prepare conditioned media and cell lysates, BAEC and HT1080 cells were grown at 75%
confluency in 6-well plates. After 2 washes with PBS, each well received the indicated
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concentration of AD0157 in 1.5 mL of DMEM/0.1% bovine serum albumin (BSA) containing
200 kallikrein inhibitor units (KIU) of aprotinin/mL. After 24 h of incubation, the conditioned
media were collected, and the cells were washed twice with PBS and harvested by scrapping into
0.5 mL of 0.2% Triton X-100 in 0.1 M Tris/HCl containing 200 KIU of aprotinin. Duplicates were
used to determine the cell number by using a Coulter counter. The media and cell lysates were
centrifuged at 1000× g at 4 °C for 20 min, and the supernatants were collected and used for assayed
gelatinolytic activity.
The gelatinolytic activities of MMP-2 and MMP-9 delivered to the conditioned media or present
in cell lysates were detected in gelatinograms. Aliquots of conditioned media and cell lysates
normalized for equal cell numbers were subjected to non-reducing SDS-PAGE with gelatin
(1 mg/mL) added to the 10% resolving gel. After electrophoresis, gels were washed twice with
50 mM Tris/HCl, pH 7.4, supplemented with 2% Triton X-100, and twice with 50 mM Tris/HCl,
pH 7.4. Each wash was for 10 min and with continuous shaking. After the washes, the gels were
incubated overnight at 37 °C immersed in a substrate buffer (50 mM Tris/HCl, pH 7.4,
supplemented with 1% Triton X-100, 5 mM CaCl2 and 0.02% Na3N). Then, the gels were stained
with Commassie Blue R-250, and the bands of gelatinase activity could be detected as non-stained
bands in a dark, stained background. Quantitative analysis of gelatinograms was performed with
the NIH Image 1.6 program.
3.7. Chorioallantoic Membrane (CAM) Assay
Fertilized chick eggs were incubated horizontally at 38 °C in a humidified incubator, windowed
by day 3 of incubation and processed by day 8. The compound AD0157 were added to a 1.2%
solution of methylcellulose in water, and 10 L drops of this solution were allowed to dry on a
Teflon-coated surface in a laminar flow hood and implanted on the CAM. After 48 h reincubation,
the CAM was examined under a stereomicroscope by two different observers. The assay was
scored as positive when both of them reported a significant reduction of vessels in the treated
area [8].
3.8. Zebrafish Embryo Assay
Transgenic fli-EGFP fish (TG(fli1:EGFP)y1) had a vasculature labeled with GFP and were
purchased from the Zebrafish International Resource Center (ZIRC, Eugene, OR, USA). Zebrafish
embryos were generated via natural pairwise mating and maintained in embryo water at 28.5 °C.
Embryos were manually dechorionated with forceps at 24 h postfertilization (hpf), arrayed in a
96-well plate (one embryo per well) and incubated with different concentrations of AD0157 in
100 L of water at 28.5 °C for 24 h. DMSO was used as both the carrier of drugs and control. After
incubation, fish embryos were anesthetized with tricaine (0.02%), placed on slides and examined
under an epifluorescence Nikon microscope equipped with a DS-L1 Nikon (Chiyoda-Ku, Tokyo,
Japan) digital Leica DM IL inverted microscope (Leica Microsystems, Wetzlar, Germany) at low
and high magnification [27].
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3.9. Mouse Aortic Ring Assay
Thoracic aortas were removed from 2 to 4 month-old C57BL/6 mice and immediately
transferred to a culture dish containing Dulbecco’s modified Eagle’s medium (DMEM). The
periaortic fibroadipose tissue was carefully removed with fine microdissecting forceps and
iridectomy scissors paying special attention not to damage the aortic wall. One-millimeter aortic
rings (approximately 15 per aorta) were sectioned and embedded in a rat tail interstitial collagen
gel (1.5 mg/mL) prepared by mixing 7.5 volumes of 2 mg/mL collagen, 1 volume of 10× Hank’s
Balanced Salt Solution (HBBS), 1.5 volume of 186 mM NaHCO3 and 0.1 volume of 1 M NaOH to
adjust the pH to 7.4. The collagen gels containing the aortic rings were polymerized in cylindrical
agarose wells and kept in quadruplicate at 37 °C in 60 mm diameter Petri dishes (bacteriological
polystyrene, Falcon, Becton Dickinson, Lincoln Park, NJ, USA). Each Petri dish contained 6 mL of
MCDB131 medium supplemented with 1% L-glutamine, 25 mM NaHCO3, 100 U/mL penicillin,
100 g/mL streptomycin and 2.5% mouse serum, in the presence or absence of AD0157 or DMSO.
The cultures were kept at 37 °C in a humidified environment for a week and examined every
second day with a phase contrast microscope (Zeiss, Axiovert 25) at appropriate magnification.
The quantification of aortic rings was done with NIH Image 1.6 software. The results were
calculated as the area occupied by new microvessels expressed as a percentage by the outgrowth
observed in the controls, which we considered to have 100% vessel formation. Four aortic rings
from different mice were quantified in each experimental condition.
3.10. Apoptosis and Cell Cycle Assays
For Hoechst staining experiments, cells were plated on 8-well chamber slides and grown to
sub-confluence. After treatments for 14 h with the indicated concentrations of AD0157 in complete
medium, cells were washed with PBS and fixed with formalin solution. Chamber slides were
stained with 1 mg/mL Hoechst in PBS for 2 min, washed twice with PBS and mounted (Dako
Cytomation Fluorescent Mounting Medium, Denmark). Samples were observed under a fluorescence
microscope (Leica, TCS-NT, Heidelberg, Germany).
For DNA fragmentation studies, cells were grown to sub-confluence in complete medium on
8-well Falcon humidified chamber slides and incubated for 14 h with or without the indicated
concentrations of AD0157. After incubation, cells were washed with PBS, fixed with formalin
solution, washed with PBS again and permeabilized with 0.1% Triton X-100 in PBS. The TUNEL
(terminal deoxynucleotidyl transferase mediated dUTP-biotin nick end-labeling) assay was
performed with the use of the In Situ Cell Death Detection Kit (Roche Diagnostics, Barcelona,
Spain), according to the manufacturer’s instructions. Finally, cells were mounted using Dako
Cytomation Fluorescent Mounting Medium and observed under a fluorescence microscope
(Leica, TCS-NT).
For cell cycle analysis, BAECs were grown in complete medium in a 6-well plate to 75%
confluency. After treatment with different concentrations of AD0157 during 14 h, attached and
detached cells were harvested and centrifuged at 1000× g. Pellets were washed whit PBS and
resuspended in 250 L of ice-cold PBS. For fixation, 70% ice-cold ethanol was added while
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continuous gentle vortexing, and samples were maintained on ice for 1 h. Finally, cells were
centrifuged and washed twice with PBS, resuspended in 500 L propidium iodide staining solution
(40 g/mL propidium iodide and 0.1 mg/mL RNase-A in PBS) and incubated for 1 h with shaking
and protection from light. Percentages of the subG1, G1 and S/G2/M populations were determined
using a MoFlo Dako Cytomation cytometer and the software, Summit 4.3.
For the determination of caspase 3/7 activity, BAECs were plated in 96-well plates
(13,000 cells/well) and treated with or without different concentrations of AD0157 for 14 h. Then,
Caspase-Glo® 3/7 reagent (Promega Biotech Ibérica, Madrid, Spain) was added to the wells,
according to the manufacturer’s instructions, and the luminescence was recorded at 30 minutes
with a GLOMAX 96 microplate luminometer (Promega Biotech Ibérica, Madrid, Spain). The assay
provides a proluminescent caspase-3/7 DEVD-aminoluciferin substrate and a proprietary thermostable
luciferase in a reagent optimized for caspase-3/7 activity, luciferase activity and cell lysis.
3.11. Western Blot Analysis
Subconfluent BAEC cultures were incubated in DMEM medium supplemented with 1% fetal
bovine serum (FBS) for 24 h. After that, the medium was replaced, and the cells were incubated
with different doses of AD0157 or vehicle (DMEM) for 30 min and, then, challenged for
20 additional minutes with FBS or the vehicle (DMEM medium). The protein lysates were
obtained by scrapping the cells in a lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% Triton
X-100, 0.25% sodium deoxycholate, 1 mM EDTA, 1 mM sodium orthovanadate and 5 mg/mL of a
protease inhibitors mixture). Afterwards, the extracts were centrifuged at 13,000 rpm for 15 min at
4 °C, evaluated for protein concentration by the Bradford test and stored at í80 °C until the
moment of analysis. These samples were denatured for 5 min at 95 °C and subjected to SDS-PAGE,
loading some 20 L of sample per well. After electrophoresis, samples were electrotransferred to
nitrocellulose membranes, blocked with 5% dried skimmed milk in 50 mM Tris pH 8.4, 0.9%
NaCl, 0.05% Tween 20 (Tris buffered saline-Tween 20, TBST) and incubated overnight in the
presence of an anti-human phosphorylated Akt or an anti-human phosphorylated ERK-1/2 at a
dilution of 1:1000 in TBST or an anti-human total Akt or an anti-human total ERK-1/2 at a dilution
of 1:1000 in TBS-T with 5% BSA. After three washing steps with TBST, the membranes were
incubated with horseradish peroxidase-conjugated anti-rabbit secondary antibody at a dilution of
1:5000 in blocking buffer for 2 h at room temperature. After three washing steps with TBST, the
immunoreactive bands were detected using a chemiluminescence system (SuperSignal West Pico
Chemiluminescent Substrate, Pierce, Rockford, IL, USA) with an imaging system (Chemidoc XRS
System, Bio-Rad, Hercules, CA, USA) and were quantified by using ImageLab version 3.0 software.
The membranes were incubated with an anti-GAPDH primary antibody at a dilution of 1:1000 to
ensure equal loading. Akt or ERK-1/2 activation was calculated as the p-Akt/total Akt and
p-ERK-1/2/ERK-1/2 ratio and expressed as the mean ± SD of 3 independent experiments.
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3.12. Statistical Analysis
All data are expressed as the means ± standard deviation (SD). A one-tailed Student’s t-test was
used for evaluations of the pairs of means, to establish which groups differed from the control
group. p < 0.05 was considered to be statistically significant.
3.13. Animal Testing Regulations
Experimentation animals were kept at the animal house facilities of the University of Málaga.
Experiments on animals were subjected to the European Directive 86/609/EEC on the protection of
animals used for experimental and other scientific purposes, under the approval of the Bioethics
Committee of the University of Málaga.
4. Conclusions
In conclusion, in this paper, we show evidence that the marine pyrrolidinedione, AD0157, is a
potent inhibitor of angiogenesis in vitro, in vivo and ex vivo. AD0157 abrogates certain functions of
endothelial cells, namely, differentiation, migration, growth and proteases production. The
induction of endothelial cell apoptosis by AD0157 could be related to an inhibition of the Akt
signaling pathway in activated endothelial cells. Although additional studies will be needed to
elucidate the molecular mechanisms underlying the antiangiogenic activity of AD0157 and the
pharmaceutical toxicological profile of this compound, the data presented here suggest a potential
therapeutic application of AD0157 for the treatment of angiogenesis-related malignances. These
data reinforce the great value of marine products as candidates for further pharmaceutical studies
for feeding the anti-angiogenesis drug pipeline. Further efforts to determine the pharmacological
potential of AD0157 are warranted.
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Cytotoxic Effects of Fascaplysin against Small Cell Lung
Cancer Cell Lines
Gerhard Hamilton
Abstract: Fascaplysin, the natural product of a marine sponge, exhibits anticancer activity against
a broad range of tumor cells, presumably through interaction with DNA, and/or as a highly
selective cyclin-dependent kinase 4 (CDK4) inhibitor. In this study, cytotoxic activity of
fascaplysin against a panel of small cell lung cancer (SCLC) cell lines and putative synergism with
chemotherapeutics was investigated. SCLC responds to first-line chemotherapy with platinum-based
drugs/etoposide, but relapses early with topotecan remaining as the single approved therapeutic
agent. Fascaplysin was found to show high cytotoxicity against SCLC cells and to induce cell cycle
arrest in G1/0 at lower and S-phase at higher concentrations, respectively. The compound
generated reactive oxygen species (ROS) and induced apoptotic cell death in the chemoresistant
NCI-H417 SCLC cell line. Furthermore, fascaplysin revealed marked synergism with the topoisomerase
I-directed camptothecin and 10-hydroxy-camptothecin. The Poly(ADP-ribose)-Polymerase 1
(PARP1) inhibitor BYK 204165 antagonized the cytotoxic activity of fascaplysin, pointing to the
involvement of DNA repair in response to the anticancer activity of the drug. In conclusion,
fascaplysin seems to be suitable for treatment of SCLC, based on high cytotoxic activity through
multiple routes of action, affecting topoisomerase I, integrity of DNA and generation of ROS.
Reprinted from Mar. Drugs. Cite as: Hamilton, G. The Distribution and Identity of Edaphic Fungi in
the McMurdo Dry Valleys. Mar. Drugs 2014, 12, 1377-1389.
1. Introduction
Fascaplysin (12,13-Dihydro-13-oxopyrido[1,2-a:3,4-bƍ]diindol-5-ium chloride), a red bis-indole
alkaloid of the marine sponge Fascaplysinopsis Bergquist sp., was first isolated in 1988, by
Roll et al. [1]. This compound exhibited a broad range of activities including antibacterial,
antifungal, antiviral, antimalarial, antiangiogenic and antiproliferative activity against numerous
cancer cell lines [2–4]. Fascaplysin also showed DNA-intercalating capability with binding mode
and affinity constants comparable to those of other typical DNA intercalators [5]. Additionally,
significantly weaker non-intercalative DNA interactions were observed at high drug
concentrations, pointing to its mechanism of biological activity via interference with genetic
material. Furthermore, fascaplysin showed promising specific cyclin-dependent kinase 4 (CDK4)
inhibitory activity with IC50 of 0.35 ȝM and it correspondingly blocked the growth of various
cancer cells at the G0/1 phase of cell cycle [6,7]. Low activity was observed against other CDKs
with IC50 of >100 ȝM for CDK1, >50 ȝM for CDK2, as well as 20 ȝM for CDK5. Recently, Shafiq
and co-workers confirmed the specific effect of this compound on CDK4, which is known to play a
key role in cell cycle control and is an important target for anticancer drugs [8]. Fascaplysin was
reported to show cytotoxicity toward a panel of 60 cancer cell lines (IC50 values 0.6–4 ȝM),
although testing was actually restricted to 36/60 of these cell lines [3]. The NCI60 panel misses
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small cell lung cancer (SCLC) cell lines altogether, a tumor entity that accounts for a significant
fraction of lung cancer deaths [9].
A range of studies reported the anticancer activities of fascaplysin in cell lines in vitro and in
experimental animal models. Fascaplysin did not provoke G1 phase arrest in HeLa cells although it
led to downregulation of CDK4, cyclin D1 and CDK4-specific Ser795 retinoblastoma
phosphorylation [10]. The molecular mechanism of fascaplysin-induced apoptosis was
characterized as activation of caspase-3, -8, and -9, cleavage of Bid, release of cytochrome c into
cytosol and downregulation of the level of Bcl-2. Fascaplysin can block VEGF, inhibit
proliferation and induce apoptosis of human umbilical vein endothelial cells (HUVECs) [11,12].
The results showed that G1 cell cycle arrest was induced by 2.6 ȝM fascaplysin in a time-dependent
manner, and HUVECs exhibited more chemosensitivity than hepatocarcinoma cells BeL-7402 and
Hela cells. Apoptosis of HUVEC cells was induced by 1.3 ȝM fascaplysin and this response was
further confirmed by the detection of active caspase-3, indicating involvement of a mitochondrial
pathway. Microarray analysis show that the TNF and TNF receptor superfamily in HUVECs and
BEL-7402 were significantly regulated by fascaplysin and this tumor necrosis-related
apoptosis-inducing ligand-(TRAIL)-induced apoptosis resulted in activation of caspases 3 and 9
and decreases in Bid [13].
Fascaplysin was tested in a murine sarcoma S180 experimental animal model [14]. Treatment of
the mice suppressed tumor growth significantly. Tumor sections showed hallmarks of apoptosis
and the decreased expression of proliferating cell nuclear antigen (PCNA) and CD31 indicated
cytostasis and antiangiogenesis. In another study involving fascaplysin, HCT-116 colon cancer
cells were injected subcutaneously into severe combined immunodeficiency (SCID) mice [15]. At a
tumor size of 250 mm3, mice received 4 mg/kg fascaplysin daily for five days. No toxicity was
observed over the subsequent 30 days. At day 15, tumor size of the treated group was
approximately 60% less than that of untreated control mice. Thus, even at this less than optimal
dose, because a maxiumum tolerated dose (MTD) could not be obtained for fascaplysin, a therapeutic
effect was observed.
In conclusion, cell line screening of the anticancer activity of fascaplysin is not complete and the
mechanism inducing cell death in response to this drug, which may comprise different molecular
mechanisms, is not clear. Interaction with other chemotherapeutic drugs to detect possible
synergism was not described so far. Thus, in the present study, we screened SCLC cell lines,
investigated cell cycle and cytotoxic effects of fascaplysin and used different drug combinations to
screen putative synergistic action with established chemotherapeutics. In particular, fascaplysin
was combined with camptothecins (CPTs) since we have reported enhancement of the cytotoxicity
of the CPT analog topotecan against SCLC cell lines employing CDK4 inhibitors such as roscovitine
and olomoucine [16].
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Figure 1. Screening of fascaplysin toxicity against small cell lung cancer (SCLC),
non-small cell lung cancer (NSCLC), HEK293 and unrelated cell lines (mean values ±
SD; n = 3).

2. Results and Discussion
2.1. Screening of Cytotoxic Activity against Lung Cancer Cell Lines
The cytotoxic activity of fascaplysin was assessed using a panel of SCLC cell lines using MTT
assays (Figure 1). IC50 values measured ranged from 134 to 1740 nM fascaplysin. GLC14, 16 and
19 comprise a series of SCLC cell lines obtained from a single patient prior to chemotherapy and
after first-line and second-line therapy, respectively. Whereas SCLC26A is an untreated
chemosensitive SCLC cell line with IC50 values (ȝM ± SD) for cisplatin of 1.2 ± 0.6 and for
etoposide of 0.5 ± 0.2, respectively, NCI-H417 and DMS153 are chemoresistant with IC50 values
of 12.0 ± 2.8/3.3 ± 0.9 for cisplatin and 15.1 ± 2.2/12.9 ± 0.5 for etoposide, respectively. Therefore,
sensitivity for fascaplysine differs by a factor of 1.2–1.6 between SCLC26A and DMS153/NCI-H417,
but cisplatin and etoposide sensitivities differ 2.75–10 fold and 25.8–30 fold, respectively. These
IC50 values observed did not exceed the corresponding value for the HEK293 cell line, representing
normal kidney epithelial tissue. Fascaplysin IC50 values measured in SCLC cell lines are similar to
the two chemoresistant NSCLC cell lines H1299 and A549 and the chemosensitive H23 cell line,
respectively. Two pulmonary carcinoid cell lines showed sensitivities in the range of the SCLC cell
lines and mean IC50 values for a panel of seven ovarian (PA-1, CaOV3, OV90, TUVGH211,
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A2780, A2780ADR) and five colon cancer (Colo205, HCT116, HCT116 p53 knockout,
Colo320DM and HT29) cell lines indicated high chemosensitivity for fascaplysin.
Figure 2. Cell cycle distribution of fascaplysin-treated NCI-H417 and DMS153 SCLC
cells (mean ± SD; n = 3).

2.2. Effects of Fascaplysin on Cell Cycle Distribution of NCI-H417 and DMS153 Cells
For the assessment of effects of fascaplysin on cell cycle distribution in SCLC cells, NCI-H417
and DMS153 cells were treated with 0.25–2 ȝM of the compound and propidium iodide-stained
cells analyzed in flow cytometry (Figure 2). The two lower concentrations of fascaplysin applied
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(0.25 and 0.5 ȝM) caused accumulation of cells in G2M and G1/0 phases, whereas the higher
concentrations (0.5 and 1 ȝM) arrested cells preferentially in S-phase.
Figure 3. AnnexinV-propidium iodide staining of fascaplysin-induced apoptotic cell
death in NCI-H417 cells (A) and effects of fascaplysin on intracellular ROS levels as
detected by dichlorodihydrofluorescein (DCF) fluorescence in flow cytometry
(B; mean ± SD; n = 3). For the apoptosis assay all differences to the control are
significant, except for necrotic cells and late apoptotic cells at 0.25 nM fascaplysin. In
the case of the ROS assay, all values are significantly different from those of untreated
cells and values were calculated relative to the DCF fluorescence signal of untreated
control cells.
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2.3. Fascaplysin-Induced Apoptosis and Generation of ROS in SCLC Lines
Fascaplysin-induced apoptotic cell death was investigated in NCI-H417 cells using
annexinV-propidium iodide double staining and flow cytometry (Figure 3A). Treatment of the cells
with increasing concentrations of fascaplysin (0.25–2 ȝM) for four days resulted in the appearance
of apoptotic and a small fraction of late apoptotic/necrotic tumor cells.
Fascaplysin-induced generation of reactive oxygen species (ROS) in NCI-H417 and DMS153
cells was tested using fluorescence detection with the DCF dye (Figure 3B). A stabilized
slow-release source of ROS, namely Di-tert-butyl peroxide/Luperox was included as positive
control. Fascaplysin in concentrations of 1–2 ȝM was found to generate a limited but significant
amount of ROS in both SCLC cell lines. N-acetyl-L-cysteine (NAC) is suitable for inactivating
ROS and, accordingly, inclusion of 2.5–5 mM NAC in NCI-H417 fascaplysin cytotoxicity tests
resulted in a twofold reduction of cell death (data not shown).
2.4. Synergistic Interaction of Fascaplysin and Camptothecins in NCI-H417 Cells
Fascaplysin was tested for a possible interaction with camptothecin (CPT) and
10-hydroxycamptothecin (HOCPT) in MTT assays using chemoresistant NCI-H417 SCLC cells
(Figure 4). Fascaplysin synergistically enhanced both CPT- and HOCPT-induced tumor cell death
at specific drug concentrations. Combination indices (CI) were calculated using the CompuSyn
software and yielded 0.73 and 0.56 for CPT concentrations of 1000 and 500 nM and 0.82 and 0.95
for HOCPT concentrations of 2000 and 1000 nM, respectively. A similar albeit weaker synergistic
interaction was detected with the camptothecin analog, topotecan (data not shown). A range of
other chemotherapeutic drugs comprising cisplatin, carboplatin and etoposide revealed no
interaction with fascaplysin. Additionally, the P-glycoprotein (ABCB1) inhibitor PSC833 (1 and
2.5 ȝM) exhibited no effect on fascaplysin cytotoxicity against DMS153 cells. No interaction or
minor antagonism was detected using combinations of fascaplysin with doxorubicin, etoposide,
vinblastine, oxaliplatin, gemcitabine, docetaxel, mitomycin and cytarabin (data not shown).
2.5. Effects of the BYK 204165 PARP Inhibitor on Fascaplysin-Induced Cell Death in SCLC
Cell Lines
Cytotoxicity assays using a combination of fascaplysin with the BYK 204165 PARP1 inhibitor
were performed using a panel of SCLC cell lines. Whereas in chemosensitive NCI-H526 cells 50
and 25 ȝM BYK204165, respectively, yielded a minor chemosensitizing effect (factor 0.66; IC50 in
presence of fascaplysin plus BYK204165 inhibitor/IC50 value in presence of fascaplysin), all other
cell lines (NCI-H417, DMS153, GLC14 and GLC19) used showed strong antagonism for this
combination with 2.9 ± 1.13 (range 1.83–4.46) and 1.9 ± 0.51 (range 1.48–2.6) increased
chemoresistance compared to fascaplysin alone.
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Figure 4. Combination of fascaplysin (initial concentration 2000 nM) with
camptothecin (CPT, initial concentration 2000 nM; upper panel) or 10-hydroxycamptothecin (HOCPT, initial concentration 4000 nM; lower panel) cytotoxicity assays
using NCI-H417 cells (mean ± SD, n = 3).

2.6. Discussion
Fascaplysin was demonstrated to show cytotoxicity towards a large panel of cell lines in low ȝM
concentrations. Similar anticancer activity was found in the present study against SCLC cell lines,
yielding IC50 values comparable to those found in melanoma, colon cancer and ovarian cancer cell
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lines, among others. This compound exhibits high cytotoxicity independently of tissue origin and
chemoresistance to unrelated drugs with few exceptions. Of the GLC14/16/19 series of SCLC cell
lines, stemming from a single patient before and during two cycles of therapy failure, the GLC16
cells obtained after initial CHOP therapy showed highest resistance [17]. Likewise the H1299 and
A549 NSCLC cell lines established from pretreated patients exhibited higher chemoresistance than
H23, derived from tissue of an untreated patient [18,19]. However, the IC50 value obtained for the
HEK293 epithelial kidney cell line exceeded those measured for most tumor cell lines, indicating a
favorable toxicity profile. For further experiments, NCI-N417, a variant SCLC cell line known to
be more aggressive and refractory to treatment although derived from a female patient with no
prior treatment and DMS153, a line established from metastatic cells of a SCLC patient after
therapy with cytoxan and methotrexate, were selected as chemoresistant cell lines [20,21].
As highly selective CDK4 inhibitor fascaplysin is expected to induce cell cycle arrest in
G1/0 [6,7]. The activity of CDK-4 is restricted to the G1-S phases and is regulated by the
attachment of the cyclin D and the endogenous CDK inhibitor p16INK4a. Both CDK4 and CDK6
encode cyclin-dependent serine-threonine kinases that, complex with D-type cyclines to
phosphorylate the RB tumor suppressor protein, in turn resulting in transcription of genes required
for G1-S phase cell cycle progression [22]. Fascaplysin-induced cell cycle perturbations in NCI-H417
and DMS153 are not restricted to G1/0 and seem to be insufficient to trigger apoptosis via
inhibition of CDK4. In SCLC the tumor suppressor circuit comprising p16INK4, which specifically
binds and inhibits CDK4/6, and RB is inactivated [23,24]. A minor fraction of SCLC tumors have
absent p16INK4 protein and wildtype RB expression, whereas the majority of tumors which
possess detectable levels of p16INK4 protein hold absent or mutant RB. Fascaplysin-induced G1
arrest is dependent on intact Rb protein. Absence of Rb protein was published for DMS153 cells [25]
and the same result was found here for NCI-H417 cells with help of the Poly6146 rabbit antibody
(Biolegend, San Diego, CA, USA) and paraformaldehyde-fixed cells (data not shown).
Additionally, both SCLC cell lines, NCI-H417 and DMS153, feature mutated p53 [26,27].
Fascaplysin induces apoptotic cell death in NCI-H417 cells dose-dependently and the generation
of ROS seems to support this cytotoxicity since addition of N-acetyl-L-cysteine (NAC) to MTT
tests partially reverse the cytotoxic effect of this compound. NAC can interact directly with
reactive oxygen species (ROS) because it is a scavenger of oxygen free radicals [28,29]. Drug
combinations comprising fascaplysin and a range of chemotherapeutics yielded synergism with
CPT and HOCPT solely. This finding may be explained either as fascaplysin acting as
CDK4 inhibitor or, more likely in the two SCLC lines studied, as interfering with the
camptothecin-toposiomerase I-DNA cleavable complex. We have described the chemosensitizing
effects of CDK4 inhibitors in conjunction with CPTs recently [16]. In limited support of the role of
fascaplysin as CDK4 inhibitor we found antagonism with a CDK4 inhibitor (EMD/Millipore,
Darmstadt, Germany), no interaction with roscovitine/olomoucine and synergism with the
pan-CDK inhibitor flavopiridol in MTT cytotoxicity assays (data not shown).
In order to further check possible DNA damage and repair we applied the isoquinolindione
BYK204165 selective PARP1 inhibitor to fascaplysin cytotoxicity tests against different SCLC cell
lines [30]. The basal activity of PARP1 is very low, but is stimulated markedly under cellular
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stress/oxidative damage. Under conditions of low to moderate DNA damage, PARP provides
cytoprotection, but in case of extended damage and high PARP activation cells are eliminated by
apoptosis [31,32]. Consequently, depending on the circumstances, inhibitors of PARP either
enhance the cytotoxicity of drugs or provide protection [33]. In the presence of a PARPi, PARP-1
binds DNA strand breaks but cannot produce poly(ADP-ribose) polymers and since DNA binding
is persistent repair is impaired. The cytotoxicity of fascaplysin is impaired by the PARP1 inhibitor
in the SCLC cell lines tested, except the chemosensitive NCI-H526 cells. This effect may be
partially due to the fascaplysin-induced cell cycle arrest in S-phase. The increased resistance of the
SCLC cell lines in presence of the PARP1 inhibitor point to an inhibition of the fascaplysintriggered induction of cell death, possibly by prevention of NAD+ resynthesis and ATP depletion
and/or translocation of apoptosis-inducing factor (AIF) from the mitochondria to the nucleus [34].
3. Experimental Section
3.1. Reagents and Cell Lines
Stock solutions of all compounds were prepared in DMSO. All other chemicals were purchased
from Sigma-Aldrich (St. Louis, MO, USA), except indicated otherwise. The BYK 204165 PARP1
inhibitor was obtained from Tocris Bioscience (Bristol, UK). Cell lines were obtained from ATCC
(Rockville, MD, USA), except DMS153 cells from ECACC (Porton Down, Salisbury, UK), the
GLC14/16/19 series from Dr. Nina Pedersen from the Department of Radiation Biology, The
Finsen Centre, National University Hospital, Copenhagen, Denmark and H1299 and H23 from the
University of Graz. The SCLC26A line was established from a pleural effusion of an untreated
patient with SCLC at our institution. Cells were grown in RPMI-1640 bicarbonate medium
(Seromed, Berlin, Germany) supplemented with 10% fetal bovine serum (Seromed, Berlin,
Germany), 4 mM glutamine and antibiotics (10× stock formulated to contain ~5000 units
penicillin, 5 mg streptomycin and 10 mg neomycin/mL) under tissue culture conditions (37 °C, 5%
CO2, 95% humidity) and checked for mycoplasma contamination (Mycoplasma PCR ELISA,
Roche Diagnostics, Vienna, Austria).
3.2. Chemosensitivity Assay
1 × 104 cells in 100 ȝL medium per well were distributed in 96-well microtiter plates (Greiner,
Kremsmuenster, Austria) and the test compound added in another 100 ȝL. Drugs and solute
controls were serially diluted in twofold steps in triplicate. The microtiter plates were incubated
under tissue culture conditions for four days and cell viability was measured using a modified MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide) assay (EZ4U, Biomedica, Vienna,
Austria). Optical density was measured using a microplate reader at 450 nm with an empty well as
reference. Values obtained from control wells containing cells and media alone were set to 100%
proliferation. For tests of synergy, compounds were diluted individually and in combination, using
the same (CPT) or double (HOCPT) initial concentrations. The synergistic effect of drug
combinations was assessed using CompuSyn (V 1.03; CompuSyn Inc., Paramus, NJ, USA), a
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software program based on the calculations for synergism developed by Chou et al. [35].
Combinations with a combination index (CI) <1 were considered synergistic.
3.3. Measurement of Cell Cycle Distribution
1 × 106 cells per well were incubated with the respective compound in six-well plates for three
days. Harvested cells were washed with PBS and fixed with 70% ethanol at í20 °C for 30 min,
washed again, transferred into staining solution (20 ȝg/mL propidium iodide (PI), 5 ȝg/mL
ribonuclease A, 0.05% Nonidet P40 in PBS) and incubated at room temperature overnight. Washed
cells were analyzed by acquisition of 1 × 104 cells by flow cytometry (Cytomics FC500, Beckman
Coulter, Krefeld, Germany) at excitation and emission wavelengths of 488 and 675 nm,
respectively. The proportion of subG1 (apoptotic) cells was obtained from the logarithmic PI
histograms, and percentages of cells in cell cycle phases G1/0 (resting), S (DNA synthesis) and
G2M (mitotic) were calculated from linear PI histograms using MultiCycle AV software (Phoenix
Flow Systems, San Diego, CA, USA). Experiments were done in duplicate.
3.4. Detection of Reactive Oxygen Species (ROS)
1 × 106 washed cells were preincubated with 5 ȝg/mL 2ƍ,7ƍ-dichlorodihydrofluorescein diacetate
(DCF), a chemically reduced, acetylated form of fluorescein, in phosphate buffered saline (PBS) at
37 °C for 15 min. This indicator is readily converted to a green-fluorescent form following removal
of the acetate groups by intracellular esterases and oxidation by ROS. Cells which were washed
again were then treated with fascaplysin under tissue culture conditions at 37 °C for 4 h. Identical
treatment of the cells with Luperox® TBH70X, Di-tert-butyl peroxide solution, gave the positive
controls. Samples were subsequently analyzed by flow cytometry.
3.5. Statistical Analysis
Statistical differences were calculated using student’s paired t-test at significance levels of p <
0.05 (indicated in the figures by an asterisk).
4. Conclusions
Fascaplysin exhibits cytotoxicity against chemoresistant SCLC cell lines via several contributing
pathways comprising, among others, generation of ROS and cellular mechanisms affecting
topoisomerase I-activity and activation of PARP, possibly linked to its interaction with DNA in
absence of a functional CDK4-RB1 axis in SCLC cell lines. Synergistic interaction with
camptothecins is of special interest for second-line treatment of SCLC relying on the camptothecin
analog topotecan.
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Programmed Cell Death Induced by (í)-8,9Dehydroneopeltolide in Human Promyelocytic Leukemia
HL-60 Cells under Energy Stress Conditions
Haruhiko Fuwa, Mizuho Sato and Makoto Sasaki
Abstract: (+)-Neopeltolide is a marine macrolide natural product that exhibits potent
antiproliferative activity against several human cancer cell lines. Previous study has established
that this natural product primarily targets the complex III of the mitochondrial electron transport
chain. However, the biochemical mode-of-actions of neopeltolide have not been investigated in
detail. Here we report that (í)-8,9-dehydroneopeltolide (8,9-DNP), a more accessible synthetic
analogue, shows potent cytotoxicity against human promyelocytic leukemia HL-60 cells
preferentially under energy stress conditions. Nuclear morphology analysis, as well as DNA ladder
assay, indicated that 8,9-DNP induced significant nuclear condensation/fragmentation and DNA
fragmentation, and these events could be suppressed by preincubating the cells with a pan-caspase
inhibitor, N-benzyloxycarbonyl-Val-Ala-Asp(OMe)-fluoromethylketone (zVAD). Immunoblot
analysis demonstrated the release of cytochrome c from the mitochondria and the cleavage of
full-length caspase-3 and poly(ADP-ribose) polymerase (PARP). These results indicated that
8,9-DNP induced caspase-dependent apoptotic programmed cell death under energy stress
conditions. It was also found that 8,9-DNP induced non-apoptotic cell death in the
presence/absence of zVAD under energy stress conditions. Immunoblot analysis showed the
intracytosolic release of apoptosis-inducing factor (AIF), although it did not further translocate to
the nucleus. It appears most likely that, in the presence of zVAD, 8,9-DNP triggered necrotic cell
death as a result of severe intracellular ATP depletion.
Reprinted from Mar. Drugs. Cite as: Fuwa, H.; Sato, M.; Sasaki, M. Programmed Cell Death
Induced by (í)-8,9-Dehydroneopeltolide in Human Promyelocytic Leukemia HL-60 Cells under
Energy Stress Conditions. Mar. Drugs 2014, 12, 5576-5589.
1. Introduction
(+)-Neopeltolide (1, Figure 1), a 14-membered macrolide natural product, was isolated from a
deep-water sponge that belongs to the family Neopeltidae, collected off the coast of Jamaica [1].
The gross structure, including relative configuration of this natural product was assigned on the
basis of extensive 2D NMR analyses. Later, Panek [2] and Scheidt [3,4] independently reassigned
the relative configuration and simultaneously established the absolute configuration of 1 through
total synthesis. Wright and co-workers have reported potent antiproliferative activity of 1 against
several human cancer cell lines, including the A549 human lung adenocarcinoma and the
NCI/ADR-RES human ovarian sarcoma cell lines [1]. In addition, Wright et al. have described that
1 exhibits antifungal activity against pathogenic yeast Candida albicans [1]. Kozmin and
co-workers have established that 1 binds to the complex III of the mitochondrial electron transport
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chain (mETC) as primary molecular target [5]. However, the biochemical mode-of-action and
cellular effect of 1 and its synthetic analogues remain largely underexplored.
Figure 1. Structures of (+)-neopeltolide (1) and (í)-8,9-dehydroneopeltolide (8,9-DNP, 2).

We have previously reported the total synthesis of 1 and its synthetic analogues to elucidate the
structure-activity relationships in detail [6–10]. During our synthetic campaign, we identified the
pharmacophoric elements of 1 and discovered several highly potent and synthetically accessible
analogues, as exemplified by (í)-8,9-dehydroneopeltolide (8,9-DNP, 2) [9,11]. Here we report that
8,9-DNP induced caspase-dependent apoptotic cell death in HL-60 human promyelocytic leukemia
cells under energy stress conditions. We also describe that 8,9-DNP triggered necrotic death in
HL-60 cells when caspase-dependent apoptotic pathway was impaired.
2. Results
2.1. 8,9-DNP Exhibits Cytotoxicity against HL-60 Cells under Energy Stress Conditions
The effect of 8,9-DNP in human leukemic cells has not been reported so far. Initially, we
examined the viability of HL-60 cells upon treatment with various concentrations of 8,9-DNP by
WST-8 assay [12] (Figure 2A). We found that 8,9-DNP did not show appreciable antiproliferative
activity against cells cultured in normal medium for 24 h. In contrast, the cell viability decreased
when cells were treated with 8,9-DNP under energy stress conditions. Specifically, the cell viability
fell below 50% by combined treatment of cells with 8,9-DNP and a glycolysis inhibitor,
2-deoxy-D-glucose (2-DG, 10 mM), in normal medium. Furthermore, marked dose-dependent
decrease in cell viability was observed when cells were treated with 8,9-DNP in glucose-deprived
medium. These results showed that the cells became sensitized to 8,9-DNP upon inhibition of
glycolysis. We also determined that intracellular ATP concentration of HL-60 cells decreased
significantly upon exposure to 8,9-DNP in glucose-deprived medium for 6 h (Figure 2B).
Hereafter, we investigated the effect of 8,9-DNP on HL-60 cells in glucose-deprived medium as an
in vitro model of energy stress conditions.
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Figure 2. (A) Viability of HL-60 cells treated with 8,9-DNP for 24 h. Blue circles: normal
medium; green triangles: normal medium + 10 mM 2-DG; red squares: glucose-deprived
medium. Data are expressed as mean ± SD of three independent experiments;
(B) Intracellular ATP concentration of HL-60 cells treated with 8,9-DNP in glucose-deprived
medium for 6 h. Data are expressed as mean ± SD of three independent experiments.

Next, we performed nuclear morphology analysis using Höechst 33342/propidium iodide (PI)
double staining technique (Figure 3A). After treatment of HL-60 cells with 8,9-DNP (100 nM) in
glucose-deprived medium for 6 h, a significant portion (35%) of the cells showed nuclear
fragmentation without PI staining. A similar result was obtained when cells were treated with
8,9-DNP (100 nM) in the presence of 2-deoxy-D-glucose (10 mM) in normal medium for 6 h (data
not shown). In addition, the nuclear fragmentation was suppressed by pretreatment of cells with a
pan-caspase inhibitor, N-benzyloxycarbonyl-Val-Ala-Asp(OMe)-fluoromethylketone (zVAD)
(25 M) [13,14]. These results were indicative of apoptotic programmed cell death. Meanwhile, almost
all the cells treated with 8,9-DNP (100 nM) became PI positive after 24 h in glucose-deprived
medium even in the presence of zVAD, whereas control cells did not show appreciable morphological
changes and remained PI negative.
Significant DNA laddering was observed in the cells treated with 8,9-DNP under energy stress
conditions, which was prevented by co-incubation with zVAD (25 M) (Figure 3B). These results
suggested that internucleosomal cleavage of DNA, one of the characteristics of apoptosis, occurred
by the action of 8,9-DNP.
2.2. Apoptotic Cell Death Induced by 8,9-DNP Depends on the Intrinsic Pathway
Because it has been shown that neopeltolide inhibits the complex III of isolated mitochondria [5],
we envisioned that the apoptotic cell death induced by 8,9-DNP in HL-60 cells might be attributed
to the intrinsic mitochondrial pathway [15–17], which is known to involve the release of
cytochrome c (Cyt c) from the intermembrane space of the mitochondria to the cytosol [18,19], the
activation of caspase-3 by proteolytic processing [20], and the cleavage of poly(ADP-ribose)
polymerase (PARP) as characteristic biochemical events [21].
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Figure 3. (A) Nuclear morphology analysis by Höechst 33342/PI double staining. Each
experiment was performed independently two times. Nuclear fragmentation was
observed for the cells treated with 8,9-DNP (35% at 6 h and 46% at 24 h); (B) DNA
electrophoresis on 2% agarose gel, developed with ethidium bromide. Each experiment
was performed independently three times.

Initially, we assessed the inhibition of the mETC with 8,9-DNP by using rhodamine 123 as a
fluorescent probe sensitive to mitochondrial membrane potential (ǻȌm) [22] (Figure 4A). Carbonyl
cyanide m-chlorophenyl hydrazone (CCCP), an uncoupler of mETC, was used as a positive control.
While the untreated cells showed bright punctate signals, the cells treated with 8,9-DNP (100 nM)
only showed a dispersed pattern of weak fluorescence, indicating depolarization of ǻȌm. This
result confirmed the inhibition of the mETC of HL-60 cells with 8,9-DNP.
Next, we performed immunoblot analysis to gain insight into the mode-of-action of 8,9-DNP.
As summarized in Figure 4B, the cytosolic extract of the HL-60 cells treated with 8,9-DNP (100
nM) in glucose-deprived medium for different periods of time (1, 3, and 6 h) showed the presence
of cytosolic Cyt c after 3 h. Furthermore, in the whole cell extract, the decrease of full-length
caspase-3 (procaspase-3) and the cleavage of PARP were observed after 3 h. The PARP cleavage
was abolished by co-incubation with zVAD (25 M) prior to 8,9-DNP treatment. Taken together,
these results strongly suggested that the release of Cyt c from the mitochondria, triggered by
8,9-DNP, induced apoptotic cell death via the intrinsic pathway involving caspase activation and
PARP cleavage.
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Figure 4. (A) Evaluation of ǻȌm by rhodamine 123 staining. Each experiment was
performed independently two times; (B) Immunoblot analysis of cell extracts to detect
intracytosolic release of Cyt c and cleavage of full-length caspase-3 and PARP. The
cytosolic extract was probed with anti-VDAC1 antibody to ensure that it was free of
mitochondrial component. Each experiment was performed independently three times.

2.3. 8,9-DNP also Induces Intracytosolic Release of AIF but It Does Not Translocate to
the Nucleus
The results of the nuclear morphology analysis, DNA laddering experiments, and immunoblot
analysis clearly indicated that zVAD successfully inhibited caspases in the cells treated with
8,9-DNP under energy stress conditions and rescued the cells from apoptotic death. However,
Höechst 33342/PI double staining analysis showed that zVAD could not prevent cell death after
24 h treatment with 8,9-DNP (Figure 3A). Neither nuclear fragmentation nor condensation were
apparent for the cells treated with 8,9-DNP in the presence of zVAD in glucose-deprived medium
for 24 h. Nonetheless, all the cells were clearly stained with PI.
Accordingly, we performed further immunoblot analysis of the cytosolic extract of the cells
treated with 8,9-DNP in glucose-deprived medium for different periods of time (1, 3, and 6 h).
Apoptosis-inducing factor (AIF) [23,24] and endonuclease G (Endo G) [25,26] are known to induce
caspase-independent programmed cell death upon translocation to the nucleus. High-temperature
requirement protein A2 (HtrA2)/Omi [27] is a serine protease that contributes to apoptosis by
antagonizing inhibitor of apoptosis (IAP) proteins. The intracytosolic release of AIF and
HtrA2/Omi, but not Endo G, was observed after 6 h, regardless of the presence of zVAD (Figure 5A).
These results indicated that the intracytosolic release of AIF and HtrA2/Omi was specifically
induced by the action of 8,9-DNP and that zVAD did not block the release of AIF and HtrA2/Omi
to the cytosol but merely inhibited downstream caspase-dependent events. At this stage, it was envisaged
that AIF might be a primary executor of the caspase-independent cell death in 8,9-DNP-treated
cells. However, translocation of AIF to the nucleus was not detected by immunoblot analysis of the
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nuclear extract of the cells exposed to 8,9-DNP in glucose-deprived medium for 6 h (Figure 5B).
This result indicated that AIF is not responsible for the caspase-independent cell death induced by
8,9-DNP.
Figure 5. (A) Immunoblot analysis of cytosolic extract showed intracytosolic release of
AIF and HtrA2/Omi, but not EndoG. The cytosolic extract was also probed with
anti-VDAC1 antibody to ensure that it was free of mitochondrial proteins. The whole
cell extract of untreated cells was used as positive control; (B) Immunoblot analysis of
nuclear extract showed that AIF did not translocate to the nucleus. The nuclear extract
was also probed with anti-GAPDH and anti-COX IV antibodies to ensure that it was
free of cytosolic and mitochondrial proteins. The whole cell extract of untreated cells
was used as positive control. Each experiment was performed independently three times.

3. Discussion
The mitochondrial electron transport chain (mETC), consists of four transmembrane complexes,
I, II, III, and IV, generates electrochemical proton gradient across the inner membrane of the
mitochondria to facilitate ATP production by F1Fo ATP synthase (complex V). The mitochondrial
complex III is known to transfer electrons from ubiquinol to Cyt c and pump protons from the inner
matrix to the intermembrane space using the Q-cycle. Naturally occurring antibiotics, such as
antimycin A, stigmatellin, and myxothiazol, have contributed to the characterization of the
structure and functions of the mitochondrial complex III at the molecular level [28,29]. It has been
shown that antimycin A binds to the Qo-site, whereas stigmatellin and myxothiazol bind to the
Qi-site [28,29]. (+)-Neopeltolide is a new potent inhibitor of the complex III of the mETC, recently
identified from a deep-water sponge of the family Neopeltidae [1,5]. However, the precise location
of its binding site has not been established.
The mitochondria play a key role in programmed cell death [16,17]. In response to apoptotic
stimuli, the mitochondria release Cyt c from the intermembrane space to the cytosol via outer
membrane permeabilization. Cyt c binds to apoptotic protease activating factor-1 (Apaf-1) in the
cytosol to form apoptosome, which triggers activation of the caspase cascade [18,19]. Several

513
mitochondrial proteins, such as AIF, EndoG, and HtrA2/Omi, are also known to induce
programmed cell death [20–27].
In this study, we investigated the effect of (í)-8,9-DNP [9,11], a potent synthetic analogue of
(+)-neopeltolide, on HL-60 human promyelocytic leukemia cells. We found that 8,9-DNP
decreased cell viability preferentially under the conditions in which glycolytic ATP generation was
inhibited by 2-deoxy-D-glucose or by withdrawal of D-glucose from culture medium (Figure 2).
Clearly, the inhibition of glycolysis made the cells significantly sensitive to 8,9-DNP [30,31].
Under these energy stress conditions, internucleosomal DNA fragmentation occurred significantly
in the cells treated with 8,9-DNP, as indicated by the nuclear morphology characterization and
DNA laddering experiment (Figure 3). These phenotypes are the hallmarks of caspase-dependent
programmed cell death [15–17], and they were specifically suppressed by preincubating cells with a
pan-caspase inhibitor zVAD [13,14]. Furthermore, immunoblot analysis of the cells treated with
8,9-DNP in glucose-deprived medium showed the leakage of Cyt c, an apoptogenic protein, from
the intermembrane space of the mitochondria to the cytosol, the activation of caspase-3, and the
cleavage of PARP (Figure 4B). Collectively, these results indicated that the cells exposed to
8,9-DNP under energy stress conditions underwent caspase-dependent apoptotic programmed cell
death via the mitochondrial intrinsic pathway.
Additional immunoblot analysis showed that the intracytosolic release of AIF and HtrA2/Omi
occurred after 6 h treatment of cells with 8,9-DNP in glucose-deprived medium (Figure 5A).
Presumably, the release of these mitochondrial proteins could be ascribed to mitochondrial outer
membrane permeabilization induced by the loss of ǻȌm [32]. Moreover, prolonged treatment of
HL-60 cells with 8,9-DNP induced cell death even in the presence of zVAD. We initially
speculated that AIF might be responsible for the observed cell death, since AIF is known to
contribute to programmed cell death when caspases are inhibited or not activated [32]. Ogita et al.
have recently reported that antimycin A, a potent complex III inhibitor, induces nuclear
translocation of AIF in a caspase 3-independent manner to show cytotoxicity against HL-60 cells [33].
However, in the present case, nuclear translocation of AIF was not observed (Figure 5B). Thus, it is
most likely that AIF is not responsible for the caspase-independent cell death triggered by 8,9-DNP.
Meanwhile, it is known that ATP is required for executing caspase-dependent apoptotic cell
death and that severe intracellular ATP depletion causes necrotic, programmed cell death [34,35].
In addition, inhibitors of the mETC have been shown to be cytotoxic against the PANC-1 human
pancreatic carcinoma cell line under nutrient-deprived conditions, where marked decrease of
intracellular ATP concentration was observed [36]. Actually, intracellular ATP concentration of
HL-60 cells considerably decreased after 6 h treatment with 8,9-DNP in glucose-deprived medium
(Figure 2B), implying that the cells might undergo necrotic programmed cell death because of energetic
impairment induced by dual inhibition of glycolysis and oxidative phosphorylation (OXPHOS).
Because of metabolic requirements for rapid proliferation, the energy metabolism of cancer cells
depends heavily on glycolysis even when sufficient oxygen is available (“aerobic glycolysis”), and
hence differs significantly from that of normal cells [37–39]. It is known that leukemic cells are
highly glycolytic [40], and that inhibition of the glycolytic activity sensitizes them to chemotherapeutic
agents [30,31,41,42]. It has been reported that the combination of 2-deoxy-D-glucose and an
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AMP-activated protein kinase (AMPK) agonist metformin is effective against human solid tumor
cells [43,44] and leukemic cells [45] in vitro and in vivo. Metformin compromises mitochondrial
ATP synthesis by inhibiting complex I of the mETC and depolarizing ǻȌm [43–45]. Thus, dual
inhibition of glycolysis and OXPHOS is an effective means to target the bioenergetics of cancer
cells. It would be of interest to investigate whether 8,9-DNP shows cytotoxicity against solid tumor
cells under energy stress conditions, because cancer cells in tumor microenvironment are often
exposed to low-nutrient, hypoxic conditions due to their rapid proliferation and insufficient
angiogenesis within solid tumors [46]. Work toward this end is underway.
4. Experimental Section
4.1. Materials
The HL-60 human promyelocytic leukemia cell line was provided from RIKEN BRC through
the National Bio-Resource Project of the MEXT, Japan. Primary antibodies were obtained as
follows: rabbit anti-caspase-3 monoclonal antibody, rabbit anti-PARP monoclonal antibody, rabbit
anti-COX IV monoclonal antibody (Cell Signaling Technology, Danvers, MA, USA); rabbit
anti-AIF polyclonal antibody, mouse anti-histone H1 monoclonal antibody, and mouse
anti-VDAC1 monoclonal antibody (Santa Cruz Biotechnology, Dallas, TX, USA); mouse anti-Cyt
c monoclonal antibody (BD Biosciences, San Jose, CA, USA); rabbit anti-endonuclease G
polyclonal antibody (EMD Millipore, Temecula, CA, USA); mouse anti-HtrA2/Omi monoclonal
antibody (R&D Systems, Minneapolis, MN, USA); HRP-conjugated mouse anti-GAPDH
monoclonal antibody (MBL, Nagoya, Japan). Höechst 33342 and propidium iodide were obtained
from Life Technologies (Carlsbad, CA, USA). zVAD was purchased from Peptide Institute (Osaka,
Japan). (í)-8,9-Dehydroneopeltolide (8,9-DNP) was synthesized as described previously [9] and
purified by preparative high-performance liquid chromatography performed on a Shimadzu
Prominence HPLC System equipped with a COSMOSIL 5C18AR-II column (250 mm × 20 mm
I.D., Nacalai Tesque, Kyoto, Japan). All other chemicals were purchased from Nacalai Tesque
(Kyoto, Japan), Wako Pure Chemicals (Osaka, Japan), Dojindo Laboratories (Kumamoto, Japan),
or Sigma-Aldrich (St. Louis, MO, USA). All cell culture media used in this study were
supplemented with 10% fetal bovine serum, 100 units/mL of penicillin, and 100 g/mL of
streptomycin and filter-sterilized before use.
4.2. Cell Viability Assay
Cells were cultured for 2–3 days in RPMI1640 medium maintaining under a 5% CO2/air
atmosphere in a CO2 incubator at 37 °C. Exponentially growing cells were harvested and
re-suspended in RPMI1640, RPMI1640 containing 10 mM 2-deoxy-D-glucose, or RPMI1640
without D-glucose at a density of 2.5 × 105 cells/mL. The cell suspension (198 L) was distributed
to wells of a 96-well microtiter plate. The cells were then treated with various concentrations of
8,9-DNP (2 L) and incubated in a CO2 incubator at 37 °C for 24 h. At this point, WST-8 (5 L)
was added to each well. After incubation in a CO2 incubator at 37 °C for additional 5 h, the UV
absorbance at 405 nm and 650 nm, respectively, was measured by a microplate reader
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(Synergy®HT Multi-Mode Microplate Reader, BioTek Instruments, Winooski, VT, USA). The
relative absorbance values, calculated by subtracting UV absorbance at 650 nm from that at
450 nm, were plotted against sample concentrations (the relative absorbance values for 0% and
100% cell viability were obtained with blank and 10% MeOH/H2O, respectively). IC50 values were
calculated with a non-linear regression model of standard slope by using the GraphPad Prism
software (GraphPad Software, La Jolla, CA, USA).
4.3. Measurement of Intracellular ATP Concentration
Intracelluar ATP concentration of HL-60 cells was determined by using CellTiter-Glo assay kit
(Promega, Madison, WI, USA) according to the manufacturer’s protocol.
4.4. Nuclear Morphology Analysis
The Höechst 33342/propidium iodide double staining technique was used to observe nuclear
morphology and to discriminate living and dead cells. In cases where zVAD was used as an
additive, cells were incubated with zVAD (25 M) at 37 °C for 30 min prior to 8,9-DNP treatment.
After treatment of HL-60 cells with 8,9-DNP (100 nM) in RPMI1640 without D-glucose at 37 °C
for 6 or 24 h, the cells were harvested, washed once with PBS, and then treated with 10 g/mL
Höechst 33342 and 5 g/mL propidium iodide in PBS at room temperature for 30 min. The cells
were washed once with PBS and fixed with 4% paraformaldehyde in PBS at room temperature for
20 min. The cells were washed once with PBS and then observed under an inverted fluorescence
microscope (IX-73, Olympus, Tokyo, Japan) equipped with a 60× objective.
4.5. Mitochondrial Membrane Potential Assay
After treatment of exponentially growing HL-60 cells with 8,9-DNP (100 nM) in glucose-deprived
medium for 1 h, the cells were washed with PBS and stained with rhodamine 123 (10 g/mL) in
PBS at room temperature for 15 min. The cells were washed with PBS, and observed under an
inverted fluorescence microscope (IX-73, Olympus, Tokyo, Japan) equipped with a 40× objective.
4.6. DNA Laddering Assay
Exponentially growing HL-60 cells were treated with 8,9-DNP (100 nM) in RPMI1640 without
at 37 °C for 6 h. DNA was extracted from the cells by using SepaGene kit (Eidia, Tokyo,
Japan) according to the manufacturer’s protocol. The extracted DNA was dissolved in 20 g/mL
RNase/TE buffer, incubated at 37 °C for 30 min, and then electrophoresed on a 2% agarose gel in
TAE buffer. The gel was stained with 1 g/mL ethidium bromide, rinsed with distilled water, and
then visualized under UV light (ChemiDoc XRS+ Imaging System, Bio-Rad, Hercules, CA, USA).
D-glucose

4.7. Preparation of Cytosolic Extract
After treatment of exponentially growing HL-60 cells with 8,9-DNP (100 nM) in RPMI1640
medium without D-glucose at 37 °C for 1, 3, or 6 h, cells were harvested, washed once with PBS,
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and then incubated on ice for 5 min with a buffer containing 75 mM KCl, 1 mM NaH2PO4, 8 mM
Na2HPO4, 250 mM sucrose, 200 g/mL digitonin, and protease inhibitor cocktail (Nacalai Tesque,
Kyoto, Japan). After centrifugation (1500× g, 4 °C, 5 min; then 16,000× g, 4 °C, 5 min), the
supernatant was saved as the cytosolic extract and stored at í80 °C before use. Protein
concentration was determined by using Protein Assay Rapid kit (Wako Pure Chemical, Osaka, Japan).
4.8. Preparation of Whole Cell Extract
After treatment of exponentially growing HL-60 cells with 8,9-DNP (100 nM) in RPMI1640
medium without D-glucose at 37 °C for 1, 3, or 6 h, cells were harvested, washed once with PBS,
and then incubated on ice with RIPA buffer (Wako Pure Chemicals, Osaka, Japan) supplemented with
protease inhibitor cocktail (Nacalai Tesque, Kyoto, Japan) for 30 min. After centrifugation
(10,000× g, 4 °C, 10 min), the supernatant was saved as the whole cell extract and stored at í80 °C
before use. Protein concentration was determined by using Protein Assay Rapid kit (Wako Pure
Chemical, Osaka, Japan).
4.9. Preparation of Nuclear Extract
HL-60 cells treated with or without 8,9-DNP (100 nM) were harvested, washed twice with
ice-cold PBS, and incubated with ice-cold hypotonic buffer (10 mM HEPES/KOH (pH 7.9), 2 mM
MgCl2, 0.1 mM EDTA, 10 mM KCl, 1 mM DTT, and 0.5% Triton X-100) supplemented with
protease inhibitor cocktail (Nacalai Tesque, Kyoto, Japan) on ice for 10 min. After centrifugation
(800× g, 4 °C, 8 min), the supernatant was removed and the pellet gently suspended in the ice-cold
hypotonic buffer. After centrifugation (800× g, 4 °C, 8 min), the supernatant was removed and the
pellet gently suspended in SDS buffer (0.1 M Tris·HCl (pH 6.8), 2% SDS, and 20% glycerol)
supplemented with protease inhibitor cocktail (Nacalai Tesque, Kyoto, Japan). The resultant
solution was briefly sonicated in an ice-cold bath, diluted with an equal volume of 200 mM DTT
plus 0.04% bromophenol blue, and boiled at 95 °C for 5 min. The nuclear extract thus obtained was
stored at í80 °C before use.
4.10. Immunoblot Analysis
The cellular extract prepared above was diluted with 2× Sample Buffer Solution (Nacalai
Tesque, Kyoto, Japan) containing 100 mM DTT and boiled at 95 °C for 3 min. After cooling on
ice, the resultant mixture was resolved on a 12% SDS-polyacrylamide gel and then transferred onto
a PVDF membrane. The membrane was blocked with Blocking One (Nacalai Tesque, Kyoto,
Japan) at room temperature for 30 min and probed with an appropriate primary antibody at room
temperature for 1–4 h or at 4 °C overnight. The membrane was then probed with an appropriate
HRP-conjugated secondary antibody at room temperature for 1 h and then developed with ChemiLumi One (Nacalai Tesque, Kyoto, Japan). Chemiluminescence was detected on a ChemiDoc
XRS+ Imaging System (Bio-Rad, Hercules, CA, USA).
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5. Conclusions
This study has demonstrated that 8,9-DNP, a potent synthetic analogue of (+)-neopeltolide,
induces apoptotic cell death in HL-60 human promyelocytic leukemia cells under energy stress
conditions. The mechanism of the apoptotic cell death involves the release of Cyt c from the
mitochondria to the cytosol, activation of caspase-3, cleavage of PARP, and DNA fragmentation.
The apoptotic cell death induced by 8,9-DNP could be suppressed by co-incubation of cells with a
pan-caspase inhibitor zVAD. It was also found that 8,9-DNP caused non-apoptotic cell death in the
presence of zVAD. Immunoblot analysis of the cytosolic extract of the cells exposed to 8,9-DNP
showed the release of AIF and HtrA2/Omi from the intermembrane space of the mitochondria to
the cytosol, although the nuclear level of AIF did not increase under these conditions. It seems
most likely that significant decrease of intracellular ATP concentration caused by 8,9-DNP resulted
in necrotic cell death where caspases were inhibited or not activated. Further studies on the
biological activity and mode-of-action of 8,9-DNP are currently underway and will be reported shortly.
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Araguspongine C Induces Autophagic Death in Breast Cancer
Cells through Suppression of c-Met and HER2 Receptor
Tyrosine Kinase Signaling
Mohamed R. Akl, Nehad M. Ayoub, Hassan Y. Ebrahim, Mohamed M. Mohyeldin,
Khaled Y. Orabi, Ahmed I. Foudah and Khalid A. El Sayed
Abstract: Receptor tyrosine kinases are key regulators of cellular growth and proliferation.
Dysregulations of receptor tyrosine kinases in cancer cells may promote tumorigenesis by multiple
mechanisms including enhanced cell survival and inhibition of cell death. Araguspongines
represent a group of macrocyclic oxaquinolizidine alkaloids isolated from the marine sponge
Xestospongia species. This study evaluated the anticancer activity of the known oxaquinolizidine
alkaloids araguspongines A, C, K and L, and xestospongin B against breast cancer cells.
Araguspongine C inhibited the proliferation of multiple breast cancer cell lines in vitro in
a dose-dependent manner. Interestingly, araguspongine C-induced autophagic cell death in
HER2-overexpressing BT-474 breast cancer cells was characterized by vacuole formation and
upregulation of autophagy markers including LC3A/B, Atg3, Atg7, and Atg16L. Araguspongine
C-induced autophagy was associated with suppression of c-Met and HER2 receptor tyrosine kinase
activation. Further in-silico docking studies and cell-free Z-LYTE assays indicated the potential of
direct interaction between araguspongine C and the receptor tyrosine kinases c-Met and HER2 at
their kinase domains. Remarkably, araguspongine C treatment resulted in the suppression of
PI3K/Akt/mTOR signaling cascade in breast cancer cells undergoing autophagy. Induction of
autophagic death in BT-474 cells was also associated with decreased levels of inositol
1,4,5-trisphosphate receptor upon treatment with effective concentration of araguspongine C. In
conclusion, results of this study are the first to reveal the potential of araguspongine C as an
inhibitor to receptor tyrosine kinases resulting in the induction of autophagic cell death in breast
cancer cells.
Reprinted from Mar. Drugs. Cite as: Akl, M.R.; Ayoub, N.M.; Ebrahim, H.Y.; Mohyeldin, M.M.;
Orabi, K.Y.; Foudah, A.I.; El Sayed, K.A. Araguspongine C Induces Autophagic Death in Breast
Cancer Cells through Suppression of c-Met and HER2 Receptor Tyrosine Kinase Signaling.
Mar. Drugs 2015, 13, 288-311.
1. Introduction
Receptor tyrosine kinases (RTKs) are key regulators of critical cellular processes including cell
growth, differentiation, survival, and repair [1]. Multiple RTKs were identified for their oncogenic
potential in breast cancer. It is well-established that aberrations in epidermal growth factor (EGF)
receptor and HER2 signaling are associated with worse prognosis and more aggressive phenotypes
of breast cancer [2]. Recently, strong evidence supports the role for the hepatocyte growth factor
(HGF) and its receptor, c-Met, in the development and progression of breast carcinoma [2]. Abnormally
increased expression of c-Met has been detected in human breast cancer and is associated with poor
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prognosis [3]. RTKs are often selectively altered on malignant cells. Therefore, they represent
attractive targets for cancer therapy, with a number of agents already approved for clinical use [4].
Autophagy is a catabolic process that digests cellular contents within lysosomes [5,6].
Autophagy is characterized by the formation of double-membrane vesicles, known as autophagosomes,
which are engulfed by cytoplasmic molecules (Figure 1). Subsequently, the autophagosome fuses
with the lysosome, which provides hydrolases and the sequestered contents undergo degradation
and/or recycling (Figure 1). To date, the mammalian target of rapamycin (mTOR) is the most
well-characterized autophagy regulator [7,8]. Recently, there has been growing evidence to suggest
that decreased autophagic activity is related to tumorigenesis [6]. Therefore, induction of
autophagic cell death may represent a promising tool for cancer cell eradication.

Figure 1. Schematic illustration of autophagy. The process of autophagosome
formation consists of several stages, namely initiation, elongation and maturation and
fusion. ULK complex (comprising ULK1/2−Atg13−FIP200−Atg101) is responsible for
initiation of autophagy, in response to certain signals. In addition to initiation signals by
the ULK complex, formation of double-layered membrane (phagophore) within the
cytosol requires the action of the Vps34 complex (Vps34−Vps15, Beclin-1
(Atg6)−Barkor). The elongation stage requires cleavage of the microtubule-associated
protein 1 light chain 3 (Atg8/LC3) by Atg4, resulting in the formation of cytosolic
LC3-I protein, which is conjugated to phosphatidylethanolamine (PE) to form
membrane bound LC3-II. In the meantime, the formation of Atg5–Atg12–Atg16L1
protein complex associates with the membrane and facilitates LC3 conjugation to PE
and determines the sites of LC3 lipidation. The membrane grows to enwrap a portion of
the cytosol, forming an autophagosome containing autophagic cargo. Next, lysosomes
fuse with the autophagosome, releasing lysosomal hydrolases resulting in degradation
of the vesicle contents and formation of autolysosome.
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Marine sponges are rich sources of bioactive, unique, and chemically diverse natural products [9].
Xestospongins are marine natural products first isolated from the Pacific sponge Xestospongia
exigua (Kirkpatrick) [10]. Chemically, araguspongines/xestospongins are dimeric 2,9-disubstituted
1-oxaquinolizidines (Figure 2). Stereochemically, the trans-2,9-disubstituted 1-oxaquinolizidine
rings predominantly maintain a trans-decaline-like conformation, unlike the cis-disubstituted rings,
which adapt a cis-decaline-like conformer [10]. Conformational variations of araguspongine/xestospongin
alkaloids can significantly affect their biological activities and molecular targets [11]. Bioactivities
reported for araguspongines and xestospongins include vasodilatory [12], cytotoxic [13], antifungal [11],
antimalarial and antituberculosis [10], as well as antiplatelet activities [14]. Xestospongins and
araguspongines have been extensively evaluated for their potential to modulate calcium release by
multiple cellular calcium channels [15–17]. Xestospongins/araguspongines are powerful inhibitors
of inositol 1,4,5-trisphosphate (IP3) receptor, a calcium channel mainly located at the endoplasmic
reticulum [15–17].
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Figure 2. Chemical structures of araguspongines A, C, L, K, and xestospongin B.
Some marine-derived xestospongins and araguspongines were patented for modest antitumor
activities in 1997 but little is known about their anticancer properties [18]. Therefore, the goal of
this study was to evaluate the anticancer activity of araguspongines in multiple breast cancer cell
lines in vitro and to characterize the mechanisms associated with the anticancer activity of
araguspongine C in breast cancer cells.
2. Results
2.1 Chemical Diversity of Tested Oxaquinolizidine Alkaloids and Their Effect on Breast Cancer
Cell Viability
Five known oxaquinolizidine alkaloids (Figure 2) have been identified and screened for their
anticancer activity using the HER2-overexpressing breast cancer cell line BT-474 cells. The
structures represent diverse dimeric trans-2,9-disubstituted 1-oxaquinolizidines, with mono and
dihydroxy substitutions (araguspongines A and C, respectively), N-oxides (araguspongines K and
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L), and monohydroxy and C-3ƍ methyl substitution (xestospongin B). Two day treatment of
BT-474 cells resulted in antiproliferative activity and inhibition of breast cancer cell growth. The
effect of oxaquinolizidine alkaloids treatment on breast cancer cells is shown in Table 1.
Suppression of BT-474 cell viability was most remarkable with araguspongine A and
araguspongine C treatments, with IC50 values of 9.3 and 15.2 ȝM, respectively (Table 1).
Alternatively, xestospongin B and araguspongine L were the least active inhibitors of BT-474 cell
growth when compared with other araguspongines used for this screening (Table 1).
Table 1. IC50 values for oxaquinolizidine alkaloids after 48 h treatment of BT-474
breast cancer cells in culture. Cells were plated at a density of 1 × 104 cells per well in
96-well culture plates and maintained in RPMI-1640 media supplemented with 10%
FBS and allowed to adhere overnight. The next day, cells were divided into different
treatment groups and then given various treatments in RPMI-1640 medium containing
40 ng/mL HGF for 48 h. Viable cell number was determined using the MTT assay. IC50
values were calculated using non-linear regression curve fit analysis using GraphPad
Prism software.
Compound
Araguspongine A
Araguspongine C
Araguspongine K
Araguspongine L
Xestospongin B

IC50 (ȝM) ± SEM
9.3 ± 3.2
15.2 ± 2.1
29.5 ± 3.8
35.6 ± 3.7
52.5 ± 4.5

2.2. Effects of Araguspongine C on Viability, Morphology, and Colony Formation of Breast
Cancer Cells
Araguspongine C exerted antiproliferative effects when applied to multiple breast cancer cell
lines in vitro. Five breast cancer cell lines with different phenotypes and molecular characteristics
were used for the evaluation of araguspongine C treatment over two days in culture. Results showed
that it effectively suppressed the growth of all breast cancer cell lines used in a dose-dependent
manner (Figure 3). However, growth inhibition of breast cancer cell lines showed a range of IC50
values (Table 2). MDA-MB-231 and MCF-7 cells were the most sensitive while T-47D cells were
the least sensitive to the antiproliferative activity of araguspongine C (Table 2). Araguspongine C
was not toxic in the non-tumorigenic MCF10A mammary epithelial cells at the used treatment
doses. Interestingly, araguspongine C-induced antiproliferative activity in BT-474 cells was associated
with a characteristic change of cellular phenotype indicated by vacuole accumulation in all colonies
of BT-474 cells exposed to the compound treatment as compared to their vehicle-treated control
group (Figure 4A). Vacuole accumulation in BT-474 cells was observed with araguspongine C
concentration of 10 M within three hours of treatment exposure. Furthermore, these alterations in
cancer cell phenotype were exclusively noticed upon araguspongine C treatment of BT-474 cells,
but not with other breast cancer cell lines concomitantly treated with the compound or with other
oxaquinolizidine alkaloids previously used in BT-474 cell treatment.
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Table 2. IC50 values for araguspongine C after 48 h treatment of multiple breast cancer
cell lines in culture. IC50 values were calculated using non-linear regression curve fit
analysis using GraphPad Prism software (GraphPad Software Inc., La Jolla, CA USA).
Cell Line
MDA-MB-231
MCF-7
BT-474
SKBR3
T-47D

IC50 (M) ± SEM
10.1 ± 2.3
8.5 ± 1.6
15.2 ± 2.1
18.3 ± 2.5
46.1 ± 4.8

Figure 3. Effect of araguspongine C treatment on viability of breast cancer cell lines
in vitro. MDA-MB-231, MCF-7, BT-474, SKBR3, and T-47D human breast cancer
cells were plated at a density ~1 × 104 cells per well in 96-well culture plates and
maintained in RPMI-1640 media supplemented with 10% FBS and allowed to adhere
overnight. The next day, cells were divided into different treatment groups and then
given various treatments in RPMI-1640 medium containing 40 ng/mL HGF for 48 h.
Viable cell number was determined using the MTT assay. The data represent the
mean ± SEM for three independent experiments.
For further evaluation of araguspongine C effects on BT-474 cells, cytotoxic and
anchorage-independent growth studies were considered (Figure 4B,D). Araguspongine C treatment
at 10 M concentration was able to inhibit BT-474 cell anchorage-independent growth in soft agar
assay compared to the vehicle-treated control cells (Figure 4B). In addition, araguspongine C
treatment at 10 ȝM concentration induced apoptosis (cell death) in BT-474 cells treated for 48 h as
compared to their vehicle-treated counterparts. Apoptosis was assessed by measuring the levels of
Poly (ADP-ribose) polymerase (PARP) cleavage as shown by Western blot results (Figure 4C).
Moreover, araguspongine C-induced cell death was additionally confirmed by determination of
annexin V (apoptotic marker) and PI (oncotic marker) binding using flow cytometry in BT-474
cancer cells (Figure 4D). Araguspongine C at a concentration of 10 M resulted in modest increase
(17%) for the number of apoptotic cells (annexin V-positive) when compared to 25 ȝM (í)-oleocanthal
(>60%) which was used as a positive control known to exert potent cytotoxic activity at the
concentration used for this assay [19].

526

Figure 4. BT-474 breast cancer cells show characteristic vacuoles upon treatment with
araguspongine C associated with cytotoxic effects. (A) Phase-contrast microscopy of
BT-474 cells after araguspongine C treatment. BT-474 cells were treated with vehicle
or araguspongine C at 10 ȝM for 24 h. The morphology of the cells was observed under
an inverted phase contrast microscope. Magnification 100×; (B) Soft agar assay shows
inhibition of BT-474 cell anchorage-independent growth by ARG C. BT-474 cells were
cultured for 8 days in the absence (left) or presence (right) of 10 ȝM araguspongine C
according to assay protocol and colony formation was observed under light
microscope; (C) Western blot analysis of relative levels of c-PARP after araguspongine
C treatment for 48 h in BT-474 breast cancer cells. Cells were plated at a density of
1 × 106 cells/100 mm culture plate and maintained in RPMI-1640 media supplemented
with 10% FBS and allowed to adhere overnight. The next day, cells were divided into
different treatment groups and then given various treatments in RPMI-1640 medium
containing 40 ng/mL HGF for 48 h. At the end of treatment period, cells were lysed and
equal amounts of whole cell extracts were fractionated on SDS-PAGE gels and
immunoblotted as described in Materials and Methods. The visualization of ȕ-actin was
used as a loading control. Representative blots are from one of the three experiments;
(D) Flow cytometry analysis. Cells were plated at a density of 1 × 106 cells/100 mm culture
plates, allowed to attach overnight. Afterwards, cells were incubated in the respective
control or araguspongine C-treated RPMI-1640 medium containing 40 ng/mL HGF for
48 h. Analysis of annexin V was determined using Annexin V-FITC Early Apoptosis
Detection Kit as described in the Methods section. (í)-Oleocanthal was used as a positive
control known to induce apoptosis at the dose used in this experiment. * p < 0.05 indicates
values significantly different from non-treated cells. ARG C: Araguspongine C, c-PARP:
cleaved Poly (ADP-ribose) polymerase, OC: (í)-Oleocanthal.
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2.3. Autophagic Activity of Araguspongine C in BT-474 Breast Cancer Cells
A concentration of 10 ȝM araguspongine C caused accumulation of vacuoles in BT-474 cells
and showed an increase of apoptotic cells. Therefore, the potential to induce toxic autophagy in
BT-474 cells was examined. Cyto-ID Green reagent staining showed the relative fluorescence
intensity of cells was increased in a dose-dependent manner, indicating the occurrence of
autophagy (Figure 5A). Treatment with 5, 10, and 15 ȝM resulted in 18.2%, 45.5%, and 69.8%
autophagy induction in BT-474 cells (Figure 5A). However, applied at the same concentration,
araguspongine A showed a weaker autophagic activity in BT-474 cells (19.9%). In order to further
evaluate the occurrence of cellular autophagy, Western blot studies were considered to assess
araguspongine C effects on autophagy molecular modulators in BT-474 cancer cells. Treatment
caused a dose-dependent increase in the total protein levels of LC3A/B, Beclin-1 (Atg6), Atg5,
Atg7, and Atg16L1 in BT-474 breast cancer cells (Figure 5B). The increase in the expression of
previously mentioned autophagy markers followed a dose-dependent manner and was clearly
prominent at 10 ȝM. Taken together, these findings support the fact that araguspongine C
molecular actions in BT-474 cells are mediated through the induction of autophagic cell death.
2.4. Effect of Araguspongine C on c-Met and HER2 Receptor Tyrosine Kinase Activation
Given the critical role of RTKs in controlling cell survival and death in response to external
stimuli, we investigated the potential that araguspongine C-induced autophagic death to be associated
with suppression of c-Met and/or HER2 signaling in BT-474 cancer cells. The Z-LYTE Kinase
Assay-Tyr6 Peptide kit (Invitrogen) was used to assess the ability of araguspongines A and C to
inhibit c-Met phosphorylation (activation) [19]. In these experiments, the olive phenolic (í)-oleocanthal
was used as a positive standard control for activity comparison [20]. Araguspongine C was able to
inhibit c-Met phosphorylation in a dose-dependent manner, with an IC50 value of 19.9 ȝM (Figure 6A).
On the other hand, araguspongine A did not show significant inhibition of c-Met phosphorylation
even when applied in concentrations up to 40 ȝM. The calculated IC50 of (í)-oleocanthal in this
assay was 5.0 M, which was consistent with the reported value (~4.8 M) validating the results of
this study [20]. The remarkable difference in the activity between araguspongines A and C as c-Met
inhibitors can be explained based on their chemical structures and molecular modeling studies. Molecular
modeling experiments were used to investigate the possible binding modes of araguspongines
within the catalytic domain of unphosphorylated c-Met using the Schrödinger molecular modeling
software package (Figure 6B). Araguspongine C assumed a shallow U-shaped binding mode with
partial wrapping around Met 1211 at the c-Met kinase domain’s activation loop (Figure 6B). The
C-9ƍ-hydroxyl group of araguspongine C’s oxaquinozolidine ring participated in a critical single-point
hydrogen bonding interaction with the side chain phenolic hydroxyl group of the Tyr 1159 at the
hinge region (Figure 6B). This might explain, at least in part, its moderate micromolar activity level
in Z-LYTE kinase biochemical assay. Additionally, the six-carbon aliphatic linker tethered the dimeric
oxaquinolizidine ring system exerted hydrophobic interactions with the side chains of Ile 1084, Val
1092, Ala 1108 and Leu 1140 at the c-Met kinase domain hydrophobic sub-pocket. Alternatively,
araguspongine A, which lacks C-9ƍ-hydroxyl group, failed to satisfy such critical hydrogen bonding
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interactions within the hinge region and subsequently showed poor activity in the c-Met biochemical
assay. These results indicated the importance of the C-9ƍ-hydroxyl functionality in araguspongine C
chemical structure for binding the kinase domain of c-Met promoting enhanced c-Met inhibitory
activity compared to oxaquinolizidine alkaloids lacking this functionality. Western blot analysis for the
total and phosphorylated levels of c-Met in BT-474 and MDA-MB-231 cancer cells was considered in
order to validate the c-Met inhibitory activity of araguspongine C in breast cancer cell lines. Western
blot experiments showed that araguspongine C treatment resulted in a dose-dependent reduction of the
total c-Met levels with a subsequent decrease in phosphorylated (active) levels in BT-474 cells.
Interestingly, araguspongine C treatment caused suppression of c-Met receptor activation
(phosphorylation) without changing the total levels of the receptor in MDA-MB-231 human breast
cancer cells (Figure 6C).

Figure 5. Araguspongine C-induced autophagy is associated with upregulation of
autophagy-related proteins in BT-474 cancer cells. (A) Cyto-ID-coated autophagosomes
in araguspongine C treated breast cancer cells. BT-474 cells were incubated with
araguspongine C, araguspongine A or rapamycin (positive control) for 18 h and stained
with Cyto-ID for 30 min at 37 °C. Intracellular Cyto-ID fluorescence was analyzed by
microplate reader; (B) Western blot analysis of relative levels LC3A/B, Beclin-1, Atg3,
Atg7, Atg16L after araguspongine C treatment for 24 h in BT-474 breast cancer cells.
Cells were plated at a density of 1 × 106 cells/100 mm culture plate and maintained in
RPMI-1640 media supplemented with 10% FBS and allowed to adhere overnight. The
next day, cells were divided into different treatment groups and then given various
treatments in RPMI-1640 medium containing 40 ng/mL HGF for 24 h. At the end of
treatment period, cells were lysed and equal amounts of whole cell extracts were fractionated
on SDS-PAGE gels and immunoblotted as described in Materials and Methods. The
visualization of ȕ-actin was used as a loading control. Representative blots are from one
of the three experiments. ARG C: Araguspongine C, ARG A: Araguspongine A.
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Figure 6. In vitro and in-silico c-Met receptor tyrosine kinase inhibition by
araguspongine C. (A) Z-LYTE c-Met Kinase Assay. Araguspongine C was able to
inhibit c-Met phosphorylation in a dose-dependent manner. 20 ȝL/well reactions were
set up in 96-well plates containing kinase buffer, ATP, Z-LYTE Tyr6 Peptide substrate,
c-Met kinase and, compound of interest as an inhibitor. After incubation at room
temperature, development solution containing site-specific protease was added to each
well. After another incubation period, the reaction was stopped, and the fluorescent
signal was determined on a plate reader. (í)-Oleocanthal was used as a positive control
in this experiment [21]; (B) In-silico binding mode of araguspongine C (ball and stick)
in c-Met kinase domain (secondary structure and surface representation). Araguspongine
C assumes a shallow U-shaped binding mode with partial wrapping around Met 1211
and the C-9ƍ-hydroxyl on the oxaquinozolidine ring of araguspongine C contributes a
critical single-point hydrogen bonding interaction with the side chain phenolic hydroxyl
of Tyr 1159 in the hinge region. Araguspongine C’s six-carbon aliphatic linker tethered
the dimeric oxaquinolizidine ring system participates in hydrophobic interactions with
the side chains of Ile 1084, Val 1092, Ala 1108 and Leu 1140 in the hydrophobic
sub-pocket; (C) Western blot analysis of relative levels of total c-Met and
phosphorylated-c-Met (p-c-Met) protein levels after araguspongine C treatment for 48 h
in BT-474 and MDA-MB-231 breast cancer cells. Treatment was done according to the
previously described protocol [19]. The visualization of ȕ-actin was used as a loading
control. Representative blots are from one of the three experiments. ARG C:
Araguspongine C, ARG A: Araguspongine A, p-c-Met: Phosphorylated c-Met.
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BT-474 is a HER2-overexpressing breast cancer cell line. Thus, further docking studies were
conducted for araguspongine C on the crystal structure of HER2. Molecular docking study of
araguspongine C on HER2 crystal structure (PDB: 3RCD [22]) suggested a hydrogen bonding
interaction between C-9'-tertiary hydroxyl group of the quinazolidine scaffold with the carboxylate
side chain of Asp 863 in the DFG motif (Figure 7A). The DFG motif (Asp863-Phe864-Gly365) of
HER2 is located at the regulatory activation loop of the ATP binding pocket and is critical for
HER2 protein kinase activity [23]. In active kinase conformation, the DFG motif is oriented
towards the bound ATP, with the carboxylate side chain of Asp 863 residue able to coordinate with
the magnesium ions bound to the ȕ- and Ȗ-phosphate groups of the ATP [23]. While in the inactive
conformation, the DFG motif is flipped in such a way that Asp 863 no longer coordinates
magnesium ion in the catalytic cleft [24]. Additionally, the importance of hydrogen bonding
interaction of araguspongine C with Asp 863 at the DFG motif was obvious when the C-9'-hydroxyl
group was replaced by hydrogen as in araguspongine A. Therefore, C-9'-hydroxyl of araguspongine
C is an important pharmacophoric group to retain HER2 inhibitory and anticancer activities.
Western blot experiments showed that araguspongine C treatment resulted in a dose-dependent
reduction of the total HER2 levels with a subsequent decrease in phosphorylated (active) levels in
BT-474 cells, confirming the molecular modeling results (Figure 7B). Further expression studies in
BT-474 cells revealed no alterations to the total and the phosphorylated (active) levels of EGF
receptor in response to araguspongine C treatment (Figure 7C). Similarly, Western blot experiments
to examine the effects of araguspongine C treatment (10 ȝM) in MDA-MB-231 cancer cells did not
result in changes in the total and the phosphorylated levels of EGF receptor (data not shown). Lack
of activity of araguspongine C towards EGF receptor in both BT-474 and MDA-MB-231 cell lines
may suggest some degree of selectivity toward c-Met and HER2 kinases. In addition, Western blot
results showed no alterations to the total levels of estrogen receptor in BT-474 cells treated with
araguspongine C for two days in culture (Figure 7C).
2.5. Effect of Araguspongine C on PI3K/Akt/mTOR Signaling Pathway and IP3 Receptor Levels
PI3K/Akt/mTOR signaling cascade is an essential pathway that is activated in response to ligand
binding and activation of RTKs. Western blot studies showed that araguspongine C treatment
caused a dose-dependent reduction of the levels p-PDK, p-Akt and p-mTOR in BT-474 cells
(Figure 8A). In addition, araguspongine C treatment (10 ȝM) caused a reduction of total levels of IP3
receptor isoforms in BT-474 cells (Figure 8B). However, treatment of BT-474 cells with growth
inhibitory concentration of araguspongine A (10 ȝM) did not cause a reduction of IP3 receptor level as
compared to araguspongine C treatment (Figure 8B). These results suggest explanatory mechanisms to
the autophagic activity of araguspongine C to be mediated, at least in part, through suppression of
PI3K/Akt/mTOR pathway, and reduced IP3 receptor levels, which are both pathways recognized as
major regulators of autophagy.

531

Figure 7. In vitro and in-silico ability of araguspongine C to downregulate HER2 levels
and suppresses receptor activation in BT-474 breast cancer cell. (A) Molecular docking
study of araguspongine C at the HER2 crystal structure. Docking studies suggested a
hydrogen bonding interaction between araguspongine’s C-9ƍ-tertiary hydroxyl group on
the quinazolidine scaffold with the carboxylate side chain of Asp863 at the DFG motif;
(B) Western blot analysis of relative levels of total and phosphorylated HER2 after
treatment with araguspongine C for 48 h in BT-474 cancer cells. Treatment was done
according to the previously discussed protocol [21]. The visualization of actin was used
as a loading control. Representative blots are from one of the three experiments;
(C) Western blot analysis of the relative levels of estrogen receptor, EGF receptor, and
phosphorylated-EGF receptor after araguspongine C treatment for 48 h. Treatment was
done according to the previously described protocol. The visualization of ȕ-actin was
used as a loading control. Representative blots are from one of three experiments. ARG
C: Araguspongine C, p-HER2: Phosphorylated HER2, EGF receptor: Epidermal growth
factor receptor, p-EGF receptor: Phosphorylated epidermal growth factor receptor.
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Figure 8. Cytotoxic autophagy induced by araguspongine C treatment in BT-474
cancer cells is associated with suppression of mTOR activation and downregulation of
IP3 receptor levels. (A) Western blot analysis of relative levels of PI3K, p-PDK,
p-AKT, and p-mTOR levels after araguspongine C treatment for 48 h. Treatment was
done according to the protocol described previously. The visualization of ȕ-actin was
used as a loading control. Representative blots are from one of the three experiments;
(B) Western blot analysis for the total levels of IP3 receptor-I/II/III upon treatment of
BT-474 cells with araguspongine C or araguspongine A for 48 h in cell culture.
Treatments were done according to the protocol described previously in the Methods
section. The visualization of ȕ-actin was used as a loading control. Representative blots
are from one of the three experiments. ARG C: Araguspongine C, ARG A:
Araguspongine A.
3. Discussion
Five known oxaquinolizidine alkaloids were tested for antiproliferative activity against the
HER2-overexpressing breast cancer cell line BT-474 cells. Results suggest the need for two basic
nitrogens of both araguspongine oxaquinolizidine rings for activity. This was based on the lower
activity of the N-oxide-containing araguspongines K and L due to the loss of one oxaquinolizidine
nitrogen lone pair of electrons to form the N-oxide bond. Xestospongin B also showed modest
activity, possibly due to different oxaquinolizidine ring geometry and stereochemistry. Chemically,
araguspongine C has C-9,9ƍ-dihydroxylated groups, unlike the C-9 monohydroxylated
araguspongines A and B. The additional C-9'-hydroxyl was virtually proved to be the main binding
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and anchoring pharmacophoric group at the c-Met and HER2 kinase domains (Figures 6B and 7A).
This may justify the additional c-Met and HER2 inhibitory activity as previously described in the
Results section. Although araguspongine C’s basic nitrogens N-5 and N-5ƍ did not play direct
binding roles, they ultimately play crucial roles in properly aligning binding pharmacophores at the
c-Met and HER2 kinase domains. They certainly play critical binding roles at IP3 receptor since
some xestospongins and araguspongines lacking hydroxyl groups were reported to be active IP3
receptor antagonists. Araguspongines and xestospongins with C-7 or C-9 oxaquinolizidine ring
hydroxylated groups like araguspongine C, 9-hydroxyxestospongin C, and 7-hydroxyxestospongin A
showed enhanced IP3 receptor antagonistic activity, inhibiting IP3-mediated calcium release, weakly
inhibiting ryanodine receptor-1 but lacking activity toward endoplasmic/sarcoplasmic reticulum
calcium-ATPase (SERCA) [16]. Results of this study demonstrated that the marine-derived
araguspongine C treatment inhibited HGF-induced growth and proliferation of multiple breast cancer
cell lines in vitro. Interestingly, growth inhibition observed in BT-474 cells was associated with the
suppression of HER2 and c-Met RTK activity and subsequent induction of autophagy. Autophagic
death was also associated with the suppression of PI3K/Akt/mTOR signaling pathway as well as a
reduction in the total levels of IP3 receptor in BT-474 cancer cells.
HER2 is a proto-oncogene encoding for HER2 receptor tyrosine kinase. HER2 is amplified in
20%–25% of breast cancers leading to HER2 protein overexpression and aggressive tumor
phenotype associated with reduced survival and high risk of metastasis [25]. c-Met is a high-affinity
receptor for HGF expressed mostly in epithelial cells [21]. Solid clinical evidence showed that
c-Met is overexpressed in 20%–30% of breast cancer cases and is a strong and independent
predictor of decreased survival and poor patient outcome [26,27]. This study indicates that
araguspongine C treatment resulted in dose-dependent antiproliferative effects in different breast
cancer cell lines. Few studies had evaluated the anticancer effects of araguspongines in literature.
Araguspongine E (xestospongin C) inhibited the growth of MCF-7 breast cancer cells stimulated
by 5% fetal calf serum or 10 nM estradiol [28]. In addition, xestospongin D has been reported to
inhibit the growth of human leukemia and breast cancer cell lines comprising the NCI panel [13].
Initial screening for the anticancer effects of five different known bis-1-oxaquinolizidine alkaloids
in BT-474 breast cancer cells showed a spectrum of variable activity, with araguspongines A and C
being the most effective inhibitors of cancer cell growth. Of these, araguspongine C was the only
autophagy inducer of BT-474 cells and therefore was selected for further examination in a panel of
breast cancer cell lines in vitro.
Autophagy can function as a unique caspase-independent mechanism of cell death that is
distinct from apoptosis and necrosis [29]. Autophagy is characterized by the formation of
double-membrane vesicles (autophagosomes) that engulf cellular components targeted for destruction
(Figure 1) [29]. The important component proteins involved in the execution of autophagy have
been grouped as autophagy-related proteins (Atgs) [8,30,31]. Nearly 30 autophagy-related genes
are identified so far and are implicated in different stages of autophagy [6]. One of the complexes
first involved in the autophagy process is the ULK complex which triggers autophagy upon the
input of certain induction signals [32]. Next in the process, autophagosome formation requires the
activity of class III PI3K as vacuolar sorting protein forms a complex with Beclin-1 (Atg6) [32].
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The elongation stage requires cleavage of the microtubule-associated protein 1 light chain 3
(Atg8/LC3) by Atg4, resulting in the formation of cytosolic LC3-I protein, which is conjugated to
phosphatidylethanolamine to form membrane bound LC3-II [31,32]. Eventually, autophagosomes
fuse with lysosomes to form autolysosomes, in which their autophagic cargo is degraded by
lysosomal proteases (Figure 1) [29,31]. Compared to apoptosis, features of autophagic cell death
include massive autophagic vacuolization inside the cytoplasm and the absence of chromosome
condensation and nuclear fragmentation [33]. Besides autophagic vacuoles, the specific features of
autophagic cell death also include Beclin-1 (Atg6), Atg5, Atg12, or Atg7 involvement and LC3-I to
LC3-II conversion [33]. This study clearly showed that araguspongine C treatment of BT-474 cells
induced autophagic death as indicated by the accumulation of autophagic vacuoles inside the cells
and upregulation of autophagic markers LC3, Beclin-1, Atg3, Atg7, and Atg16L (Figures 4 and 5).
Autophagy is tightly regulated by upstream modulators, most essentially the PI3K/Akt/mTOR
signaling pathway [30]. PI3K/Akt/mTOR signaling cascade is a major intracellular mediator of
growth and survival [8,29]. Regularly, PI3K/Akt/mTOR signaling is activated by growth factors
and nutrients; however, this pathway is constitutively active in many cancer types [29,30]. Since
activation of the PI3K/Akt cascade promotes mTOR activity, this pathway is an important regulator
of cellular autophagy. mTOR is known to suppress autophagy while promoting tumor cell growth,
proliferation and survival [34]. Growth factor receptors such as c-Met and HER2 can activate
PI3K/Akt/mTOR signaling cascade promoting cellular growth and survival. Earlier studies showed
that inhibition of mTOR is sufficient to block cell survival induced by HGF/c-Met in vitro [35]. In
the current study, araguspongine C treatment resulted in significant suppression of c-Met and
HER2 receptor activation in BT-474 cancer cells. Further analysis showed that araguspongine C
can directly inhibit c-Met and HER2 receptor activation (kinase domain phosphorylation) and that
it can fit into the kinase domains of both c-Met and HER2 RTKs. In addition, suppression of c-Met
and HER2 signaling by araguspongine C treatment resulted in the inhibition of PI3K/Akt/mTOR
cascade, a major negative regulator of autophagy.
In cancer cell biology, autophagy is known to display a dual contrasting function [29,34,36].
Autophagic response can function as a protective mechanism allowing the recycling of proteins and
cellular components to survive cell injuries induced by cytotoxic agents. Alternatively, cancer cells
may undergo autophagic cell death following extreme autophagic degradation [36]. Recently, Han
and colleagues identified potential interaction between Beclin-1 and HER2 in HER2-overexpressing
BT-474 and SKBR3 breast cancer cells. Interestingly, the study identified a novel complex
between HER2 and Beclin-1 that is disrupted by concurrent treatment with lapatinib resulting in
cytoprotective autophagic response in these cells [37]. In contrast, other study showed that
Ras-induced expression of Beclin-1 to promote autophagic cell death in MCF-7 breast cancer cells [38].
Thus, the induction of autophagic cell death may serve as a novel therapeutic strategy for
eliminating cancer cells, especially those with high thresholds to apoptosis [34]. However, the
complex role of autophagy in tumorigenesis requires specific pharmacological modulation of
autophagy taking into consideration context- and cell-specific approaches [34]. In this study, exposure
to araguspongine C resulted in a dose-dependent inhibition of breast cancer cell growth in culture,
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however, autophagic activity was a finding specific to BT-474 cells. These observations further
confirm that induction of autophagy can vary based on cancer cell type and other potential settings.
Recent findings identified intracellular calcium as a key regulator of both basal and induced
autophagy [31]. The inositol 1,4,5-trisphosphate (IP3) receptor, a calcium channel mainly located
at the endoplasmic reticulum, plays a vital role in regulating calcium-dependent autophagy [7].
Identification of IP3 as a regulator of autophagy goes back to studies by Sarkar and colleagues who
described an mTOR-independent pathway for regulation of autophagy in mammalian cells [39].
Consequent studies revealed that xestospongins and araguspongines are potent inhibitors of IP3
receptor [16,40]. In Hela cells, xestospongin B (araguspongine B)-induced autophagy was mediated
through inhibition of IP3 receptor [15]. As shown in the Results section, araguspongine C treatment
of BT-474 cells resulted in a reduction in the total levels of IP3 receptor expression at doses known
to induce autophagic response (10 ȝM). Accordingly, it can be concluded that autophagic activity
of araguspongine C in BT-474 cell line is mediated, in part, by downregulation of IP3 receptor
levels as well as the inhibition of mTOR signaling pathway as (Figure 9) discussed earlier.

Figure 9. Schematic presentation for araguspongine C-induced autophagic death in
breast cancer cells. Proposed direct inhibition of c-Met and HER2 receptor tyrosine
kinases by araguspongine C. The inhibition of c-Met and HER2 activation in BT-474
breast cancer cells resulted in suppression of downstream molecular transducers, as
indicated by suppression of PI3K/Akt/mTOR pathway. In addition, araguspongine C
treatment resulted in a reduction in the total levels of IP3 receptor expressed by BT-474
cells. Taken together, araguspongine C inhibition of mTOR signaling pathway and
inhibition of IP3 receptor resulted in the induction of autophagy in BT-474 cancer cells
and subsequent inhibition of cell growth and proliferation.
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4. Experimental Section
4.1. Chemicals, Reagents and Antibodies
All chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA), unless
otherwise stated. Araguspongines A, C, K, L and xestospongin B were isolated from the Red Sea
sponge Xestospongia exigua (Kirkpatrick) (Demospongiae: Haplosclerida) and identified by
spectral analyses [10]. A purity of >95% was established for each compound using 1H NMR and
TLC analyses. Primary antibodies were purchased from Cell Signaling Technology (Beverly, MA,
USA), except for IP3 receptor primary antibody which was purchased from Santa Cruz
Biotechnology, Inc. (Dallas, TX, USA). Secondary antibodies were purchased from Cell Signaling
Technology (Beverly, MA, USA).
4.2. Cell Lines and Culture Conditions
The human breast cancer cell lines MDA-MB-231, MCF-7, BT-474, T-47D, and SKBR3 cells
were purchased from ATCC (Rockville, MD, USA). Breast cancer cell lines were maintained in
RPMI-1640 media supplemented with 10% FBS, 100 U/mL penicillin G, and 0.1 mg/mL
streptomycin. All cell lines were maintained in a humidified atmosphere of 5% CO2 at 37 °C.
Araguspongines and xestospongin B were first dissolved in a volume of DMSO to provide final
10 mM stock solutions which were used to prepare various concentrations of treatment media. Final
concentration of DMSO was maintained as the same in all treatment groups within a given
experiment and never exceeded 0.1%.
4.3. Measurement of Viable Cell Number
Viable cell count was determined using the 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl tetrazolium
bromide (MTT) colorimetric assay [19]. The optical density of each sample was measured at
570 nm on a microplate reader (BioTek, Winooski, VT, USA). The number of cells/well was
calculated against a standard curve prepared by plating various concentrations of cells, as
determined using a hemocytometer at the start of each experiment.
4.4. Cell Viability Assays
Cells were plated at a density of 1 × 104 cells per well (6 wells/group) in 96-well culture plates
and maintained in RPMI-1640 media supplemented with 10% FBS and allowed to adhere
overnight. The next day, cells were divided into different treatment groups and given various
treatments in RPMI-1640 medium containing 40 ng/mL HGF. Viable cell number after 48 h
treatment was determined using the MTT assay.
4.5. Soft Agar Assay
The colony-forming capacity of BT-474 breast cancer cells was assessed using the CytoSelect
96-Well in Vitro Tumor Sensitivity Assay (Soft Agar Colony Formation) Kit (Cell Biolabs Inc.,
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San Diego, CA, USA), according to manufacturer’s protocol. Briefly, 50 ȝL of Base Agar Matrix
Layer was dispensed into each well of a 96-well tissue culture plate. Cells (5 × 103) in 75 ȝL of
Cell Suspension/Agar Matrix Layer were dispensed into each well. The cells were treated with 50
ȝL of culture medium containing DMSO or 10 ȝM of araguspongine C. After 8 days’ incubation,
visible colonies were photographed under an inverted phase-contrast microscope.
4.6. Western Blot Analysis
Cells were treated according to the methods described previously [19]. At the end of the
treatment period, cells were lysed in RIPA buffer (Qiagen Sciences Inc., Valencia, CA, USA) and
protein concentration was determined by the BCA assay (Bio-Rad Laboratories, Hercules, CA,
USA). Equivalent amounts of protein (30 ȝg) were electrophoresed on SDS–polyacrylamide gels.
The gels were then electroblotted onto PVDF membranes. These PVDF membranes were then
blocked with 2% BSA in 10 mM Tris-HCl containing 50 mM NaCl and 0.1% Tween 20, pH 7.4
(TBST) and then, incubated with specific primary antibodies overnight at 4 °C. At the end of the
incubation period, membranes were washed 5 times with TBST and then incubated with respective
horseradish peroxide-conjugated secondary antibody in 2% BSA in TBST for 1 h at room
temperature followed by rinsing with TBST for 5 times. Blots were then visualized by
chemiluminescence according to the manufacturer’s instructions (Pierce, Rockford, IL, USA).
Images of protein bands from all treatment groups within a given experiment and scanning
densitometric analysis were acquired using Kodak Gel Logic 1500 Imaging System (Carestream
Health Inc., New Haven, CT, USA). All experiments were repeated at least three times.
4.7. Apoptosis Analysis with Annexin V Staining by Flow Cytometry
Induction of apoptosis was assessed by the binding of annexin V to phosphatidylserine, which is
externalized to the outer leaflet of plasma membrane early during induction of apoptosis. Analysis
of annexin V was determined using Annexin V-FITC Early Apoptosis Detection Kit (Cell
Signaling Technology, Beverly, MA, USA). BT-474 cells were plated at a density of
5 × 106 cells/100 mm culture plates, allowed to attach overnight. Afterwards, cells were incubated
in the respective control or araguspongine C treated with defined serum-free medium containing
40 ng/mL of HGF for 48 h. At the end of the experiment, cells in each treatment group were
isolated with trypsin and then washed twice with ice cold PBS. Cells were then resuspended in
96 ȝL of ice-cold 1× Annexin V Binding Buffer. Afterwards, 1 ȝL Annexin V-FITC Conjugate and
12.5 ȝL Propidium Iodide (PI) Solution were added to each 96 L cell suspension. The cells were
then incubated for 10 min on ice in the dark. The cell suspension was then diluted to a final volume
of 250 ȝL per assay with ice-cold, 1× Annexin V Binding Buffer. Dot plots were generated using
CellQuest software (BD Biosciences, San Jose, CA, USA), and they were divided into 4 quadrants
(LL: lower left; LR: lower right; UL: upper left; UR: upper right). The LL quadrant shows cells
negative for both annexin V and PI (living, non-apoptotic cells). The LR quadrant shows cells
positive for annexin V, but negative for PI (living, early apoptotic). The UL quadrant shows cells
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positive for PI, but negative to annexin V (dead), whereas the UR quadrant shows cells positive for
both annexin V and PI (late apoptotic). All experiments were repeated at least three times.
4.8. Cyto-ID Staining Assay
Cyto-ID is a proprietary reagent specifically labels autophagic vacuoles and co-localizes with
light chain 3 (LC3). Cyto-ID Autophagy detection kit (Enzo Life Sciences, Farmingdale, NY,
USA) was used according to the manufacturer’s protocol. The fluorescence was measured by a
plate reader (BioTek, Winooski, VT, USA). Cyto-ID Green reagent staining showed the relative
fluorescence intensity of cells was increased in a dose-dependent manner, indicating the occurrence
of autophagy. Rapamycin was used as a positive control [39].
4.9. Z-LYTE c-Met Kinase Assay
Z-LYTE Kinase Assay-Tyr6 Peptide kit (Invitrogen, Carlsbad, CA, USA) was used to assess the
ability of araguspongines A and C to inhibit c-Met phosphorylation. Briefly, 20 ȝL/well reactions
were set up in 96-well plates containing kinase buffer, 200 ȝM ATP, 4 ȝM Z-LYTE Tyr6 Peptide
substrate, 2500 ng/mL c-Met kinase and compound of interest as an inhibitor. After 1 h of
incubation at room temperature, 10 ȝL development solution containing site-specific protease was
added to each well. Incubation was continued for 1 h. The reaction was then stopped, and the
fluorescent signal ratio of 445 nm (coumarin)/520 nm (fluorescein) was determined on a plate
reader (BioTek, Winooski, VT, USA) which reflects the peptide substrate cleavage status and/or
the kinase inhibitory activity in the reaction.
4.10. Molecular Modeling
The in-silico experiments were carried out using Schrödinger molecular modeling software
package installed on an iMac 27-inch Z0PG workstation with a 3.5 GHz Quad-core Intel Core i7,
Turbo Boost up to 3.9 GHz, processor and 16 GB RAM (Apple, Cupertino, CA, USA).
4.10.1. Protein Structure Preparation
The X-ray crystal structure of the human c-Met kinase domain; residues 1048–1350, (PDB code:
3IN5, [41]) was retrieved from the Protein Data Bank [42]. The Protein Preparation Wizard of the
Schrödinger suite was implemented to prepare the c-Met kinase domain [43]. The protein was
reprocessed by assigning bond orders, adding hydrogens, creating disulfide bonds and optimizing
H-bonding networks using PROPKA (Jensen Research Group, Copenhagen, Denmark). Finally,
energy minimization with a root mean square deviation (RMSD) value of 0.30 Å was applied using
an Optimized Potentials for Liquid Simulation (OPLS_2005, Schrödinger, New York, NY, USA)
force field.
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4.10.2. Ligand Structure Preparation
The structure of each araguspongine was sketched in the Maestro 9.3 panel (Maestro, version
9.3, 2012, Schrödinger, New York, NY, USA). The Lig Prep 2.3 module (Lig Prep, version 2.3,
2012, Schrödinger, New York, NY, USA) of the Schrödinger suite was utilized to generate the 3D
structure and to search for different conformers. The Optimized Potentials for Liquid Simulation
(OPLS_2005, Schrödinger, New York, NY, USA) force field was applied to geometrically
optimize the ligand and to compute partial atomic charges. Finally, at most, 32 poses per ligand
were generated with different steric features for the subsequent docking studies.
4.11. Molecular Docking
The prepared X-ray crystal structure of c-Met kinase domain was employed to generate receptor
energy grids using the default value of the protein atomic scale (1.0 Å) within the cubic box
centered on the cocrystallized ligand. After receptor grid generation, the prepared ligands were
docked using the Glide 5.8 module (Glide, version 5.8, 2012, Schrödinger, New York, NY, USA)
in extra precision (XP) mode [44].
4.12. Statistics
The results are presented as means ± SEM of at least three independent experiments.
Differences among various treatment groups were determined by the analysis of variance
(ANOVA) followed by Dunnett’s test using PASW statistics® version 18. A difference of P < 0.05
was considered statistically significant as compared to the vehicle-treated control group. The IC50
values (concentrations that induce 50% cell growth inhibition) were determined using non-linear
regression curve fit analysis using GraphPad Prism software version 6.
5. Conclusions
This is the first study to comprehensively characterize and evaluate the anticancer properties
of the oxaquinolizidine alkaloids in breast cancer models. Results showed that araguspongine
C-induced suppression of BT-474 cancer cell growth is mediated by induction of autophagic cell
death. Autophagic activity of araguspongine C was associated with downregulation of c-Met and
HER2 RTKs and suppression of receptor activation (Figure 9). Inhibition of these receptors was
further confirmed by cell-free kinase assays and in-silico docking analysis. Suppression of RTK
activity was also linked to PI3K/Akt/mTOR pathway inhibition (Figure 9). In addition,
araguspongine C caused a reduction in the expression levels of IP3 receptor. Collectively, these
results support the potential of araguspongine C as an inhibitor for RTKs and provide evidence for
its anticancer activity in mammary tumor cells.
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Abstract: Background: Evaluation of the potential efficacy and safety of combination therapies for
advanced soft tissue sarcomas (STS) has increased substantially after approval of trabectedin and
pazopanib. Trabectedin’s introduction in Europe in 2007 depended mainly on its activity in so-called
L-sarcomas (liposarcoma and leiomyosarcoma); combination of trabectedin with other
chemotherapies used in STS seems of particular interest. Methods: We initiated within the German
Interdisciplinary Sarcoma Group (GISG) a phase I dose escalating trial evaluating the combination of
trabectedin and gemcitabine in patients with advanced and/or metastatic L-sarcomas (GISG-02;
ClinicalTrials.gov NCT01426633). Patients were treated with increasing doses of trabectedin and
gemcitabine. The primary endpoint was to determine the maximum tolerated dose. Results: Five
patients were included in the study. Two patients were treated on dose level 1 comprising trabectedin
0.9 mg/m2 on day 1 and gemcitabine 700 mg/m2 on days 1 + 8, every 3 weeks. Due to dose-limiting
toxicity (DLT) in both patients (elevated transaminases and thrombocytopenia), an additional three
patients were treated on dose level í1 with trabectedin 0.7 mg/m2 plus gemcitabine 700 mg/m2. Of
these three patients, two demonstrated another DLT; therefore, the trial was stopped and none of
the dose levels could be recommended for phase II testing. Conclusion: The GISG-02 phase I study
was stopped with the conclusion that the combination of gemcitabine and trabectedin is generally
not recommended for the treatment of patients with advanced and/or metastatic leiomyosarcoma or
liposarcoma. Also, this phase I study strongly supports the necessity for careful evaluation of
combination therapies.
Reprinted from Mar. Drugs. Cite as: Kasper, B.; Reichardt, P.; Pink, D.; Sommer, M.; Mathew, M.;
Rauch, G.; Hohenberger, P. Combination of Trabectedin and Gemcitabine for Advanced Soft
Tissue Sarcomas: Results of a Phase I Dose Escalating Trial of the German Interdisciplinary
Sarcoma Group (GISG). Mar. Drugs 2015, 13, 379-388.
1. Introduction
Soft tissue sarcomas (STS) are a heterogeneous group of rare malignancies characterized by their
mesenchymal origin and their poor prognosis. Around 50% of all patients diagnosed with STS will
develop metastases at some point in the history of their disease. The most active drugs, doxorubicin
and ifosfamide, achieve response rates around 15%–20% [1,2]. The limited efficacy of systemic
treatment options results in a poor median overall survival for STS patients of about 12 months [3].
The introduction of new agents into the treatment armamentarium such as trabectedin [4] and
pazopanib [5] may improve these results and suggests that longer survival could be achieved. With
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the aim to further improve patients’ survival, a combination of the new drugs with conventional
chemotherapies used in STS has become a focus of clinical research.
The so called L-sarcomas represent about one fourth of all adult STS (15% liposarcomas and
11% leiomyosarcomas) [6]. Approval of trabectedin after treatment failure with anthracyclines
and/or ifosfamide depended mainly on its activity in these L-sarcomas [7,8]. On the other hand,
significant activity has been described for the use of gemcitabine and especially for the
combination of gemcitabine and docetaxel, mainly in leiomyosarcomas [9]. The Sarcoma Alliance
for Research through Collaboration (SARC) performed a randomized phase II study evaluating the
efficacy of the combination of gemcitabine and docetaxel versus gemcitabine alone. This study
favoured the combination with an increased response rate of 16% versus 9% for gemcitabine
alone [10]. However, the combination of gemcitabine and docetaxel is associated with significant
toxicity; pulmonary toxicity and refractory peripheral oedema are the most common severe adverse
events. Thrombocytopenia and neutropenia are common, even with the use of growth factor support.
Based on these data, the combination of trabectedin and gemcitabine became of interest, also for a
possible later randomized comparison versus gemcitabine and docetaxel. Until now, safety and
efficacy data using the combination of trabectedin and gemcitabine is scarce. One phase I trial
evaluated weekly trabectedin and gemcitabine in patients with advanced solid tumors. The study
demonstrated no pharmacokinetic interaction, and the recommended phase II dose for trabectedin
was 0.4 mg/m2 and for gemcitabine 1000 mg/m2 for the weekly schedule. Seven out of 15 patients
maintained stable disease after two cycles [11]. To formally evaluate the safety and efficacy of a
possible combination treatment using trabectedin and gemcitabine, we initiated within the German
Interdisciplinary Sarcoma Group (GISG) a phase I dose escalating trial in patients with advanced
and/or metastatic L-sarcomas (GISG-02).
The aim of the present paper is to present the results of this trial which was stopped due to DLT
as well as to discuss toxicities of combining new agents such as trabectedin and pazopanib with
established chemotherapies for the treatment of advanced and metastatic STS.
2. Methods
2.1. Patient Population
Patients 18 years of age with a histological confirmed leiomyosarcoma or liposarcoma were
eligible for enrollment. Any prior treatment was possible except adjuvant chemotherapy. Patients
with evidence of newly diagnosed metastatic disease or disease progression during prior
chemotherapy within the last six months in computed tomography or magnetic resonance imaging
could be included. Patients were required to have a World Health Organisation (WHO)
performance status of 0 or 1, an adequate haematological function (haemoglobin 9 g/dL, absolute
neutrophil count (ANC)  1.5 × 103/mm3, platelets 100.000/mm3), an adequate hepatic function
(serum total bilirubin ·upper limit of normal (ULN), serum total ALP  2.5 × ULN, serum AST
and ALT  2.5 × ULN), and an adequate renal function (glomerular filtration rate (calculated by
Cockroft-Gault)  60 mL/min). The trial was conducted between January 2012 and August 2014.
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2.2. Study Design and Treatment
The phase I, open-label, dose-escalating combination study was conducted at two GISG centers,
the Sarcoma Unit at the Interdisciplinary Tumor Center Mannheim of the Mannheim University
Medical Center, University of Heidelberg and the Sarcoma Center Berlin-Brandenburg at HELIOS
Klinikum Bad Saarow, Germany. The clinical protocol was approved by the local ethics
committees, and all patients provided written informed consent prior to study inclusion.
Trabectedin and gemcitabine were administered by intravenous (IV) infusion in a 21-day cycle.
Patients were premedicated with IV dexamethason 20 mg prior to trabectedin administration.
Gemcitabine was given as a 30-min. peripheral or central infusion on days 1 and 8, followed by a
3-h central infusion of trabectedin on day 1. Planned dose levels were trabectedin 0.7, 0.9, 1.1, 1.3,
and 1.5 mg/m2 and gemcitabine 700 and 900 mg/m2.
2.3. Safety
Adverse events (AEs) were graded using the National Cancer Institute Common Toxicity Criteria
(NCI-CTC), version 4.0. DLT was defined as any of the following: grade 4 neutropenia
(ANC < 0.5 × 109/L) over 5 days, febrile neutropenia (ANC < 1.0 × 109/L over 5 days or with fever
[body temperature  38.5 °C]), platelets < 25 × 109/L, grade  3 thrombocytopenia accompanied by
bleeding, diarrhea  grade 3 despite optimal loperamide use, rash  grade 3, grade 3 transaminases
(ALT/AST) increase longer than 7 days duration or grade 4 of any duration and other effects  grade
3 thought to be treatment related (except nausea/vomiting, alopecia grade 2, fatigue lasting less than
48 h, and non-clinically relevant biochemical abnormalities). AEs and toxicity were assessed weekly.
2.4. Response Assessments and Statistical Analysis
Treatment responses were determined radiologically every three months based on the Response
Evaluation Criteria in Solid Tumors (RECIST version 1.1). All patients who received 1 dose of
each study drug were included in the toxicity and efficacy analyses. A standard phase I “3 + 3”
dose escalation design was used.
3. Results
3.1. Patients
Five patients received 1 dose of study medication and were included in the study analysis
population. Relevant patients’ characteristics are summarized in Table 1. Four female and one male
patient had a median age at study inclusion of 66 years (range: 50–76). There were four patients
with a leiomyosarcoma, three of them of uterine origin, one in the gluteal region; and one patient
with a retroperitoneal liposarcoma. All five patients were treated with prior surgery for the primary
tumor; two of them received additional adjuvant radiotherapy. Four patients were treated with
prior systemic therapy: three of them received first line therapy for metastatic disease consisting of
single-agent doxorubicin; one patient was treated with letrozole.
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Table 1. Patients’ characteristics (n = 5).
Female
4
Male
1
Age
Median (years)
66 (range: 50–76)
Leiomyosarcoma
4
Histology
Liposarcoma
1
Uterus
3
Tumor site at initial diagnosis
Abdomen/Retroperitoneum
2
Lung
2
Liver
3
Metastatic localizations
Abdomen
2
Surgery alone
3
Previous treatments
Surgery plus radiotherapy
2
Systemic therapy
4
Gender

3.2. Treatment and Safety
The median duration of combination treatment within the study was 89 days (range: 22–253).
The study was stopped due to an unacceptable frequency of DLT in four of five patients. At dose
level 1 (trabectedin 0.9 mg/m2 plus gemcitabine 700 mg/m2), two patients were included and
exhibited DLT leading to an amendment of the study protocol enabling the treatment of patients on
dose level í1 consisting of trabectedin 0.7 mg/m2 and gemcitabine 700 mg/m2. An additional two
patients experienced a DLT on this dose level. The type of DLT was as follows: two patients
demonstrated a platelet count <25 × 109/L on day 15 of the first (patient No. 1) and the fifth
treatment cycle (No. 5), respectively; the other two patients (patients No. 2 and 3) stopped
treatment due to an increase of transaminases (ALT/AST) grade 3 lasting for more than seven days.
An overview of the dose levels, the reason for the end of treatment and the types of DLT is
depicted in Table 2. None of these patients had significant clinical problems or symptoms; only one
of the patients (No. 1) with thrombocytopenia was hospitalized with fatigue and received a single
platelet infusion during hospitalization. This was recorded as one of the three SAEs of the study;
the other two SAEs were recorded due to an increased ALT and fever (Table 3). A list of all
reported adverse events is depicted in Table 4. No further dose escalation could be performed and,
therefore, no maximum tolerated dose could be recommended for phase II, concluding that the
combination of gemcitabine and trabectedin is generally not recommended for the treatment of
patients with advanced and/or metastatic leiomyosarcoma or liposarcoma.
Table 2. Dose levels and Dose-limiting toxicities (DLTs).
Patient No.

Dose Level

001
002
003
004
005

1
1
í1
í1
í1

Duration of
Treatment
36 days
22 days
30 days
253 days
106 days

Reason for End of Treatment
Disease Progression
DLT
no
yes
yes
yes
no
yes
yes
no
no
yes

Type of DLT
hematologic
non-hematologic
non-hematologic
hematologic

548
Table 3. List of all Serious Adverse Events (SAEs).
Patient

Dose

No.

Level

Type of SAE

DLT

CTCAE-

Related to

Grade

Study Drug

Action Taken Related
to

Other Action
Taken

Study Drug

1

1

Fatigue

No

2

Possible

Dose not changed

None

2

1

ALT increase

Yes

3

Definite

Dose reduced

Drug treatment

5

í1

Fever

No

1

Unrelated

Not applicable

Drug treatment

Table 4. List of all Adverse Events (AEs) *.
Dose Level 1 (n = 2)

Dose Level í1 (n = 3)

Adverse Events

All Grades

Grade 3/4

All Grades

Grade 3/4

WBC decreased
Neutrophil count decreased
Anaemia
Platelet count decreased
ALT increased
AST increased
Alkaline phosphatase
increased
GGT increased
Fever
Urinary tract infection
Bladder infection
Infection ankle bone
Skin infection leg
Refluxesophagitis
Common cold
Fatigue
Nausea
Oedema
Circulatory disorder
Constipation
Pain sternum
Troponin T increased

8
6
6
6
3
2
1

5
4
0
2
2
0
0

0
0
0
1
8
6
0

0
0
0
1
2
1
0

1
0
0
0
0
0
0
1
2
1
0
0
0
0
0

1
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
13
1
1
1
1
1
0
2
1
6
1
1
2
1

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Abbreviations: WBC = white blood cells/leucocytes count; ALT = alanin-aminotransferase; AST = aspartataminotransferase; GGT = gamma-glutamyltransferase.; * More than one AE may be observed per patient;
percentages are not reported due to the low number of patients per dose level.

3.3. Efficacy
There were no complete or partial responses in our patient cohort. However, four patients
maintained stable disease; so the rate of patients with stable disease is estimated to be 80% at three
months and 50% at six months, respectively. Two patients demonstrated prolonged disease
stabilization for nine months. One patient (No. 4) with a leiomyosarcoma benefited the longest from
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the combination treatment, showed no DLT and had to stop study medication due to disease
progression nine months after study inclusion.
4. Discussion
Standard systemic chemotherapy such as doxorubicin and/or ifosfamide still forms the backbone
of palliative treatment in advanced STS. More recently, newer compounds have been added to the
treatment armamentarium of STS such as gemcitabine (plus or minus docetaxel), trabectedin and
pazopanib. Strategies to improve patients’ outcome are urgently needed; one of these strategies is
to combine “targeted” agents with the established chemotherapeutic compounds. Trabectedin gained
approval in Europe in 2007 for the treatment of advanced and/or metastatic STS. Administered as
single-agent therapy, it has a favorable toxicity profile. The most common side effects such as fatigue
and myelosuppression are usually mild. It lacks cumulative and organ-specific toxicity and does not
cause many of the problems that have an adverse effect on the quality of life of patients such as
severe acute nausea, mucositis, alopecia or skin toxicity. Specific adverse events like transaminitis
and rhabdomyolysis have no clinical implications in the majority of patients and are easily
manageable [12].
The present GISG phase I trial formally evaluated the combination of trabectedin and
gemcitabine in patients with L-sarcomas. Unexpectedly, dose-limiting toxicity occurred on two
dose levels so that no further dose escalation could be performed and no recommended dose for
phase II testing could be defined. Hence, the results of our trial suggest that the combination of
gemcitabine and trabectedin is not recommended for the treatment of patients with advanced and/or
metastatic leiomyosarcoma or liposarcoma.
In a phase I trial, the combination of trabectedin and cisplatin given every three weeks in
patients with advanced solid tumors has been evaluated [13]. The regimen consisted of cisplatin at
a fixed dose of 75 mg/m2 1-h IV infusion followed by escalating doses of trabectedin 3-h IV
infusion, both administered on day 1 every 3 weeks. Two DLTs, grade 4 neutropenia longer than
7 days’ duration and grade 3 vomiting despite standard antiemetic therapy, occurred at the starting
dose of trabectedin (0.75 mg/m2). The immediate lower dose (trabectedin 0.60 mg/m2) was
evaluated in a total of eight patients; no DLTs occurred and this was declared the recommended
dose. The safety profile at this dose and schedule was consistent with the known side effects of
each agent alone: nausea, fatigue, transient transaminase elevations and neutropenia; no new or
unexpected adverse reactions were observed. The authors concluded that, although the trabectedin
dose achieved with this combination was rather low (40% of single-agent when given every three
weeks), this combination regimen of trabectedin plus cisplatin was feasible and showed a tolerable
safety profile.
To determine the dose of trabectedin plus doxorubicin a phase I combination study was
performed in patients with STS treated with 0–1 prior chemotherapy regimen excluding
doxorubicin [14]. The regimen consisted of a 10–15-min. IV infusion of doxorubicin 60 mg/m2
followed by a 3-h IV infusion of trabectedin 0.9–1.3 mg/m2 on day 1 of a 3 week cycle. Because
four of the first six patients experienced DLT-defining neutropenia during cycle 1, all subsequent
patients received primary prophylactic granulocyte colony-stimulating factor. No DLTs were
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observed at dose level 1 (trabectedin 0.9 mg/m2) and dose level 2 (trabectedin 1.1 mg/m2). At dose
level 3 (trabectedin 1.3 mg/m2) two patients experienced DLTs which were grade 4 neutropenia and
grade 4 thrombocytopenia making this dose level unacceptable. The maximum tolerated dose was
trabectedin 1.1 mg/m2 and doxorubicin 60 mg/m2. Common grade 3/4 adverse events were
neutropenia (71%), ALT increase (46%), and thrombocytopenia (37%). The authors concluded that
the combination of doxorubicin 60 mg/m² followed by trabectedin 1.1 mg/m² every 21 days is safe
and active in patients with STS. Promising phase II data in 61 leiomyosarcoma patients
demonstrated one complete response, 13 partial responses and 20 stable diseases accounting for a
disease control rate of 94%. Common grade 3/4 toxicities were neutropenia (41%), febrile
neutropenia (4%), thrombocytopenia (20%), anemia (9%), fatigue (6%), vomiting (4%), and
transaminases elevation (9%) [15]. Another phase II study from the Spanish Group for Sarcoma
Research (GEIS) evaluating the combination of trabectedin and doxorubicin did not add any further
information regarding toxicities [16].
Discussing the phase I/II combination studies, hematologic toxicity (neutropenia and
thrombocytopenia) seems to be the major problem when combining trabectedin with cisplatin,
doxorubicin or gemcitabine. In combination with cisplatin this DLT led to a rather low dose of
trabectedin (only 40% of the approved single-agent treatment dose) questioning the efficacy of this
combination. In the combination studies with doxorubicin, hematologic toxicity could be overcome
through the use of granulocyte colony-stimulating factor. In our combination trial with
gemcitabine, thrombocytopenia was the major limiting factor regarding hematologic toxicity.
Notably, both patients with thrombocytopenia were treated previously with adjuvant radiation in
the pelvic region which could have had an implication on the occurrence of that type of DLT.
Hepatic toxicity was observed quite frequently; however, in the combination with cisplatin and
doxorubicin it did not classify for a DLT (grade 3/4 transaminitis lasting 7 days). Therefore,
prolongation of the elevation of transaminases as observed in our trial seems to be particularly
related to the addition of gemcitabine. As described in the literature, gemcitabine may lead to
common transient rises in transaminases. However, these laboratory abnormalities are rarely
clinically significant [17]. Gemcitabine is also being evaluated in the combination with the
anti-angiogenetic agent pazopanib in several phase I and II trials (NCT01593748, NCT01532687,
and NCT01442662); however, no data is available yet. Nevertheless, a fatal hepatic serious adverse
event occurred in one US study investigating the combination of gemcitabine and pazopanib for the
treatment of advanced STS with the consequence to temporarily hold enrolment in all studies of
gemcitabine in combination with pazopanib. The fatal hepatic event occurred in a patient with
metastatic leiomyosarcoma with multiple liver metastases, with marked elevation of liver enzymes
after one dose of gemcitabine and two doses of pazopanib leading to a hepatorenal syndrome and
death. Fatal hepatotoxicity is a recognized adverse event associated with both pazopanib and
gemcitabine. However, the rapidity of onset and the degree of enzyme elevation in this case is not
consistent with the known safety profile of either drug. It seems that gemcitabine prolongs or
increases the elevation of liver enzymes significantly.
Taken together, although clinical benefit in the form of disease stabilization was quite promising
in our small patient cohort, due to dose-limiting toxicity, the combination of gemcitabine plus
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trabectedin could generally not be recommended for the treatment of patients with advanced and/or
metastatic leiomyosarcoma or liposarcoma. Drug combinations still seem promising, but require
careful evaluation in terms of safety.
5. Conclusions
The present study of the German Interdisciplinary Sarcoma Group (GISG-02) represents the
formal evaluation of the safety and efficacy of trabectedin combined with gemcitabine in so-called
L-sarcomas. The study was stopped due to four dose-limiting toxicities in five treated patients.
Therefore, the results of our trial suggest that the combination of gemcitabine and trabectedin is not
recommended for patients with L-sarcomas. This phase I study strongly supports the necessity for
careful evaluation of combination therapies.
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Abstract: A series of carbocyclic analogues of naturally-occurring marine sphingolipid pachastrissamine
were prepared and biologically evaluated. The analogues were efficiently synthesized via a tandem
enyne/diene-ene metathesis reaction as a key step. We found that the analogue 4b exhibited
comparable cytotoxicity and more potent inhibitory activity against sphingosine kinases, compared
to pachastrissamine. Molecular modeling studies were conducted to provide more detailed insight
into the binding mode of 4b in sphingosine kinase. In our docking model, pachastrissamine and 4b
were able to effectively bind to the binding pocket of sphingosine kinase 1 as co-crystalized
sphingosine. However, 4b showed a hydrophobic interaction with Phe192, which suggests that it
contributes to its increased inhibitory activity against sphingosine kinase 1.
Reprinted from Mar. Drugs. Cite as: Kwon, Y.; Song, J.; Bae, H.; Kim, W.-J.; Lee, J.-Y.; Han, G.-H.;
Lee, S.K.; Kim, S. Synthesis and Biological Evaluation of Carbocyclic Analogues of Pachastrissamine.
Mar. Drugs 2015, 13, 824-837.
1. Introduction
Pachastrissamine (jaspine B, 1; Figure 1) is a natural anhydrous derivative of phytosphingosine
2, possessing a tetrahydrofuran core with three contiguous stereogenic centers. It was first isolated
by Higa et al. from marine sponge Pachastrissa sp. in 2002 [1] and subsequently isolated from the
Vanuatuan marine sponge Jaspis sp. by Debitus et al. in 2003 [2]. This marine natural product
showed significant cytotoxicity against various cancer cell lines, such as P388, MEL28, A549,
HT29 and HeLa [1,3]. It was found to have an inhibitory activity against sphingomyelin synthase,
which, in turn, triggers apoptosis in tumor cells via a caspase-dependent pathway [4]. It was also
reported that pachastrissamine and its stereoisomers inhibit sphingosine kinases (SphKs) and
atypical protein kinase C [5]. Because of its intriguing biological activity, it has been an interesting
target for synthetic chemists, and various synthetic routes to pachastrissamine have been
reported [6–16]. However, the structure-activity relationship (SAR) of pachastrissamine remains
relatively unreported. Génisson et al. described analogues with a modified aliphatic chain, which
exhibited cytotoxicity comparable to or lower than pachastrissamine on two distinct cancer cell
lines (B16 and A375 melanoma cell lines) [17,18]. Delgado et al. reported the stereoisomers of
pachastrissamine as being 10- to 20-times less potent than the natural one [19]. Recently, Liu et al.
reported pachastrissamine analogues containing a 1,2,3-triazole ring in the alkyl chain [20]. One
analogue showed better increased cytotoxicity than the natural compound. These results suggest
that the configuration and aliphatic chain of pachastrissamine would be essential to retain
biological activity. The contribution of the tetrahydrofuran ring to its biological profile has been
explored. The aza-analogues of pachastrissamine 3a were reported by Génisson et al. [21], and the
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sulfur and selenium analogues 3b–c were previously reported by our group [22]. They exhibited
comparable potency to natural pachastrissamine, indicating that the ring oxygen atom of
pachastrissamine could be replaced with bioisosteres.
In this regard, we designed carbocyclic analogues, replacing the ethereal oxygen (–O–) with
a methylene group (–CH2–) as a divalent bioisostere [23]. The advantages of carbocyclic analogues
of natural product have already been demonstrated by several successful examples, such as
carbasugars and carbocyclic nucleosides [24,25]. As seen in these successful precedents, we
expected that the carbocyclic analogue would show enhanced chemical and metabolic stability
compared to the parent natural product. In addition, from this study, we would be able to decipher
the SAR involved in the role of ethereal oxygen, which is valuable information in the development
of new anti-cancer therapeutic agents. Herein, we report the synthesis and biological evaluation of
a series of carbocyclic pachastrissamine analogues 4 (Figure 1) in which the alkyl-chain lengths
have been varied.

Figure 1. Chemical structures of Compounds 1–4.
2. Results and Discussion
2.1. Chemistry
2.1.1. Retrosynthetic Analysis
Our retrosynthetic plan for the synthesis of 4 is shown in Scheme 1. The designed analogues 4
would be accessed from diene 5 using catalytic hydrogenation and hydrolysis. We expected
catalytic hydrogenation of 5 would occur from the convex face of the bicyclic system to afford the
desired stereochemistry [6]. The requisite diene 5 would be derived from the ring-closing
metathesis (RCM) of enyne 6 and subsequent cross-metathesis (CM) between the resulting diene
and the appropriate olefin in a tandem fashion [26–29]. Substrate 6 would be derived from a known
amide 7, which, in turn, can be easily prepared from commercially available (S)-allylglycine.
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Scheme 1. Retrosynthetic plan.
2.1.2. Synthesis
Our synthesis, as shown in Scheme 2, commenced with the preparation of a known Weinreb
amide 7 from commercially available (S)-allylglycine in two steps using a previously reported
procedure [30]. Treatment of amide 7 with lithium acetylide in THF yielded ynone 8 in a 71%
yield. The stereoselective reduction of ynone 8 was explored with various hydride reagents. After
several trials, it was found that the treatment of 8 with sodium borohydride and cerium chloride at
low temperature gave an inseparable diastereomeric mixture of alcohol 9 with the best selectivity
(diastereomeric ratio = 6:1) in 87% yield. The obtained alcohol 9 was treated with lithium
hexamethyldisilazide in hot toluene to provide oxazolidinone 10 in a high yield (90%). At this
stage, both diastereomers (10a and 10b) were separated via column chromatography, and the
relative configuration of the diastereomers was assigned by a 2D-NOESY experiment (Figures S7
and S10 in the Supplementary Materials). The triisopropylsilyl group of major diastereomer 10a
was easily removed with tetrabutylammonium fluoride to give the terminal acetylene 6 in a
95% yield.

Scheme 2. Synthesis of enyne 6. TIPS: triisopropylsilyl; LiHMDS: lithium
hexamethyldisilazide; TBAF: tetrabutylammonium fluoride.
With the terminal enyne 6 in hand, the tandem enyne/diene-ene metathesis reaction was carried
out (Scheme 3). The reaction of 6 with the appropriate alkenes in the presence of second-generation
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Grubbs catalyst (3 mol%) afforded the desired diene 5a–c with exclusive (E)-geometry. The
catalytic hydrogenation of diene 5a–c was accomplished to give cyclopentane 11a–c as the only
stereoisomers detected by 1H NMR. Finally, hydrolysis of the oxazolidinone with KOH in
refluxing EtOH afforded the desired carbocyclic analogues, 4a–c.
O
HN

Grubbs' 2nd generation
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O

HN

O
Pd/C 10 wt%, H2

O
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1-dodecene for 5a
1-tetradecene for 5b
1-hexadecene for 5c
CH2Cl2, reflux

6

O

EtOH, H2O, 85 °C
R

R
R = C10H21, 5a, 72%
R = C12H25, 5b, 73%
R = C14H29, 5c, 67%

H2N

KOH

O

R = C11H23, 11a, 55%
R = C13H27, 11b, 57%
R = C15H31, 11c, 50%

OH
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R = C15H31, 4c, 91%

Scheme 3. Synthesis of carbocyclic analogues, 4a–c.
2.2. Biological Evaluation
2.2.1. Cell Viability
The cytotoxic activity of analogues 4a–c was examined in various cancer cell lines (Table 1) by
the sulforhodamine B (SRB) assay [31]. For a direct comparison, natural pachastrissamine (1) was
employed as a positive control. It was found that the cytotoxic activities of carbocyclic analogues 4
were influenced by the length of the alkyl chain. The analogue, 4b, which has the same chain
length as pachastrissamine, exhibited a comparable potency to the parent natural product, 1, against
various cell lines. However, both the shorter and longer chain analogues, 4a and 4c, were less
effective than pachastrissamine.
Table 1. Cytotoxic activity of pachastrissamine (1) and its carbocyclic analogues, 4a–c.
Compound
1
4a
4b
4c

HCT-116
1.0
9.7
1.0
3.2

b

SNU-638
1.2
12.8
1.7
4.4

c

IC50 (ȝM) a
MDA-MB-231 d
0.7
6.1
1.8
4.1

PC-3 e
0.7
7.6
1.0
3.1

Caki-1 f
1.7
12.1
3.2
6.6

a

50% inhibition concentration; b HCT-116, human colon cancer cell line; c SNU-638, human stomach
cancer cell line; d MDA-MB-231, human breast cancer cell line; e PC-3, human prostate cancer cell line;
f
Caki-1, human renal cancer cell line.

2.2.2. Inhibitory Activity against Sphingosine Kinases
Because pachastrissamine was reported as an inhibitor of sphingosine kinases (SphKs), the
inhibitory activity of analogues 4 against SphKs were examined using a sphingosine kinase
inhibition assay (Table 2). There are two isoforms of mammalian SphKs (SphK1 and SphK2)
catalyzing the phosphorylation of sphingosine to sphingosine 1-phosphate (S1P). S1P regulates
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diverse cellular processes, including cell growth, survival and differentiation [32]. In our
experiments, N,N-dimethylsphingosine (DMS), as well as pachastrissamine (1) were used as a
positive control [33]. It was revealed that the inhibitory activity of 4 against SphKs was influenced
by the length of the attached chain. The analogue 4b showed a similar inhibitory activity to DMS,
which, in turn, was more effective than 1. However, the other analogues, 4a and 4c, were found to
be less effective at the inhibition of SphKs. These results suggest that the ring oxygen atom of
pachastrissamine is dispensable, but the appropriate chain length is apparently required to retain its
biological properties.
Table 2. Inhibitory activity of pachastrissamine (1) and its carbocyclic analogues, 4a–c,
against sphingosine kinases.
Compound
1
4a
4b
4c
DMS b
a

IC50 (ȝM) a
SphK1
SphK2
12.0
41.8
58.2
>100
7.5
20.1
41.3
>100
6.6
19.9

50% inhibition concentration; b N,N-dimethylsphingosine.

2.3. Molecular Modeling
To understand the molecular interaction between 4b and the sphingosine kinase, a molecular
modeling study was performed using the crystal structure of human SphK1 in complex with
sphingosine (PDB Code 3VZB) [34]. As shown in Figure 2, pachastrissamine (1) and its
carbocyclic analogue 4b are able to effectively bind to the binding pocket of SphK1 in virtually the
same pose. They occupy nearly the same position as sphingosine. In our docking model, the alkyl
chain of 4b is buried in the hydrophobic J-shaped tunnel constituted of hydrophobic residues
Leu268, Ala274, His311, Phe173, Phe303, Val177 and Phe192. The hydroxyl group forms a
hydrogen bond with Asp178 and a water-mediated hydrogen bond with Ser168, in the same manner
as the 3-hydroxyl group of sphingosine. The amino group makes a hydrogen bond interaction with
Ser168. In the hydrophilic recognition site, pachastrissamine (1) and its analogue 4b formed the
same set of hydrogen bonds. However, carbocyclic analogue 4b exhibits an additional interaction
with the hydrophobic residue, Phe192 (Figure 2B). This pi-alkyl interaction seems to contribute to
the increased activity of 4b toward SphK1 compared to 1 [35].
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Figure 2. Docking model of the carbocyclic analogue 4b and pachastrissamine (1).
(A) The overlay of the proposed binding model of carbocyclic analogue 4b (blue) and
X-ray complex sphingosine (gray). A water molecule is shown as a red sphere. The
direct H-bonds and water-mediated H-bonds are shown as green and blue dashed lines,
respectively. The ligand binding surface of the binding pocket was colored according to
hydrophobicity (brown: hydrophobic, blue: hydrophilic); (B) The overlay of the
proposed binding model of 4b (blue) and 1 (orange). Hydrophobic interaction with
Phe192 is shown as a pink dashed line.
3. Experimental Section
3.1. Chemistry
3.1.1. General
All chemicals were reagent grade and used as purchased. All reactions were performed under an
inert atmosphere of dry nitrogen using distilled dry solvents. Reactions were monitored through
thin layer chromatography (TLC) analysis using silica gel 60 F-254 thin layer plates. Compounds
were visualized on the TLC plates under UV light and by spraying with either KMnO4 or anisaldehyde
staining solutions. Flash column chromatography was conducted on silica gel 60 (230–400 mesh).
Melting points were measured using a Buchi B-540 melting point apparatus without correction. 1H
NMR (400, 500 or 600 MHz) and 13C NMR (100, 125 or 150 MHz) spectra were recorded in į
units relative to the deuterated solvent. The IR spectra were measured on a Fourier transform
infrared spectrometer. High-resolution mass spectra (HRMS) were recorded using FAB.
3.1.2. tert-Butyl (S)-(5-oxo-7-(triisopropylsilyl)hept-1-en-6-yn-4-yl)carbamate (8)
To a solution of (triisopropylsilyl)acetylene (17.4 mL, 77.4 mmol) in THF (80 mL) was added
n-BuLi (48.4 mL, 77.4 mmol, 1.6 M solution in hexane) at í78 °C under nitrogen. After the
reaction mixture was stirred for 30 min at í78 °C, known amide 7 (10 g, 38.7 mmol) in dry THF
(20 mL) was added at 0 °C. The reaction mixture was stirred for 1.5 h at 0 °C. The reaction was
quenched with a saturated NH4Cl aqueous solution and extracted with EtOAc. The organic layer
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was washed twice with brine, dried over MgSO4, filtered and concentrated. The crude product was
purified using column chromatography on silica gel (hexane/EtOAc, 20:1), to afford the desired
ynone 8 (10.4 g, 71%) as a yellow oil. [Į]20D +8.20 (c 1.0, CHCl3); 1H NMR (400 MHz, CDCl3) į
5.70–5.61 (m, 1H), 5.13 (d, J = 17.2 Hz, 1H), 5.12 (d, J = 9.2 Hz, 1H), 5.10 (brs, 1H), 4.48 (d,
J = 5.7 Hz, 1H), 2.70–2.59 (m, 2H), 1.42 (s, 9H), 1.17–1.01 (m, 21H); 13C NMR (100 MHz,
CDCl3) į 185.4, 155.1, 131.7, 119.5, 102.2, 100.1, 80.0, 60.8, 36.0, 28.3 (3C), 18.5 (6C), 11.0
(3C); IR (CHCl3) Ȟmax 3358, 2947, 2869, 2150, 1719, 1682, 1495, 1368, 1171 (cmí1); HRMS
(FAB) calcd. for C21H38NO3Si ([M + H]+), 380.2621; found, 380.2614.
3.1.3. tert-Butyl ((4S)-5-hydroxy-7-(triisopropylsilyl)hept-1-en-6-yn-4-yl)carbamate (9)
To a solution of ynone 8 (10 g, 26.3 mmol) in EtOH (100 mL) was added anhydrous CeCl3 (13
g, 52.6 mmol) at room temperature under nitrogen. After the reaction mixture was stirred for
15 min, NaBH4 (2.0 g, 52.6 mmol) was added at í78 °C. The reaction mixture was stirred for 3 h at
í78 °C. The reaction was quenched with a saturated NH4Cl aqueous solution and extracted with
EtOAc. The organic layer was washed twice with brine, dried over MgSO4, filtered and
concentrated. The crude product was purified using column chromatography on silica gel
(hexane/EtOAc, 5:1), to afford the desired alcohol 9 (8.7 g, 87%) as a diastereomeric mixture (6:1)
as a colorless oil. [Į]20D í18.3 (c 1.0, CHCl3); 1H NMR (400 MHz, CDCl3) į 5.82–5.72 (m, 1H),
5.08 (d, J = 15.2 Hz, 1H), 5.06 (d, J = 8.9 Hz, 1H), 4.74–4.72 (m, 0.85H), 4.45–4.44 (m, 1H), 3.82
(brs, 0.85H), 3.72 (brs, 0.15H), 3.38 (brs, 0.85H), 2.56–2.46 (m, 0.15H), 2.42–2.22 (m, 1.85H),
1.40 (s, 9H), 1.04 (s, 21H); 13C NMR (100 MHz, CDCl3) į 156.5, 134.0, 118.0, 105.2, 87.6, 79.9,
66.1, 55.1, 35.7, 28.2 (3C), 18.5 (6C), 11.1 (3C); IR (CHCl3) Ȟmax 3428, 2945, 2868, 2170, 1696,
1504, 1170 (cmí1); HRMS (FAB) calcd. for C21H40NO3Si ([M + H]+), 382.2777; found, 382.2770.
3.1.4. (4S)-4-Allyl-5-((triisopropylsilyl)ethynyl)oxazolidin-2-one (10)
To a solution of alcohol 9 (8 g, 21 mmol) in toluene (100 mL) was added lithium
hexamethyldisilazide (46.2 mL, 46.2 mmol, 1 M solution in THF) at room temperature under
nitrogen. After stirring for 1.5 h at 80 °C, the reaction mixture was cooled to 0 °C. The reaction
was quenched with a saturated NH4Cl aqueous solution and extracted with EtOAc. The organic
layer was washed twice with brine, dried over MgSO4, filtered and concentrated. The crude product
was purified using column chromatography on silica gel (hexane/EtOAc, 1.5:1), to afford the
desired oxazolidinone 10a (5.0 g, 77%) and 10b (850 mg, 13%).
(4S,5R)-4-Allyl-5-((triisopropylsilyl)ethynyl)oxazolidin-2-one (10a): a white solid; m.p. 91.2–93.3 °C;
20
[Į] D í4.12 (c 0.35, CHCl3); 1H NMR (400 MHz, CDCl3) į 5.80–5.72 (m, 1H), 5.33–5.31 (d,
J = 7.8 Hz, 1H), 5.20 (d, J = 10.4 Hz, 1H), 5.19 (d, J = 16.8 Hz, 1H), 5.17 (brs, 1H), 3.88 (td,
J = 4.1 Hz, 8.6 Hz, 1H), 2.59–2.53 (m, 1H), 2.44–2.36 (m, 1H), 1.07 (s, 21H); 13C NMR (100
MHz, CDCl3) į 159.6, 132.7, 119.8, 98.5, 93.5, 70.1, 54.1, 36.8, 18.5 (6C), 11.0 (3C); IR (CHCl3)
Ȟmax 3276, 2946, 2868, 1759, 1464, 1334, 1048, 758, 676 (cmí1); HRMS (FAB) calcd. for
C17H30NO2Si ([M + H]+), 308.2046; found, 308.2039.
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(4S,5S)-4-Allyl-5-((triisopropylsilyl)ethynyl)oxazolidin-2-one (10b): a yellow oil; [Į] D í36.2
(c 1.4, CHCl3); 1H NMR (600 MHz, CDCl3) į 6.12 (d, J = 9.2 Hz, 1H), 5.77–5.70 (m, 1H), 5.19 (d,
J = 11.5 Hz, 1H), 5.18 (d, J = 16.1 Hz, 1H), 4.80 (d, J = 6.4 Hz, 1H), 3.87 (q, J = 6.4 Hz, 1H), 2.40
(q, J = 6.7 Hz, 1H), 2.33 (q, J = 7.1 Hz, 1H), 1.05 (s, 21H); 13C NMR (150 MHz, CDCl3) į 158.2,
131.5, 119.8, 101.7, 90.8, 70.9, 59.2, 38.7, 18.5 (6C), 11.0 (3C); IR (CHCl3) Ȟmax 3282, 2946, 2869,
1760, 1464, 1323, 1071, 992, 883, 675 (cmí1); HRMS (FAB) calcd. for C17H30NO2Si ([M + H]+),
308.2046; found, 308.2042.
3.1.5. (4S,5R)-4-Allyl-5-ethynyloxazolidin-2-one (6)
To a solution of alcohol 10a (4.0 g, 13.0 mmol) in THF (60 mL) was added
tetrabutylammonium fluoride (15.6 mL, 15.6 mmol, 1 M solution in THF) at room temperature
under nitrogen. The reaction mixture was stirred for 1 h at room temperature. The reaction was
quenched with a saturated NH4Cl aqueous solution and extracted with EtOAc. The organic layer
was washed twice with brine, dried over MgSO4, filtered and concentrated. The crude product was
purified using column chromatography on silica gel (hexane/EtOAc, 1:1), to afford the desired
20
terminal acetylene 6 (1.87 g, 95%) as a white solid. m.p. 42.0–44.0 °C; [Į] D í6.32 (c 0.54, CHCl3);
1
H NMR (400 MHz, CDCl3) į 5.81–5.70 (m, 1H), 5.28 (dd, J = 2.2 Hz, 7.8 Hz, 2H), 5.22 (d, J = 0.7 Hz,
1H), 5.19–5.18 (m, 1H), 3.91 (td, J = 4.1 Hz, 8.6 Hz, 1H) 2.72 (d, J = 2.1 Hz, 1H), 2.58–2.52 (m,
1H), 2.44–2.36 (m, 1H); 13C NMR (150 MHz, CDCl3) į 157.2, 132.4, 120.0, 79.0, 75.8, 69.3, 53.9,
36.5; IR (CHCl3) Ȟmax 3292, 2128, 1755, 1644, 1338, 1243, 1041 (cmí1); HRMS (FAB) calcd. for
C8H10NO2 ([M + H]+), 152.0712; found, 152.0714.
3.1.6. General Procedure for the Preparation of 5
To a solution of 6 (300 mg, 2.0 mmol) with the appropriate alkene (2 mL) in CH2Cl2 (20 mL)
was added Grubbs’ second-generation catalyst (50 mg, 0.059 mmol) at room temperature. The
resulting mixture was refluxed for 20 h. After the mixture was cooled to room temperature, the
solvent was removed under reduced pressure. The crude product was purified by column
chromatography on silica gel (hexane/EtOAc, 1:3) to give diene 5.
3.1.7. (3aS,6aR)-6-((E)-Dodec-1-en-1-yl)-3,3a,4,6a-tetrahydro-2H-cyclopenta[d]oxazol-2-one (5a)
A white solid (420 mg, 72%); m.p. 83.6–84.5 °C; [Į]20D +23.7 (c 1.1, CHCl3); 1H NMR (500
MHz, CDCl3) į 6.12 (d, J = 16.0 Hz, 1H), 5.94 (td, J = 7.4 Hz, 15.2 Hz, 1H), 5.68 (s, 1H), 5.63
(brs, 1H), 5.59 (d, J = 7.8 Hz, 1H), 4.44 (t, J = 7.2 Hz, 1H), 2.71 (dd, J = 6.1 Hz, 18.1 Hz, 1H),
2.47 (d, J = 18.2 Hz, 1H), 2.15–2.02 (m, 2H), 1.40–1.35 (m, 2H), 1.24 (s, 14H), 0.86 (t, J = 6.9 Hz,
3H); 13C NMR (125 MHz, CDCl3) į 158.9, 139.8, 135.0, 128.8, 123.0, 84.9, 53.7, 40.2, 33.1, 31.9,
29.62, 29.58, 29.48, 29.33, 29.25, 29.0, 22.7, 14.1; IR (CHCl3) Ȟmax 3270, 2922, 2854, 1739, 1716,
1385, 1238, 1018, 756 (cmí1); HRMS (FAB) calcd. for C18H30NO2 ([M + H]+), 292.2277;
found, 292.2279.

562
3.1.8. (3aS,6aR)-6-((E)-Tetradec-1-en-1-yl)-3,3a,4,6a-tetrahydro-2H-cyclopenta[d]oxazol2-one (5b)
A white solid (466 mg, 73%); m.p. 93.1–94.5 °C; [Į]20D +33.0 (c 0.43, CHCl3); 1H NMR (400
MHz, CDCl3) į 6.12 (d, J = 15.9 Hz, 1H), 5.94 (td, J = 7.3 Hz, 15.1 Hz, 1H), 5.68 (s, 1H), 5.59 (d,
J = 7.7 Hz, 1H), 5.51 (brs, 1H), 4.44 (t, J = 7.1 Hz, 1H), 2.72 (dd, J = 6.0 Hz, 18.3 Hz, 1H), 2.47
(d, J = 18.2 Hz, 1H), 2.13–2.04 (m, 2H), 1.40–1.37 (m, 2H), 1.24 (s, 18H), 0.86 (t, J = 6.7 Hz, 3H);
13
C NMR (100 MHz, CDCl3) į 158.8, 139.8, 135.1, 128.7, 123.0, 84.9, 53.7, 40.2, 33.1, 31.9, 29.7
(2C), 29.64, 29.58, 29.48, 29.35, 29.3, 29.0, 22.7, 14.1; IR (CHCl3) Ȟmax 3244, 2917, 2852, 1735,
1471, 1386, 1248, 1016, 716 (cmí1); HRMS (FAB) calcd. for C20H34NO2 ([M + H]+), 320.2590;
found, 320.2584.
3.1.9. (3aS,6aR)-6-((E)-Hexadec-1-en-1-yl)-3,3a,4,6a-tetrahydro-2H-cyclopenta[d]oxazol2-one (5c)
20

A white solid (466 mg, 67%); m.p. 90.1–91.6 °C; [Į] D +38.4 (c 0.95, CHCl3); 1H NMR (600 MHz,
CDCl3) į 6.12 (d, J = 16.0 Hz, 1H), 5.94 (td, J = 7.4 Hz, 15.3 Hz, 1H), 5.86 (brs, 1H), 5.68 (s, 1H),
5.59 (d, J = 8.2 Hz, 1H), 4.44 (t, J = 7.1 Hz, 1H), 2.70 (dd, J = 6.4 Hz, 17.9 Hz, 1H), 2.47 (d,
J = 18.3 Hz, 1H), 2.15–2.02 (m, 2H), 1.39–1.34 (m, 2H), 1.24 (s, 22H), 0.86 (t, J = 7.1 Hz, 3H);
13
C NMR (150 MHz, CDCl3) į 159.0, 139.8, 135.0, 128.9, 123.0, 84.9, 53.8, 40.2, 33.1, 31.9,
29.67 (3C), 29.64 (2C), 29.58, 29.48, 29.35, 29.26, 29.0, 22.7, 14.1; IR (CHCl3) Ȟmax 3284, 2922,
2853, 1737, 1716, 1385, 1237, 1015 (cmí1); HRMS (FAB) calcd. for C22H38NO2 ([M + H]+),
348.2903; found, 348.2905.
3.1.10. General Procedure for the Preparation of 11
To a solution of diene 5 (0.72 mmol) in MeOH (30 mL) was added Pd/C (40 mg, 10 wt.% Pd) at
room temperature. The reaction mixture was shaken in a Parr hydrogenator for 10 h at an initial
pressure of 35 psi. The catalyst was filtered off with Celite® (OCI Company Ltd., Seoul, Korea),
and the solvent was removed under reduced pressure. The crude product was purified by column
chromatography on silica gel (hexane/EtOAc, 1:3) to give the desired product, 11.
3.1.11. (3aS,6R,6aR)-6-Dodecylhexahydro-2H-cyclopenta[d]oxazol-2-one (11a)
20
A white solid (117 mg, 55%). m.p. 67.8–69.1 °C; [Į] D +10.6 (c 0.50, CHCl3); 1H NMR (400
MHz, CDCl3) į 5.71 (brs, 1H), 4.88 (t, J = 6.1 Hz, 1H), 4.22 (t, J = 6.5 Hz, 1H), 1.76–1.69 (m,
3H), 1.63–1.55 (m, 2H), 1.53–1.39 (m, 2H), 1.23 (s, 20H), 0.86 (t, J = 6.7 Hz, 3H); 13C NMR (100
MHz, CDCl3) į 160.1, 83.2, 56.6, 46.0, 33.8, 31.9, 29.8, 29.62 (4C), 29.56, 29.3, 28.4, 28.2, 28.0,
22.7, 14.1; IR (CHCl3) Ȟmax 3306, 2923, 2854, 1736, 1713, 1423, 1242 (cmí1); HRMS (FAB) calcd.
for C18H34NO2 ([M + H]+), 296.2590; found, 296.2588.
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3.1.12. (3aS,6R,6aR)-6-Tetradecylhexahydro-2H-cyclopenta[d]oxazol-2-one (11b)
20

A white solid (127 mg, 57%). m.p. 88.7–89.6 °C; [Į] D +8.56 (c 0.52, CHCl3); 1H NMR (400
MHz, CDCl3) į 5.59 (brs, 1H), 4.88 (t, J = 6.1 Hz, 1H), 4.23 (t, J = 6.5 Hz, 1H), 1.77–1.70 (m, 3H),
1.60–1.54 (m, 2H), 1.48–1.42 (m, 2H), 1.23 (s, 24H), 0.86 (t, J = 6.8 Hz, 3H); 13C NMR (100 MHz,
CDCl3) į 160.0, 83.2, 56.6, 46.1, 33.9, 31.9, 29.8, 29.67 (3C), 29.64 (3C), 29.57, 29.3, 28.4, 28.3,
28.0, 22.7, 14.1; IR (CHCl3) Ȟmax 3255, 2919, 2852, 1723, 1469, 1248 (cmí1); HRMS (FAB) calcd.
for C20H38NO2 ([M + H]+), 324.2903; found, 324.2903.
3.1.13. (3aS,6R,6aR)-6-Hexadecylhexahydro-2H-cyclopenta[d]oxazol-2-one (11c)
20

A white solid (122 mg, 50%). m.p. 91.9–92.1 °C; [Į] D +7.91 (c 0.46, CHCl3); 1H NMR (400
MHz, CDCl3) į 5.51 (brs, 1H), 4.89 (t, J = 6.1 Hz, 1H), 4.23 (t, J = 6.5 Hz, 1H), 1.77–1.70 (m, 3H),
1.61–1.55 (m, 2H), 1.48–1.40 (m, 2H), 1.23 (s, 28H), 0.86 (t, J = 6.8 Hz, 3H); 13C NMR (100 MHz,
CDCl3) į 159.9, 83.2, 56.6, 46.1, 33.9, 31.9, 29.8, 29.68 (5C), 29.65 (3C), 29.58, 29.3, 28.4, 28.3,
28.0, 22.7, 14.1; IR (CHCl3) Ȟmax 3262, 2918, 2851, 1725, 1469, 1245 (cmí1); HRMS (FAB) calcd.
for C22H42NO2 ([M + H]+), 352.3216; found, 352.3216.
3.1.14. General Procedure for the Preparation of 4
To a solution of 11 (0.071 mmol) in EtOH (1 mL) was added 1 M aq KOH (1 mL) at room
temperature. The reaction mixture was stirred for 20 h at 85 °C. After the reaction mixture was
cooled to room temperature, the solvent was removed under reduced pressure. The crude product
was purified by column chromatography on silica gel (CH2Cl2/MeOH/NH4OH, 100:10:1) to give
the desired product, 4.
3.1.15. (1R,2S,5R)-2-Amino-5-dodecylcyclopentan-1-ol (4a)
20

A white solid (17 mg, 88%). m.p. 93.2–96.2 °C; [Į] D +3.96 (c 0.36, EtOH); 1H NMR (400 MHz,
CDCl3) į 3.68 (t, J = 3.5 Hz, 1H), 3.30 (td, J = 3.8 Hz, 8.4 Hz, 1H), 2.10 (brs, 2H), 1.91–1.86 (m,
1H), 1.74–1.66 (m, 2H), 1.56–1.34 (m, 1H), 1.23 (s, 23H), 0.86 (t, J = 6.8 Hz, 3H); 13C NMR
(100 MHz, CDCl3) į 74.4, 55.4, 44.2, 31.9, 30.9, 29.95, 29.93, 29.68 (3C), 29.64, 29.3, 28.5, 28.0,
22.7, 14.1; IR (CHCl3) Ȟmax 3054, 2922, 2852, 2727, 1469, 992 (cmí1); HRMS (FAB) calcd. for
C17H36NO ([M + H]+), 270.2797; found, 270.2794.
3.1.16. (1R,2S,5R)-2-Amino-5-tetradecylcyclopentan-1-ol (4b)
20
A white solid (19 mg, 90%). m.p. 100.1–101.0 °C; [Į] D +3.29 (c 0.25, EtOH); 1H NMR (400 MHz,
CDCl3) į 3.70 (t, J = 3.4 Hz, 1H), 3.30 (td, J = 3.9 Hz, 8.5 Hz, 1H), 2.44 (brs, 3H), 1.91–1.85 (m,
1H), 1.75–1.65 (m, 2H), 1.54–1.34 (m, 1H), 1.23 (s, 27H), 0.86 (t, J = 6.8 Hz, 3H); 13C NMR (100 MHz,
CDCl3) į 74.4, 55.4, 44.1, 31.9, 30.8, 30.0, 29.9, 29.69 (5C), 29.65 (2C), 29.3, 28.5, 28.0, 22.7,
14.1; IR (CHCl3) Ȟmax 3049, 2921, 2852, 2729, 1469, 994 (cmí1); HRMS (FAB) calcd. for
C19H40NO ([M + H]+), 298.3110; found, 298.3117.
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3.1.17. (1R,2S,5R)-2-Amino-5-hexadecylcyclopentan-1-ol (4c)
20

A white solid (21 mg, 91%). m.p. 102.1–103.0 °C; [Į] D +1.89 (c 0.51, CHCl3); 1H NMR (400 MHz,
CDCl3) į 3.70 (t, J = 3.5 Hz, 1H), 3.30 (td, J = 3.8 Hz, 8.2 Hz, 1H), 2.41 (brs, 3H),
1.89–1.85 (m, 1H), 1.75–1.65 (m, 2H), 1.54–1.34 (m, 1H), 1.23 (s, 31H), 0.86 (t, J = 6.8 Hz, 3H);
13
C NMR (100 MHz, CDCl3) į 74.5, 55.5, 44.2, 31.9, 30.9, 30.0, 29.9, 29.69 (7C), 29.65 (2C),
29.4, 28.5, 28.0, 22.7, 14.1; IR (CHCl3) Ȟmax 3057, 2921, 2852, 2728, 1468, 995 (cmí1); HRMS
(FAB) calcd. for C21H44NO ([M + H]+), 326.3423; found, 326.3433.
3.2. Biological Evaluation
3.2.1. Sulforhodamine B (SRB) Assay
Cells (5 × 104 cells/mL) were treated with various concentrations of test compounds in 96-well
culture plates for 72 h. After incubation, cells were fixed with 10% trichloroacetic acid (TCA),
dried and stained with 0.4% SRB in 1% acetic acid. The unbound dye was washed out, and the
stained cells were dried and resuspended in 10 mM Tris (pH 10.0). The absorbance at 515 nm was
measured, and cell proliferation was determined as follows: cell proliferation (%) =
(average absorbancecompound í average absorbanceday zero)/(average absorbancecontrol í average
absorbanceday zero) × 100. IC50 values were calculated by nonlinear regression analysis using
TableCurve 2D v5.01 (Systat Software Inc., Richmond, CA, USA).
3.2.2. Sphingosine Kinase Inhibition Assay
In 384-well polystyrene plates, Sphk1 and Sphk2 (BPS Bioscience, San Diego, CA, USA) were
incubated in kinase buffer (5 mM MOPS, pH 7.2, 2.5 mM ȕ-glycerol-phosphate, 5 mM MgCl2,
1 mM EGTA, 0.4 mM EDTA, 0.5 mM DTT) containing 1 M sphingosine, ATP (50 M for
SphK1; 150 M for SphK2) and test compounds with a final concentration of 1% DMSO for 1 h at
room temperature. The amount of ATP transferred was measured with the ADP-Glo™ kinase assay
kit (Catalog #V9101, Promega, Madison, WI, USA) according to the manufacturer’s instructions.
IC50 values were calculated using GraphPad Prism 5 software (GraphPad Software Inc., La Jolla,
CA, USA).
3.3. Molecular Modeling
To understand the binding mode of the pachastrissamine and its analogue, we performed a
flexible docking study using the Schrödinger Glide program with standard precision settings
(Schrödinger, LLC, New York, NY, USA, http://www.schrodinger.com). The X-ray crystal
structure of the human SphK1 (PDB Code 3VZB) was obtained from the Protein Data Bank
(PDB, [36]). The pachastrissamine and 4b were minimized using a Merck Molecular Force Field
(MMFF) with a dielectric constant of 80.0 using the MacroModel program suite. The initial
structure of pachastrissamine and 4b were built based on the sphingosine structure co-crystallized
with SphK1. The best docking result was visualized using Discovery Studio 4.1 (Accelrys
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Software, Inc., San Diego, CA, USA). The hydrogen bonding interactions were displayed as green
dashed lines between the ligand and the SphK1.
4. Conclusions
We have reported the synthesis and biological evaluation of the carbocyclic analogues of
pachastrissamine with varying chain lengths. The designed carbocyclic analogues were efficiently
synthesized in good overall yield by the tandem ene/yne-ene metathesis as a key step. Among
them, the analogue 4b exhibits comparable cytotoxic activity and more potent inhibitory activity
against sphingosine kinases, compared to the parent natural product. In our docking model, 4b
showed an additional interaction caused by the adjacent hydrophobic amino acid residue, which
could explain its increased inhibitory activity. These results imply that bioisosteric replacement of
the ethereal oxygen in the cyclic core to the methylene carbon is possible. Our findings are
valuable in the development of sphingosine kinase inhibitors, which may lead to the development
of promising new anti-cancer therapeutic agents. Further studies toward the biochemical and
pharmacological properties of the carbocyclic analogue, based on these findings, are worthy of
pursuing in the future.
Acknowledgments
This work was supported by the Mid-Career Researcher Program (No.
2013R1A2A1A01015998) of the National Research Foundation of Korea (NRF) grant funded by
the Korean government (MSIP). This work was also supported by an NRF (National Research
Foundation of Korea) grant funded by the Korean Government (NRF-2012-Fostering Core Leaders
of the Future Basic Science Program).
Author Contributions
Yongseok Kwon, Hoon Bae and Geun-Hee Han performed the synthetic experiments. Jayoung
Song and Sang Kook Lee performed the biological experiments. Joo-Youn Lee performed the
molecular modeling. Yongseok Kwon, Woo-Jung Kim and Sanghee Kim wrote the manuscript.
Sanghee Kim designed and developed the study.
Conflicts of Interest
The authors declare no conflict of interest.
References
1.

Kuroda, I.; Musman, M.; Ohtani, I.I.; Ichiba, T.; Tanaka, J.; Gravalos, D.G.; Higa, T.
Pachastrissamine, a cytotoxic anhydrophytosphingosine from a marine sponge, Pachastrissa sp.
J. Nat. Prod. 2002, 65, 1505–1506.

566
2.

3.
4.

5.

6.

7.
8.

9.
10.
11.

12.

13.
14.
15.
16.

Ledroit, V.; Debitus, C.; Lavaud, C.; Massiot, G. Jaspines A and B: Two new cytotoxic
sphingosine derivatives from the marine sponge Jaspis sp. Tetrahedron Lett. 2003, 44,
225–228.
Liu, J.; Du, Y.; Dong, X.; Meng, S.; Xiao, J.; Cheng, L. Stereoselective synthesis of jaspine B
from D-xylose. Carbohydr. Res. 2006, 341, 2653–2657.
Salma, Y.; Lafont, E.; Therville, N.; Carpentier, S.; Bonnafé, M.-J.; Levade, T.; Génisson, Y.;
Andrieu-Abadie, N. The natural marine anhydrophytosphingosine, jaspine B, induces
apoptosis in melanoma cells by interfering with ceramide metabolism. Biochem. Pharmacol.
2009, 78, 477–485.
Yoshimitsu, Y.; Oishi, S.; Miyagaki, J.; Inuki, S.; Ohno, H.; Fujii, N. Pachastrissamine
(jaspine B) and its stereoisomers inhibit sphingosine kinases and atypical protein kinase C.
Biorg. Med. Chem. 2011, 19, 5402–5408.
Inuki, S.; Yoshimitsu, Y.; Oishi, S.; Fujii, N.; Ohno, H. Ring-construction/stereoselective
functionalization cascade: Total synthesis of pachastrissamine (jaspine B) through
palladium-catalyzed bis-cyclization of propargyl chlorides and carbonates. J. Org. Chem.
2010, 75, 3831–3842.
Passiniemi, M.; Koskinen, A.M.P. Asymmetric synthesis of pachastrissamine (jaspine B) and
its diastereomers via Ș3-allylpalladium intermediates. Org. Biomol. Chem. 2011, 9, 1774–1783.
Srinivas Rao, G.; Venkateswara Rao, B. A common strategy for the stereoselective
synthesis of anhydrophytosphingosine pachastrissamine (jaspine B) and N,O,O,O-tetra-acetyl
D-lyxo-phytosphingosine. Tetrahedron Lett. 2011, 52, 6076–6079.
Llaveria, J.; Díaz, Y.; Matheu, M.I.; Castillón, S. Enantioselective synthesis of jaspine B
(pachastrissamine) and its C-2 and/or C-3 epimers. Eur. J. Org. Chem. 2011, 1514–1519.
Zhao, M.-L.; Zhang, E.; Gao, J.; Zhang, Z.; Zhao, Y.-T.; Qu, W.; Liu, H.-M. An efficient and
convenient formal synthesis of jaspine B from D-xylose. Carbohydr. Res. 2012, 351, 126–129.
Schmiedel, V.M.; Stefani, S.; Reissig, H.-U. Stereodivergent synthesis of jaspine B and its
isomers using a carbohydrate-derived alkoxyallene as C3-building block. Beilstein J. Org. Chem.
2013, 9, 2564–2569.
Ghosal, P.; Ajay, S.; Meena, S.; Sinha, S.; Shaw, A.K. Stereoselective total synthesis of
jaspine B (pachastrissamine) utilizing iodocyclization and an investigation of its cytotoxic
activity. Tetrahedron Asymmetry 2013, 24, 903–908.
Jana, A.K.; Panda, G. Stereoselective synthesis of jaspine B and its C2 epimer from garner
aldehyde. RSC Adv. 2013, 3, 16795–16801.
Dhand, V.; Chang, S.; Britton, R. Total synthesis of the cytotoxic anhydrophytosphingosine
pachastrissamine (jaspine B). J. Org. Chem. 2013, 78, 8208–8213.
Lin, C.-W.; Liu, S.-W.; Hou, D.-R. Formation of tetrahydrofurans via a 5-endo-tet cyclization
of aziridines—Synthesis of (í)-pachastrissamine. Org. Biomol. Chem. 2013, 11, 5292–5299.
Martinková, M.; Mezeiová, E.; Gonda, J.; Jacková, D.; Pomikalová, K. Total synthesis of
(í)-jaspine B and its 4-epi-analogue from D-xylose. Tetrahedron Asymmetry 2014, 25,
750–766.

567
17. Génisson, Y.; Lamandé, L.; Salma, Y.; Andrieu-Abadie, N.; André, C.; Baltas, M.
Enantioselective access to a versatile 4-oxazolidinonecarbaldehyde and application to the
synthesis of a cytotoxic jaspine B truncated analogue. Tetrahedron Asymmetry 2007, 18,
857–864.
18. Salma, Y.; Ballereau, S.; Maaliki, C.; Ladeira, S.; Andrieu-Abadie, N.; Génisson, Y. Flexible
and enantioselective access to jaspine B and biologically active chain-modified analogues
thereof. Org. Biomol. Chem. 2010, 8, 3227–3243.
19. Canals, D.; Mormeneo, D.; Fabriàs, G.; Llebaria, A.; Casas, J.; Delgado, A. Synthesis and
biological properties of pachastrissamine (jaspine B) and diastereoisomeric jaspines. Biorg.
Med. Chem. 2009, 17, 235–241.
20. Xu, J.-M.; Zhang, E.; Shi, X.-J.; Wang, Y.-C.; Yu, B.; Jiao, W.-W.; Guo, Y.-Z.; Liu, H.-M.
Synthesis and preliminary biological evaluation of 1,2,3-triazole-jaspine B hybrids as potential
cytotoxic agents. Eur. J. Med. Chem. 2014, 80, 593–604.
21. Rives, A.; Ladeira, S.; Levade, T.; Andrieu-Abadie, N.; Génisson, Y. Synthesis of cytotoxic
aza analogues of jaspine B. J. Org. Chem. 2010, 75, 7920–7923.
22. Jeon, H.; Bae, H.; Baek, D.J.; Kwak, Y.-S.; Kim, D.; Kim, S. Syntheses of sulfur and selenium
analogues of pachastrissamine via double displacements of cyclic sulfate. Org. Biomol. Chem.
2011, 9, 7237–7242.
23. Patani, G.A.; LaVoie, E.J. Bioisosterism: A rational approach in drug design. Chem. Rev.
1996, 96, 3147–3176.
24. Arjona, O.; Gómez, A.M.; López, J.C.; Plumet, J. Synthesis and conformational and biological
aspects of carbasugars. Chem. Rev. 2007, 107, 1919–2036.
25. Ferrero, M.; Gotor, V. Biocatalytic selective modifications of conventional nucleosides,
carbocyclic nucleosides, and C-nucleosides. Chem. Rev. 2000, 100, 4319–4348.
26. Villar, H.; Frings, M.; Bolm, C. Ring closing enyne metathesis: A powerful tool for the
synthesis of heterocycles. Chem. Soc. Rev. 2007, 36, 55–66.
27. Grubbs, R.H. Olefin metathesis. Tetrahedron 2004, 60, 7117–7140.
28. Royer, F.; Vilain, C.; Elkaïm, L.; Grimaud, L. Selective domino ring-closing metathesis–crossmetathesis reactions between enynes and electron-deficient alkenes. Org. Lett. 2003, 5,
2007–2009.
29. Lee, H.-Y.; Kim, H.Y.; Tae, H.; Kim, B.G.; Lee, J. One-pot three-component tandem
metathesis/Dielsíalder reaction. Org. Lett. 2003, 5, 3439–3442.
30. Borzilleri, R.M.; Zheng, X.; Schmidt, R.J.; Johnson, J.A.; Kim, S.-H.; DiMarco, J.D.; Fairchild,
C.R.; Gougoutas, J.Z.; Lee, F.Y.F.; Long, B.H.; et al. A novel application of a Pd(0)-catalyzed
nucleophilic substitution reaction to the regio- and stereo-selective synthesis of lactam
analogues of the epothilone natural products. J. Am. Chem. Soc. 2000, 122, 8890–8897.
31. Lee, S.K.; Nam, K.-A.; Heo, Y.-H. Cytotoxic activity and G2/M cell cycle arrest mediated by
antofine, a phenanthroindolizidine alkaloid isolated from cynanchum paniculatum. Planta
Med. 2003, 69, 21–25.
32. Pyne, N.J.; Pyne, S. Sphingosine 1-phosphate and cancer. Nat. Rev. Cancer 2010, 10, 489–503.

568
33. Yatomi, Y.; Ruan, F.; Megidish, T.; Toyokuni, T.; Hakomori, S.-I.; Igarashi, Y.
N,N-dimethylsphingosine inhibition of sphingosine kinase and sphingosine 1-phosphate
activity in human platelets. Biochemistry 1996, 35, 626–633.
34. Wang, Z.; Min, X.; Xiao, S.-H.; Johnstone, S.; Romanow, W.; Meininger, D.; Xu, H.; Liu, J.;
Dai, J.; An, S.; et al. Molecular basis of sphingosine kinase 1 substrate recognition and
catalysis. Structure 2013, 21, 798–809.
35. Bissantz, C.; Kuhn, B.; Stahl, M. A medicinal chemist’s guide to molecular interactions.
J. Med. Chem. 2010, 53, 5061–5084.
36. Protein Data Bank. Available online: http://www.rcsb.org (accessed on 27 November 2014).

569

Marine Bromophenol Bis (2,3-Dibromo-4,5-dihydroxyphenyl)-methane Inhibits the Proliferation, Migration, and
Invasion of Hepatocellular Carcinoma Cells via Modulating
ȕ1-Integrin/FAK Signaling
Ning Wu, Jiao Luo, Bo Jiang, Lijun Wang, Shuaiyu Wang, Changhui Wang, Changqing Fu,
Jian Li and Dayong Shi
Abstract: Bis (2,3-dibromo-4,5-dihydroxy-phenyl)-methane (BDDPM) is a natural bromophenol
compound derived from marine algae. Previous reports have shown that BDDPM possesses
antimicrobial activity. In the present study, we found that BDDPM has cytotoxic activity on a wide
range of tumor cells, including BEL-7402 cells (IC50 = 8.7 ȝg/mL). Further studies have shown that
prior to the onset of apoptosis, the BDDPM induces BEL-7402 cell detachment by decreasing the
adherence of cells to the extracellular matrix (ECM). Detachment experiments have shown that the
treatment of BEL-7402 cells with low concentrations of BDDPM (5.0 ȝg/mL) significantly inhibits
cell adhesion to fibronectin and collagen IV as well as cell migration and invasion. High doses of
BDDPM (10.0 ȝg/mL) completely inhibit the migration of BEL-7402 cells, and the expression
level of MMPs (MMP-2 and MMP-9) is significantly decreased. Moreover, the expression of
ȕ1-integrin and focal adhesion kinase (FAK) is found to be down-regulated by BDDPM. This study
suggests that BDDPM has a potential to be developed as a novel anticancer therapeutic agent due
to its anti-metastatic activity and also indicates that BDDPM, which has a unique chemical
structure, could serve as a lead compound for rational drug design and for future development of
anticancer agents.
Reprinted from Mar. Drugs. Cite as: Wu, N.; Luo, J.; Jiang, B.; Wang, L.; Wang, S.; Wang, C.; Fu, C.;
Li, J.; Shi, D. Marine Bromophenol Bis (2,3-Dibromo-4,5-dihydroxy-phenyl)-methane Inhibits the
Proliferation, Migration, and Invasion of Hepatocellular Carcinoma Cells via Modulating
ȕ1-Integrin/FAK Signaling. Mar. Drugs 2015, 13, 1010-1025.
1. Introduction
Bromophenol compounds are frequently isolated from various marine red algae and have been
reported to exhibit a wide spectrum of pharmacological activities including antibacterial,
antimicrobial, and antitumor activities [1–4]. Due to their multiple bioactivities, bromophenol
compounds, which usually exist in marine sponges and algae, have attracted much attention from
the researchers in the field of functional food and pharmaceutical agents. Previous studies have
reported that some marine bromophenols, together with their derivatives, can inhibit the
proliferation of many types of cancer cell lines in vitro [3,5–7]. Bromophenols isolated form red
algae, as well as some synthesized isomers, have been reported to be cytotoxic against k562 cell
lines [2]. The Leathesia nana extract containing large amounts of bromophenol derivatives
inhibited the growth of Sarcoma 180 tumors in mice [7]. Accumulated evidence, both in vitro and
in vivo, indicates that marine bromophenols may be a promising group of anticancer compounds.
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Bis (2,3-dibromo-4,5-dihydroxy-phenyl)-methane (BDDPM, Figure 1A), isolated from marine
algae L. nana and Rhodomela confervoides, possesses various bioactivities, such as antimicrobial
and antifungal activities [8]. We recently isolated and synthesized Bis (2,3-dibromo-4,5-dihydroxyphenyl)-methane and found that it had PTP1B-inhibiting activity [9]. In the present research, we
found that, among natural bromophenols, BDDPM displayed the highest anti-tumor activity against
several cancer cell lines based on the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. However, the cytotoxic activity and the related molecular mechanism remain elusive.
The interaction between cells and extracellular matrix (ECM) plays a crucial role in cancer
initiation and progression. The integrin family of cell adhesion receptors is the major mediator of cell
adhesion to ECM, which links ECM to actin cytoskeleton at cellular structures called focal adhesions
(or focal contacts) [10–12]. Besides integrins themselves, multiple structural and signaling molecules
have been identified to be associated with focal adhesions, which highlight the importance of focal
adhesions in the regulation of cellular structure and functions. Focal adhesion kinase (FAK),
a non-receptor tyrosine kinase, is the first identified signaling molecule in focal adhesions.
FAK-associated cell signaling plays an important role in cell motility and invasion. Integrin/FAK
signaling has been shown to activate many signaling pathways through phosphorylation and
protein-protein interactions to promote tumorigenesis [13–16]. FAK also plays a critical role in
tumor progression and metastasis through its regulation of cancer cell migration, invasion,
epithelial to mesenchymal transition, and angiogenesis, which are involved with both cancer cells
and their microenvironment [17–19]. Here, we found that BDDPM could disturb the Integrin-FAK
signaling, detach hepatocellular carcinoma cells from ECM, and abrogate their motility and
invasiveness. BDDPM will be a potential novel Integrin-FAK inhibitor.

Figure 1. The structure of Bis-(2,3-dibromo-4, 5-dihydroxy-phenyl)-methane
(BDDPM) and its cytotoxic activity in cancer cell lines. Human cervical cancer cells
(Hela), human colon cancer cells (RKO and HCT-116), human hepatoma cells
(BEL-7402), and human vascular endothelial cells (HUVEC), as well as human
glioblastoma cells (U87) were incubated in the absence or presence of certain
concentrations of BDDPM for 24 h at 37 °C. MTT assay was performed to determine
the growth inhibition of different cancer cells and HUVEC cells by BDDPM. The
experiments were performed more than three times.
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2. Results
2.1. BDDPM Inhibits Cancer Cell Proliferation
MTT assays were performed to investigate the effects of BDDPM on the proliferation of
six cell lines. As shown in Figure 1B, BDDPM had a significant growth-inhibiting effect on Hela
(IC50 = 17.63 ȝg/mL), RKO (IC50 = 11.37 ȝg/mL), HCT-116 (IC50 = 10.58 ȝg/mL), BEL-7402
(IC50 = 8.7 ȝg/mL) and U87 (IC50 = 23.69 ȝg/mL) cancer cell lines, and a minimal growth-inhibiting
effect on the HUVEC (IC50 = 30.15 ȝg/mL) cell line. The results indicated that BDDPM
had a significant growth-inhibiting effect on the cancer cell lines (Figure 1B). Among these cell
lines, BEL-7402 cells were much more sensitive than the other cell lines. Based on this result,
BEL-7402 cells were chosen for the subsequent experiments.
2.2. BDDPM Induces Morphological Changes and Apoptosis in BEL-7402 Cell
Morphological changes were observed in cells under an invert microscope. The results showed
that the BEL-7402 cells without treatment had the typical characters of human liver cancer cells,
most of which were spindle-shaped with smooth edges and firmly attached to the surfaces of the
cell culture dish (Figure 2A). However, the cells treated with BDDPM became spherical and
detached from the plate surface, and most of them gradually became round with the increase in
BDDPM concentration. The number of round cells increased in a dose-dependent manner.
Cytoplasmic vacuoles could be detected in the rounded damaged cells under the high power
microscope (Figure 2A).
The morphologic changes in the cell membrane were clearly visualized by scanning electronic
microscopy (SEM). Remarkable alterations in the cell membrane of BEL-7402 cells were observed
after BDDPM treatment. The architecture of untreated BEL-7402 cells displayed a typical
polygonal shape (Figure 2B-I). However, the morphology of cells started to change after incubation
with BDDPM. The cells were detached from the substratum, separated from each other, and
became spindle-shaped (Figure 2B-II) after their exposure to 2.5 ȝg/mL of BDDPM. Membrane
bulging and detachment from cytoplasmic inclusion were also observed in the cells with 5.0 ȝg/mL
and 10.0 ȝg/mL BDDPM treatments (Figures 2B-III and 2B-IV).
2.3. BDDPM Induces Apoptosis in BEL-7402 Cells
We further investigated the role of BDDPM in the apoptosis of BEL-7402 cells. Cells were
treated with 0, 2.5, 5.0, and 10.0 ȝg/mL of BDDPM. After being cultured for 24–48 h, cells were
collected, and AnnexinV-FITC and PI staining assays were performed to quantify the number of
apoptotic cells. As shown in Figure 3A, BDDPM exposure resulted in an increase in the number of
early apoptotic cells (AnnexinV-FITC-positive/PI-negative) in BEL-7402 in a dose-dependent
manner. When treated with BDDPM at 2.5 and 10.0 ȝg/mL, the percentage of apoptotic cells was
increased from 25.68% to 87.47%, respectively (Figure 3B). Subsequently, Hoechst 33342 staining
was also performed to detect the apoptotic cells. Cell nuclear pyknosis, chromosome condensation
and formation of apoptotic bodies were observed in BEL-7402 cells treated with BDDPM as
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detected by Hoechst 33342 staining. However, no apoptosis was found in cells treated with DMSO
(Figure 3C). Cleavages of Caspase 3, 9, and poly ADP ribose polymerase (PARP) are important
events for the activation of the intrinsic apoptotic pathway. Western blot analysis was performed to
determine if BDDPM treatment resulted in cleavages of Caspases and PARP. The results showed
that BDDPM promoted the cleavages of Caspase 3, 9, and PARP expression in a dose-dependent
manner (Figure 3D). These results suggest that BDDPM induces cell death via the intrinsic
apoptotic pathway.

Figure 2. The morphological change of BEL-7402 cells upon treatment with BDDPM.
(A) Cells were seeded in six-well plates (2 × 105 cells/well) and allowed to adhere
overnight. Then the cells were treated without or with 2.5, 5.0 and 10.0 ȝg/mL BDDPM
for 12 h and subsequently observed under an inverted phase-contrast microscope
(magnification, 100×); (B) For scanning electron microscopic observation, the
BEL-7402 cells were grown on poly-L-lysine-coated cover slips for 24 h to allow firm
attachment and treated with 2.5, 5.0, and 10.0 ȝg/mL BDDPM for 12 h. Cells were
fixed on cover slips coated with gold and analyzed using the KYKY-2800B SEM. Cells
were treated with DMSO were considered as negative controls (I). The remaining cells
were treated with 2.5 ȝg/mL (II), 5.0 ȝg /mL (III) or 10.0 ȝg/mL (IV) of BDDPM. The
BEL-7402 cells treated with DMSO showed a normal smooth surface with a lot of
apophysis. In contrast, the cells treated with BDDPM became rounded, and the surface of
the cell membrane was markedly disrupted (Scale bar = 10 ȝm).
2.4. BDDPM Affects the Migration and Invasion of BEL-7402 Cells
Cell migration and invasion play crucial roles in tumor metastasis [11,18,20]. To further
investigate the anti-metastatic effect of BDDPM, the ability of BEL-7402 cell migration was
assessed by scratch-wound assay and transwell assays. The results from the scratch-wound assay
showed that wound healing gradually reduced as the concentration of the BDDPM increased
(Figure 4A).
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Figure 3. BDDPM induces BEL-7402 cell apoptosis. (A) Flow cytometric analysis of
BDDPM-induced apoptosis in BEL-7402 cells. The percentage of Annexin V-FITC
positive cells in the top (PI negative) and bottom (PI positive) right quadrant are
indicated. Cells were treated with DMSO or treated with 2.5, 5.0, and 10.0 ȝg/mL of
BDDPM for 48 h, respectively; (B) The histogram shows the percentage of early and late
apoptosis and necrosis induced by BDDPM; (C) Analysis of apoptosis by staining with
Hoechst 33342. The BEL-7402 cells were treated with DMSO or treated with 2.5, 5.0,
or 10.0 ȝg/mL of BDDPM for 48 h. Cells were stained with Hoechst 33342 and
observed under a fluorescence microscope; (Scale bar = 50 ȝm); (D) Immunoblot
assays were applied to reveal the cleavages of Caspase 3, 9, and PARP in BEL-7402
treated with BDDPM. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used
as loading control.
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Figure 4. BDDPM inhibits BEL-7402 migration and invasion. (A) For the cell
migration assay, BEL-7402 cells were treated with DMSO or 5.0 ȝg/mL BDDPM.
After incubation for 12 h and 24 h, cell migration was analyzed using a scratch-wound
assay; (B) For cell the invasion assay, BEL-7402 cells were treated with DMSO or with
2.5, 5.0 or 10.0 ȝg/mL BDDPM. After incubation for 24 h, non-invading cells on the
upper surface of the membrane were removed and the invasive cells on the lower
surface were stained with 0.1% crystal violet. The stained invasive cells were photographed
under an inverted light microscope (100× magnifications); (C) Quantitative results of
BEL-7402 cell invasion. Invasive cells were quantified by manual counting. The
number represents the mean of six counting sights. Results are normalized to DMSO
treated cells. All experiments were repeated more than three times. ** p < 0.01 vs. control.
We next investigated the anti-invasion activity of BDDPM on BEL-7402 cells using a transwell
system. As shown in Figure 4B, treatment of BEL-7402 cells with BDDPM significantly inhibited
the invasion of the cancer cells in a dose-dependent manner. When BEL-7402 was exposed to
BDDPM at a concentration of 2.5, 5.0 and 10.0 ȝg/mL, the cell invasion to transwell was inhibited
by 47.8%, 70.7%, and 86.2%, respectively (Figure 4B,C). These results suggested that BDDPM
affected the ability of cell migration and invasion.
Both of the above findings indicated that BDDPM could significantly prevent BEL-7402
migration and invasion. Since inhibition of cell migration by BDDPM occurred before its
inhibitory effect on cell proliferation was observed, the results suggest that BDDPM might indeed
affect BEL-7402 cell migration and invasion, regardless of its effect on cell proliferation.
2.5. BDDPM Inhibits the Ability of BEL-7402 Cells to Adhere to ECM
It is well known that some extracellular matrix (ECM) proteins, such as collagen IV, fibronectin
(FN), and laminin (LN) play an important role in cell adhesion. To determine whether BDDPM
affects some molecular events associated with cell attachment. The anti-adhesion effect of BDDPM
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on BEL-7402 cells was assessed by testing the adhesion ability of the cells to a cell matrix
containing Col IV, FN, or LN. As shown in Figure 5, BDDPM remarkably reduced the adhesive
ability of BEL-7402 cells to Col IV, FN or LN. Approximately 86.74% reduction in the number of
cells adhering to Col IV gel was detected under the treatment of BDDPM (5.0 ȝg/mL), while
exposure to the same concentration of BDDPM led to an adhesion of the BEL-7402 cells to the
FN-containing matrix and a reduction of LN by 70.31% and 61.23%, respectively. However,
BDDPM did not inhibit BEL-7402 cell adhesion to poly-L-lysine (p > 0.05), a non-ECM matrix.
These results demonstrate that the treatment of BEL-7402 cells with BDDPM could inhibit the
ability of these cells to adhere to ECM and result in cell detachment.

Figure 5. BDDPM affects Bel-7402 cell attachment to some extracellular matrix
(ECM) proteins. Bel-7402 cells were suspended in serum-free medium containing 0.2%
BSA without or with 5.0 ȝg/mL BDDPM and then seeded into pre-coated 96-well
plates with 2.5 ȝg/mL fibronectin (FN), laminin (LN), poly-L-lysine (PL) or 5.0 ȝg/mL
collagen IV (Col IV), respectively, and allowed to adhere for 1 h at 37 °C. After
washing with PBS, the adhering cells were measured using an MTT assay. The
adhesion rate of the treated cells was normalized to the control group. Data is shown as
Mean ± SD from three independent experiments. ** p < 0.01 vs. control.
2.6. BDDPM Disrupts the Cytoskeleton and Changes the Morphology of BEL-7402
The effect of BDDPM on F-actin cytoskeleton organization was examined by
immunofluorescence. As shown in Figure 6, BDDPM led to a dramatic disruption of the BEL-7402
cell cytoskeleton, producing a diffuse microtubule network and an increase in actin stress fibers
and membrane blebbing. At the same time, cell morphology was significantly changed, with a
rounded and retracted shape following exposure to BDDPM (Figure 6).
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Figure 6. Effects of BDDPM on the BEL-7402 cell cytoskeleton. Human BEL-7402
cells were seeded onto cover slips coated with fibronectin and incubated over night
prior to treatment (12 h, with or without 5.0 ȝg/mL BDDPM). Cells were then fixed
and stained for F-actin (red) and the nuclei of the cells were stained using
4ƍ,6-diamidino-2-phenylindole (DAPI) (blue); fluorescence images were viewed using
a Zeiss confocal microscope (20×).
2.7. BDDPM Inhibits the Expression of ȕ1-Integrin and FAK
To investigate the possible molecular mechanism underlying the effects of BDDPM on
BEL-7402 cell behaviors, we performed flow cytometry and Western blot analysis to detect the
expression of ȕ1-integrin. Flow cytometrical analysis showed that, when the cells were treated with
5.0 ȝg/mL of BDDPM, the ȕ1-integrin expression on the cell surface was significantly down-regulated
in a dose-dependent manner (Figure 7A) compared to control cells. Accordingly, FAK, which is
activated by ȕ-integrin in normal and cancer cells, was significantly inhibited by BDDPM.
Exposure to BDDMP resulted in the decrease in both total FAK protein and the activated FAK
(phosphorylated FAK) expression levels (Figure 7A). Next, we detected the expression levels of
MMP-2 and MMP-9, which are regulated by FAK and are critical for cancer cell invasion. The
results revealed that treatment with BDDPM resulted in a significant decrease in the expression
levels of MMP2 and MMP-9 in a dose-dependant manner (Figure 7B). PI3K/Akt and ERK are also
in the downstream cascades of FAK signaling, and FAK phosphorylation of Akt/ERK suggests
Akt and ERK activation. In the present study we examined the effects of BDDPM on
Akt/ERK phosphorylation using antibodies recognizing phospho-serine 473 of Akt and
phospho-Thr202/Tyr204 of ERK. The cells were incubated for 1 h in a medium containing
2.5–10.0 ȝg/mL of BDDPM. Drug treatment decreased the normalized levels of phospho-Akt and
phospho-ERK in BEL-7402 cells (Figure 7C). This observation demonstrated that BDDPM
inhibition of FAK kinase activity could decrease Akt and ERK activity. These results indicate that
BDDPM inhibits proliferation, migration, and invasion of BEL-7402 cells by disturbing the
ȕ1-integrin/FAK signaling pathway.
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Figure 7. BDDPM disturbs ȕ1-integrin/FAK signaling in BEL-7402 cells. BEL-7402
cells were treated with 2.5, 5.0 or 10.0 ȝg/mL BDDPM. After incubation for 24 h, cells
were collected and the cell protein was isolated. (A) The expression level of ȕ1-integrin,
FAK, p-FAK were detected by Western blot; (B) The expression levels of MMP-2 and
MMP-9 were measured by Western blot; (C) BDDPM inhibition of AKT and ERK
phosphorylation. The anti-phospho-AKT antibody and anti-phospho-ERK antibody
were used. The same membrane was stripped and re-probed using the anti-AKT,
anti-ERK or anti-GAPDH antibody to detect total AKT and ERK levels. The cells
treated with DMSO were used as negative control and the expression of GAPDH was
used as a loading control.
3. Discussion
Tumor metastasis is a multistep process that involves tumor cell detachment from the primary
tumor, adhesion to ECM or basement membrane, migration, invasion, angiogenesis, and metastatic
tumor cell growth [20]. Tumor metastasis is also a major cause of death of cancer patients, and its
blockage has been considered to benefit the survival of cancer patients [21]. Thus, it is crucial to
identify new promising agents with anti-metastatic activity, which can disrupt or block metastasis.
In this study, we found that the natural product BDDPM has antitumor activity on many types of
cancer cells, and it has a potential to be developed as an anti-metastasis agent. Several lines of
evidence suggest that BDDPM has anti-metastasis activity in vitro. Firstly, BDDPM has been
found to induce cancer cell detachment and cause their apoptotic death. Secondly, BDDPM inhibits
BEL-7402 cell adhesion to ECM and the major ECM proteins FN, LN, and Col IV. The promotion
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of detachment and inhibition of adhesion in BEL-7402 cancer cells mediated by BDDMP indicates
that it disrupts the dynamic balance between attachment and detachment of cancer cells, whereas
such dynamic balance regulates cell motility and is a fundamental premise for the metastasis of
cancer cells [22,23]. It is assumed that BDDMP possesses anti-metastasis activity in vitro. Thirdly,
wound a healing assay and a Boyden chamber assay revealed that BDDMP inhibites the migration
and invasion of BEL-7402 cancer cells. Thus, BDDMP possesses anti-metastasis activity in vitro
and could be developed as a novel anticancer agent.
Integrins are the major cell adhesion receptors that mediate cell adhesion to ECM proteins and
influence diverse cellular functions crucial for the initiation, progression, and metastasis of solid
tumors [24]. The importance of integrins for tumor progression has made them an appealing target
for cancer therapy. In recent years, various integrin antagonists or inhibitors have been developed.
Cilengitide, an inhibitor of both Įvȕ3 and Įvȕ5 integrins, has been tested in Phase II trials in
patients with lung and prostate cancer [25], and Phase II and Phase III trials are currently underway
for glioblastoma treatment [26–28]. Volociximab, a function-blocking antibody against ı5ȕ1
integrin, is currently undergoing Phase II clinical trials for solid tumors [29]. In the present study,
we also found that BDDMP had a direct effect on the expression of ȕ1-integrin (Figure 6). The
ȕ1-integrin is a candidate target well known for mediating cell-ECM interactions. Recent studies
have shown that its aberrant expression is implicated in cancer progression and the resistance to
cytotoxic therapy [30]. With the down-regulation of ȕ1-integrin by siRNA or miR-134, the cell
adhesion and invasiveness were highly inhibited [31,32]. Our findings indicate that BDDPM could
be developed into a novel inhibitor of ȕ1-integrin. However, further studies are needed to verify
BDDPM-induced down-regulation of ȕ1-integrin in BEL-7402 cancer cells, as well as in other
cancer cell lines. A study is in progress in our laboratory to investigate if the treatment of cancer
cells with BDDPM affects the expression of other types of integrins.
FAK activation and phosphorylation stimulated by integrins is critical for anchorage-independent
growth of cancer cells. Several studies have revealed that increased FAK expression is correlated
with enhanced tumor malignancy and poor prognosis [33]. Recent studies that employed RNAi to
inhibit FAK expression in carcinoma cells have been yielding insights into FAK’s role for tumor
growth and spreading, and have also revealed that FAK expression and activity are essential for
cell invasiveness [12]. FAK is required for cell transformation and invasion [13,23,34], which has
become an attractive target for drug discovery. To determine the effects of BDDPM-inhibited FAK
on downstream signaling and cell phenotypes, the important downstream genes including
AKT/ERK were also investigated in the present study, and we found that BDDPM inhibition of
FAK activity in BDDPM cells resulted in a lower AKT/ERK phosphorylation/activity, which is
correlated with decreased survival and increased apoptosis (cleaved PARP and Caspases increased).
Besides, BDDPM inhibits cell migration by downregulation of the MMP-2 and MMP-9. All the
results indicate that BDDPM targets FAK kinase activity and inhibits FAK-related AKT/ERK
activation, which impacts cell viability, and decreases anchorage-independent growth and motility.
In summary, the present study found that BDDPM could disturb the integrin-FAK signal
transduction and that the FAK expression level was decreased by BDDPM treatment, indicating
that BDDPM has a potential to be developed as an intergrin-FAK inhibitor.
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4. Experimental Section
4.1. Materials
BDDPM was first isolated from Rhodomelaceae confervoides, and was subsequently
synthesized by our lab (purity, 98%) [9]. The Dulbecco’s modified Eagle’s medium (DMEM), fetal
bovine serum (FBS), and other cell culture reagents were purchased from Invitrogen (Carlsbad,
CA, USA). The high concentration ECM gel was purchased from BD Biosciences (BD
Biosciences, Bedford, MA, USA).
4.2. MTT Assay
MTT assay was performed as previously reported [35]. Briefly, cells were seeded in 96-well
plates (5 × 103 cells/well) and allowed to adhere overnight. After the cells were treated with
specific doses of samples for 24 h at 37 °C, a MTT solution (30 ȝL, 5 mg/mL) was added into each
well and the plates were incubated for 4 h before the MTT-containing solution was removed and
replaced with 150 ȝL of DMSO. The absorbance at 490 nm was then determined with an ELx808
microplate reader (BioTek, Winooski, VT, USA). The viability rate of the treated cells was
calculated by the formula: cell viability rate (%) = [(A490 sample)/(A490 control)] × 100%. The IC50
value was deduced from the MTT dose-response curves of cell viability against drug concentration.
4.3. Cell Morphological Observation
Morphologic alterations in BEL-7402 cells after BDDPM treatment were observed and
photographed under an inverted microscope (Carl Zeiss, Oberkochen, Germany) or scanning electron
microscope (SEM). For inverted microscope observation, cells in logarithmic phase were suspended
in 1640 medium with 10% FBS and seeded into 24-well plates (50,000 cells/well). After incubation
for 24 h, cells were treated with BDDPM (0, 2.5, 5.0, 10.0 ȝg/mL) and cultured for 12 h. Cell
morphological changes were observed and photographed under an inverted microscope (Carl Zeiss,
Oberkochen, Germany). For scanning electron microscope assay, the cells were grown on
poly-L-lysine-coated coverslips in six-well plates for 24 h to allow firm attachment. Cells were then
treated with 2.5, 5.0, 10.0 ȝg/mL BDDPM and incubated for 12 h. The medium containing
BDDPM was removed, and the cells were subsequently fixed in 0.25% glutaraldehyde. After
fixation overnight at 4 °C, the coverslips were dehydrated with ethanol and dried in a critical point
dryer. Cells on cover slips were coated with gold and analyzed with the S-3400N SEM (Hitachi,
Lexington, KY, USA).
4.4. Hoechst33342/Propidium Iodide (PI) Dual Staining Assays
The apoptotic cells were stained using Hoechst33342/PI double staining as we described
previously [35]. The BEL-7402 cells were seeded in six-well plates (2 × 105 cells/well) and treated
with certain concentrations of BDDPM (2.5, 5.0, 10.0 ȝg/mL). After incubation for 24 h, the cells
were collected and washed with PBS. Cells were stained with Hoechst33342 and PI using the dual
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staining kit (Beyond, Beijing, China). Then the cells were spread on slides and observed under the
fluorescence microscope (Carl Zeiss, Oberkochen, Germany).
4.5. Apoptosis Assay
Cell apoptosis was detected by Annexin V-FITC assay. Apoptotic cell death was quantified by
flow cytometry with Annexin V-FITC and propidium iodide (PI) staining. Annexin V-FITC
apoptosis detection kit (Invitrogen, Carlsbad, CA, USA) was used according to the manufacturer’s
instructions. Briefly, both attached and floating cells were collected and resuspended in binding
buffer before adding the Annexin V-FITC antibody and PI. Stained cells were analyzed by flow
cytometry (Beckman Coulter,Brea, CA, USA).
4.6. Cell Adhesion Assay
The cell adhesion assay was performed as described previously [19]. Briefly, Bel-7402 cells
were suspended in serum-free medium containing 0.2% BSA without or with 5 ȝg/mL BDDPM
and then seeded in precoated 96-well plates with 2.5 ȝg/mL fibronectin (FN) and laminin (LN),
poly-L-lysine (PL) or 5 ȝg/mL collagen IV (Col IV), respectively, and allowed to adhere for 1 h at
37 °C. After washing with PBS, the adherent cells were measured using an MTT assay. The
adherent rate of the treated cells was normalized to the control group.
4.7. Cell Migration Assay
The migration ability of BEL-7402 cells was assessed using a modified version of a previously
described protocol [34] with a transwell system (Corning, Tewksbury, MA, USA). Cells
(10,000 cells/well) were added to the upper chamber of the transwell culture plates, in the presence
and absence of certain concentrations of BDDPM (0.0–10.0 ȝg/mL). The lower chamber was filled
with 500 ȝL F-12K medium containing 10% FBS as a chemo-attractant. After incubation for 12 h,
non-migrating cells on the upper surface of the membrane were scrubbed gently with a cotton-tipped
swab. The migratory cells on the lower surface of the membrane were fixed with 95% methanol,
stained with 0.1% crystal violet (Sigma-Aldrich, St. Louis, MO, USA), counted with inverted
microscope and quantified by manual counting in three randomly selected areas.
4.8. Cell Invasion Assay
The effect of BDDPM on BL-7402 cell invasion was measured by a transwell system with a
diameter of 6.5 mm and a pore size of 8 ȝm. ECM gel was applied to the top side of the filter to
form a thin gel layer. As described above for the cell migration assay, cells that penetrated to the
lower chamber were fixed and stained. The stained invasive cells were photographed under an
inverted light microscope and quantified by manual counting in three randomly selected areas.
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4.9. Cytoskeleton Immunofluorescence
BEL-7402 cells were seeded on ploy lysine-coated chamber slides before exposure to BDDPM
(10 ȝg/mL) for 4 h. The cells were then harvested and fixed with 4% paraformaldehyde,
permeabilized with 0.1% Triton X-100, and blocked with 5% BSA solution. The microtubules were
then labeled with mouse monoclonal anti-F-actin antibody (1:500, Santa Cruz, Dallas, TX, USA),
followed by incubated with the second antibody (Alexa Fluor549-anti-Rabbit IgG, 1:1000, Life
science, St. Louis, MO, USA), after that the cell nuclei were stained with DAPI (5 mg/mL) for five
minutes and the Fluorescence images were obtained by using confocal microscope (Zeiss,
Oberkochen, Germany).
4.10. Western Blot Analysis
Cells were lysed in RIPA buffer (Solaibo, Beijing, China). Proteins were separated by a 10%
polyacrylamide gel and transferred to a methanol-activated PVDF membrane (GE Healthcare,
Little Chalfont, Buckinghamshire, UK). The membrane was blocked in blocking solution (5%
nonfat dry milk powder) for 2 h at room temperature and subsequently probed with primary
antibodies; including ILK, ȕ1- integrin, PARP, Caspase-3, Caspase-9, total/phospho FAK,
total/phospho-Akt, total/phospho-ERK, (used at a 1/1000 dilution, Santa Cruz Biotechnology,
Santa Cruz, CA, USA), MMP2, MMP9 (used at a 1/1000 dilution, AbClonal, USA) Or GAPDH
(used at a 1/5000 dilution, AbClonal, Cambridge, MA, USA). After three 10 min washes with 0.1%
Tween-20 in PBS buffer, membranes were incubated with rabbit anti mouse or goat anti rabbit
HRP-conjugated secondary antibody (Santa Cruz) for 1 h. After an additional three 10 min washes
with 0.1% Tween-20 in PBS buffer, the chemiluminescence method was employed to detect the
signals using Super Signal West Dura (Thermo Scientific, Waltham, MA, USA) and protein bands
were visualized by autoradiography.
4.11. Statistical Analysis
Statistical significance of the data was analyzed by the two-tail Student’s t-test with a minimum
significance level set at p < 0.05 (marked as * p < 0.05 and ** p < 0.01).
5. Conclusions
This study suggests that the natural marine bromphenol compound Bis (2,3-dibromo-4,5dihydroxy-phenyl)-methane (BDDPM) induces cancer cell detachment and causes their apoptotic
death, and it has a potential to be developed as a novel anticancer therapeutic agent due to its
anti-metastatic activity. BDDPM inhibits cell migration and invasion by targeting
ȕ1-integrin/FAK signaling.
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The Anticancer Effect of (1S,2S,3E,7E,11E)-3,7,11,
15-Cembratetraen-17,2-olide(LS-1) through the Activation of
TGF-ȕ Signaling in SNU-C5/5-FU, Fluorouracil-Resistant
Human Colon Cancer Cells
Eun-Ji Kim, Jung-Il Kang, Jeon-Won Kwak, Chan-Hee Jeon, Nguyen-Huu Tung,
Young-Ho Kim, Cheol-Hee Choi, Jin-Won Hyun, Young-Sang Koh, Eun-Sook Yoo and
Hee-Kyoung Kang
Abstract: The anticancer effect of (1S,2S,3E,7E,11E)-3,7,11,15-cembratetraen-17,2-olide (LS-1)
from Lobophytum sp. has been already reported in HT-29 human colorectal cancer cells. In this
study, we examined the effect of LS-1 on the apoptosis induction of SNU-C5/5-FU, fluorouracil-resistant
human colon cancer cells. Furthermore, we investigated whether the apoptosis-induction effect of
LS-1 could arise from the activation of the TGF-ȕ pathway. In SNU-C5/5-FU treated with LS-1 of
7.1 ȝM (IC50), we could observe the various apoptotic characteristics, such as the increase of
apoptotic bodies, the increase of the sub-G1 hypodiploid cell population, the decrease of the Bcl-2
level, the increase of procaspase-9 cleavage, the increase of procaspase-3 cleavage and the increase
of poly(ADP-ribose) polymerase cleavage. Interestingly, the apoptosis-induction effect of LS-1
was also accompanied by the increase of Smad-3 phosphorylation and the downregulation of
c-Myc in SNU-C5/5-FU. LS-1 also increased the nuclear localization of phospho-Smad-3 and
Smad-4. We examined whether LS-1 could downregulate the expression of carcinoembryonic
antigen (CEA), a direct inhibitor of TGF-ȕ signaling. LS-1 decreased the CEA level, as well as the
direct interaction between CEA and TGF-ȕR1 in the apoptosis-induction condition of SNU-C5/5-FU.
To examine whether LS-1 can induce apoptosis via the activation of TGF-ȕ signaling, the
SNU-C5/5-FU cells were treated with LS-1 in the presence or absence of SB525334, a TGF-ȕRI
kinase inhibitor. SB525334 inhibited the effect of LS-1 on the apoptosis induction. These findings
provide evidence demonstrating that the apoptosis-induction effect of LS-1 results from the
activation of the TGF-ȕ pathway via the downregulation of CEA in SNU-C5/5-FU.
Reprinted from Mar. Drugs. Cite as: Kim, E.-J.; Kang, J.-I.; Kwak, J.-W.; Jeon, C.-H.; Tung, N.-H.;
Kim, Y.-H.; Choi, C.-H.; Hyun, J.-W.; Koh, Y.-S.; Yoo, E.-S.; et al. The Anticancer Effect of
(1S,2S,3E,7E,11E)-3,7,11,15-Cembratetraen-17,2-olide(LS-1) through the Activation of TGF-ȕ
Signaling in SNU-C5/5-FU, Fluorouracil-Resistant Human Colon Cancer Cells. Mar. Drugs 2015,
13, 1340-1359.
1. Introduction
Colon cancer is one of the most prevalent cancers in the United States, and incidence rates of
colon cancer have been increasing steadily worldwide [1]. There have been remarkable advances in
chemotherapy for colon cancer in recent years. Especially, 5-fluorouracil (5-FU), oxaliplatin and
irinotecan are often used in combination for the chemotherapy of colon cancer [2,3]. Among them,
5-FU is the anti-metabolite of DNA synthesis by inhibiting thymidylate synthase and was used as
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the most basic anti-cancer drug in colon cancer and other cancers [4]. However, the increased
resistance to anti-cancer drugs is an important factor disturbing cancer treatment. Overcoming
drug-resistance is important for the improvement of chemotherapy response and the increase of the
survival rate. Interestingly, recent studies indicated that the drug-resistant colon cancer cells could
induce a high carcinoembryonic antigen (CEA) level [5]. Moreover, it has been reported that CEA
could be upregulated after exposure to 5-fluorouracil in colon and breast cancer cells [6,7].
CEA is a glycosyl phosphatidyl inositol (GPI)-anchored glycoprotein. Normally, CEA is found
in both colon and gastrointestinal tissues of a developing fetus in the womb, but the synthesis of
CEA stops before birth. Thus, a low level of CEA is maintained in the blood of healthy adults. If
the CEA level is raised in the blood of adults, this means that the possibility of developing cancer
increases. In cancer patients, an elevated CEA level in blood has also shown poor prognosis and
metastasis. Recent studies reported that CEA could contribute to the inhibition of anoikis, a form of
apoptosis induced by cell detaching, via interfering with TRAIL-R2 signaling [8] or inactivation of
the intrinsic apoptosis pathway [9]. Furthermore, overexpression of CEA has been reported to inhibit
apoptosis and transforming growth factor-beta (TGF-ȕ) signaling via CEA directly binding to
TGF-ȕ receptor I (TGF-ȕRI) [10].
The TGF-ȕ signaling pathway is involved in many cellular processes, including cell
differentiation, apoptosis and other cellular functions [11]. In fact, the TGF-ȕ signaling pathway
shows dual roles, such as being a promoter of tumor metastasis and a suppressor of tumor in human
cancers [12]. The promotion of tumor metastasis includes the induction of epithelial-mesenchymal
transition (EMT), which is improved by TGF-ȕ overexpressed tumor cells at the invasion. The
effect of the TGF-ȕ signaling pathway in EMT has been well characterized [13]. Blocking of TGF-ȕ
signaling using dominant-negative TGF-ȕRII prevents mouse skin carcinoma cells from EMT
in vivo [14]. On the other hand, paradoxically, the activation of the TGF-ȕ signaling pathway has
been known to induce tumor suppression [15]. Moreover, the TGF-ȕ signaling pathway is
correlated with tumor suppression in the early stages of tumor development [16].
(1S,2S,3E,7E,11E)-3,7,11,15-Cembratetraen-17,2-olide(LS-1), a marine cembrenolide diterpene,
from Lobophytum sp. (Figure 1) has been reported to have anticancer effects in HT-29 human
colorectal cancer cells via reactive oxygen species (ROS) generation [17,18]. Recent studies
reported that overexpression of CEA could inhibit the tumor suppresser effect of the TGF-ȕ
signaling pathway via CEA direct interaction with TGF-ȕ receptor I [10]. In the study, we
examined the effect of LS-1 on the apoptosis induction of SNU-C5/5-FU, 5-FU-resistant human
colon cancer cells. Furthermore, we investigated whether the apoptosis-induction effect of LS-1
could arise from the activation of the TGF-ȕ pathway via the downregulation of CEA.
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Figure 1. Chemical structure of cembrenolide LS-1.
2. Results and Discussion
2.1. Results
2.1.1. Effect of LS-1 on the Growth of SNU-C5/5-FU
To ascertain whether SNU-C5/5-FU cells have stable resistance to 5-FU, we examined the IC50
values for 5-FU in SNU-C5/5-FU and SNU-C5/WT. When 5-FU was treated for 72 h in various
concentrations (1, 10, 50, 100 and 200 ȝM), the IC50 (the concentration resulting in 50% inhibition
of growth) values of 5-FU in SNU-C5/WT and SNU-C5/5-FU were 4.84 ȝM and 182.66 ȝM,
respectively (Figure 2). These results indicate that SNU-C5/5-FU is potentially resistant to 5-FU.

Figure 2. Cytotoxicity of 5-FU in SNU-C5/5-FU and SNU-C5/WT. The cytotoxicity of
5-FU on the cell lines was measured using the methylthiazol tetrazolium (MTT) assay.
The data are presented as the mean value ± SD from three independent trials. * p < 0.05
and ** p < 0.01 compared with the control.
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To evaluate the effect of LS-1 on the proliferation of SNU-C5/5-FU, SNU-C5/WT and HEL-299,
a normal fibroblast cell, SNU-C5/5-FU, SNU-C5/WT and HEL-299 were treated with LS-1 (0.1, 1,
10 and 50 ȝM) for 72 h. Treatment of LS-1 significantly induced cell death of SNU-C5/5-FU and
SNU-C5/WT in a dose-dependent manner (IC50 = 7.10 and 5.65 ȝM, respectively), whereas
cell death of HEL-299 was scarcely induced even over a 10 ȝM concentration compared to
SNU-C5/5-FU (IC50 = 43.07 ȝM) (Figure 3). The results show that the effect of LS-1 on the
induction of cell death affects the cancer cells, including chemotherapeutic agent-resistant cancer cells,
such as SNU-C5/5-FU.

Figure 3. Cytotoxicity of LS-1 in SNU-C5/5-FU, SNU-C5/WT and HEL-299. The
cytotoxicity of LS-1 on the cell lines was measured using the MTT assay. The data are
presented as the mean value ± SD from three independent trials. * p < 0.05 and ** p < 0.01
compared with the control.
2.1.2. Effect of LS-1 on the Apoptosis Induction of SNU-C5/5-FU Cells
Cell death via apoptosis has typical characteristics, such as apoptotic bodies and the increase of
sub-G1 hypodiploid cells [19,20]. We thus examined whether the inhibitory effect of LS-1 on the
proliferation of SNU-C5/5-FU could result from the induction of apoptosis.
When treated with LS-1 of 7.1 ȝM for 24 h, we could observe the increase of apoptotic bodies
(Figure 4A). As shown in Figure 4B, the sub-G1 phase population increased significantly from
1.19% to 8.55% after 24 h of 7.1 ȝM LS-1 treatment, while the percentages of S and G2/M phase
decreased (Figure 4B). Furthermore, treatment with LS-1 regulated the levels of apoptosis-related
proteins, such as a decrease of the Bcl-2 level, increase of procaspase-9 cleavage, increase of
procaspase-3 cleavage and increase of poly(ADP-ribose) polymerase (PARP) cleavage (Figure 4C).
To determine whether LS-1 induced the mitochondrial apoptotic pathway, we measured the effect
of LS-1 on the release of cytochrome c from mitochondria to the cytosol. As shown in Figure 4D,
treatment of LS-1 increased the cytosolic release of cytochrome c. These results indicate that LS-1
could inhibit the proliferation of SNU-C5/5-FU via the induction of apoptosis.
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Figure 4. Cont.
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Figure 4. Effect of LS-1 on the induction of apoptosis in SNU-C5/5-FU. (A) The
SNU-C5/5-FU was treated with LS-1 for 24 h and stained with Hoechst 33,342, which
is a DNA-specific fluorescent (10 ȝg/mL medium at final). Apoptotic bodies were
observed in an inverted fluorescent microscope equipped with an IX-71 Olympus
camera. (magnification: ×20); (B) The SNU-C5/5-FU were treated with LS-1 for 24 h.
The cell cycle analysis was performed by flow cytometry. The experiments were
performed four times. The data shown are the percentage of cells at that phase of the
cell cycle (mean ± SD). ** p < 0.01 versus control; (C) The levels of apoptosis-related
proteins were examined by Western blot; (D) The levels of cytochrome c in the
cytoplasmic fractions were examined by Western blot.
2.1.3. Effect of LS-1 on the TGF-ȕ Signaling in SNU-C5/5-FU
The TGF-ȕ signaling pathway has been known to show the promotion of tumor metastasis or the
suppression of tumor, depending on the tumors [12]. On the other hand, recent studies reported that
TGF-ȕ could regulate CEA expression [21,22]. Thus, to elucidate the action mechanism of LS-1 on
the apoptosis induction of SNU-C5/5-FU, we investigated whether LS-1 could affect the TGF-ȕ
signaling in SNU-C5/5-FU. Firstly, we thus examined the characteristics of SNU-C5/5-FU on the
TGF-ȕ signaling activation and CEA expression. The activation level of TGF-ȕ signaling was
examined as the phosphorylation of Smad-2/3. We also evaluated the CEA level of SNU-C5/5-FU
compared with LOVO, CEA high-expressed human colon cancer cells, HT-29, CEA low-expressed
human colon cancer cells, HCT-116, CEA none-expressed human colon cancer cells [10], and
SNU-C5/WT. The result showed that high-expression of CEA was also accompanied by low
activation of TGF-ȕ signaling in LOVO cells, as expected (Figure 5A,B). Relatively speaking,
HT-29 and HCT-116 cells showed high activation of TGF-ȕ signaling with low or no CEA
expression (Figure 5A,B). Interestingly, SNU-C5/5-FU showed high expression of CEA with low
activation of TGF-ȕ signaling compared with SNU-C5/WT (Figure 5A,B). Furthermore,
SNU-C5/5-FU and LOVO showed a similar pattern with regard to the expression of CEA, Smad-2/3
and phospho-Smad-3 (Figure 5B). These results suggest that SNU-C5/5-FU has the characteristic
of low TGF-ȕ signaling with high-expressed CEA.

591

(A)

(B)
Figure 5. Comparison of CEA and Smad levels in LOVO, HT-29, HCT-116,
SNU-C5/WT and SNU-C5/5-FU. (A) Levels of CEA and Smad proteins in the cell
lines were examined by Western blot. (B) Data represent the relative expression
percentage of CEA, Smad-2/3 and p-Smad-3 in the cell lines. The data are presented as
the mean value ± SD from three independent trials. * p < 0.05 and ** p < 0.01
compared with the control.
When treated with LS-1 of 7.1 ȝM, we could observe the increase of Smad-3 phosphorylation
and the decrease of c-Myc and CEA, the target proteins of TGF-ȕ signaling (Figure 6A). During
activation of TGF-ȕ signaling, phosphorylated Smad-3 combines the Smad-4 and moves into the
nucleus [23]. The LS-1 increased the levels of phospho-Smad-3, as well as Smad-4 in the nucleus
(Figure 6B,C). These results suggest that LS-1 could induce the activation of TGF-ȕ signaling in
SNU-C5/5-FU.
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Figure 6. Cont.

593

(C)
Figure 6. The effect of LS-1 on the expressions of CEA, c-Myc and Smad proteins in
SNU-C5/5-FU. (A) Modulation of CEA, c-Myc and Smad protein levels by LS-1 was
examined by Western blot; (B) Modulation of the p-Smad-3 level by LS-1 (7.1 ȝM, 24 h)
was examined by immunofluorescent stain of p-Smad-3; (C) Modulation of Smad-4 by
LS-1 (7.1 ȝM, 24 h) was examined by the immunofluorescent stain of Smad-4.
The fluorescence was identified via confocal microscopy (FV500, OLYMPUS, New
York, NY, USA).
Recent studies reported that CEA could inhibit TGF-ȕ signaling through CEA direct interaction
with TGF-ȕ receptor I (TGFȕRI) [10]. We thus examined whether LS-1 could affect direct
interaction between TGFȕRI and CEA in SNU-C5/5-FU. We observed that TGFȕRI could directly
interact with the CEA using immunoprecipitation (Figure 7A; control). Furthermore, the amount of
CEA combined with TGFȕRI was decreased by treatment with LS-1 in a time-dependent manner
(Figure 7). The result indicates that LS-1 could inhibit the interaction of CEA and TGFȕRI in
SNU-C5/5-FU. Consequently, LS-1 seems to effectively activate TGF-ȕ signaling by inhibiting the
interaction of CEA and TGFȕRI.

(A)
Figure 7. Cont.
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(B)
Figure 7. The effect of LS-1 on the interaction between TGFȕRI and CEA in
SNU-C5/5-FU. (A) SNU-C5/5-FU were treated with 7.1 ȝM of LS-1 for 12, 24 and 48
h. The interaction between TGFȕRI and CEA was examined by immunoprecipitation
with anti-TGFȕRI antibody and with immunoblotting with anti-TGFȕRI antibody and
anti-CEA antibody; (B) Data represent the percentage of CEA expression in SNU-C5/5FU. The data are presented as the mean value ± SD from three independent trials.
* p < 0.05 and ** p < 0.01 compared with the control.
2.1.4. LS-1 Induced Apoptosis of SNU-C5/5-FU via Activation of TGF-ȕ Signaling
LS-1 induced apoptosis in SNU-C5/5-FU (Figure 4) and activated TGF-ȕ signaling (Figure 6).
In order to examine whether LS-1 may induce apoptosis via activation of TGF-ȕ signaling, we treated
with LS-1 and/or SB525334 (TGF-ȕRI kinase inhibitor). As a result, the blocking of the TGF-ȕ
signal by SB525334 inhibited the apoptosis-induction effect of LS-1 in SNU-C5/5-FU (Figure 8).
When SNU-C5/5-FU was treated with LS-1 and/or SB525334, SB525334 inhibited the LS-1-induced
increase of PARP cleavage and procaspase-9 cleavage, and LS-1-induced downregulation of Bcl-2,
while LS-1-induced the increase of Bax, which was not affected by SB525334 (Figure 8A). These
results indicated that LS-1 could induce apoptosis via the activation of the TGF-ȕ signaling
pathway. Taken together, LS-1 seems to induce apoptosis of SNU-C5/5-FU, which has
downregulated the TGF-ȕ pathway with overexpressed CEA, compared to wild-type cells, via the
activation of TGF-ȕ signaling with downregulation of CEA.
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(A)

(B)
Figure 8. The effect of the TGF-ȕ signaling pathway on the apoptosis-induction effect
of LS-1 in SNU-C5/5-FU. (A) SNU-C5/5-FU were pre-treated with 10 ȝM of
SB525334 (TGF-ȕRI kinase inhibitor) and then treated with 7.1 ȝM of LS-1. The
expressions of apoptosis-related proteins were examined by Western blot; (B) Data
represent the percentage of c-PARP, c-caspase-9, Bcl-2 and Bax expression in
SNU-C5/5-FU. The data are presented as the mean value ± SD from three independent
trials. * p < 0.05 and ** p < 0.01 compared with the control.
2.2. Discussion
In the study, we examined whether LS-1 could inhibit the proliferation of SNU-C5/5-FU,
fluorouracil-resistant human colon cancer cells. To the best of our knowledge, this study is the first
to demonstrate that LS-1 could induce the apoptosis of SNU-C5/5-FU via the activation of TGF-ȕ
signaling with downregulation of CEA.
LS-1, a marine cembrenolide diterpene, from Lobophytum sp. (Figure 1) is reported to have an
anticancer effect in HT-29 human colorectal cancer cells [17,18]. Many studies have reported that
various marine cembrenolide diterpenes from soft corals, such as Sinularia gibberosa, Nephthea
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brassica, Lobophytum Crassum, Lobophytum sp., Sarcophyton glaucum and Sarcophyton
shrenbergi, exert cytotoxic effects against several human cancer cells, including HepG2 and MCF-7
cancer cells [24–29]. To examine if LS-1 can also inhibit the proliferation of anticancer
drug-resistant cancer cells, we used SNU-C5/5-FU cells, which showed a much higher survival rate
compared with SNU-C5/WT on 5-FU (Figure 2). Indeed, our results show that LS-1 effectively
inhibited the proliferation of SNU-C5/5-FU cells in a dose-dependent manner with an IC50 value of
7.1 ȝM. In addition, LS-1 induced cell death in SNU-C5/WT at lower concentrations than
SNU-C5/5-FU (Figure 3). Contrastively, LS-1 barely inhibited the growth of HEL-299, which is
a normal cell line, with an IC50 value of 43.07 ȝM (Figure 3). The results show that LS-1 can
induce the death of several cancer cells, including SNU-C5/5-FU, fluorouracil-resistant human
colon cancer cells.
We know that apoptosis or programmed cell death is the outcome of a complex interplay of
pro- and anti-apoptotic molecules. High levels of Bcl-2 expression have been found in several
human tumors, and the levels of Bcl-2 expression have been correlated with the aggressiveness of
the tumors [30]. Since Bcl-2 functions by forming a heterodimer with its pro-apoptotic partner,
such as Bax, the Bcl-2:Bax ratio is proportional to the relative sensitivity or resistance of the cells to
various apoptotic stimuli [30]. Apoptotic cell death is induced through two key molecular signaling
pathways, the extrinsic and intrinsic pathways. The intrinsic apoptotic pathway is characterized by
mitochondrial membrane permeabilization, the release of cytochrome c and the formation of
apoptosomes. The extrinsic apoptotic pathway is activated in response to ligand binding to death
receptors, such as Fas, TNF and TRAIL, and involves the activation of caspase-8. [31]. Here, we
showed that LS-1 reduced the Bcl-2 level, whereas the Bax level was rarely changed. In response
to LS-1 treatment, caspase-9 was activated, leading to the activation of caspase-3, one of the key
executioners of apoptosis. In addition, to clarify the induction of the intrinsic pathway, which works
via the activation of caspase-9 by LS-1, we investigated whether LS-1 could affect the release of
cytochrome c from mitochondria. Treatment of LS-1 increased the cytochrome c level in the
cytoplasm. When SNU-C5/5-FU cells were treated with LS-1, the activation of caspase-3 was
demonstrated by the cleavage of PARP, a nuclear enzyme that is involved in DNA repair in
response to various stresses.
TGF-ȕ signaling has important roles in many cellular processes, including apoptosis, cell cycle
regulation, cell migration and immune modulation. The TGF-ȕ signaling pathway is initiated by
the binding of one of the TGF-ȕ isoforms, which include TGF-ȕ1, TGF-ȕ2 and TGF-ȕ3, on the
TGF-ȕ receptor type II (TGF-ȕRII). The TGF-ȕRII dimer recruits TGF-ȕRI and forms the
hetero-tetrameric complex. Then, TGF-ȕRII activates the TGF-ȕRI via phosphorylation. It induces
the recruitment and phosphorylation of receptor-regulated Smad (R-Smad), like Smad-2 and
Smad-3. These are substrates for TGF-ȕRI and act like modulators of the TGF-ȕ signal.
Phosphorylated R-Smad could bind with common mediated Smad (Co-Smad) protein, such as
Smad-4, followed by complex formation. The phosphorylated R-Smad/Co-Smad complexes
translocate into the nucleus, bind transcription promoters and cause the transcription of target gene [23].
Some of the targets of the TGF-ȕ signaling pathway are cell cycle check-point genes, like p15, p21
and p27. Thus, the series of processes evokes G1 arrest in the cell cycle. In cancer, the TGF-ȕ
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signaling pathway has been known to act as a double-edged sword. By constraining epithelial cell
growth, TGF-ȕ performs as a potent tumor suppressor. However, TGF-ȕ also acts as a key player in
the induction of EMT, thereby enhancing invasiveness and metastasis. Furthermore, TGF-ȕ
signaling has recently been reported to correlate with resistance to anticancer
agents [10,32]. Many colorectal cancers escape the tumor-suppressor effects of TGF-ȕ signaling
and are resistant to TGF-ȕ-induced growth inhibition [33]. On the other hand, as a tumor marker
for colorectal cancers, CEA expression also correlates well with resistance to cytotoxic
chemotherapy [34]. TGF-ȕ signaling also contributes to the stimulation of CEA transcription and
secretion in colorectal cancer cells [21,22]. Aberrant upregulation of CEA and the alteration of
TGF-ȕ signaling are common features of colorectal cancers [23]. CEA has been reported to inhibit
apoptosis and the TGF-ȕ signaling pathway through direct interaction with TGFȕRI [10]. In the
study, we found the downregulation of the TGF-ȕ signaling pathway along with overexpression of
CEA in SNU-C5/5-FU compared with SNU-C5/WT (Figure 5). These expression patterns of
SNU-C5/5-FU were similar to those of LOVO, another human colon cancer cell line (Figure 5).
These results suggest that SNU-C5/5-FU cells might avoid apoptosis by downregulation of the
TGF-ȕ signaling pathway along with overexpression of CEA.
The TGF-ȕ signaling pathway modulates the apoptotic pathway, including the death receptor and
intracellular signaling pathway [35]. We thus investigated if LS-1 can affect the expression of CEA
and the TGF-ȕ signaling pathway in SNU-C5/5-FU. LS-1 treatment decreased the CEA level,
while the TGF-ȕ signaling pathway was activated at the concentration inducing apoptosis in
SNU-C5/5-FU (Figure 6). Moreover, LS-1 could inhibit the direct interaction between CEA and
TGFȕRI (Figure 7). These results indicated that LS-1 can activate TGF-ȕ signaling via inhibition of
the interactions of CEA and TGFȕRI. In sequence, we examined if the effect of LS-1 on the
apoptosis induction of SNU-C5/5-FU results from the activation of the TGF-ȕ signaling pathway.
When co-treated with LS-1 and SB525334, a selective inhibitor of TGFȕRI, we could observe that
SB525334 inhibits the apoptosis-induction effect of LS-1 (Figure 8).
Taken together, the results suggest that LS-1 can restore the activity of the TGF-ȕ
signaling pathway and induce apoptosis in SNU-C5/5-FU cells. Our studies provide a rationale for
the development of LS-1 as a therapeutic agent against human colon cancers, including
chemotherapy-resistant colon cancers, especially with the decrease of TGF-ȕ function. On the other
hand, TGF-ȕ has been reported to increase intracellular ROS in various cell types [36,37]. ROS
induces cell cycle arrest and apoptosis through activating their transcription factors, such as
Sp1 [38,39]. In addition, several studies have documented the significant generation of ROS in
a variety of cells, which is usually the consequence of mitochondrial respiration and NADPH
oxidase (NOX) activity [40,41]. Our previous findings revealed that the anticancer efficacy of LS-1
could be mediated by the induction of apoptosis via ROS generation in human colon cancer cells [18].
In a further study, we will investigate whether LS-1 can generate ROS and induce apoptosis via the
activation of TGF-ȕ signaling in SNU-C5/5-FU and the action mechanism of LS-1 on the
relationship between the ROS production and the activation of TGF-ȕ signaling.

598
3. Experimental Section
3.1. Materials
5-FU, MTT, Hoechst 33342 and propidium iodide (PI) were purchased from Sigma Chemical
Co. (St. Louis, MO, USA). Mouse monoclonal anti-c-Myc and anti-smad-4, rabbit polyclonal
anti-Bax and anti-TGFȕRI and goat polyclonal anti-Smad-2/3 antibodies were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA); rabbit monoclonal anti-Bcl-2, anti-p-Smad-3
and anti-cleaved caspase-3, rabbit polyclonal anti-cleaved caspase-9 and anti-PARP and mouse
monoclonal anti-CEA antibodies were purchased from Cell Signaling Technology (Beverly, MA,
USA); mouse monoclonal ȕ-actin and the selective inhibitor of TGFȕRI (SB525334) were
purchased from Sigma; Dynabeads® Protein G was purchased from NOVEX® (Invitrogen, Oslo,
Norway); aprotinin, leupeptin and Nonidet P-40 were obtained from Roche Applied Science
(Indianapolis, IN, USA); the Western blotting reagent, West-zol enhanced chemilumin, was obtained
from iNtROn Biotechnology (Gyeonggi, Korea).
3.2. Cell Culture
LOVO, HT-29, HCT-116 and SNU-C5/WT, human colon cancer cell lines, were obtained from
the Korean Cell Line Bank (KCLB, Seoul, Korea). SNU-C5/5-FU, a human resistant colon cancer
cell line, was obtained from the Research Center for Resistant Cells in South Korea. LOVO,
HT-29, HCT-116, SNU-C5/WT and SNU-C5/5-FU cells were cultured in RPMI 1640 (Hyclone,
UT, USA) medium supplemented with 10% heat-inactivated fetal bovine serum (Hyclone, Logan,
UT, USA), 100 U/mL penicillin and 100 mg/mL streptomycin (GIBCO Inc., Grand Island, NY,
USA) at 37 °C in a humidified atmosphere with 5% CO2. After 2 days, for SNU-C5/5-FU cells, the
medium with 140 ȝM of 5-FU was changed.
3.3. Cell Viability Assay
The effect of 5-FU or LS-1 on the growth of SNU-C5/WT, SNU-C5/5-FU and HEL-299 cells
was evaluated using the MTT assay [42]. The cells (2 × 105 cells/mL) were seeded on 96-well
microplates for 24 h. The cells were treated with 5-FU (1, 10, 50, 100 and 200 ȝM) or LS-1 (0.1, 1, 10,
20 and 50 ȝM) for 72 h. After incubation, the cells were treated with 50 ȝL (5 mg/mL) MTT dye
and incubated at 37 °C for 4 h. The medium was aspirated, and 150 ȝL/well of dimethyl sulfoxide
were added to dissolve the formazan precipitate. Cell viabilities were determined by measuring the
absorbance at 540 nm using a microplate enzyme-linked immunosorbent assay (ELISA) reader
(BioTek Instruments Inc., Winooski, VT, USA). Each experiment was repeated at least three times.
Concentration (X-axis)-response (% control optical density; Y-axis) curves were obtained. We
determined the IC50 values (compound concentration resulting in 50% inhibition of growth).
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3.4. Morphological Analysis of Apoptosis by Hoechst 33342 Staining
SNU-C5/5-FU cells were seeded at 2 × 105 cells/mL in 1 mL on 24-well microplates. After 24 h
of incubation, cells were treated with LS-1 (7.1 ȝM) for 24 h. The cells were incubated in Hoechst
33342 (Invitrogen, Carlsbad, CA, USA, 10 ȝg/mL medium at final) at 37 °C for 30 min.
SNU-C5/5-FU cells were observed with an inverted fluorescent microscope equipped with an
IX-71 Olympus camera (Olympus, New York, NY, USA) and photographed (magnification: ×20).
3.5. Flow Cytometric Analysis of Apoptosis
The effect of LS-1 on cell cycle distribution was analyzed by flow cytometry after staining the
cells with PI [43]. SNU-C5/5-FU cells (2 × 105 cells/mL) were treated with 7.1 ȝM of LS-1 for
24 h. The treated cells were detached with trypsin, washed twice with phosphate-buffered saline
(PBS) and fixed with 70% ethanol for 30 min at í20 °C. The fixed cells were washed twice with
cold PBS, incubated with 50 ȝg/mL RNase A at 37 °C for 30 min and stained with 50 ȝg/mL PI at
37 °C for 30 min in the dark. The stained cells were analyzed using fluorescence-activated cell sorter
(FACS) caliber flow cytometry (Becton Dickinson, San Jose, CA, USA). Histograms were analyzed
with Cell Quest software (Becton-Dickinson). The proportion of cells in the G0/G1, S and G2/M
phases was represented as DNA histograms. Apoptotic cells with hypodiploid DNA were measured
by quantifying the sub-G1 peak in the cell cycle pattern. For each experiment, 10,000 events per
sample were analyzed, and experiments were repeated three times.
3.6. Western Blot Analysis
LOVO, HT-29, HCT-116, SNU-C5/WT and SNU-C5/5-FU cells were seeded at 2 × 105
cells/mL. After 24 h, cells were lysed with lysis buffer (50 mM Tris-HCl (pH 7.5), 150 mM NaCl,
2 mM EDTA, 1 mM EGTA, 1 mM NaVO3, 10 mM NaF, 1 mM phenylmethylsulfonyl fluoride,
25 ȝg/mL aprotinin, 25 ȝg/mL leupeptin, 1 mM Dithiothreitol, 1% Nonidet P-40) for 30 min at
4 °C. To examine the effect of LS-1 in the SNU-C5/5-FU cells, the cells were seeded 2 × 105 cells/mL
for 24 h and treated with LS-1 (7.1 ȝM) for 12, 24 and 48 h. After treatment, SNU-C5/5-FU cells
were lysed with lysis buffer for 30 min at 4 °C. The lysates were centrifuged at 15,000 rpm, 4 °C,
for 15 min. Protein content was determined according to the method of the Bradford assay [44].
The cell lysates were separated by 6%~15% SDS-PAGE gels and then transferred to
polyvinylidene fluoride membrane (BIO-RAD, Hercules, CA, USA) by glycine transfer buffer
(192 mM glycine, 25 mM Tris-HCl (pH 8.8) and 20% MeOH (v/v)) at 200 mA for 2 h. After
blocking with 5% skim milk solution, the membrane was incubated with primary antibody against
PARP (1:2000), cleaved caspase-3 (1:1000), cleaved caspase-9 (1:1000), Bcl-2 (1:1000), Bax
(1:1000), CEA (1:1000), Smad-2/3 (1:1000), p-Smad-3 (1:1000), TGFȕRI (1:1000), c-Myc (1:1000),
cytochrome c (1:2000) and ȕ-actin (1:5000) antibodies at 4 °C, overnight, and incubated with
a secondary HRP antibody (1:5000; Vector Laboratories, Burlingame, VT, USA) at room temperature
for 1 h. Protein bands were detected using a WEST-ZOL® plus Western Blot Detection System
(iNtRON, Gyeonggi, Korea) with subsequent exposure to X-ray films (AGFA, Krotich, Belgium).
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3.7. Co-Immunoprecipitation Assay
SNU-C5/5-FU cells were seeded 2 × 105 cells/mL for 24 h and treated with LS-1 (7.1 ȝM) for
12, 24 and 48 h. After treatment, SNU-C5/5-FU cells were lysed with lysis buffer for 30 min at
4 °C. The lysates were centrifuged at 15,000 rpm, 4 °C, for 15 min. Dynabeads® Protein G was added
directly to mouse monoclonal anti-TGFȕRI antibody in 200 ȝL PBS with 0.02% Tween-20 and
incubated with rotation for 10 min at room temperature. The supernatant was then removed. The
beads-antibody complex was washed using 200 ȝL PBS with 0.02% Tween-20. The beads-antibody
complex was added directly to the cell lysates and incubated with rotation for 10 min at room
temperature. The supernatant was removed, and the beads-antibody-Ag complex was washed using
200 ȝL PBS with 0.02% Tween-20 3 times. The beads-antibody-Ag complex was mixed with 20 ȝL
of elution buffer (50 mM glycine (pH 2.8)) and 10 ȝL of NuPAGE lithium dodecyl sulfate (LDS)
sample buffer (Invitrogen, Carlsbad, CA, USA) and then heated for 10 min at 70 °C. The
supernatant was separated from the beads using a magnet and loaded onto an SDS-PAGE gel.
3.8. Confocal Microscopy
SNU-C5/5-FU cells were fixed in 3.5% formaldehyde for 30 min. The fixed cells were
permeabilized with 0.1% triton X-100. The cells were blocked in 3% BSA for 1 h at room
temperature. The cells were treated with primary mouse monoclonal anti-smad-4 and rabbit
monoclonal anti-p-Smad-3 antibodies (1:100) overnight at 4 °C. The immunofluorescence staining
of the primary antibodies was performed with Alexa Fluor 488 goat anti-rabbit IgG and Alexa
Fluor 594 goat anti-mouse IgG secondary antibody. The fluorescence was identified using confocal
microscopy (FV500, OLYMPUS), and the images were acquired at constant photomultiplier tube
(PMT), gain, offset, magnification (40 × oil immersion objectives with a zoom factor of 4)
and resolution.
3.9. Statistical Analyses
Results are shown as means ± standard deviation (SD) from three independent experiments.
Student’s t-test was used to determine the data with the following significance levels: * p < 0.05;
** p < 0.01. All assays were performed with at least three independent experiments.
4. Conclusions
We previously reported that LS-1 induced apoptosis in HT-29 human colon cancer cells [18].
In conjunction with the report, in this study, our results indicated that LS-1 could induce
SNU-C5/5-FU, 5-FU-resistant colon cancer cells, via the activation of the TGF-ȕ pathway with
downregulation of CEA. Taken together, our reports suggest that LS-1 may have the potential for
use in the treatment of colon cancer, including chemotherapy-resistant colon cancer.
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Cytotoxic and Antibacterial Angucycline- and
Prodigiosin- Analogues from the Deep-Sea Derived
Streptomyces sp. SCSIO 11594
Yongxiang Song, Guangfu Liu, Jie Li, Hongbo Huang, Xing Zhang, Hua Zhang and
Jianhua Ju
Abstract: Two new C-glycoside angucyclines, marangucycline A (1) and marangucycline B (2),
along with three known compounds, dehydroxyaquayamycin (3), undecylprodigiosin (4) and
metacycloprodigiosin (5), have been identified as products of the deep-sea sediment strain
Streptomyces sp. SCSIO 11594. New structures were elucidated on the basis of HRESIMS, 1D and
2D NMR analyses and comparisons to previously reported datasets. Compounds 2 and 4 displayed
in vitro cytotoxicity against four cancer cell lines A594, CNE2, HepG2, MCF-7 superior to those
obtained with cisplatin, the positive control. Notably, compound 2 bearing a keto-sugar displayed
significant cytotoxicity against cancer cell lines with IC50 values ranging from 0.24 to 0.56 ȝM; An
IC50 value of 3.67 ȝM was found when using non-cancerous hepatic cell line HL7702,
demonstrating the cancer cell selectivity of 2. Compounds 1–3 were proved to have weak
antibacterial activities against Enterococcus faecalis ATCC29212 with an MIC value of 64.0
ȝg/mL. Moreover, 3 displayed selective antibacterial activity against methicillin-resistant
Staphylococcus epidermidis shhs-E1 with an MIC value of 16.0 ȝg/mL.
Reprinted from Mar. Drugs. Cite as: Song, Y.; Liu, G.; Li, J.; Huang, H.; Zhang, X.; Zhang, H.;
Ju, J. Cytotoxic and Antibacterial Angucycline- and Prodigiosin- Analogues from the Deep-Sea
Derived Streptomyces sp. SCSIO 11594. Mar. Drugs 2015, 13, 1340-1359.
1. Introduction
Reports of increasing incidences of various cancers and the rise of multidrug resistant bacteria
have inspired and renewed interest in the discovery of new secondary metabolites from
marine-derived microorganisms as new drugs or new drug leads [1–3]. Deep-sea derived
microorganisms, by virtue of their extreme living environments and selective pressures to which
they have adapted, are considered especially exciting as potentially rich sources of new agents for
drug discovery [4,5]. Historically speaking, terrestrial actinomycetes have been instrumental in the
discovery of important secondary metabolites including antibiotics, antitumor agents,
immunosuppressive agents and enzyme inhibitors [6]. This role of “discovery catalyst” is now
gradually shifting to marine-derived actinomyces due to diminishing rates of new compound discovery
and increasingly frequent “rediscovery” of known agents from terrestrial actinomyces [7–9]. Our
continuing studies of cytotoxic and antibacterial compounds from marine-derived actinomyces,
especially from the deep-sea derived strains, have led to the discoveries of antibacterial and
cytotoxic cyclic peptide marthiapeptide A [10], antimalarial marinacarbolines and indolactam
alkaloids [11] from deep-sea derived Marinactinospora thermotolerans SCSIO 00652, cytotoxic and
antibacterial marfuraquinocins and phenaziterpenes from a deep-sea sediment actinomycete
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Streptomyces niveus SCSIO 3406, antibacterial cyclic peptides desotamides and marformycins from
the deep-sea sediment actinomycetes Streptomyces scopuliridis SCSIO ZJ46 [12] and Streptomyces
drozdowiczii SCSIO 10141 [13], respectively.
In expanding our efforts to identify cytotoxic and antibacterial secondary metabolites from
deep-sea derived actinomycetes, we isolated and identified Streptomycetes sp. strain SCSIO 11594
from a South China Sea sediment at a depth of 2403 m. This strain was found to produce cytotoxic
and antibacterial substances warranting more detailed evaluation of these bioactivities. Metabolite
analyses and subsequent structure elucidation efforts revealed two new C-glycoside angucyclines,
marangucyclines A (1) and B (2), along with three known compounds identified as
dehydroxyaquayamycin (3), undecylprodigiosin (4) and metacycloprodigiosin (5), as shown in
Figure 1. Herein, we report the isolation, structure elucidation and bioactivity data for 1–5 from
Streptomyces sp. SCSIO 11594.

Figure 1. Secondary metabolites 1–5 from Streptomyces sp. SCSIO 11594.
2. Results and Discussion
2.1. Structure Elucidation
Compound 1, marangucycline A, was isolated as a brown amorphous powder. The UV spectrum
showed maxima at 239, 323 and 437 nm, indicating the presence of a large conjugated moiety. The
IR spectrum showed characteristic absorptions at 3418 (hydroxyl), 2928 and 2877 (methyl) and 1632
cmí1 (the chelated quinone carbonyl). The compound’s molecular formula, C31H32O9, was
determined on the basis of the HRESIMS peak at m/z 571.1946 [M + Na]+, requiring 16 degrees of
unsaturation. Comprehensive analysis of the 1H and 13C NMR spectroscopic data strongly implied
the presence of a typical angucycline of tetrangulol skeleton, with 1,8-dihydroxy-3-methylsubstituted and 9-C-glycosylated [14–17]. Detailed analysis of 1D (1H and 13C) and 2D (COSY,
HMQC, HMBC, NOESY) NMR spectra of 1 (Supplementary Information), allowed the complete
assignment of spectra signals (Table 1) and elucidation of the structure (Figures 2 and 3).
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Table 1. 1H (500 MHz) and 13C NMR (125 MHz) spectroscopic data of compounds 1
and 2 in CDCl3.
pos.
1
2
3
4
4a
5
6
6a
7
7a
8
9
10
11
11a
12
12a
12b
13
1-OH
8-OH
1ƍ
2ƍ
3ƍ
4ƍ
5ƍ
6ƍ
1Ǝ
2Ǝ
3Ǝ
4Ǝ
5Ǝ
6Ǝ

Marangucycline A (1)
įC
įH, mult. (J in Hz)
155.6, C
120.2, CH
7.12, s
142.1, C
121.5, CH
7.23, s
132.6, C
137.7, CH
8.11, d, J = 8.5
122.0, CH
8.29, d, J = 8.5
135.0, C
188.3, C
114.2, C
158.2, C
138.6, C
133.6, CH
7.90, d, J = 8.0
121.3, CH
7.86, d, J = 8.0
133.6, C
189.6, C
139.3, C
120.2, C
21.4, CH3
2.48, s
11.43, br s
12.62, br s
71.3, CH
4.90, d, J = 11.2
38.8, CH2
2.57, m; 1.46, m
71.5, CH
3.87, m
89.2, CH
3.07, t, J = 6.5
74.7, CH
3.57, m
18.6, CH3
1.38, d, J = 6.0
98.9, CH
4.92, br s
27.3, CH2
1.93, m; 1.83, m
30.1, CH2
1.87, m; 1.25, m
71.8, CH
3.36, td, J = 10.0, 4.0
71.7, CH
3.91, m
18.0, CH3
1.33, d, J = 6.0

įC
155.3, C
120.2, CH
142.1, C
121.3, CH
132.5, C
137.6, CH
121.8, CH
134.8, C
188.3, C
114.1, C
157.8, C
137.7, C
133.6, CH
121.2, CH
133.5, C
189.4, C
139.2, C
120.1, C
21.3, CH3

71.5, CH
36.6, CH2
77.1, CH
74.5, CH
74.6, CH
17.5, CH3
91.4, CH
71.1, CH
39.9, CH2
207.7, C
77.8, CH
16.2, CH3

Marangucycline B (2)
įH, mult. (J in Hz)
7.15, s
7.27, s
8.14, d, J = 8.5
8.32, d, J = 8.5

7.92, d, J = 8.0
7.88, d, J = 8.0

2.50, s
11.38, br s
12.66, br s
5.01, d, J = 11.0
2.48, m; 1.54, m
3.84, ddd, J = 11.5, 9.0, 4.5
3.52, t, J = 9.0
3.59, m
1.43, d, J = 6.0
5.19, d, J = 3.0
4.35, q, 3.0
2.65, m
4.75, q, J = 6.5
1.39, d, J = 6.5

Figure 2. COSY and selected HMBC correlations for compounds 1 and 2.
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Figure 3. Selected NOESY correlations for the disaccharide moiety (R) of
compounds 1 and 2.
1

H NMR spectra revealed the presence of two intramolecularly H-bonded hydroxyl groups at
įH 12.62 and 11.43. Two pairs of ortho-coupled aromatic proton signals appeared at įH 8.29 (d,
J = 8.5 Hz) and įH 8.11 (d, J = 8.5 Hz), įH 7.90 (d, J = 8.5 Hz) and įH 7.86 (d, J = 8.5 Hz), which
also were found at C-6 (įC 122.0) and C-5 (įC 137.7), C-10 (įC 133.6) and C-11 (įC 121.3) based
on HSQC data. Another two singlet proton signals at įH 7.23 (s) and įH 7.12 (s) were associated
with C-4 (įC 121.5) and C-2 (įC 120.2), respectively. HMBC correlations from įH 11.43 to C-1 (įC
155.6) and C-2, and from įH 12.62 to C-8 (įC 158.2), C-7a (įC 114.2) and C-9 (įC 138.6), enabled
assignment of these two hydroxyl groups at C-1 and C-8, respectively. The singlet aromatic methyl
(įH 2.48, įC 21.4) was confirmed at C-3 (įC 142.1) by HMBC correlations from įH 2.48 to C-3, C-2
and C-4. The tetrangulol skeleton was further elucidated by HBMC correlations of two pairs of
ortho-coupled protons at C-5, C-6, C-10 and C-11 (Figure 2). Moreover, the 1H NMR spectra
displayed seven proton signals between įH 4.92 and įH 3.07, consistent with seven 13C signals of
sp3 methines between įC 98.9 and 71.3. These data support the presence of a disaccharide moiety
composed of ȕ-D-olivose and Į-L-amicetose on the basis of 2D NMR correlation analyses (Figures
2 and 3), and comparisons with previously reported data [18,19]. COSY correlations of H-1ƍ (įH
4.90)/H-2ƍb (įH 1.46), H-2ƍa (įH 2.57)/H-3ƍ (įH 3.87)/H-4ƍ (įH 3.07)/H-5ƍ (įH 3.57)/H-6' revealed
the fragment of C-1ƍ/C-2ƍ/C-3ƍ/C-4ƍ/C-5ƍ/C-6ƍ. The HMBC correlation of H-1ƍ/C-5ƍ confirmed the
existence of an olivose ring. The important HMBC correlations from the anomeric methine proton
(CH-1ƍ) to C-8, C-9, and C-10 indicated the C-glycosidic bond (C-9íC-1ƍ) between the aglycone
and olivose unit. Similarly, the COSY correlations of H-1Ǝ (įH 4.92)/H-2Ǝb (įH 1.83)/H-3Ǝa (įH
1.87)/H-4Ǝ (įH 3.36)/H-5Ǝ (įH 3.91)/H-6Ǝ (įH 1.33), and the HMBC correlation of H-1Ǝ/C-5Ǝ
disclosed the presence of a six membered deoxysugar, which was elucidated as amicetose by
comparing the 1H and 13C NMR data with those reported [18]. Further HMBC correlations from
H-1Ǝ to C-4ƍ revealed the connection of C-1Ǝ-O-C-4ƍ between olivose and amicetose. The relative
configurations of two sugar moieties were confirmed by NOESY correlations of H-1ƍ/H-3ƍ,
H-1ƍ/H-5ƍ, H-1Ǝ/H-4ƍ and H-4Ǝ/CH3-6Ǝ (Figure 3).
Compound 2, named marangucycline B, was obtained as a brown amorphous powder. The IR
spectrum showed one additional ketone absorption at 1730 cmí1 and the characteristic hydroxyl
group absorption at §3400 cmí1 was almost completely absent. The molecular formula C31H28O9
was determined by HR-ESI-MS, which was four mass units less than that of compound 1,
indicating 18 degrees of unsaturation. Therefore, compound 2 was presumed to have one new
ketone group and one additional ring relative to compound 1. The 13C NMR spectrum were similar
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with those of 1 (Supplementary Information), except that one carbonyl signal at įC 207.7 (C-4Ǝ)
was observed. Moreover, one of the anomeric carbone (C-1Ǝ) signal was changed from įC 98.9 in 1
to įC 91.4 in 2. Comparing these characteristic data with the reported [19] revealed the presence of
a cinerulose B unit in 2, which subsequently proved by 2D NMR analyses (Figure 2). COSY
spectrum indicated the fragments of C-1Ǝ/C-2Ǝ/C-3Ǝ and C-5Ǝ/C-6Ǝ. The HMBC correlations of
CH-1Ǝ/C-5Ǝ, CH2-3Ǝ/C-4Ǝ, and CH3-6Ǝ/C-5Ǝ confirmed the structure elucidation of cinerulose B.
The HMBC correlation from CH-1Ǝ to C-4ƍ revealed the C-1Ǝ-O-C-4ƍ linkage. Meanwhile, the 13C
NMR resonance of C-4ƍ shifted upfield from įC 89.2 in 1 to įC 74.5 in 2, indicating the connection
of C-2Ǝ-O-C-3ƍ. Consequently, the disaccharide in 2 was determined to be a cinerulose B-(1ĺ4,
2ĺ3)-olivosyl unit. The NOESY correlations of H-1ƍ/H-3ƍ, H-1ƍ/H-5ƍ, H-3ƍ/H-2Ǝ, H-2Ǝ/H-1Ǝ and
H-4ƍ/H-5Ǝ confirmed the relative configurations of the two sugars (Figure 3). The 1H and 13C NMR
data for this disaccharide were consistent with these previously reported for compounds with
Į-cinerulose B-(1ĺ4, 2ĺ3)-ȕ-olivosyl [19]. In a fashion analogous to that applied to compound 1,
the skeleton of 2 was determined by comprehensive analyses of COSY, HMQC and HMBC spectra
(Figures 2 and 3).
In addition to compounds 1 and 2, Streptomycetes sp. strain SCSIO 11594 was found to produce
known compounds dehydroxyaquayamycin (3) [14], undecylprodigiosin (4) and
metacycloprodigiosin (5) [20]. The structures were determined by comparative analyses using
previously reported MS, 1H, and 13C NMR data.
2.2. Cytotoxicities and Antibacterial Activities
The angucyclines are a large group of natural products; members are characterized by an angular
tetracyclic (benz[Į]anthracene) structure with a hydrolysable sugar moiety. Angucyclines often
express a broad range of biological activities. Members of the angucyclines have been noted as
potent cytotoxins, antibacterials, antivirals and as inhibitors of assorted enzymes and of platelet
aggregation [17,21]. The first reported compounds of this class were tetrangomycin and tetrangulol
[17]. To our knowledge, the sugar unit of these species was usually linked at the tetrangomycin
C-9 with a C-C bond and at the tetrangulol C-8 with a C-O bond. The antitubercular and cytotoxic
compound dehydroxyaquayamycin (3), was the first compound shown to have a C-9 linked sugar
unit using C-C connectivity with the tetrangulol skeleton. This agent was obtained as a derivative
of aquayamycin [15] and later isolated as a natural product from the marine-derived Streptomyces
sp. BCC45596 [14]. Compounds 1 and 2 were additions to this class of natural products; 1–3 were
isolated from marine-derived Streptomyces sp. SCSIO 11594 as secondary metabolites.
Compounds 1–5 were tested for potential in vitro cytotoxicity against human lung cancer cell
line A549, human nasopharyngeal carcinoma cell line CNE2, human breast adenocarcinoma cell
line MCF-7, human hepatocarcinoma cancer cell line HepG2, and the normal hepatic cell line
HL7702. The results were shown in Table 2. These data indicate that compound 4 is §1–10-fold
more cytotoxic than the positive control cisplatin whereas compound 2, with its keto-sugar moiety,
is §10–20-fold more potent than cisplatin. Interestingly, 2 and 4 demonstrate significant cytotoxic
selectivity, with estimated therapeutic ratio values of 7–5 and 3–45, respectively, as reflected by
comparisons of tumor cell-derived IC50 values and those obtained using HL7702 cells
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(non-cancerous control). Detailed examination of the structure-activity relationship (SAR) of the
cytotoxicities of compounds 1–3 revealed that (i) the presence of ketone group and C-2Ǝ-O-C-3ƍ
connection in the disaccharide moiety of compound 2 is critical important for the cytotoxicity; and
(ii) the appearance of Į-amicetose in the disaccharide chain sharply decreased the cytotoxicity. The
SAR study of compounds 4 and 5 revealed that the open form of the aliphatic side chain plays an
important role for the cytotoxicity. The anticancer activity of the related natural products has been
described in a number of literatures [22–24], and the structure activity relationships of related
synthetic natural products have been reported [25–28].
The antibacterial activities of compounds 1–5 were evaluated using MRSE shhs-E1,
methicillin-resistant Staphylococcus aureus (MRSA) shhs-A1, Staphylococcus aureus ATCC
29213, Enterococcus faecalis ATCC29212, Escherichia coli ATCC 25922, Micrococcus luteus,
and multidrug resistant Pseudomonas aeruginosa. These assays revealed that 1–3 have weak
antibacterial activity against Enterococcus faecalis ATCC29212 with a MIC of 64.0 ȝg/mL in all
cases and that 3 is selective against MRSE shhs-E1 demonstrating an MIC of 16.0 ȝg/mL.
Compounds 4 and 5 did not show antibacterial activities against any of the above tested bacteria at a
concentration up to 64.0 ȝg/mL.
Table 2. Summary of in vitro cytotoxicities (IC50 in ȝM) for 1–5 against four human
cancer cell lines and one normal hepatic cell line HL7702 (n = 3) and estimated
therapeutic ratio (TR) values.
Agent
1
2
3
4
5
Cisplatin

A549
>50.0
0.45 ± 0.03
16.40 ± 0.19
0.85 ± 0.01
>50.0
4.56 ± 0.04

CNE2
>50.0
0.56 ± 0.02
22.27 ± 0.07
0.28 ± 0.02
>50.0
3.75 ± 0.03

MCF-7
>50.0
0.24 ± 0.003
23.65 ± 0.09
1.11 ± 0.07
>50.0
5.26 ± 0.07

HepG2
>50.0
0.43 ± 0.05
18.81 ± 0.12
4.67 ± 0.09
>50.0
4.14 ± 0.06

HL7702
>50.0
3.67 ± 0.07
49.34 ± 0.17
12.47 ± 0.09
>50.0
15.34 ± 0.08

TR
7–15
2–3
3–45
3–4

2.3. Identification of Strain SCSIO 11594
Strain SCSIO 11594 (Figure 4a) was isolated from a sediment sample collected from the South
China Sea (115°27.751 E, 19°28.581 N) at a depth of 2403 m using HRA medium (histidine 0.1 g,
raffinose 1.0 g, Na2HPO4 0.3 g, KCl 1.7 g, MgSO4ǜ7H2O 0.05 g, FeSO4ǜ7H2O 0.01 g, CaCO3 0.02
g, agar 12 g, pH7.2, seawater 500 mL, distilled water 500 mL) with incubation at 28 °C for up to
4 weeks. The strain is preserved at the RNAM Center for Marine Microbiology, South China Sea
Institute of Oceanology, Chinese Academy of Sciences. Extraction of genomic DNA, PCR
amplification, sequencing of the 16S rRNA gene, and phylogenetic analysis were performed as
described by You and co-workers [29]. The 16S rRNA gene sequence has been deposited in
GenBank with accession no. KP276583. The results of phylogenetic analyses showed that strain
SCSIO 11594 should be a member of the genus Streptomyces. The 16S rRNA gene sequence of
strain SCSIO 11594 demonstrated the highest similarity value to Streptomyces rubrogriseus LMG
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20318T (99.86%) and was found to cluster with members of the genus Streptomyces in the
phylogenetic tree (Figure 4b).

(a)
Streptomyces tendae ATCC 19812T (D63873)
72 Streptomyces violaceorubidus LMG 20319T (AJ781374)
Streptomyces tritolerans DAS 165T (DQ345779)
SCSIO 11594 (KP276583)
Streptomyces coelescens DSM 40421T (AJ781353)
Streptomyces rubrogriseus LMG 20318T (AJ781373)
74
T
64 Streptomyces violaceolatus DSM 40438 (AF503497)
T
Streptomyces humiferus DSM 43030 (AF503491)
Streptomyces anthocyanicus NBRC 14892T (AB184174)
67 91 Streptomyces violaceoruber NBRC 12826T (AF503496)
T
57 Streptomyces tricolor NBRC 15461 (AB184687)
Streptomyces lienomycini LMG 20091T (AB184631)
100
Streptomyces marokkonensis Ap1T (AJ965470)
96
Streptomyces thinghirensis DSM 41919T (FM202482)
Streptomyces coelicoflavus DSM 41919T (AB184650)
Streptomyces fragilis NRRL 2424T (AY999917)
62
98
Streptomyces chilikensis RC 1830T (JN050256)
Kitasatospora arboriphila HKI 0189T (AY442267)
Streptacidiphilus albus DSM 41753T (AF074415)
0.002

(b)
Figure 4. (a) Strain SCSIO 11594; (b) Neighbor-joining phylogenetic tree based on
16S rRNA gene sequences of strain SCSIO 11594 and members of the family
Streptomycetaceae. Bootstrap values (expressed as percentages of 1000 replications)
exceeding 50% are shown at the branch points.
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3. Experimental Section
3.1. General Experimental Procedures
Optical rotations were determined using an MCP-500 polarimeter (Anton Paar, Graz, Austria).
UV spectra were obtained with a UV-2600 spectrometer (Shimadzu, Tokyo, Japan). IR spectra
were measured using an IRAf¿nity-1 spectrophotometer (Shimadzu, Tokyo, Japan). NMR spectra
were acquired with an Avance 500 spectrometer (Bruker, Fällanden, Switzerland) at 500 MHz for
the 1H nucleus and 125 MHz for the 13C nucleus. ESIMS and HRESIMS data were determined
using an amaZon SL ion trap mass spectrometer and MaXis quadrupole-time-of-Àight mass
spectrometer (Bruker, Bremen, Germany), respectively. CC (Column chromatography) was
performed on 100–200 mesh silica gel (Yantai Jiangyou Silica Gel Development Co., Ltd., Yantai,
China). RP-MPLC (reversed phase-medium pressure preparative liquid chromatography) were
carried out using the CHEETAH MP200 (Agela Technologies, Tianjin, China) and Claricep Flash
columns filled with ODS (40í63 ȝm, YMC). RP-HPLC (high performance liquid chromatography)
analyses were carried out using a Hitachi HPLC with YMC-Pack ODS-A column (250 × 10 mm, 5 ȝm).
3.2. Fermentation, Extraction and Isolation of the Compounds
The strain was inoculated to a modified ISP-4 agar plate (soluble starch 1.0%, K2HPO4 0.1%,
MgSO4ǜ7H2O 0.1%, (NH4)2SO4 0.2%, CaCO3 0.2%, sea salt 3.0%, pH 7.2 before sterilization)
from a glycerol tube under aseptic conditions and incubated 5 day at 28 °C. The mycelium was
then transferred into 250 mL Erlenmeyer flasks each containing 50 mL of modified-AM2ab
medium (soluble starch 0.5%, soybean powder 0.5%, yeast exact power 0.2%, bacterial peptone
0.2%, glucose 2.0%, KH2PO4 0.05%, MgSO4ǜ7H2O 0.05%, NaCl 0.40%, sea salt 3.0% CaCO3
0.2%, pH 7.2 before sterilization) and incubated on rotary shakers with 200 rpm at 28 °C for 36 h.
Each culture (seed) was then inoculated into 1 L Erlenmeyer flasks containing 200 mL of
modified-AM2ab and fermentation continued under the conditions used to generate the seed
cultures. Incubation was carried out under these conditions for 8 day. The 16 L of culture was then
harvested and centrifuged at 3214× g (3900 rpm) for 10 min to yield the supernatant and mycelial
cake, which was extensively extracted by butanone and acetone, respectively. The extracted
residues were combined after HPLC analyses to validate extract contents.
The combined residues were subjected to silica gel CC using gradient elution initially using
petroleum ether (P)/chloroform (C) (200/0, 100/100, v/v), and then with C/MeOH (M) (150/0,
147/3, 144/6, 141/9, 138/12, 145/15, 130/30, 75/75, v/v), to give ten fractions A1–A10. The
fractions A4–A8 were combined and further subjected to ODS column MPLC by eluting with a
linear gradient from 70/30/0.1 (MeCN/H2O/HAc) to 100/0/0.1 over 60 min at 15 mL/min with
detection at 323 nm; elution was then continued with 100/0/0.1 for 30 min to ultimately afford
fractions B1–B9. The fractions B6 and B7 and B8 and B9 were subjected to CC silica gel with a
gradient elution (P/C 10/40, 0/50, C/M 49.5/0.5, 49/1, 48.5/1.5, v/v), respectively, to give fractions
C1–17 and D1–17. The fractions C12 and C13 and D9–12 were repeatedly eluted by isocratic
SP-HPLC elution with MeCN/H2O/HAc (95/5/0.1) at 2.5 mL/min and detection at 323 nm,
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respectively, to generate compound 1 (30.5 mg) at a retention time of 12.2 min and compound 2
(7.5 mg) with retention time 14.3 min. Similarly, compound 3 (3.7 mg) was isolated from B5 by
repeated isocratic RP-HPLC elution with MeCN/H2O/HAc (85/15/0.1) and a retention time of
8.7 min. Fraction A3 was subjected to silica gel CC with gradient elution (P/C 50/0, 40/10, 30/20,
20/30, 10/40, 0/50, C/M 49.5/0.5, 49/1) to afford fractions E1–E8; E5–E7 were repeatedly
subjected to preparative TLC (100% chloroform) to afford 4 (33.2 mg) and 5 (45.3 mg) with Rf
values of 0.7 and 0.4, respectively.
Marangucycline A (1): brown amorphous powder; [Į]25D 35.0 (c 0.37, CHCl3); UV (CHCl3)
Ȝmax (log İ) 239 (4.39), 323 (4.31), 437 (3.87) nm; IR (ATR) Ȟmax 3418, 2928, 2878, 1631, 1269,
1049 cmí1; 1H and 13C NMR spectroscopic data, Table 1; (í)-ESIMS m/z [M í H]í 547.42, and
(+)-HRESIMS m/z [M + Na]+ 571.1946, calcd for C31H32O9Na, 571.1939.
Marangucycline B (2): brown amorphous powder; [Į]25D 30.5 (c 0.19, CHCl3); UV (CHCl3)
Ȝmax (log İ) 239 (4.15), 323 (4.03), 436 (3.58) nm; IR (ATR) Ȟmax 2922, 2852, 1730, 1635, 1254,
1109, 1069 cmí1; 1H and 13C NMR spectroscopic data, Table 1; (+)-HRESIMS m/z [M + H]+
545.1796, calcd for C31H29O9, 545.1806; [M + Na]+ 567.1620, cacld for C31H28O9Na, 567.1626.
3.3. Cytotoxicity Assays
Compounds 1–5 were evaluated for cytotoxic activity using four human cancer cell lines,
A549, CNE2, HepG2, MCF-7, one normal hepatic cell line HL7702 and previously reported MTT
methodologies [30]. IC50 values were calculated using GraphPad Prism 5 software. All data were
obtained in triplicate and are presented as means ± SD. Cisplatin was used as a positive control.
3.4. Antibacterial Activities Assay
The antibacterial activities of compounds 1–5 were assessed using seven strains of pathogenic
bacteria including MRSE shhs-E1, MRSA shhs-A1, Staphylococcus aureus ATCC 29213,
Enterococcus faecalis ATCC29212, Escherichia coli ATCC 25922, Micrococcus luteus, and
multidrug resistant Pseudomonas aeruginosa. Dilution antimicrobial susceptibility tests for aerobic
bacteria were carried out as previously reported [31,32]. Lowest concentrations of antimicrobial
agents that completely inhibit cell growth in microdilution wells were determined by naked eye.
4. Conclusions
Five compounds including two new angucycline antibiotics, marangucycline A (1) and
marangucycline B (2), were isolated from the deep-sea derived Streptomyces sp. SCSIO11594.
Compounds 2 and 4, especially the new C-glycoside angucycline compound 2, displayed in vitro
cytotoxicities against four cancer cell lines A594, CNE2, HepG2, MCF-7 superior to those noted
with cisplatin. Remarkably, compounds 2 and 4 demonstrated significant anti-tumor selectivity.
These data enable important correlations of structure to biological function and may be important
for future drug lead efforts. Additionally, dehydroxyaquayamycin (3) was found to exert
selective antibacterial activity against MRSE shhs-E1. This realization may prove important during
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the course of structure-activity relationship studies aimed at new antibacterial drug
discovery/design studies.
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Kalkitoxin Inhibits Angiogenesis, Disrupts Cellular Hypoxic
Signaling, and Blocks Mitochondrial Electron Transport in
Tumor Cells
J. Brian Morgan, Yang Liu, Veena Coothankandaswamy, Fakhri Mahdi, Mika B. Jekabsons,
William H. Gerwick, Frederick A. Valeriote, Yu-Dong Zhou, and Dale G. Nagle
Abstract: The biologically active lipopeptide kalkitoxin was previously isolated from the marine
cyanobacterium Moorea producens (Lyngbya majuscula). Kalkitoxin exhibited N-methyl-D-aspartate
(NMDA)-mediated neurotoxicity and acted as an inhibitory ligand for voltage-sensitive sodium
channels in cultured rat cerebellar granule neurons. Subsequent studies revealed that kalkitoxin
generated a delayed form of colon tumor cell cytotoxicity in 7-day clonogenic cell survival assays.
Cell line- and exposure time-dependent cytostatic/cytotoxic effects were previously observed with
mitochondria-targeted inhibitors of hypoxia-inducible factor-1 (HIF-1). The transcription factor
HIF-1 functions as a key regulator of oxygen homeostasis. Therefore, we investigated the ability of
kalkitoxin to inhibit hypoxic signaling in human tumor cell lines. Kalkitoxin potently and
selectively inhibited hypoxia-induced activation of HIF-1 in T47D breast tumor cells (IC50
5.6 nM). Mechanistic studies revealed that kalkitoxin inhibits HIF-1 activation by suppressing
mitochondrial oxygen consumption at electron transport chain (ETC) complex I (NADH-ubiquinone
oxidoreductase). Further studies indicate that kalkitoxin targets tumor angiogenesis by blocking the
induction of angiogenic factors (i.e., VEGF) in tumor cells.
Reprinted from Mar. Drugs. Cite as: Morgan, J.B.; Liu, Y.; Coothankandaswamy, V.; Mahdi, F.;
Jekabsons, M.B.; Gerwick, W.H.; Valeriote, F.A.; Zhou, Y.-D.; Nagle, D.G. Kalkitoxin Inhibits
Angiogenesis, Disrupts Cellular Hypoxic Signaling, and Blocks Mitochondrial Electron Transport
in Tumor Cells. Mar. Drugs 2015, 13, 1552-1568.
1. Introduction
When environmental factors are conducive, the benthic marine cyanobacterium Moorea
producens sp. nov. (Oscillatoriaceae), previously classified as Lyngbya majuscula Gomont,
typically forms localized mini-blooms that may cover sections of a coral reef [1–4]. Marine
cyanobacteria produce a wide variety of structurally novel secondary metabolites [5,6]. Most of the
more than 300 natural products isolated from M. producens can be classified into one of two
general biosynthetic classes: (A) non-ribosomally produced linear and cyclic peptides, and cyclic
depsipeptides, and (B) lipopeptides of mixed biogenetic origin that combine polyketide or fatty
acid derived precursors with peptide-derived structural components [6].
The lipopeptide kalkitoxin (Figure 1A) was first isolated from a Curaçao collection of
M. producens [7,8] and found to be ichthyotoxic (Carassius auratus, LC50 700 nM) and brine
shrimp toxic (Artemia salina, LC50 170 nM), inhibit cell division (fertilized sea urchin embryo
assay, IC50 ~50 nM), suppress inflammation, and potently block voltage sensitive-sodium channels
in murine neuro-2a cells (EC50 1 nM). Synthetic kalkitoxin analogues were also highly toxic to
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A. salina [9]. Kalkitoxin displayed exposure time-dependent potent neurotoxicity towards primary
rat cerebellar granular neurons (CGNs) (LC50 3.86 nM) [10]. Mechanistic studies examined the
interaction of kalkitoxin with the tetrodotoxin- and voltage-sensitive sodium channel (TTX-VSSC) in
CGN cells [11]. Total synthesis and biological evaluation of (+)-kalkitoxin, the naturally occurring
form, revealed that kalkitoxin displayed solid tumor-selective cytotoxicity when evaluated in
extended duration clonogenic assays (colorectal carcinoma HCT-116 cells: 10% survival at 0.002
g/mL with 168 h exposure; inactive at 10 g/mL with 24 h exposure) [12]. However, the
molecular mechanism(s) responsible for the potent tumor cell-selective cytotoxicity was unclear.
2. Results and Discussion
2.1. HIF-1 Inhibitory Activity
The transcription factor hypoxia-inducible factor-1 (HIF-1) regulates oxygen homeostasis by
activating the expression of genes that increase oxygen availability and those that decrease oxygen
consumption, thus mediating cellular adaptation to hypoxia [13]. Preclinical and clinical studies
have established that HIF-1 dysregulation directly impacts cancer etiology and progression, while
HIF-1 inhibition suppresses tumor growth and enhances the efficacy of both radiation and
chemotherapy [14–16]. As part of our ongoing campaign to identify natural product-based inhibitors
of HIF-1 activation, a human breast tumor T47D cell-based HIF-1 reporter assay was used to
evaluate ~300 purified marine natural products and 15,000 marine invertebrate and algae extracts
from the U.S. National Cancer Institute’s (NCI’s) Open Repository [17–20]. Kalkitoxin (1 M)
completely inhibited HIF-1 activation in the primary screening. Concentration-response studies
were performed in T47D cells to determine the effects of kalkitoxin on HIF-1 activation. At low
nanomolar concentrations, kalkitoxin selectively blocked hypoxia-induced HIF-1 activation (IC50
5.7 nM, 95% CI: 4.6 to 7.1 nM, Figure 1), relative to its effect on chemical hypoxia
(1,10-phenanthroline; 10 M)-activated HIF-1 (IC50 > 1 M, Figure 1). Parallel viability assay
results indicated that kalkitoxin inhibited hypoxic HIF-1 activation without pronounced
cytotoxicity, even up to micromolar levels at the 16 h time point (Figure 1).
2.2. Suppression of HIF-1 Target Gene Expression
As a key regulator of oxygen homeostasis, HIF-1 controls the expression of over one hundred
genes that modulate critical aspects of cellular physiology [13]. The effects of kalkitoxin on the
induction of HIF-1 target genes VEGF (vascular endothelial growth factor) and GLUT-1 (glucose
transporter-1) were examined by real time RT-PCR. Hypoxic exposure of T47D cells (1% O2, 16 h)
increased the expression of VEGF (Figure 2A) and GLUT-1 (Figure 2B) at the mRNA level.
Kalkitoxin (0.01 and 0.1 M) inhibited the hypoxic induction of VEGF or GLUT-1 mRNA
expression in a concentration-dependent manner (Figure 2). As observed in the T47D cell-based
HIF-1 reporter assays (Figure 1B), the inhibitory effects exerted by kalkitoxin were significantly
greater for HIF-1 target genes that were induced by hypoxia, compared to those induced by 1,10phenanthroline (10 M) (Figure 2).
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Figure 1. (A) Structure of kalkitoxin; (B) Kalkitoxin is a potent inhibitor of hypoxiainduced HIF-1 activation. Exponentially grown T47D cells transfected with the
pHRE3-TK-luc construct for HIF-1 activity were plated into 96-well plates. Kalkitoxin
was added at the specified concentrations and the cells exposed to hypoxia (1% O2) or
1,10-phenanthroline (10 M) for 16 h, respectively. Cells were lysed, luciferase activity
determined, and the data presented as “% Inhibition” of the induced control. Data
shown are average ± standard deviation (n = 3). For the viability study, T47D cells
plated into 96-well plates were exposed to kalkitoxin and hypoxia as that described for
the reporter assay. Cell viability was determined by the SRB method. Data presentation
is the same as that described for the reporter assay.
2.3. Inhibition of Hypoxia-Induced Angiogenesis
Hypoxic regions are commonly found throughout solid tumors. The extent of tumor hypoxia
correlates with advanced disease stages and treatment resistance among cancer patients [21–23]. To
survive in a low O2 environment, hypoxic tumor cells stimulate tumor angiogenesis through the
HIF-1-dependent induction of the potent angiogenic factor, VEGF [24]. Hypoxic exposure (1% O2,
16 h) of T47D cells significantly increased the production of secreted VEGF protein, relative to the
untreated control (Figure 3A). Kalkitoxin (0.1 M) suppressed the level of hypoxia-induced
secreted VEGF protein by ~50% (Figure 3A). The potential anti-angiogenic activity of kalkitoxin
was assessed using a human umbilical vein endothelial cell (HUVEC)-based tube formation assay,
a widely employed in vitro model for angiogenesis. Under normal culture conditions, HUVEC cells
appear scattered (Basal Media, Figure 3B, panel e). When exposed to angiogenic factors, such as
recombinant human VEGF protein, HUVEC cells are stimulated to form interconnected tube-like
structures (tube formation, VEGF, Figure 3B, panel f) [25]. Tube formation was induced by
normoxic T47D cell-conditioned media (Control/Normoxia, Figure 3B, panel a). The angiogenic
activity of the T47D cell-conditioned media sample was significantly enhanced by hypoxic
exposure (1% O2, 16 h) (Control/Hypoxia, Figure 3B, panel b), which increases angiogenic factor
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A.

Relative mRNA Level

(i.e., VEGF) production (Figure 3A). Kalkitoxin (0.1 M) suppressed the angiogenic activity of the
hypoxic T47D cell-conditioned media at a concentration that also inhibited hypoxia-induced HIF-1
activation and VEGF induction (Kalkitoxin/Hypoxia, Figure 3B, panel d). Kalkitoxin did not
prevent normoxic T47D cell-conditioned media from inducing angiogenesis (Kalkitoxin/Normoxia,
Figure 3B, panel c). Thus, kalkitoxin appears to inhibit tumor angiogenesis by blocking the
induction and/or expression of angiogenic factors, not by directly suppressing the tube formation
process. These observations are corroborated by quantitative microscopic results (Figure 3C, tube
length; Figure 3D, number of branching points).
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Figure 2. Kalkitoxin blocks hypoxic induction of HIF-1 target genes VEGF and GLUT1 at the mRNA level. Kalkitoxin was added to exponentially grown T47D cells at the
specified concentrations and the incubation continued for another 16 h under hypoxia
(1% O2) or in the presence of 1,10-phenanthroline (1,10-phen, 10 M), respectively.
The cells were lysed and total RNA extracted. The levels of VEGF (A) and GLUT-1
mRNAs (B) were determined by quantitative real time RT-PCR, normalized to that of
an internal control 18S rRNA, and presented as relative values to an untreated control
determined by the ǻǻCT method (mean ± standard deviation, n = 3).
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Figure 3. Kalkitoxin inhibits hypoxia-stimulated tumor angiogenesis by blocking the
induction of angiogenic factor VEGF. (A) T47D cells were exposed to hypoxic
conditions (1% O2, 16 h) in the presence and absence of kalkitoxin at the specified
concentrations. The levels of secreted VEGF protein in the conditioned media samples
were determined by ELISA and normalized to the amount of total cellular proteins
(average + standard deviation, n = 3). “C”—media control. The p values of statistically
significant differences when compared to the media controls are shown; (B) Representative
HUVEC tube formation assay results. T47D cell-conditioned media samples were
prepared as described in (A). Both negative (Basal Media, e) and positive (VEGF, f)
controls are included at the bottom. A 100 m scale bar is included in each panel;
(C) Average + standard deviation of tube length, quantified from three randomly
selected fields for each specified condition. The p-values are shown for statistically
significant differences; (D) Branching points, data determined and presented as
described in (C).
2.4. Mechanism of Action Studies
2.4.1. HIF-1Į Expression
To discern the mechanism(s) responsible for the inhibition exerted by kalkitoxin on HIFsignaling, its effect on nuclear HIF-1Į protein induction was assessed in T47D cells. In general,
HIF-1 activity is determined by the concurrent induction and activation of the oxygen-regulated
HIF-1Į subunit [26]. The nuclear extract from control cells under normoxic conditions did not
contain HIF-1Į protein (Figure 4). Hypoxic conditions (1% O2, 4 h) induced nuclear HIF-1α
protein accumulation (Figure 4). Kalkitoxin (0.01 and 0.1 M) blocked the hypoxic induction of
HIF-1Į protein, without affecting constitutively expressed HIF-1ȕ subunit levels in the nuclear
extract samples from hypoxia-exposed cells (Figure 4). In contrast, kalkitoxin did not block the
induction of HIF-1Į protein by 1,10-phenanthroline under normoxic conditions (10 M 1,10-phen,
4 h, Figure 4).
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Figure 4. Kalkitoxin selectively inhibited the induction of HIF-1Į protein by hypoxia.
T47D cells were exposed to kalkitoxin at the specified concentrations, under hypoxic
conditions (1% O2, 4 h) or in the presence of 1,10-phenanthroline (10 M, 4 h).
Nuclear extract samples were prepared from both untreated control and treated cells,
and the levels of HIF-1Į and HIF-1ȕ proteins determined by Western blot.
2.4.2. Mitochondrial Respiration Studies
Mitochondrial electron transport chain (ETC) inhibitors selectively suppress hypoxia-induced
HIF-1 activation [27–30]. The effect of kalkitoxin on mitochondrial function was examined in a
T47D cell-based respiration assay [17,25]. The level of respiration correlates with the rate of
oxygen consumption by the cell. Kalkitoxin inhibited oxygen consumption within the same range
of concentrations that inhibited hypoxia-induced HIF-1 activation (Figure 5A). The potency for
kalkitoxin to suppress cellular respiration is comparable to that observed for the ETC complex I
inhibitor rotenone (Figure 5B). Mechanistic studies were performed to discern the specific site that
kalkitoxin targets within the mitochondrial ETC. Kalkitoxin was first tested to see if it acts as an
inhibitor of ETC complex II, III, or IV (Figure 5C). Digitonin-permeabilized T47D cells were
treated with a mixture of malate and pyruvate to start respiration by initiating NADH production,
thereby providing a source of electrons for complex I (NADH-ubiquinone oxidoreductase). The
electrons then pass through a series of ETC electron carriers to oxygen that acts as the end electron
acceptor. As anticipated, the standard complex I inhibitor rotenone (1 M) inhibited oxygen
consumption (Figure 5C). The ETC complex II (succinate-ubiquinone oxidoreductase) substrate
succinate overcame rotenone-stalled respiration by shuttling electrons to complex III. Because
kalkitoxin (30 nM) did not inhibit respiration in the presence of succinate, kalkitoxin did not appear
to inhibit complex II, III, or IV (Figure 5C). In contrast, antimycin A (1 M) [an inhibitor of
complex III (ubiquinol-cytochrome c oxidoreductase)] suppressed respiration in the presence of
succinate. A mixture of ascorbate and TMPD (N,N,Nƍ,Nƍ-tetramethyl-p-phenylenediamine) that
serves as an electron source for cytochrome c and hence for complex IV (cytochrome c oxidase)
resumed respiration that was blocked by antimycin A at complex III. These control experiments
indicate that each of the ETC complexes II, III, or IV remain functional and are not affected by
kalkitoxin treatment. To confirm that kalkitoxin inhibits mitochondrial respiration by selectively
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targeting complex I, kalkitoxin (30 nM) was added to permeabilized T47D cells following
respiration initiation by a malate/pyruvate mixture. Kalkitoxin decreased respiration and succinate
overcame this inhibition by shuttling electrons directly to complex III, thus circumventing the
inhibitory effect of kalkitoxin on complex I (Figure 5D). Taken together, these results indicate that
kalkitoxin potently suppresses mitochondrial respiration in tumor cells by selectively inhibiting
ETC complex I.
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Figure 5. Kalkitoxin inhibits mitochondrial respiration by targeting ETC complex I.
(A) Kalkitoxin was added to T47D cells at the specified concentrations and the rates of
oxygen consumption determined using a Clark-type oxygen electrode. Data shown are
average + standard deviation from three independent experiments. An “∗” indicates
statistically significant difference when compared to the untreated control (“C”);
(B) Concentration-response of rotenone on T47D cell respiration. Data presentation in
(B) is the same as described in (A); (C,D) Mitochondrial substrates and inhibitors were
added to digitonin-permeabilized T47D cells in the specified sequential order and the
rates of oxygen consumption measured.
2.5. Tumor Cell Proliferation/Viability
In general, standard cytostatic/cytotoxic assays of 48 h duration are performed to evaluate the
anticancer potential of active leads [31]. Our studies and those of McLaughlin and coworkers’
indicate that an extended exposure time (e.g., six days) is required to observe the full impact of
mitochondrial ETC inhibitors on tumor cell proliferation and/or viability [28,32]. To determine the
effects of kalkitoxin on tumor cell proliferation/viability, concentration-response studies were
performed following both standard and extended exposure schedule (48 h and 144 h, respectively).
Enhanced inhibition was observed with all three-cell lines (human breast cancer T47D and
MDA-MB-231, and neuroblastoma SH-SY5Y) in the extended exposure study (Figure 6A). The
most pronounced increase was observed in T47D cells (Figure 6A). Additionally, exponentially
grown HCT116 cells were exposed to kalkitoxin at the specified concentrations for five days and
the surviving cells monitored using the trypan blue excluding method. Kalkitoxin decreased
HCT116 survival with an IC50 value of 1 ng/mL (or 2.7 nM, Figure 6B). The impact of kalkitoxin
on tumor cell survival was further examined in a clonogenic assay. HCT116 cells were exposed to
kalkitoxin for the specified amount of time (2 h, 24 h, and 168 h, respectively), and the ability of
treated cells to form colonies determined (Figure 6C). While little if any cell killing occurred for
either a 2 or 24 h exposure for concentrations up to 100 g/mL (270 M), an extended exposure
(168 h) to kalkitoxin was required to significantly suppress tumor cell colony formation, similar to
that observed in Figure 6B.
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Figure 6. Kalkitoxin suppresses tumor cell proliferation/viability in a cell line- and
time-dependent manner. (A) Exponentially grown T47D, MDA-MB-231, and
SH-SY5Y cells were exposed to kalkitoxin at the specified concentrations for 48 h (2 days)
and 144 h (6 days), respectively. Cell viability was determined by the SRB method and
presented as “% Inhibition” of the untreated control (average ± standard deviation,
n = 3); (B) HCT116 cells were exposed to kalkitoxin at the specified concentrations for
5 days and the number of surviving cells determined by trypan blue exclusion.
Surviving fraction data are presented as the average ± standard deviation (n = 3);
(C) Following kalkitoxin treatment for 2, 24, and 168 h at the specified concentrations,
HCT116 cells were detached and plated at low density. Seven days later, the number of
colonies was counted and the surviving fraction data presented (average ± standard
deviation, n = 3).
2.6. Neurotoxicity
Exposure to certain mitochondrial inhibitors is associated with neurotoxicity [33,34]. Kalkitoxin
was evaluated for potential neurotoxicity using primary rat cerebellar granule neurons (CGNs) as
an in vitro model. Following compound treatment (24 h), CGNs were stained with propidium
iodide (PI) for dead cells and Hoechst-33342 for all cells. Because PI does not penetrate intact cell
membranes, it stains both late stage apoptotic and necrotic cells (Figure 7A). The cells were
counted and grouped, based on morphological characteristics (live versus dead, Figure 7B).
Relatively high kalkitoxin concentrations (i.e., 100 nM, 24 h) killed most cells, but intermediate
concentrations (i.e., 30 nM) induced only moderate cytotoxicity (Figure 7B). The neurotoxicity
incurred by kalkitoxin is comparable to that observed with the positive control, mitochondrial ETC
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complex I inhibitor, rotenone (Figure 7B). Kalkitoxin was reported to incur CGN toxicity with a
LC50 value of 3.86 nM [9]. Treatment condition-associated stress (e.g., 22 °C versus 37 °C, Locke’s
buffer versus culture media, etc.) may have enhanced the neurotoxic effect of kalkitoxin in the
previous studies.
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Figure 7. Kalkitoxin induces neurotoxicity in vitro. (A) Representative images of PI
and Hoechst-33342 stained rat CGNs exposed to media (control) and kalkitoxin (30 and
100 nM, respectively) for 24 h; (B) The extent of cell death was quantified by counting
live and dead (PI positive) neurons in four randomly selected fields for each specified
condition. Data shown are mean + standard error (n = 8), pooled from two independent
experiments. An “∗” indicates statistically significant difference when compared to the
untreated control.
3. Experimental Section
3.1. Tumor Cell Culture, Cell-Based Reporter and Viability Assays
The T47D, MDA-MB-231, SH-SY5Y, and HCT116 cells were from ATCC. Cells were
maintained in DMEM/F12 media with L-glutamine (Mediatech, Manassas, VA, USA),
supplemented with 10% (v/v) fetal bovine serum (FBS, Hyclone, Logan, UT, USA), 50 units/mL
penicillin and 50 g/mL streptomycin (Gibco, Grand Island, NY, USA). To monitor HIF-1 activity,
a T47D cell-based luciferase assay employing the pHRE3-TK-Luc reporter was performed as
previously described [17]. Except for the HCT116 studies, the sulfarhodamine B method was used
to determine cell viability [25]. For the extended duration six-day exposure study, the conditioned
media were replaced after three days by fresh culture medium that contained test compound. The
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HCT116 cell-based IC50 and clonogenic studies were performed as previously described [35]. Test
compounds were prepared as stock solutions in DMSO or isopropanol as appropriate and stored at
í20 °C. In general, the final solvent concentration was less than 0.5% (v/v).
3.2. RNA Extraction and Quantitative Real Time RT-PCR
Experimental design, detailed procedures, and data analysis were as previously reported [25].
3.3. ELISA Assay for Human VEGF Protein
T47D cell plating, compound treatments, and ELISA assay for secreted VEGF proteins were as
previously reported [17]. Proteins concentrations in the cellular lysate were determined using a
micro BCA assay (PIERCE), and the secreted VEGF protein levels were normalized to those of
cellular proteins.
3.4. HUVEC-Based Tube Formation Assay
The maintenance of HUVEC cells (Lonza, Walkersville, MD, USA), T47D cell-conditioned
media (CM) sample collection, and the HUVEC-based in vitro tube formation assays were
performed and data quantified as described previously [25].
3.5. Nuclear Extract Preparation and Western Blot Analysis
Preparation of nuclear extract samples from both treated and control T47D cells, and
determination of HIF-1Į and HIF-1ȕ proteins by Western blot were described previously [25].
3.6. Mitochondria Respiration Assay
The oxygen consumption rates of T47D cells were monitored using an Oxytherm Clarke-type
electrode System (Hansatech, Norfolk, UK). The effects of purified compounds on cellular
respiration were determined using a non-permeabilized cell-based respiration assay [25].
Mechanistic studies were conducted in digitonin-treated cells with permeabilized plasma
membrane to manipulate mitochondrial substrates and inhibitors. Detailed experimental procedures
and reagents were as previously described [25].
3.7. Cerebellar Granule Neuron Preparation and Neurotoxicity Assay
Experiments that involved the use of rat-derived materials were approved by the Institutional
Animal Care and Use Committee, University of Mississippi (File Number 06-009, approved on
25 October 2005), and were handled in strict accordance with good animal practice as defined by
the NIH guidelines. Detailed experimental procedures and reagents were as previously
described [28].
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3.8. Statistical Analysis
Data were compared using one-way ANOVA followed by Bonfferoni post hoc analyses
(GraphPad Prism 4). Differences were considered statistically significant when p < 0.05.
4. Conclusions
Sodium channel and mitochondria-associated neurotoxicity may limit the therapeutic potential
of kalkitoxin as an antitumor chemotherapeutic agent. Mechanistically, kalkitoxin and other
recently reported marine natural product HIF-1 inhibitors (Figure 8) suppress the multi-enzyme
mitochondrial NADH-ubiquinone oxidoreductase system (electron transport chain complex I), thus
disrupting mitochondria-mediated hypoxic signaling. Examples of mitochondria-targeted HIF-1
inhibitors include an assortment of sponge metabolites (e.g., mycothiazole [28], lehualide B [36],
furospongolide [37], and the mycalinitriles [38]), and structurally dissimilar algal natural
products [39,40]. Kalkitoxin production by the marine cyanobacterium, Moorea producens, is
physiologically and ecologically intriguing. The propensity of kalkitoxin to potently and selectively
block both voltage-sensitive sodium channels and complex I of the mitochondrial electron transport
chain appears to be unnecessarily redundant means of chemical defense. The production of potent
sodium channel-targeted toxins would seem to impart a more than adequate defense against
herbivorous grazers. However, recent studies indicate that a number of marine invertebrates and
fish species have evolved altered sodium channels with reduced sensitivity to TTX-VSSC-targeted
toxins (reviewed in [41]). This is not particularly surprising, considering the potential for regular
exposure of marine filter feeders and grazers to algae- and bacteria-derived sodium channel
inhibitors (e.g., saxitoxin and tetrodotoxin), and adaptive pressure for the presumably defensive
physiological accumulation of these neurotoxins in the tissues of invertebrate [e.g., blue-ringed
octopus (Hapalochlaena spp.)] and vertebrate species [e.g., pufferfish (Diodon spp.)]. Thus, by
simultaneously acting as both a voltage-gated Na+ channel blocker and a potent rotenone-like
mitochondrial disruptor, kalkitoxin may be able to provide an additional level of grazing defense
against a broad range of herbivore species.
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Figure 8. Examples of marine invertebrate metabolites that have recently been found to
inhibit mitochondrial electron transport chain complex I and disrupt HIF-mediated
hypoxic signaling in tumor cells.
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The Marine Metabolite SZ-685C Induces Apoptosis in
Primary Human Nonfunctioning Pituitary Adenoma Cells by
Inhibition of the Akt Pathway in Vitro
Xin Wang, Ting Tan, Zhi-Gang Mao, Ni Lei, Zong-Ming Wang, Bin Hu, Zhi-Yong Chen,
Zhi-Gang She, Yong-Hong Zhu and Hai-Jun Wang
Abstract: Nonfunctioning pituitary adenoma (NFPA) is one of the most common types of pituitary
adenoma. The marine anthraquinone derivative SZ-685C has been isolated from the secondary
metabolites of the mangrove endophytic fungus Halorosellinia sp. (No. 1403) which is found in the
South China Sea. Recent research has shown that SZ-685C possesses anticancer and tumor
suppressive effects. The tetrazolium-based colorimetric assay (MTT assay) to investigate the
different effect of the marine compound SZ-685C on the proliferation of primary human NFPA
cells, rat normal pituitary cells (RPCs) and rat prolactinoma MMQ cell lines. Hoechst
33342 dye/propidium iodide (PI) double staining and fluorescein isothiocyanate-conjugated Annexin
V/PI (Annexin V-FITC/PI) apoptosis assays detected an enhanced rate of apoptosis in cells treated
with SZ-685C. Enhanced expression levels of caspase 3 and phosphate and tensin homolog (PTEN)
were determined by Western blotting. Notably, the protein expression levels of Akt were decreased
when the primary human NFPA cells were treated with SZ-685C. Here, we show that SZ-685C
induces apoptosis of human NFPA cells through inhibition of the Akt pathway in vitro. The
understanding of apoptosis has provided the basis for novel targeted therapies that can induce death
in cancer cells or sensitize them to established cytotoxic agents and radiation therapy.
Reprinted from Mar. Drugs. Cite as: Wang, X.; Tan, T.; Mao, Z.-G.; Lei, N.; Wang, Z.-M.; Hu, B.;
Chen, Z.-Y.; She, Z.-G.; Zhu, Y.H.; Wang, H.-J. The Marine Metabolite SZ-685C Induces
Apoptosis in Primary Human Nonfunctioning Pituitary Adenoma Cells by Inhibition of the Akt
Pathway in Vitro. Mar. Drugs 2015, 13, 1569-1580.
1. Introduction
Pituitary adenomas (PAs) are one of the most common intracranial tumors with a prevalence of
about 80–90/100,000 people [1–3]. They can be divided into secretory and non-secretory varieties,
with nonfunctioning pituitary adenomas (NFPAs) accounting for about 40% of all pituitary
adenomas [4]. They can lead to a range of clinical symptoms usually due to local mass effects such
as neurological (headache), ophthalmological (visual ¿eld defects and visual loss), and endocrine
(hypopituitarism and hyperprolactinemia) symptoms [5,6]. At present, no medical treatment is
available to control tumor growth in NFPA [7]. The limited effectiveness of surgery and the risks
inherent to radiation therapy warrant the search for new therapeutic options.
In recent years, a wide variety of metabolites has been isolated from marine microorganisms and
they have demonstrated huge potential for drug development [8]. They are increasingly attracting
the attention of pharmaceutical scientists because of their unique structural properties and specific
bioactivity profiles [9,10]. Marine-derived fungi have provided more than 1000 new natural
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products [11]. Halorosellinia sp., a genus of fungi in the family Xylariaceae, was first studied for
secondary metabolite production by Wyeth [12]. It produce many secondary metabolites, some of
them with relevant bioactivity, such as Haloroquinone, a protein kinase B inhibitor [13].
Xia et al. [14] isolated the fungus Halorosellinia sp., from decayed wood in Hong Kong and a salt
lake in the Bahamas, and produced two new anthraquinones.
SZ-685C, a novel marine anthraquinone derivative, was isolated from the secondary metabolites
of a mangrove endophytic fungus, Halorosellinia sp. (No. 1403) from Kandelia candel (L.) druce,
which is found in the South China Sea (Figure 1). Recent studies have found that this compound
can inhibit the growth of a variety of tumor cells, including human glioma, hepatoma, prostate
cancer, breast cancer, and nasopharyngeal carcinoma cells [15–17].
Apoptosis is the process of programmed cell death, regulated by a complex network of
proliferation and survival genes. Akt is a central node in several essential cellular functions and
also contributes to tumorigenesis and tumor metastasis [18]. Therefore, drugs that inhibit the Akt
pathway may be effective against many human cancers. This study was carried out to evaluate the
effectiveness of SZ-685C in the treatment of NFPA. Our results showed that SZ-685C suppressed
the Akt pathway and induced apoptosis in primary NFPA cells.

Figure 1. Chemical structure of SZ-685C.
Our current study investigated whether SZ-685C can override chemoresistance by inhibiting Akt
signaling in primary human nonfunctioning pituitary adenomas cells.
2. Results and Discussion
2.1. Identification of Nonfunctioning Pituitary Adenoma (NFPA) Cells Using Electron Microscopy
and Immunostaining
We evaluated the ultrastructural and morphometric characteristics of NFPAs by using
transmission electron microscopy. We found that an intact cell membrane, large nucleus, abundant
euchromatin, and the nucleolus are obvious. In the cytoplasm, the abundance of mitochondria and
the small number of secretory granules, allowed us to identify the cultured cells as NFPAs
(Figure 2).
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Figure 2. Ultrastructure of an nonfunctioning pituitary adenoma (NFPA) cell. At the
ultrastructural level, the large cells possess numerous mitochondria and a few secretory
granules, but an otherwise simple cytoplasm. (A) Magni¿cation: ×5800, scale bar: 2
ȝm. (B) Magni¿cation: ×9700, scale bar: 1 ȝm.
Cytokeratins (CKs) are typically expressed in epithelial cells, whereas vimentin can be found in
cells of mesenchymal origin. Co-expression of vimentin and CKs is believed to be the hallmark of
epithelial-to-mesenchymal or mesenchymal-to-epithelial transformations of developing tissues. In
this study, we analyzed the expression and co-expression of simple epithelial CK8 and vimentin in
NFPA cells. The cells’ nuclei were stained with Hoechst 33342 dye, which emits a blue
fluorescence, and CK8 and vimentin, which emit a green fluorescence (Figure 3).

Figure 3. (A) CK8 and Hoechst immunoÀuorescent staining; (B) Vimentin and
Hoechst immunoÀuorescent staining. Magni¿cation: × 400, scale bar: 100 ȝm.
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2.2. Growth Inhibition of Primary Human Nonfunctioning Pituitary Adenoma Cells Induced
by SZ-685C
We used a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay to
investigate the effect of the marine compound SZ-685C on the proliferation of human NFPA. Upon
treatment of the cells with different concentrations of SZ-685C for 24 h, an obvious inhibitory
effect of SZ-685C on cellular proliferation was observed in both the rat normal pituitary cells
(RPCs) and rat pituitary adenoma MMQ cell lines. Primary cultures of human nonfunctioning
pituitary adenomas cells also exhibited significantly inhibited growth in a dose-dependent manner.
We calculated the half maximal inhibitory concentrations (IC50) using SPSS 13.0, which revealed
that the IC50s of SZ-685C in NFPA, MMQ and RPC cells were 18.76 ± 7.43 ȝM, 14.51 ± 2.11 ȝM,
and 56.09 ± 5.18 ȝM, respectively. The difference between the IC50s of the two groups was
statistically significant (p < 0.05) (Figure 4).
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Figure 4. Growth-inhibitory effect of SZ-685C in rat normal pituitary cells (RPCs) and
rat prolactinoma MMQ cell lines and primary NFPA cells. All of the cells were treated
with the indicated dose of SZ-685C for 24 h and cell viability was determined using an
MTT assay.
2.3. SZ-685C Induces Apoptosis in MMQ Pituitary Adenoma Cells
We next investigated whether the inhibition of cell growth induced by SZ-685C in NFPA cells
was dependent on the apoptotic pathway. To determine this, we stained MMQ cells with a Hoechst
33342 dye/propidium iodide (PI) double stain after treatment with SZ-685C. The chromatin of cells
undergoing apoptosis appears brighter than that of surviving cells due to the red-fluorescence
imparted to it by the PI (Figure 5A). A fluorescein isothiocyanate-labeled Annexin V (Annexin
V-FITC) and PI apoptosis assay was used to observe programmed cell death by nuclear staining
(Figure 5C,D) and flow cytometry (Figure 5B). At the beginning of cellular apoptosis, the
membrane phosphatidylserine (PS) flips from the inner face of the plasma membrane to the outer
layer, enabling it to bind to Annexin V-FITC. Whereas intact cell membranes exclude PI, dead
cells, or those in later stages of apoptosis, are permeable to PI. Flow cytometry showed an
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increasing apoptosis rate with increasing concentrations of SZ-685C; the 20 M group exhibited
the highest rate of apoptosis at 58.2%.

Figure 5. Cont.
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Figure 5. Induction of apoptosis in NFPA cells by SZ-685C. (A) Hoechst/propidium
iodide (PI) staining and fluorescein isothiocyanate labeled Annexin V (Annexin
V-FITC)/PI staining (D) of NFPA cells treated with SZ-685C (×100, scale bar:
100 m; × 200, scale bar: 50 m); (B) Cells were exposed to different concentrations (0,
5, 10, 20 ȝM) of SZ-685C for 24 h. Cells were then collected and subjected to Annexin
V-FITC/PI staining, Hoechst /PI staining and analyzed by flow cytometry (FCM);
(C) According to the results of FCM (B), NFPA cells were treated with SZ-685C for
indicated concentration, the apoptosis rate was increased; * p < 0.05.
Results showed that treatment of NFPA cells with SZ-685C dramatically increased the
population of cells stained with both Annexin V and PI (p = 0.018, p = 0.021), with about 40% of the
cells entering apoptosis (Figure 5C). The rates of apoptosis were higher in cells that were treated
with SZ-685C than in those which were not. In addition, the expression of both caspase-3 and
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phosphate and tensin homolog (PTEN) was up-regulated upon treatment with SZ-685C as
demonstrated by Western blotting analysis (Figure 6, p = 0.004). Notably, the protein expression
levels of Akt were decreased when the NFPA cells were treated with SZ-685C (Figure 6).

Figure 6. Effects of SZ-685C on apoptosis-related proteins. Western blotting analysis
of apoptosis-related proteins incascluding AKT, phosphate and tensin homolog
(PTEN), and caspase-3 of the NFPA cells treated with or without 20 M of SZ-685C.
Band intensity was normalized to ȕ-actin expression by densitometry.
3. Discussion
There is currently no medical treatment for NFPA, and surgery and radiotherapy constitute the
cornerstone of therapy. The risks associated with surgical complications and the side effects of
radiotherapy underscore the need for new treatment modalities. At present, no NFPA cell lines
exist that can be cultured in vitro; in this study, we cultured primary human nonfunctioning
pituitary adenoma cells from pathological specimens obtained during surgery.
Anthracyclines, so far the most effective anti-cancer agents and commonly used in the clinic,
such as Doxorubicin (trade name Adriamycin), Daunorubicin (daunomycin or rubidomycin),
Zorubicin (Rubidazone), and Carubicin (carminomycin) [19]. They can against various types of
cancer, including breast cancer, leukemias, lymphomas and endometrial carcinoma, etc. [20].
However, their severe adverse side effects hampered the successful use of these drugs. Cardiac
toxicity is the most serious consequence of anthracycline therapy.
In our previous study, we found that the anthraquinone derivative SZ-685C significantly
suppressed the proliferation of the MMQ rat pituitary adenoma cell line and induced apoptosis
through the downregulation of miR-200c [21]. Caspases play an important role in cell apoptosis.
Activation of caspases appears to be directly responsible for many molecular and structural
changes involved in apoptosis. The caspase-dependent process of programmed cell death can
proceed through two pathways of anticancer drug-induced apoptosis: the extrinsic (death receptor)
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pathway and the intrinsic (mitochondrial) pathway. Caspase-3 is one of the downstream effectors
of the caspase family, and is thought to be involved in both the mitochondrial apoptotic pathway
and the death receptor pathway. In this study, we observed that the SZ-685C induced apoptosis in
NFPA cells is accompanied with increased caspase activity. Taken together, our data strongly
suggest that SZ-685C-induced cytotoxicity may be mediated through caspase-dependent apoptosis.
The Akt signaling pathway plays a crucial protective role against programmed cell death in
cancer cells. Akt is an important oncogenic protein that can regulate various important processes in
the cell by influencing the participation of other proteins. We investigated whether inhibition of the
Akt signaling pathway had an effect on its downstream targets in SZ-685C-treated NFPA cells.
Zhu et al. reported that SZ-685C induces apoptosis in adriamycin-resistant human breast cancer
cells both in vitro and in vivo, and that it exerts these antitumor effects through suppressing Akt
signaling [17]. Xie et al. found that SZ-685C inhibits the growth of six tumor cell lines, including
human glioma, hepatoma, prostate cancer, and breast cancer (IC50 = 3.0–9.6 ȝM). They also found
that SZ-685C inhibits tumor growth in nude mice by inducing apoptosis via the Akt/FOXO
pathway [15]. Wang et al. reported that SZ-685C displayed a potent cytocidal effect in both
radiosensitive and radioresistant human nasopharyngeal carcinoma (NPC) cells via the miR-205PTEN-Akt pathway [16].
We have demonstrated that SZ-685C could destroy tumor cells via activating caspase-3mediated apoptotic mechanisms through suppressing the phosphorylation of Akt. Our study shows
that the expression of Akt-related genes is decreased after treatment with SZ-685C.
Our experiments were limited by the scarcity of NFPA samples and their inherently slow growth
rate. We need to continue investigating the mechanism of SZ-685C-induced apoptosis and
collecting more biological tissue samples from the clinic. Understanding the mechanism of
apoptosis could provide the basis for novel targeted therapies that can induce death in cancer cells
or sensitize them to established cytotoxic agents and radiation therapy [22].
4. Experimental Section
4.1. Preparation of SZ-685C
SZ-685C was prepared and puri¿ed from mangrove endophytic fungus (No. 1403), as
previously reported [15]. The compound was dissolved in dimethyl sulfoxide (DMSO, 2.5‰ of final
concentration) to a concentration of 1 mM as a stock solution and diluted as indicated, according to
experimental requirements.
4.2. Cell Culture
RPC cells (ScienCell, Logan, UT, USA, NO: R1200), an adherent cell line, were cultured in
RPMI 1640 medium (Hyclone, Logan, UT, USA) supplemented with 10% fetal bovine serum (Gibco,
New York, NY, USA), 100 mg·mLí1 streptomycin and 100 units·mLí1 penicillin (Invitrogen,
Grand Island, NY, USA). The rat pituitary adenoma cell lines, MMQ and GH3, were purchased
from Xie-he Bank (Beijing, China). They were cultured in DMEM/F-12 medium (Hyclone, USA)
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supplemented with 15% horse serum (Gibco, USA) and 2.5% FBS (Gibco, USA). All of the cell
lines were cultured at 37 °C in a humidi¿ed atmosphere of 5% CO2 [23].
4.3. Pituitary Adenoma Samples
All of the pituitary adenoma samples were obtained from the Department of Neurosurgery and
Pituitary Tumor Center of the First Affiliated Hospital, Sun Yat-sen University (Guangzhou,
China). The local ethical committee approved the patients’ treatment, and all of the participants
provided informed written consent.
4.4. Cell Viability Assay
MTT assays were used to assess cell viability. NFPA cells and MMQ cells were seeded in
96-well plates (Corning, New York, NY, USA) at a density of 5 × 104 cells per well and cultured in
serum-free DMEM/F-12 medium for 24 h. Then, each well was stimulated with the indicated
concentration of SZ-685C (0–40 M) for 24 h. The adherent cell line, RPC, was seeded and
stimulated by the drug as described in the NFPA cell protocol. Subsequently, 10 ȝL MTT (dissolved
in phosphate-buffered saline (PBS) at a pH of 7.4 (5 mg·mLí1; Sigma, St. Louis, MO, USA) was
added to each well and incubated for 4 h at 37 °C in a humidi¿ed atmosphere of 5% CO2. Next,
100 L acidified isopropyl alcohol was added. Then, the optical density (OD) was measured by a
Sunrise microplate reader (TECAN, Männedorf, Switzerland) at 570 nm with a reference
wavelength of 630 nm. The IC50 was analyzed by SPSS 13.0 (SPSS, Chicago, IL, USA). The cell
viability rate was calculated as follows: Cell viability rate = ((OD of treated cells í OD of
blank)/(OD of control cells í OD of blank)) × 100%.
4.5. Hoechst 33342/PI Dye Assay
Apoptotic cells were detected by a Hoechst 33342/PI dye assay. The cultured primary NFPA
cells were harvested and seeded in 6-well plates (4 × 105/well) and incubated with the indicated
concentrations of SZ-685C for 24 h. Then, the cells were collected and washed three times with
PBS, and stained using 10 ȝL Hoechst 33342 (5 ȝg/mL; Keygen Biotech, Nanjing, China) and 5 ȝL
PI (2.5 ȝg/mL; Keygen Biotech, Nanjing, China) in PBS. Finally, the apoptotic cells were observed
under the fluorescence microscope (Axio Observer Z1, Peabody, MA, USA).
4.6. Annexin V-FITC/PI Staining
The apoptosis rate of MMQ cells was determined using Annexin V-FITC and PI staining
(eBioscience, San Diego, CA, USA). NFPA cells were treated with SZ-685C at the indicated
concentration for 24 h in 6-well plates (2 × 105 cells/mL). Then, cells were collected and washed
with PBS three times and resuspended in 500 ȝL binding buffer. Next, 5 ȝL Annexin V-FITC and
10 ȝL PI were added to each sample, and the samples were incubated in the dark for 10 min. Cell
fluorescence was analyzed immediately after staining with the fluorescence microscope and flow
cytometer (Epics XL-MCL, Beckman Coulter, Indianapolis, IN, USA). The FITC signal detector
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(FL1) and PI staining signal detector (FL3) were used to detect the cells with the Àow cytometer
(Ex = 488 nm; Em = 530 nm).
4.7. Western Blotting
Total protein was extracted from NFPA cells after treatment at different concentrations of
SZ-685C for 24 h using a lysis buffer (Applygen, Beijing, China). The protein concentrations were
measured using a Bio-Rad protein assay kit (Bio-Rad Laboratories Inc., Hercules, CA, USA), and
30 g of total protein was subjected to SDS-PAGE immunoblotting analysis. Polyvinylidene
fluoride (PVDF) membranes (Bio-Rad Laboratories Inc., USA) were blocked with 5% non-fat milk in
TBST (Tris-buffered saline containing 0.1% Tween 20; Sigma, USA) for 1 h at room temperature.
After washing twice with TBST (5 min each), the membrane was incubated with caspase-3
(1:1000; ABclonal, Cambridge, MA, USA), Akt (1:1000; ABclonal, USA), PTEN (1:1000; Cell
Signaling Technology, Danvers, MA, USA), and ȕ-actin primary antibodies (1:2000; Santa Cruz,
Dallas, TX, USA) at 4 °C overnight. The next day, the membrane was incubated with a horseradish
peroxidase-conjugated secondary antibody (ProteinTech, Chicago, IL, USA) for 1 h at room
temperature, and signal detection was performed using the ultrasensitive ECL Plus Detection
Reagent (Applygen Technologies Inc, Beijing, China).
5. Conclusions
Our data suggest that SZ-685C may be a potentially promising Akt inhibitor and anti-cancer
agent for the treatment of NFPA (Nonfunctioning pituitary adenoma).
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First Evidence that Ecklonia cava-Derived Dieckol Attenuates
MCF-7 Human Breast Carcinoma Cell Migration
Eun-Kyung Kim, Yujiao Tang, Yon-Suk Kim, Jin-Woo Hwang, Eun-Ju Choi, Ji-Hyeok Lee,
Seung-Hong Lee, You-Jin Jeon and Pyo-Jam Park
Abstract: We investigated the effect of Ecklonia cava (E. cava)-derived dieckol on movement
behavior and the expression of migration-related genes in MCF-7 human breast cancer cell.
Phlorotannins (e.g., dieckol, 6,6ƍ-biecko, and 2,7Ǝ-phloroglucinol-6,6ƍ-bieckol) were purified from
E. cava by using centrifugal partition chromatography. Among the phlorotannins, we found that
dieckol inhibited breast cancer cell the most and was selected for further study. Radius™-well was
used to assess cell migration, and dieckol (1–100 M) was found to suppress breast cancer cell
movement. Metastasis-related gene expressions were evaluated by RT-PCR and Western blot
analysis. In addition, dieckol inhibited the expression of migration-related genes such as matrix
metalloproteinase (MMP)-9 and vascular endothelial growth factor (VEGF). On the other hand, it
stimulated the expression of tissue inhibitor of metalloproteinase (TIMP)-1 and TIMP-2. These
results suggest that dieckol exerts anti-breast cancer activity via the regulation of the expressions of
metastasis-related genes, and this is the first report on the anti-breast cancer effect of dieckol.
Reprinted from Mar. Drugs. Cite as: Kim, E.-K.; Tang, Y.; Kim, Y.-S.; Hwang, J.-W.; Choi, E.-J.;
Lee, J.-H.; Lee, S.-H.; Jeon, Y.-J.; Park, P.-J. First Evidence that Ecklonia cava-Derived Dieckol
Attenuates MCF-7 Human Breast Carcinoma Cell Migration. Mar. Drugs 2015, 13, 1785-1797.
1. Introduction
Brown algae, E. cava have been reported to possess various pharmaceutical and biological
properties, including anti-cancer, anti-oxidant, anti-allergic, and anti-neurodegenerative effects [1–4].
Phlorotannins (e.g., dieckol, 6,6ƍ-bieckol, and 2,7Ǝ-phloroglucinol-6,6ƍ-bieckol) are the main
bioactive components of E. cava [5]. Their chemical structures are shown in Figure 1. In particular,
dieckol is reported to possess inhibitory activity against ovarian and hepatocellular cancers [6,7].
However, the anti-breast cancer effect of dieckol has not been investigated.
Breast cancer mortality rates have gradually decreased over the last two decades due to newly
developed treatment strategies [8]; however, the disease incidence in the United States is still the
highest among all cancers in women [9]. It is also the most frequent cause of cancer-related deaths in
women [10]. Moreover, breast cancer incidence is rising more rapidly in Asia than in high-risk
countries [11]. Therefore, more effective strategies for breast cancer prevention are needed.
Tumor metastasis is a multi-process phenomenon involving the participation of various
metastasis-related genes, and almost all cancer deaths are caused by metastasis [12]. Metastasis is
the process by which a cancer cell leaves its original location or organ, moves to another site that is
not directly connected to the primary site via the circulatory system, and produces a secondary
cancer [13]. Matrix metallopeptidases (MMPs) promote tumor progression and metastasis in
invasive cancers by cleaving the extracellular matrix (ECM) surrounding the tumor tissue. The
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degradation of ECM not only assists the migration of metastatic cancerous cells, but also allows for
enhanced tumor growth by providing the necessary space [14]. Therefore, MMPs are key targets
for many oncogenes [15]. Further, it is noteworthy that the ratio of active to latent forms of MMP-9
increases with tumor progression in invasive cancers. MMP-9 and its family members also promote
angiogenesis, a critical process required for tumor cell survival, by degrading the vascular
basement membrane interstitium and by releasing sequestered vascular endothelial growth factor
(VEGF), a well know angiogenic molecule [16,17]. MMP activity is regulated by endogenous
inhibitors, the tissue inhibitors of MMP (TIMPs), which closely bind to MMPs with 1:1
stoichiometry, and MMP activity is correlated with the physiological and pathological processes
that coordinate the degradation and accumulation of the ECM [18]. Therefore, blocking the
progress of these processes is also a valuable approach to cancer therapy.
Therefore, in the present study, we investigated the effects of dieckol obtained from E. cava on
the migration behavior and the expression of metastasis-related genes in vitro using MCF-7 human
breast cancer cell.

Figure 1. Chemical structures of phlorotannins from E. cava.
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2. Results and Discussion
2.1. Selection of One of the Biological Components in E. cava
Dieckol showed the greatest inhibitory activity at 2–128 M, with inhibition percentages ranges
of 17.50%–57.69% (Figure 2). Generally, dieckol has been shown to possess inhibitory activity
against cancers as well as some enzymes including Į-glucosidase and Į-amylase in vitro, and to
alleviate postprandial hyperglycemia in streptozotocin-induced diabetic mice [6,7,19]. In addition,
6,6ƍ-bieckol and 2,7Ǝ-phloroglucinol-6,6-bieckol from E. cava have been reported to exhibit
antioxidant properties [20,21]. However, little information exists concerning which component is
effective in breast cancer prevention or therapy. We conducted a cell cytotoxicity assay to
determine which molecule most effectively inhibits breast cancer cell viability. MCF-7 cells were
treated with three components at the indicated concentrations for 48 h. As a result, dieckol was
selected for the anti-breast cancer study.

Figure 2. Effect of dieckol on the viability of MCF-7 cells. Cells were treated with
various concentrations of dieckol for 48 h followed by MTT assay, and then the
absorbance was measured. Cell viability was calculated as the relative absorbance
compared to DMSO vehicle control absorbance.
, dieckol;
, 6,6ƍ-bieckol;
, 2,7Ǝphloroglucinol-6,6-bieckol.
2.2. The Effect of Dieckol on Migration in Human Breast Cancer Cells
To examine the effect of dieckol on breast cancer cell migration, we carried out gap-closure
assay using Radius™ wells. To stimulate cell migration, estradiol (E2) was treated on the cell
before dieckol treatment. To compare the differences in migratory gap, images were captured at the
same size, and the gap-closure was determined after the indicated times (0, 8, 12, and 24 h) and
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compared between each group. After 24 h, the gap closed by approximately 74.7% in the E2
alone-treated group. As shown in Figure 3, dieckol resulted in significantly lower cell motility in a
dose-dependent fashion, compared to that in the E2 alone-treated group. Most cancer deaths are
caused by the dissemination of tumors from their primary site. Cancer cells migrate in a highly
orchestrated manner that depends on both internal and external signals [22], such as integrins [23],
adhesion receptors [24], and chemical signals sensed by chemokine and growth factor receptors [25].
The gap-closure zone assay was recently created to assess cell migration. In this assay, cells are
grown on a well bottom around something (e.g., a stopper placed in the middle of the well) that
prevents them from growing in one particular region [26]. The experiment begins when the stopper
is removed, and the migration of the cells to fill the void in the monolayer is studied. The
advantage of the gap-closure assay is that the cell movements can be studied continuously in real
time without possible complications of wound-related factors. Due to this advantage, time-series
pictures were captured (Figure 3A).

Figure 3. Migration rates of dieckol-treated MCF-7 cells. (A) Cell migration time
course. Images were captured at the same size after the indicated times (0, 8, 12, and 24 h);
(B) The gap closure was determined after 24 h using CellProfiler™ software. Values
not sharing a common letter are significantly different at p < 0.05 by Dunnett’s multiple
range test.
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2.3. The Effect of Dieckol on the Expression of Migration-Related Genes in Human Breast
Cancer Cell
As shown in Figure 4A–D, dieckol didn’t significantly affect the mRNA expression. On the
contrary, dieckol significantly affected the protein expression (Figure 4E–H). Briefly, the protein
expression of MMP-9 was significantly inhibited (Figure 4E,F). On the other hand, the protein
expressions of TIMP-1 and TIMP-2 were significantly increased in dieckol-treated human breast
cancer cell (Figure 4E,G,H). Meanwhile, the protein expression of MMP-9 was in a dose-independent
manner, while TIMPs were in a dose-dependent manner. The effect of the concentrations on the
genes should be further investigated. Cancers exhibit two modes of motility: adhesion
receptor-mediated basal movement and a faster motility in response to soluble growth factors [27].
Growth factor receptor-mediated movement is an essential driver of cancer cell dissemination via
metastasis [28,29]. Thus, understanding the key molecular controls of this behavior should provide
novel targets to limit initial or secondary dissemination. From this result, it was clearly seen that
dieckol stimulated the protein expression of TIMPs. TIMPs are glycoproteins that are natural
inhibitors of MMPs as well as a group of peptidases, and are involved in ECM degradation.
Therefore, these data suggest that dieckol suppresses cell migration by up-regulating TIMP-1 and
TIMP-2 levels in MCF-7 human breast cancer cell.
2.4. The Effect of Dieckol on the Expression of the Angiogenesis-Related Gene VEGF in Human
Breast Cancer Cell
Dieckol significantly inhibited the mRNA (Figure 5A,B) and protein (Figure 5C,D) expression
of VEGF in a dose-dependent manner. The angiogenic response is induced by growth factors
such as VEGF, basic fibroblast growth factor (bFGF), platelet-derived growth factor (PDGF), and
chemokines [30]. ECM is degraded by several matrix-degrading enzymes [31], such as MMPs,
which are produced by stromal cells, endothelial cells, or tumor cells themselves [32]. Therefore,
VEGF has been recognized as a key potential target for pharmacological inhibition of tumor
angiogenesis, and from Figure 5, we confirmed that dieckol possessed the inhibitory effect
of VEGF.
Recently, Kim et al., reported the effect of phloroglucinol which is also a phlorotannin
component on breast cancer cells. Phloroglucinol effectively inhibited EMT (epithelial-mesenchymal
cell transition)-related genes such as, FN1, VIM, N-cadherin, SNAIL, etc. EMT is also related to
cancer metastasis, therefore, the investigation has given us motivation to do further study to
investigate the precise cancer inhibitory mechanism of dieckol. All in all, it was proven that brown
algae-derived phlorotannins, including dieckol and phloroglucinol, possessed an inhibitory effect
on cancer metastasis. However the investigation of the precise mechanism of each component is
needed [33].
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Figure 4. The expression of migration-related genes, based on RT-PCR and Western
blot assays. mRNA (A–D) and protein (E–H) expression of migration-related genes,
quantified by Multi Gauge (Fujifilm, Japan). Cells were treated with various
concentrations of dieckol for 48 h with or without E2. The mRNA and protein levels
from whole cell lysates were analyzed by RT-PCR or Western blot, respectively.
GAPDH and ȕ-actin were used as loading controls. The results were similar in three
independent experiments. * Significantly different from the E2 alone group at p < 0.05.
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Figure 5. The mRNA and protein expression of VEGF. mRNA (A,B) and protein
(C,D) expression of VEGF were quantified by Multi Gauge (Fujifilm, Japan). Cells
were treated with various concentrations of dieckol for 48 h with or without E2. The
mRNA and protein levels from whole cell lysates were analyzed by RT-PCR or
Western blot, respectively. GAPDH and ȕ-actin were used as a loading control. The
results were similar in three independent experiments. * Significantly different from the
E2 alone group at p < 0.05.
3. Experimental Section
3.1. Materials
Marine edible brown seaweed, E. cava, was collected from Jeju Island off the coast of the
Republic of Korea. Fresh E. cava was washed three times with water to remove salt, sand, and
epiphytes. The cleaned E. cava was ground and sifted through a 50 mesh standard testing sieve
after drying in a freeze dryer SFDSMO6 (Samwon Freezing Engineering Co., Gyeonggi, Korea).
The dried E. cava was stored in a refrigerator until use. All solvents used for the preparation of
crude samples were of analytical grade (Daejung Chemicals & Metals Co., Seoul, South Korea).
HPLC grade solvents were purchased from Burdick & Jackson (MI, USA). MCF-7 human breast
cancer cell line was obtained from the Korean Cell Line Bank (Seoul, Korea; KCLB numbers:
30022). RPMI 1640 media for the cells and TRIzol reagent for RNA extraction were from
Invitrogen (Carlsbad, CA, USA). E2 was purchased from Sigma (St. Louis, MO, USA). Primary
antibodies including MMP-9 (SC-10737), TIMP-1 (Cat. SC-6823), TIMP-2 (Cat. SC-6835), VEGF

654
(Cat. SC-152), and ȕ-actin (SC-1616) were purchased from Santa Cruz Biotechnology Inc. (Santa
Cruz, CA, USA) as well as the peroxidase-conjugated secondary antibodies including anti-gout
(SC-2020), and anti-mouse (SC-2005).
3.2. Extraction and Isolation of the Major Components of E. cava
The phlorotannins were isolated according to the previously reported method [34,35]. The dried
E. cava powder (500 g) was extracted using 5 L of 80% aqueous methanol three times at room
temperature. The liquid layer was obtained via filtration, and the filtrate was concentrated using an
evaporator under reduced pressure. The extract was suspended in H2O, and the aqueous layer was
partitioned with ethyl acetate (EtOAc). The EtOAc extract was mixed with celite. The mixed celite
was then dried and packed into a glass column, and subsequently eluted in the following order:
hexane, dichloromethane, diethyl ether, and butanol. The diethyl ether fraction was subjected to
Sephadex LH-20 column chromatography using a stepwise gradient with chloroform/methanol (2/1
to 1/1 to 0/1) solvents system. The dieckol, 6,6ƍ-bieckol, and 2,7Ǝ-phloroglucinol-6,6ƍ-bieckol were
purified by HPLC using a Waters HPLC system equipped with a Waters 996 photodiode array
detector and C18 column (J’sphere ODS-H80, 150 × 20 mm, 4 ȝm; YMC Co., Kyoto, Japan) by
stepwise elution with a methanol-water gradient. Finally, the purified compounds were identified
by comparing the 1H and 13C-NMR spectral data with those in the existing literature [21,34,35].
The chemical structures of the three phlorotannins are indicated in Figure 1.
3.3. Cell Culture
The MCF-7 human breast cancer cell line was cultured in RPMI 1640 media supplemented with
10% FBS and 1% penicillin/streptomycin in a 5% CO2 atmosphere at 37 °C. The cells were seeded
at a density of 5.0 × 105 in a 6-well culture plate. After 24 h, the cells were treated with or without
10 nM of E2 or 1–100 M of dieckol extracts in media for 48 h and then harvested.
3.4. Cytotoxicity Assay
Cell viability was determined by 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide
(MTT) assay in 96-well plates, as previously described [36]. Cells were incubated with various
concentrations of dieckol for 48 h followed by MTT for 4 h, and then 100 ȝL isopropanol (in 0.04
N-hydrochloric acid) was added to dissolve the formazan crystals. The absorbance was read at 570
nm using a spectrophotometer (Tecan, Switzerland). Cell viability was calculated as the relative
absorbance compared to DMSO vehicle control absorbance [36].
3.5. Gap Closure Migration Assay
We performed the migration assay using the Radius™ 24-well from Cell Biolabs, Inc (San
Diego, CA, USA). For the analysis, 500 L Radius™ gel pretreatment solution was slowly added
to each well by carefully pipetting down the wall of the well, and then the plate was covered and
incubated at room temperature for 20 min. Radius™ gel pretreatment solution was carefully
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aspirated from the wells, and 500 L Radius™ wash solution was added to each well. The cells
were harvested and resuspended in culture medium at 0.2 × 106 cells/mL. Radius™ wash solution
was carefully aspirated from the wells, and 500 L of the cell suspension was added to each well
by carefully pipetting down the wall of the well. The plate was transferred to a cell culture
incubator for 24 h to allow firm attachment. After 24 h, media was aspirated from each well and
washed 3 times with 0.5 mL fresh media. A sufficient amount of 1× Radius™ gel removal solution
for all wells was prepared by diluting the stock 1:100 in culture media. The media was aspirated
from the wells, and 0.5 mL 1× Radius™ gel removal solution was added to each well and washed
3 times with 0.5 mL fresh media. After the final washing was complete, 1 mL of complete medium
with dieckol (1–100 M) was added to each well, and a photo was taken at 0, 8, 12, and 24 h. To
compare differences in the migratory gap, images were captured at the same size, and gap closure
was determined after the indicated times (0, 8, 12, and 24 h) using CellProfiler™ software (Broad
Institute, Cambridge, MA, USA).
3.6. RNA Isolation and mRNA Expression Analysis
For RT-PCR, total cellular RNA was isolated from cells using TRIzol, according to the
manufacturer’s protocol. The first-strand complementary DNA (cDNA) was synthesized using
Superscript II reverse transcriptase (Invitrogen, Carlsbad, CA, USA). PCR was performed as
previously described with primers for MMP-9 (GenBank accession no. AK301446.1; s 5މ-CGA
CGT CTT CCA GTA CCG AG-3 ;މas 5މ-GTT GGT CCC AGT GGG GAT TT-3)މ, TIMP-1
(GenBank accession no. AK311937.1; s 5މ-CAA GAT GAC CAA GAT GTA TAA AGG-3 ;މas
5މ-AAC AGT GTA GGT CTT GGT GAA G-3)މ, TIMP-2 (GenBank accession no. AL110197.1; s
5މ-CAG CTT TGC TTT ATC CGG GC-3 ;މas 5މ-ATG CTT AGC TGG CGT CAC AT-3)މ, and
VEGF (GenBank accession no. AB209485.1; s 5މ-AGG GCA GAA TCA TCA CGA AG-3 ;މas
5މ-TTT CTC CGC TCTGAG CAA GG-3)މ. GAPDH (GenBank accession no. AB062273.1; s 5މ-CCA
TGG GGA AGG TGA AGG TC-3 ;މas 5މ-AAA TGA GCC CCA GCC TTC TC-3 )މwas used as an
internal control. The conditions for RT-PCR were similar to ones that have been previously
described [37].
3.7. Western Blot Analysis
Cell extracts were prepared by the detergent lysis procedure, as described elsewhere [38].
Samples of protein (40 ȝg) were used for electrophoresis using Novex 4%–12% Bis-Tris gels (Life
Technologies, Carlsbad, CA, USA) and then transferred to nitrocellulose membranes for 7 min in
the iBlot dry blotting system (Life Technologies, Carlsbad, CA, USA). The transferred proteins
were blocked overnight at 4 °C with clear milk (Thermo Scientific, IL, USA). Blots were
subsequently incubated with primary antibodies diluted 1:2000 in 1× TBST for 1 h. Goat
anti-rabbit or goat anti-mouse horseradish peroxidase conjugated secondary antibodies (Santa Cruz
Biotechnology, Dallas, TX, USA) were used at 1:2000 dilution in 1× TBST. Blots were treated
with Western Lightning Western Blot Chemilluminescence Reagent (Advansta, CA, USA) and the
proteins were detected by autoradiography. Equal protein loading was ascertained by ponceau S
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staining of blotted membranes as well as Western blotting with ȕ-actin bodies. Immunodetection
was done using an enhanced chemiluminescence detection kit (Amersham Pharmacia, Piscataway,
NJ, USA).
3.8. Data Analysis
The results from the experiments shown are summaries of the data sourced from at least three
experiments. All of the data are presented as the mean ± SE. Statistical analyses were performed
using SAS statistical software (SAS Institute, Cray, NC, USA). Treatment effects were analyzed
using one-way analysis of variance, followed by Dunnett's multiple range test. The results p < 0.05
were used to indicate significance.
4. Conclusions
In the present study, we demonstrated for the first time the effects of dieckol derived from
E. cava ethanol extracts on human MCF-7 breast cancer cell in vitro. Cell cytotoxicity was
determined using an MTT assay, and migration was detected using a gap closer assay. Further, we
evaluated the mRNA and protein expression levels of MMP-9, TIMP-1, TIMP-2, and VEGF using
RT-PCR and Western blot, respectively. The results of the present study characterize the signaling
cascades that mediate the anti-metastatic activity of dieckol in the human MCF-7 breast cancer cell
line. Dieckol was found to significantly suppress the migration of MCF-7 cells and inhibit the
expression of MMP-9 and VEGF. On the contrary, TIMP-1 and TIMP-2 were increased in MCF-7
cell by dieckol treatment. These findings demonstrate the biological activity of dieckol in an in
vitro model of cancer metastasis, and show that dieckol may be a promising new therapeutic in
breast cancer therapy.
Acknowledgments
This work was supported by Konkuk University.
Author Contributions
The authors alone are responsible for the content and writing of the paper. Eun-Kyung Kim and
Pyo-Jam Park contributed to the design of the study. Yujiao Tang, Yon-Suk Kim, Jin-Woo Hwang,
and Eun-Ju Choi were involved in the cell culture, cytotoxicity, and migration assays, RT-PCR,
and Western blot. Seung-Hong Lee, Ji-Hyeok Lee, and You-Jin Jeon designed and coordinated the
purification and identification of compounds. All authors read and approved the final manuscript.
Conflicts of Interest
The authors declare no conflict of interest.

657
References
1.

2.

3.
4.

5.

6.

7.

8.
9.
10.
11.
12.
13.

14.

15.

Athukorala, Y.; Kim, K.N.; Jeon, Y.J. Antiproliferative and antioxidant properties of an
enzymatic hydrolysate from brown alga, Ecklonia cava. Food Chem. Toxicol. 2006, 44,
1065–1074.
Kim, K.N.; Heo, S.J.; Song, C.B.; Lee, J.; Heo, M.S.; Yeo, I.K.; Kang, K.A.; Hyun, J.W.;
Jeon, Y.J. Protective effect of Ecklonia cava enzymatic extracts on hydrogen peroxide-induced
cell damage. Process. Biochem. 2006, 41, 2393–2401.
Le, Q.T.; Li, Y.; Qian, Z.J.; Kim, M.M.; Kim, S.K. Inhibitory effects of polyphenols isolated
from marine alga Ecklonia cava on histamine release. Process. Biochem. 2009, 44, 168–176.
Kang, I.J.; Jeon, Y.E.; Yin, X.F.; Nam, J.S.; You, S.G.; Hong, M.S.; Jang, B.G.; Kim, M.J.
Butanol extract of Ecklonia cava prevents production and aggregation of beta-amyloid, and
reduces beta-amyloid mediated neuronal death. Food Chem. Toxicol. 2011, 49, 2252–2259.
Lee, J.H.; Ko, J.Y.; Oh, J.Y.; Kim, C.Y.; Lee, H.J.; Kim, J.; Jeon, Y.J. Preparative isolation
and purification of phlorotannins from Ecklonia cava using centrifugal partition
chromatography by one-step. Food Chem. 2014, 158, 433–437.
Ahn, J.H.; Yang, Y.I.; Lee, K.T.; Choi, J.H. Dieckol, isolated from the edible brown algae
Ecklonia cava, induces apoptosis of ovarian cancer cells and inhibits tumor xenograft growth.
J. Cancer Res. Clin. Oncol. 2015, 141, 255–268.
Yoon, J.S.; Kasin Yadunandam, A.; Kim, S.J.; Woo, H.C.; Kim, H.R.; Kim, G.D.
Dieckol, isolated from Ecklonia stolonifera, induces apoptosis in human hepatocellular
carcinoma Hep3B cells. J. Nat. Med. 2013, 67, 519–527.
Yue, W.; Yager, J.D.; Wang, J.P.; Jupe, E.R.; Santen, R.J. Estrogen receptor-dependent and
independent mechanisms of breast cancer carcinogenesis. Steroids 2013, 78, 161–170.
Siegel, R.; Naishadham, D.; Jemal, A. Cancer Statistics, 2012. Ca-Cancer J. Clin. 2012, 62,
10–29.
DeSantis, C.; Ma, J.; Bryan, L.; Jemal, A. Breast cancer statistics, 2013. Ca-Cancer J. Clin.
2014, 64, 52–62.
Jemal, A.; Siegel, R.; Xu, J.Q.; Ward, E. Cancer statistics, 2010. Ca-Cancer J. Clin. 2010, 60,
277–300.
Susnow, N.; Zeng, L.Y.; Margineantu, D.; Hockenbery, D.M. Bcl-2 family proteins as
regulators of oxidative stress. Semin. Cancer Biol. 2009, 19, 42–49.
Tang, Y.; Zhu, J.W.; Chen, L.; Chen, L.Y.; Zhang, S.; Lin, J.Y. Associations of matrix
metalloproteinase-9 protein polymorphisms with lymph node metastasis but not invasion of
gastric cancer. Clin. Cancer Res. 2008, 14, 2870–2877.
Liabakk, N.B.; Talbot, I.; Smith, R.A.; Wilkinson, K.; Balkwill, F. Matrix metalloprotease 2
(MMP-2) and matrix metalloprotease 9 (MMP-9) type IV collagenases in colorectal cancer.
Cancer Res. 1996, 56, 190–196.
Roderfeld, M.; Graf, J.; Giese, B.; Saiguero-Palacios, R.; Tschuschner, A.; Muller-Newen, G.;
Roeb, E. Latent MMP-9 is bound to TIMP-1 before secretion. Biol. Chem. 2007, 388,
1227–1234.

658
16. Roomi, M.W.; Ivanov, V.; Kalinovsky, T.; Niedzwiecki, A.; Rath, M. In vivo antitumor effect
of ascorbic acid, lysine, proline and green tea extract on human colon cancer cell HCT
116 xenografts in nude mice: Evaluation of tumor growth and immunohistochemistry. Oncol.
Rep. 2005, 13, 421–425.
17. Manu, K.A.; Shanmugam, M.K.; Ramachandran, L.; Li, F.; Fong, C.W.; Kumar, A.P.; Tan, P.;
Sethi, G. First evidence that gamma-tocotrienol inhibits the growth of human gastric cancer
and chemosensitizes it to capecitabine in a xenograft mouse model through the modulation of
NF-kappa B pathway. Clin. Cancer Res. 2012, 18, 2220–2229.
18. Verma, S.; Kesh, K.; Ganguly, N.; Jana, S.; Swarnakar, S. Matrix metalloproteinases and
gastrointestinal cancers: Impacts of dietary antioxidants. World J. Biol. Chem. 2014, 5,
355–376.
19. Lee, S.H.; Park, M.H.; Heo, S.J.; Kang, S.M.; Ko, S.C.; Han, J.S.; Jeon, Y.J. Dieckol isolated
from Ecklonia cava inhibits alpha-glucosidase and alpha-amylase in vitro and alleviates
postprandial hyperglycemia in streptozotocin-induced diabetic mice. Food Chem. Toxicol.
2010, 48, 2633–2637.
20. Kang, S.M.; Lee, S.H.; Heo, S.J.; Kim, K.N.; Jeon, Y.J. Evaluation of antioxidant properties of
a new compound, pyrogallol-phloroglucinol-6,6ƍ-bieckol isolated from brown algae, Ecklonia
cava. Nutr. Res. Pract. 2011, 5, 495–502.
21. Kang, S.M.; Heo, S.J.; Kim, K.N.; Lee, S.H.; Jeon, Y.J. Isolation and identification of new
compound, 2,7Ǝ-phloroglucinol-6,6ƍ-bieckol from brown algae, Ecklonia cava and its
antioxidant effect. J. Funct. Foods 2012, 4, 158–166.
22. Polacheck, W.J.; Zervantonakis, I.K.; Kamm, R.D. Tumor cell migration in complex
microenvironments. Cell Mol. Life Sci. 2013, 70, 1335–1356.
23. Paszek, M.J.; Zahir, N.; Johnson, K.R.; Lakins, J.N.; Rozenberg, G.I.; Gefen, A.;
Reinhart-King, C.A.; Margulies, S.S.; Dembo, M.; Boettiger, D.; et al. Tensional homeostasis
and the malignant phenotype. Cancer Cell 2005, 8, 241–254.
24. Moore, S.W.; Roca-Cusachs, P.; Sheetz, M.P. Stretchy proteins on stretchy substrates: The
important elements of integrin-mediated rigidity sensing. Dev. Cell 2010, 19, 194–206.
25. Roussos, E.T.; Condeelis, J.S.; Patsialou, A. Chemotaxis in cancer. Nat. Rev. Cancer 2011, 11,
573–587.
26. Vogt, A. Advances in two-dimensional cell migration assay technologies. Eur. Pharma. Rev.
2010, 5, 26–29.
27. Wells, A.; Grahovac, J.; Wheeler, S.; Ma, B.; Lauffenburger, D. Targeting tumor cell motility
as a strategy against invasion and metastasis. Trends Pharmacol. Sci. 2013, 34, 283–289.
28. Wells, A. Tumor invasion: Role of growth factor-induced cell motility. Adv. Cancer Res.
2000, 78, 31–101.
29. Wang, W.G.; Goswami, S.; Sahai, E.; Wyckoff, J.B.; Segall, J.E.; Condeelis, J.S. Tumor cells
caught in the act of invading: Their strategy for enhanced cell motility. Trends Cell Biol. 2005,
15, 138–145.
30. Kalluri, R. Basement membranes: Structure, assembly and role in tumour angiogenesis.
Nat. Rev. Cancer 2003, 3, 422–433.

659
31. Folkman, J. Angiogenesis in cancer, vascular, rheumatoid and other disease. Nat. Med. 1995,
1, 27–31.
32. Egeblad, M.; Werb, Z. New functions for the matrix metalloproteinases in cancer progression.
Nat. Rev. Cancer 2002, 2, 161–174.
33. Kim, R.-K.; Suh, Y.J.; Yoo, K.-C.; Cui, Y.-H.; Hwang, E.; Kim, H.-J.; Kang, J.-S.; Kim, M.-J.;
Lee, Y.Y.; Lee, S.-J. Phloroglucinol suppresses metastatic ability of breast cancer cells by
inhibition of epithelial-mesenchymal cell transition. Cancer Sci. 2015, 106, 94–101.
34. Ahn, G.N.; Kim, K.N.; Cha, S.H.; Song, C.B.; Lee, J.H.; Heo, M.S.; Yeo, I.K.; Lee, N.H.;
Jee, Y.H.; Kim, J.S.; et al. Antioxidant activities of phlorotannins purified from Ecklonia cava
on free radical scavenging using ESR and H2O2-mediated DNA damage. Eur. Food
Res. Technol. 2007, 226, 71–79.
35. Lee, S.H.; Li, Y.; Karadeniz, F.; Kim, M.M.; Kim, S.K. Į-Glucosidase and Į-amylase
inhibitory activities of phloroglucinal derivatives from edible marine brown alga, Ecklonia cava.
J. Sci. Food Agric. 2009, 89, 1552–1558.
36. Kim, S.H.; Johnson, V.J.; Sharma, R.P. Mercury inhibits nitric oxide production but activates
proinflammatory cytokine expression in murine macrophage: differential modulation of
NF-kappa B and p38 MAPK signaling pathways. Nitric Oxide-Biol. Chem. 2002, 7, 67–74.
37. Choi, E.J.; Lee, S.; Chae, J.R.; Lee, H.S.; Jun, C.D.; Kim, S.H. Eupatilin inhibits
lipopolysaccharide-induced expression of inflammatory mediators in macrophages. Life Sci.
2011, 88, 1121–1126.
38. Kim, Y.D.; Choi, S.C.; Oh, T.Y.; Chun, J.S.; Jun, C.D. Eupatilin inhibits T-cell activation by
modulation of intracellular calcium flux and NF-kappaB and NF-AT activity. J. Cell Biochem.
2009, 108, 225–236.

660

Esters of the Marine-Derived Triterpene Sipholenol A
Reverse P-GP-Mediated Drug Resistance
Yongchao Zhang, Yun-Kai Zhang, Yi-Jun Wang, Saurabh G. Vispute, Sandeep Jain,
Yangmin Chen, Jessalyn Li, Diaa T. A. Youssef, Khalid A. El Sayed and Zhe-Sheng Chen
Abstract: Our previous studies showed that several sipholane triterpenes, sipholenol A,
sipholenone E, sipholenol L and siphonellinol D, have potent reversal effect for multidrug
resistance (MDR) in cancer cells that overexpressed P-glycoprotein (P-gp/ABCB1). Through
comparison of cytotoxicity towards sensitive and multi-drug resistant cell lines, we identified that
the semisynthetic esters sipholenol A-4-O-acetate and sipholenol A-4-O-isonicotinate potently
reversed P-gp-mediated MDR but had no effect on MRP1/ABCC1 and BCRP/ABCG2-mediated
MDR. The results from [3H]-paclitaxel accumulation and efflux studies suggested that these
two triterpenoids were able to increase the intracellular accumulation of paclitaxel by inhibiting its
active efflux. In addition, western blot analysis revealed that these two compounds did not alter the
expression levels of P-gp when treated up to 72 h. These sipholenol derivatives also stimulated the
ATPase activity of P-gp membranes, which suggested that they might be substrates of P-gp.
Moreover, in silico molecular docking studies revealed the virtual binding modes of these
two compounds into human homology model of P-gp. In conclusion, sipholenol A-4-O-acetate and
sipholenol A-4-O-isonicotinate efficiently inhibit the P-gp and may represent potential reversal
agents for the treatment of multidrug resistant cancers.
Reprinted from Mar. Drugs. Cite as: Zhang, Y.; Zhang, Y.-K.; Wang, Y.-J.; Vispute, S.G.; Jain, S.;
Chen, Y.; Li, J.; Youssef, D.T.A.; El Sayed, K.A.; Chen, Z.-S. Esters of the Marine-Derived
Triterpene Sipholenol A Reverse P-GP-Mediated Drug Resistance. Mar. Drugs 2015, 13,
2267-2286.
1. Introduction
Multi-drug Resistance (MDR) is a major clinical obstacle in the treatment of cancer. The cause
of MDR is diversely characterized by multiple alterations in protein expression. The mechanism of
drug resistance can occur due to increased drug efflux, reduced drug uptake, activation of
detoxifying proteins, activation of DNA repair, and disruption of apoptotic signaling pathways [1–3].
Among these, increased drug extrusion mediated by P-glycoprotein (P-gp/ABCB1) is a major
factor [4]. P-gp is a 170-kD transmembrane transporter in the family of ATP-binding cassette
(ABC) transporters that are distributed widely across various organs [5,6]. P-gp facilitates the
efflux of cytotoxic compounds out of cells with the energy generated by ATP hydrolysis [7]. The
transporter also recognizes a large number of therapeutic drugs and is overexpressed in cancer cells [8].
This significantly reduces the therapeutic efficacy of chemotherapeutic agents and disposes the
patient to subpar treatments.
Many scientists aim to inhibit the P-gp transporter to reverse MDR and again re-sensitize the
cancer cells at clinically effective doses of chemotherapeutic agents. Tsuruo et al. in 1981
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discovered that verapamil could effectively reverse P-gp-mediated drug resistance in vitro, opening
the doors to a cascade of compounds to be evaluated for this ability [9]. The first generation agents
that can inhibit P-gp-mediated MDR are currently US Food and Drug Administration (FDA)
approved therapeutic compounds such as verapamil, quinidine, amiodarone, tamoxifen,
progesterone, and cyclosporin A [10]. Although it is attractive to utilize these agents to treat cancer
patients with indicated co-morbidities, research has shown that these compounds are effective as
MDR reversal agents either at much higher doses or may relate to various undesirable side effects.
For example, tamoxifen exhibited 50% of P-gp mediated drug accumulation at 60 ȝM [11], and
cyclosporin A treatment may be associated with potentially serious adverse drug reactions. Thus,
second-generation agents with higher affinity for the P-gp transporter were developed with an aim
to improve MDR inhibition. Second-generation inhibitors such as PSC-833 (a non-immunosuppressive
analogue of cyclosporin A) also failed in clinical trials due to unwarranted pharmacokinetic
interactions [2,12]. To minimize these drug interactions, third generation of MDR inhibitors are
currently being designed to modulate P-gp activity at nanomolar concentrations, to increase the
potency and decrease adverse drug reactions [13].
Although, exploring the marine environment for new therapeutic compounds is not a recent
strategy, the amount of unknown correlates to the potential it holds in the ecosystem. Marine
environment houses a plethora of bioactive compounds that express diverse therapeutic effects,
such as being anti-inflammatory, antiretroviral, analgesic, antitumor, and immunomodulator [14].
In the past, extensive screening of marine sponge compounds has led to the discovery of many
potential MDR-reversal agents [15,16]. A group of compounds, the sipholane triterpenoids from the
Red Sea sponge Siphonochalina siphonella, potently reversed P-gp-mediated MDR in cancer cells.
Previous research showed that sodwanones from the Indian Ocean sponge Axinella weltneri
demonstrated anticancer properties [17,18]. Due to the structural similarity of sodwanes to
polyepoxysqualene-derived triterpenoids, it was hypothesized that sipholane triterpenoids could also
exhibit potential anticancer effects.
Sipholane triterpenes were extracted from Callyspongia siphonella, a Red Sea marine sponge.
Several semisynthetic analogs of sipholenol A were synthesized and showed potent breast cancer
migration inhibitory activities [19,20]. These sipholenol analogs have close structural and
pharmacophoric similarities to the previously described compounds that showed drug-resistance
reversal properties. They were first tested for cytotoxicity on cancer cells and then for reversal of
P-gp mediated MDR. Among these compounds, sipholenol A-4-O-acetate (SSJ26) and sipholenol
A-4-O-isonicotinate (SSJ32) demonstrated P-gp inhibition comparable to that of verapamil. In this
study, these two compounds were further analyzed to elucidate their mechanism of action and
strengthen their value as potential P-gp-mediated drug resistance reversal agents.
2. Materials and Methods
2.1. Materials
[3H]-paclitaxel was purchased from Moravek Biochemicals, Inc. (Brea, CA, USA). Monoclonal
antibody C-219 (against P-gp) and loading control antibody BA3R (against ȕ-actin) were
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purchased from Thermo Fisher Scientific (Rockford, IL, USA). Sipholane analogs were previously
synthesized and the structures are shown in Figure 1A and Supplementary Information Figure S1.
Fumitremorgin C (FTC) was synthesized by Thomas McCloud Developmental Therapeutics
Program, Natural Products Extraction Laboratory, NCI, NIH (Bethesda, MD, USA) and it was a
gift from Susan E Bates and Robert W. Robey. The Gentest ATPase kit was purchased from BD
Biosciences (San Jose, CA, USA). Doxorubicin, paclitaxel, vincristine, verapamil, 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and other chemicals were purchased
from Sigma Chemical Co. (St. Louis, MO, USA). PAK-104P was a gift of Shin-Ichi Akiyama
(Kagoshima University, Kagoshima, Japan) from Nissan Chemical Ind. Co., Ltd. (Chiba, Japan).
2.2. Cell lines and Cell Culture
HEK293/pcDNA3.1, HEK/ABCB1, HEK/ABCG2 and HEK/ABCC1 cells were generated by
transfecting the HEK293 cells with either empty pcDNA3.1 vector, ABCB1 expression vector,
ABCG2 expression vector or ABCC1 expression vector respectively [21]. HEK/ABCC1 was
generated in the laboratory of Suresh V. Ambudkar (NCI, NIH, Bethesda, MD, USA). The human
colon cancer cell line SW620 and doxorubicin-selected P-gp overexpressing SW620/Ad300 cell
line were used for the reversal study. SW620, SW620/Ad300 and HEK/ABCG2 cells were also
kindly provided by Susan Bates and Robert Robey (NCI, NIH, Bethesda, MD, USA). All the cell
lines were grown as adherent monolayers in flasks with DMEM culture medium (GE Healthcare
Life Sciences, Logan, UT, USA) supplemented with 10% bovine serum in a humidified incubator
containing of 5% CO2 at 37 °C.
2.3. Cell Cytotoxicity by MTT Assay
The MTT colorimetric assay was used to detect the sensitivity of cells to anticancer drugs. Cells
were harvested with trypsin treatment. After washing with PBS, cells were resuspended in the
culture media. Cells with a final concentration of 5 × 103 cells/well were seeded evenly into
96-well plates with 160 ȝL media. For the reversal experiments, SSJ compounds, verapamil, FTC
or PAK104P (20 ȝL/well) was added followed by different concentrations of chemotherapeutic
drugs (20 ȝL/well) into designated wells. After 72 h of incubation, 20 ȝL of MTT solution
(5 mg/mL) was added to each well, and the plate was further incubated for 4 h, allowing viable
cells to convert the yellow colored MTT into dark-blue formazan crystals. Subsequently, the
medium was discarded, and 100 ȝL of dimethylsulfoxide (DMSO) was added into each well to
dissolve the formazan crystals. The absorbance was determined at 570 nm by an OPSYS
Microplate Reader from DYNEX Technologies Inc. (Chantilly, VA, USA) followed previously
described protocol [22]. The fold of resistance was calculated by dividing the IC50 (concentrations
required to inhibit growth by 50%) of the MDR cells by that of the parental sensitive cells.
2.4. Preparation of Total Cell Lysates
SW620/Ad300 cells were incubated with SSJ26 and SSJ32 at 5 ȝM for different time periods
(0, 24, 48, and 72 h). Total cell lysates were prepared by harvesting the cells and rinsing twice with

663
ice cold PBS, then by incubating cells for 30 min on ice with radioimmunoprecipitation assay
(RIPA) buffer (1 × PBS, 0.1% SDS, 1% Nonidet P-40, 0.5% sodium deoxycholate, 10 mg/mL
leupeptin, 100 mg/mL p-aminophenylmethylsulfonyl fluoride and 10 mg/mL aprotinin) followed by
centrifugation at 12,000× g at 4 °C for 15 min. The supernatant containing total cell lysates was
stored at í80 °C until needed for experiments. The protein concentration was determined by
bicinchoninic acid (BCA™)-based protein assay (Thermo Scientific, Rockford, IL, USA).
2.5. Western Blot Analysis
Equal amounts of total cell lysates (50 ȝg protein) were resolved by sodium dodecyl
sulfate polycrylamide gel electrophoresis (SDS-PAGE) and electrophoretically transferred onto
polyvinylidene fluoride (PVDF) membranes. After incubation in a blocking solution in TBST
buffer (10 mM Tris-HCl, pH 8.0, 150 mM NaCl, and 0.1% Tween 20) for 1 h at room temperature,
the membranes were immunoblotted overnight with primary monoclonal antibody against P-gp and
against ȕ-actin at 4 °C, and were then incubated for 4 h at room temperature with horseradish
peroxide (HRP)-conjugated secondary antibody (1:2000 dilution) modified from our previous
protocols [23]. The protein-antibody complex was detected by enhanced chemiluminescence
detection system (Amersham, NJ, USA).
2.6. [3H]-Paclitaxel Accumulation and Efflux Assays
The effect of SSJ compounds on the intracellular accumulation of paclitaxel in SW620 and
SW620/Ad300 cells was determined by measuring the intracellular accumulation of [3H]-paclitaxel
in these cells. Cells were seeded in triplicate at 3 × 105 cells/well into 6-well plates. The next day,
the cells were pre-incubated with or without the reversal compound for 2 h at 37 °C. Intracellular
drug accumulation was measured by incubating cells with 0.01 ȝM [3H]-paclitaxel for 2 h in the
presence or absence of the inhibitor at 37 °C. The cells were washed three times with ice-cold PBS,
trypsinized and lysed in 10 mM lysis buffer (pH 7.4, containing 1% Triton X-100 and 0.2% SDS).
An aliquot of cells was used to analyze cell number, and the remaining cells were pelleted at 4°C
and washed three more times with ice-cold PBS. Each sample was placed in scintillation fluid and
radioactivity was measured by a liquid scintillation counter following our previous protocol [24].
In the efflux study, cells were incubated with 0.1 ȝM [3H]-paclitaxel as the same in the
accumulation study. After washing three times with cold PBS, the cells were incubated
at 37 °C in fresh medium in the presence or absence of 5 ȝM SSJ26, or 5 ȝM SSJ32. After 0, 30,
60, and 120 min, the cells were washed three times with ice-cold PBS, trypsinized and lysed in 10
mM lysis buffer (pH 7.4, containing 1% Triton X-100 and 0.2% SDS). The cells were then
processed for measurement of radioactivity by Packard TRI-CARB 1900CA liquid scintillation
analyzer as previously described [25].
2.7. ATPase Assay of SSJ26 and SSJ32
The P-gp associated ATPase activity was measured by BD Gentest ATPase kit. The assay was
carried out in white opaque 96-well multiplates in triplicate. Recombinant human P-gp membrane
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(5 mg/mL) was quickly thawed and diluted to 1 mg/mL with assay buffer. Sodium orthovanadate
(Na3VO4) was used as an ATPase inhibitor. Various concentrations of SSJ26 and SSJ32 were
incubated in 20 ȝg (20 ȝL) diluted recombinant human P-gp membrane at 37 °C for 5 min. The
reaction is initiated by adding 20 mL of 15 mM Mg2+ ATP to all wells. At this point, each P-gp
reaction contains 5 mM ATP. The plate was incubated at 37 °C for 40 min with brief mixing using
a plate shaker. Luminescence initiated by ATP detection buffer. After incubation at 37 °C for
20 min to allow luminescent signal to develop, the untreated white opaque 96-well multiplate was
read on luminometer (SpectraMax M5, molecular devices, Sunnyvale, CA, USA). The changes of
relative light units (DRLU) were determined by comparing Na3VO4-treated samples with SSJ26 and
SSJ32 combination-treated groups [26].
2.8. Molecular Docking Analysis
SSJ26 and SSJ32 were built and prepared as ligands by our previous molecular modeling
protocols [27]. The output files containing at most 100 unique conformers of SSJ26 or SSJ32 were
used as input for docking simulations into human homology P-gp.
Human P-gp homology model based on mouse Abcb1 was kindly provided by S. Aller and was
used to generate grid for docking [28]. Schrödinger Suite 2014-4 Protein Preparation Wizard
(Epik version 3.0; Impact version 6.5, Schrödinger, LLC, New York, NY, USA, 2014) protocol
was followed for protein preparation and refinement. Conserved residues previously identified as
interacting with cyclic peptides and drugs were selected as centroid for generating docking grid.
Docking grid was refined as an enclosing box with length of 20 Å by Glide version
6.4 (Schrödinger, LLC, New York, NY, USA, 2014).
Docking of SSJ26 or SSJ32 into human P-gp was performed using the “Extra Precision” (XP)
mode of Glide version 6.4 (Schrödinger, LLC, New York, NY, USA, 2014). The value of Glide
Emodel was ranked to determine the best-docked pose for SSJ26 or SSJ32 [29]. The two selected
docked poses were used for graphic analysis. XP Glidescores calculated by Glide version
6.4 (Schrödinger, LLC, New York, NY, USA, 2014) were used to rank these two poses. All
computations were carried out on a Dell Precision 490n dual processor with Linux OS (Ubuntu
12.04 LTS, Canonical Group Limited, London, UK).
2.9. Statistical Analysis
All experiments were performed as triplicates and the differences were determined by using the
Student’s t-test. The statistical significance was determined at p < 0.05 and p < 0.01.
3. Results
3.1. Screening for Potential Inhibitors of P-GP Transporter in Comparison with Verapamil
Sipholane analogs (14 compounds) were first tested for cytotoxicity using MTT assay on colon
cancer cells SW620 (drug-sensitive) and SW620/Ad300 (drug-resistant). The IC50 values of all
compounds were above 30 ȝM (Supplementary Information Table S1). Because these compounds
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were used at a concentration of 5 ȝM, which is the non-toxic concentration for all of them, they
were considered to have no direct cytotoxic effect on cells.
Sipholane analogs were then screened for P-gp inhibitory effects in comparison to verapamil.
Fold-of-resistance (FR) was calculated to determine which compounds could effectively increase
the sensitivity of drug-resistant cells to chemotherapeutic agent. Cell viability was recorded using
MTT assay after the following treatments were applied to the same cell lines. Doxorubicin, a known
substrate of P-gp transporter, was used as baseline factor. Verapamil was used as positive control
inhibitor of P-gp. SSJ26 and SSJ32 were found to be comparable to verapamil in reversing P-gpmediated drug resistance as shown in Table 1; therefore, these two compounds were selected for
further tests.
Table 1. Effect of 14 sipholane analogs on inhibition of P-gp mediated resistance to
doxorubicin in SW620 and SW620/Ad300.
Treatment
Doxorubicin
+Verapamil (5 ȝM)
+SSJ20 (5 ȝM)
+SSJ25 (5 ȝM)
+SSJ26 (5 ȝM)
+SSJ27 (5 ȝM)
+SSJ28 (5 ȝM)
+SSJ29 (5 ȝM)
+SSJ30 (5 ȝM)
+SSJ31 (5 ȝM)
+SSJ32 (5 ȝM)
+SSJ33 (5 ȝM)
+SSJ34 (5 ȝM)
+SSJ35 (5 ȝM)
+SSJ36 (5 ȝM)
+SSJ37 (5 ȝM)

SW620/Ad300
SW620
IC50 ± SD a (ȝM) FR b IC50 ± SD a (ȝM)
FR b
0.0196 ± 0.0022 1.00 4.1082 ± 0.4112
209.60
0.0167 ± 0.0027 0.85 0.0876 ± 0.0015 4.47 **
0.0189 ± 0.0019 0.96 4.2660 ± 0.4016
217.65
0.0194 ± 0.0018 0.99 4.0939 ± 0.0083
208.87
0.0176 ± 0.0017 0.90 0.0941 ± 0.5238 4.80 **
0.0169 ± 0.0019 0.86 3.4125 ± 0.3317 174.11 *
0.0202 ± 0.0012 1.03 4.2550 ± 0.3567
217.09
0.0195 ± 0.0018 1.00 3.1563 ± 0.4173 161.04 *
0.0190 ± 0.0021 0.97 4.2027 ± 0.3513
214.42
0.0186 ± 0.0016 0.95 4.2814 ± 0.5122
218.44
0.0188 ± 0.0019 0.96 0.1312 ± 0.0101 6.69 **
0.0195 ± 0.0020 0.99 2.9758 ± 0.2593 151.83 *
0.0218 ± 0.0019 1.11 4.2762 ± 0.4135
218.17
0.0231 ± 0.0023 1.18 4.3574 ± 0.5143
222.32
0.0169 ± 0.0018 0.86 3.4676 ± 0.4491
176.92
0.0167 ± 0.0015 0.85 3.9948 ± 0.4798
203.82

a

Cell survival was determined by MTT assay as described in Section 2. Data are represented as mean ±
SD of at least three independent experiments performed in triplicate; b Fold-of-resistance (FR) was
determined by dividing the IC50 value for doxorubicin of SW620/Ad300 with or without reversal agent,
or of SW620 in the presence of reversal agent by the IC50 value for doxorubicin of SW620 in the absence
of reversal agent; Unpaired Student’s t-test was employed to analyze the differences between FR values. * p
< 0.05; ** p < 0.01.

3.2. Effect of SSJ26 and SSJ32 in P-GP Overexpressing Cancer and ABCB1-Transfected Cells
Based on the previous experiment, SSJ26 and SSJ32 were chosen and studied further with three
different concentrations. Doxorubicin was applied to SW620 and SW620/Ad300 alone and in
combination with various concentrations of the potential P-gp modulators: SSJ26 and SSJ32. As
shown in Table 2, the complete reversal of P-gp-mediated resistance is defined as FR = 1.00. When
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the SW620/Ad300 (drug-resistant) cells were treated with doxorubicin, it required 209-times the
amount of drug needed to achieve the same IC50 as that in SW620 (drug-sensitive) cells. This
resistance could be significantly reduced by the addition of 5 ȝM of verapamil, decreasing the
fold-of-resistance (FR) from 209 to 4.47. Out of the fourteen compounds, SSJ26 and SSJ32
achieved the similar effect with FR reduced to 4.80 and 6.69, respectively. The fold-of-resistance
decreased as concentrations of SSJ26 and SSJ32 increased, demonstrating that the reversal occurs
in a concentration-dependent manner. Another chemotherapeutic drug and P-gp substrate,
paclitaxel, was also used to test the reversal effect of these compounds. Similar to doxorubicin,
SSJ26 and SSJ32 improved paclitaxel sensitivity in P-gp overexpressing SW620/Ad300 cells.
Finally, cisplatin, a chemotherapeutic agent that is not a P-gp substrate, was applied with the 5 ȝM
of verapamil, SSJ26, or SSJ32. Since cisplatin is not susceptible to resistance by P-gp [7], the
resistant fold of SW620/Ad300 as a ratio to the IC50 of SW620 remained at around 1.00 as
predicted. Similarly, FR values did not differ significantly with the treatment of verapamil, SSJ26 or
SSJ32. This strengthens the hypothesis that SSJ26 and SSJ32 reverse P-gp-mediated resistance in a
concentration-dependent manner.
Table 2. SSJ26 and SSJ32 reverse the P-gp-mediated drug resistance to doxorubicin and paclitaxel.
Treatment
Doxorubicin
+SSJ26 (1.25 ȝM)
+SSJ26 (2.5 ȝM)
+SSJ26 (5 ȝM)
+SSJ32 (1.25 ȝM)
+SSJ32 (2.5 ȝM)
+SSJ32 (5 ȝM)
+Verapamil (5 ȝM)
Paclitaxel
+SSJ26 (1.25 ȝM)
+SSJ26 (2.5 ȝM)
+SSJ26 (5 ȝM)
+SSJ32 (1.25 ȝM)
+SSJ32 (2.5 ȝM)
+SSJ32 (5 ȝM)
+Verapamil (5 ȝM)
Cisplatin
+SSJ26 (5 ȝM)
+SSJ32 (5 ȝM)
+Verapamil (5 ȝM)
a

SW620
IC50 ± SD a (ȝM)
0.0201 ± 0.0023
0.0199 ± 0.0018
0.0185 ± 0.0017
0.0181 ± 0.0021
0.0210 ± 0.0025
0.0199 ± 0.0021
0.0189 ± 0.0017
0.0179 ± 0.0015
0.0072 ± 0.0010
0.0063 ± 0.0008
0.0063 ± 0.0009
0.0057 ± 0.0006
0.0068 ± 0.0005
0.0064 ± 0.0006
0.0061 ± 0.0005
0.0062 ± 0.0007
1.8203 ± 0.1744
1.8556 ± 0.2919
1.7453 ± 0.2434
1.8012 ± 0.2017

FR b
(1.00)
(0.99)
(0.92)
(0.90)
(1.05)
(0.99)
(0.94)
(0.89)
(1.00)
(0.88)
(0.92)
(0.79) *
(0.94)
(0.89)
(0.85)
(0.86)
(1.00)
(1.02)
(0.96)
(0.99)

SW620/Ad300
IC50 ± SD a (ȝM)
FR b
4.3221 ± 0.4513
(215.16)
0.5314 ± 0.05134 (26.44) *
0.3212 ± 0.09021 (15.98) *
0.1017 ± 0.01022 (5.06) **
0.6354 ± 0.0724 (31.61) *
0.3317 ± 0.0413 (16.50) *
0.1528 ± 0.0132
(7.60) **
0.0923 ± 0.0058
(4.59) **
2.7402 ± 0.2813
(380.58)
0.2046 ± 0.0194
(28.42) *
0.1081 ± 0.0098
(15.01) *
0.0737 ± 0.0084
(10.23) **
0.2977 ± 0.0313
(41.35) *
0.1110 ± 0.0092
(15.41) *
0.0872 ± 0.0095
(12.12) **
0.0658 ± 0.0068
(9.14) **
2.3217 ± 0.3353
(1.28)
2.1842 ± 0.3148
(1.20)
2.1772 ± 0.0210
(1.19)
2.0313 ± 0.0251
(1.12)

IC50 values are represented as mean ± SD of at least three independent experiments performed in
triplicate; b Values represent the fold-of-resistance (FR) obtained by dividing IC50 value of antineoplastic
drug in SW620 and SW620/Ad300 cells with or without reversal agent divided by the IC50 value of
respective antineoplastic drug in SW620 cells without reversal agent. Cell survival assay was determined
by the MTT assay as described in Section 2. Verapamil was used as a positive control of P-gp inhibitor; *
p < 0.05; ** p < 0.01 versus the control group without reversal agent.
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Drug selected SW620/Ad300 cells may have multiple drug resistant mechanisms besides
P-gp-mediated action. Therefore, the effect of sipholane analogs on P-gp was studied in HEK293
cells transfected with the ABCB1 gene expression vector or empty pcDNA3.1 vector. The
transfected HEK/ABCB1 cell was developed to solely exhibit P-gp-mediated resistance. In this cell
line, the resistant folds were more significantly reduced by verapamil, SSJ26, and SSJ32 as shown
in Table 3. These findings further support the hypothesis that SSJ26 and SSJ32 mainly affect P-gp.
Table 3. SSJ26 and SSJ32 reverse the P-gp-mediated drug resistance to paclitaxel in
HEK293/pcDNA3.1 and HEK/ABCB1 cells.
HEK293/pcDNA3.1
HEK/ABCB1
IC50 ± SD a (ȝM) FR b IC50 ± SD a (ȝM)
FR b
Paclitaxel
0.0224 ± 0.0030 (1.00) 0.9912 ± 0.1504 (44.25)
+SSJ26 (1.25 ȝM) 0.0279 ± 0.0047 (1.25) 0.1980 ± 0.0586 (8.84) **
+SSJ26 (5 ȝM)
0.0242 ± 0.0019 (1.08) 0.0389 ± 0.0040 (1.74) **
+SSJ32 (1.25 ȝM) 0.0254 ± 0.0025 (1.13) 0.2824 ± 0.016 (12.61) *
+SSJ32 (5 ȝM)
0.0162 ± 0.026 (0.73) 0.0582 ± 0.051 (2.59) **
+Verapamil (5 ȝM) 0.0179 ± 0.0043 (0.80) 0.0415 ± 0.0055 (1.85) **
Treatment

a

IC50 values are represented as mean ± SD of at least three independent experiments performed in
triplicate; b Values represent fold-of-resistance (FR) obtained by dividing IC50 value of antineoplastic
drug in HEK293/pcDNA3.1 and HEK/ABCB1 cells with or without reversal agent divided by the IC50
value of respective antineoplastic drug in HEK293/pcDNA3.1 cells without reversal agent. Cell survival
assay was determined by the MTT assay as described in Section 2. Verapamil was used as a positive
control of P-gp inhibitor; * p < 0.05; ** p < 0.01 versus the control group without reversal agent.

Drug selected SW620/Ad300 cells may have multiple drug resistant mechanisms besides
P-gp-mediated action. Therefore, the effect of sipholane analogs on P-gp was studied in HEK293
cells transfected with the ABCB1 gene expression vector or empty pcDNA3.1 vector. The
transfected HEK/ABCB1 cell was developed to solely exhibit P-gp-mediated resistance. In this cell
line, the resistant folds were more significantly reduced by verapamil, SSJ26, and SSJ32 as shown
in Table 3. These findings further support the hypothesis that SSJ26 and SSJ32 mainly affect P-gp.
Similarly, cell survival curves were made by plotting the survival fraction of aforementioned
cell lines at various paclitaxel concentrations. As shown in Figure 1B, in the first curve, the
application of SSJ26 did not affect potency of paclitaxel, therefore SW620 (drug-sensitive) alone
and SW620 with SSJ26 are visualized as almost identical curves. In contrast, SW620/Ad300
(drug-resistant) cells are more viable in the absence of SSJ26 but once they are treated with SSJ26,
the kill curve shifts to the left and closer to that of parental SW620 cells. This demonstrates the
proportional reversal trend of SSJ26 in inhibiting P-gp-mediated resistance with differing
concentrations of paclitaxel. Similar reversal trends were seen with SSJ32 (Figure 1C) and with
verapamil (Figure 1D).
In HEK293 cells transfected with the empty vector pcDNA3.1, no change in cell viability was
seen when treated with differing paclitaxel concentrations alone or in combination with SSJ26,
SSJ32, or verapamil (Figure 1E). In contrast, when HEK293 cells transfected with ABCB1were
treated with SSJ26, SSJ32 or verapamil, the curves shifted to the left (Figure 1F). This
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demonstrated that P-gp overexpressing HEK/ABCB1 cells were re-sensitized to paclitaxel by
SSJ26 and SSJ32 treatment

Figure 1. Reversal effect of SSJ26 and SSJ32 against P-gp-mediated MDR in
representative cell survival curves. (A) Chemical structures of sipholenol A, SSJ26 and
SSJ32; (B) Concentration-survival curves of SW620 and SW620/Ad300 cell lines treated
with combination of SSJ26 and paclitaxel; (C) Concentration-survival curves of SW620
and SW620/Ad300 cell lines treated with combination of SSJ32 and paclitaxel;
(D) Concentration-survival curves of SW620 and SW620/Ad300 cell lines treated
with combination of verapamil and paclitaxel; (E) Concentration-survival curves of
HEK293/pcDNA3.1 cell lines treated with SSJ26, SSJ32 or verapamil in combination of
paclitaxel; (F) Concentration-survival curves of HEK/ABCB1 cell lines treated with
SSJ26, SSJ32 or verapamil in combination of paclitaxel. Cell survival rate was determined
by the MTT assay as described in Section 2. Data points with error bars represent the
mean ± SD. Each above figure is a representative of three independent experiments, each
done in triplicate.
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3.3. Effect of SSJ26 and SSJ32 on Transfected HEK/ABCC1 and HEK/ABCG2 Cells
HEK293 cells transfected with ABC transporter genes ABCC1 and ABCG2 were used for the
experiments to evaluate if the SSJ-26 and SSJ-32 is only specifically affected to P-gp. Vincristine
is a substrate of the MRP1/ABCC1. As shown in Table 4, application of SSJ26 or SSJ32 with
vincristine did not result in a change in resistant fold for the HEK293/ABCC1 cells. Similarly, the
effect of SSJ26 and SSJ32 in ABCG2-transfected HEK293 cells was also tested with mitoxantrone,
a known substrate of BCRP/ABCG2. Our results indicated that SSJ26 and SSJ32 did not show
reversal effect on ABCG2-mediated MDR. It can be concluded, thus far, that SSJ26 and SSJ32 are
potent reversal agents of P-gp-mediated MDR but not of MRP1/ABCC1 or BCRP/ABCG2.
Table 4. Effects of SSJ26 and SSJ32 on the MRP1/ABCC1- and BCRP/ABCG2mediated multidrug resistance.
HEK293/pcDNA3.1
HEK293/ABCC1
IC50 ± SD a (ȝM) FR b IC50 ± SD a (ȝM)
FR b
Vincristine
0.0208 ± 0.0021 (1.00) 0.4731 ± 0.0282 (22.75)
+SSJ26 (5 ȝM)
0.0193 ± 0.0019 (0.93) 0.4693 ± 0.0184 (22.56)
+SSJ32 (5 ȝM)
0.0235 ± 0.0027 (1.13) 0.4897 ± 0.0639 (23.54)
+PAK-104P c (5 ȝM) 0.0189 ± 0.0023 (0.91) 0.0778 ± 0.0092 (3.74) **
HEK293/pcDNA3.1
HEK293/ABCG2
Treatment
a
b
IC50 ± SD (ȝM) FR
IC50 ± SD a (ȝM)
FR b
Mitoxantrone
0.0309 ± 0.0023 (1.0)
0.4259 ± 0.0203 (13.8)
+SSJ26 (5 ȝM)
0.0294 ± 0.0019 (0.95) 0.3729 ± 0.0553 (12.0)
+SSJ32 (5 ȝM)
0.0333 ± 0.0028 (1.08) 0.3654 ± 0.0675 (11.8)
+FTC d (5 ȝM)
0.0273 ± 0.0032 (0.88) 0.0381 ± 0.0435 (1.2) **
Treatment

a

IC50 values are represented as mean ± SD of at least three independent experiments performed in
triplicate; b Values represent the fold-of-resistance (FR) obtained by dividing IC50 value of antineoplastic
drug in HEK293/pcDNA3.1, HEK/ABCC1 and HEK/ABCG2 cells with or without reversal agent
divided by the IC50 value of respective antineoplastic drug in HEK293/pcDNA3.1 cells without reversal
agent. Cell survival assay was determined by the MTT assay as described in Section 2. PAK-104P was
used as a positive control of ABCC1 inhibitor. FTC was used as a positive inhibitor of ABCG2;
c
PAK-104P: a pyridine analogue, 2-(4-(diphenylmethyl)-1-piperazinyl)ethyl-5-(trans-4,6-dimethyl-1,3,2dioxaphosphorinan-2-yl)-2,6-dimethyl-4-(3-nitrophenyl)-3-pyridinecarboxylate P-oxide. Positive control
of ABCC1 reversal agent; d FTC: The fungal toxin fumitremorgin C. Positive control of ABCG2 reversal
agent; * p < 0.05; ** p < 0.01 versus the control group without reversal agent.

3.4. SSJ26 and SSJ32 Increased Intracellular Accumulation of [3H]-Paclitaxel by Inhibiting
Its Efflux
To further elucidate the mechanism of drug resistance reversal, a drug accumulation study was
performed. The results shown in Figure 2 demonstrated that intracellular paclitaxel concentration in
SW620 treated with SSJ26, SSJ32, or verapamil did not differ significantly. However, the level of
intracellular paclitaxel was much lower in SW620/Ad300 cells as compared with that in parental
SW620 cells. When SSJ26, SSJ32, or verapamil was added, the intracellular levels of paclitaxel in
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SW620/Ad300 increased to almost comparable to that of SW620 cells. This demonstrates that the
increased potency of paclitaxel is a result from increased intracellular accumulation when
combined with SSJ26, SSJ32 or verapamil.

Figure 2. Effects of SSJ26 and SSJ32 on intracellular accumulation of [3H]-paclitaxel.
The accumulation of [3H]-paclitaxel was measured after the cells were pre-incubated
with or without SSJ26, SSJ32 or verapamil for 2 h at 37 °C and then incubated with
0.01 ȝM [3H]-paclitaxel for another 2 h at 37 °C. Columns are the mean of triplicate
determinations; error bars represent SD. * Indicates p < 0.05 versus the control group.
Then, we conducted efflux assay to further explore the mechanism of intracellular [3H]-paclitaxel
accumulation. In this experiment, intracellular [3H]-paclitaxel levels were measured at various time
points after removal of extracellular [3H]-paclitaxel. At different time points, cells were harvested
and the radioactivity was measured. As shown in Figure 3A, while the paclitaxel level significantly
decreased in SW620/Ad300 drug-resistant cells, the levels of paclitaxel remained stable in parental
SW620 cells. After treatment with SSJ26, the intracellular remaining [3H]-paclitaxel was
significantly increased at all time-points. The treatment of SSJ26 did not alter the [3H]-paclitaxel
levels in SW620 cells. Similarly, SSJ32 treatment also inhibited the efflux of [3H]-paclitaxel in
SW620/Ad300 (Figure 3B). However, SSJ32 is not as potent as SSJ26 in inhibiting efflux
of [3H]-paclitaxel.

Figure 3. Cont.
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Figure 3. Effects of SSJ26 and SSJ32 on efflux of [3H]-paclitaxel. (A) The effect of
SSJ26 on the efflux of [3H]-paclitaxel from SW620 and SW620/Ad300 cells; (B) The
effect of SSJ32 on the efflux of [3H]-paclitaxel from SW620 and SW620/Ad300 cells.
A time course versus percentage of intracellular [3H]-paclitaxel remaining (%) was
plotted (0, 30, 60, 120 min). Lines are the mean of triplicate determinations; error bars
represent SD. * Indicates p < 0.05 versus the control group.
3.5. SSJ26 and SSJ32 Stimulated ATPase Activities but Did not Alter the Expression Level of P-GP
In order to determine whether the sipholenol analogs reverse drug resistance by affecting the
P-gp expression, Western blot analysis was performed. As shown in Figure 4A, P-gp expression
remains comparable both in presence and absence of treatment with SSJ26 and SSJ32 at 5 ȝM up
to 72 h. Since these compounds do not alter protein expression, the reversal effect is probably due
to inhibition of P-gp transporter function. P-gp/ABCB1 transporter utilizes energy derived from the
hydrolysis of ATP to efflux its substrates across the membrane against a concentration gradient,
thus ATP consumption reflects its ATPase activity. To assess whether SSJ26 and SSJ32 have any
effect on the ATPase activity of P-gp/ABCB1, we measured P-gp/ABCB1-mediated ATP
hydrolysis in the presence of SSJ26 or SSJ32 at various concentrations from 0 to 10 ȝM.
Interestingly, SSJ26 stimulated the ATPase activity of P-gp/ABCB1 in a concentration-dependent
manner, with a maximal stimulation of 2.15-fold of the basal activity. In contrast, the maximal
stimulation of SSJ32 was 2.03-fold of the basal activity. The Figure 4B demonstrates that the
concentration of SSJ26 required to obtain 50% stimulation is 0.26 ȝM. The Figure 4B also
demonstrates that the concentration of SSJ32 required to obtain 50% stimulation is 0.60 ȝM.
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Figure 4. Effects of SSJ26 and SSJ32 on ATPase activity and expression level of P-gp.
(A) Effect of SSJ26 at 5 ȝM and SSJ32 at 5 ȝM on expression level of P-gp in
SW620/Ad300 cells for 0, 24, 48 and 72 h; (B) The effect of increasing concentration
(0 to 10 ȝM) of SSJ26 and SSJ32 on the Vi-sensitive P-gp ATPase activity.
3.6. Binding Mode of SSJ26 and SSJ32 with Homology Model of P-GP
In the absence of the crystal structure of human P-gp, we developed a homology model, based
on the refined crystal structure of mice P-gp. To understand the molecular interactions of SSJ26
(Sipholenol A-4-O-acetate) and SSJ32 (Sipholenol A-4-O-isonicotinate) with human P-gp, docking
simulations were performed at pre-generated grid (Section 2). The docking scores were found to
be í7.894 kcal/mol for SSJ26 and í6.956 kcal/mol for SSJ32, respectively.
The docked poses of SSJ26 and SSJ32 into the large drug-binding cavity of human P-gp were
shown in Figure 5A. The docked poses of the two ligands were found to be overlapped, however in
different molecular orientations. The docked pose of SSJ26 is shown in Figure 5B. The sipholenol
A core structure was mainly stabilized into a large hydrophobic pocket formed by several
hydrophobic and aromatic residues, such as Leu65, Met69, Phe303, Ile306, Tyr307, Tyr310,
Phe336, Leu339, Ile340, Phe343, Gln725, Phe728, Tyr953, Phe 983, Met986, Ala987, and Gln990.
The C-4-O-acetate substituent on the hexahydro-oxepine ring was involved in hydrogen bonding
interaction with Try925 (-CO···HO-Tyr953, 2.10 Å), suggesting the importance of the ester
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substituent. Also, the C19-hydroxyl group of the hexahydroazulen ring interacted with Try310
through hydrogen bonding contact (-OH···HO-Tyr310, 2.22 Å).
The docked pose of SSJ32 was found to be rotated as a result of the replacement of the acetate
of SSJ26 with a heteroaromatic ester isonicotinate in this compound as shown in Figure 5C. The
pyridine ring may be stabilized by nearby aromatic residues Phe336, Phe732 and Phe983. SSJ32
may form two hydrogen bonding interaction with Gln347 (OH···HO-Gln347, 2.19 Å) and Gln725
(CO···H2N-Gln725, 2.25 Å). However, the change of substituent in SSJ32 seems to bring less tight
interactions (255 good contacts counts as compared to 386 in SSJ26) and may lead to imperfect fit
with the hydrophobic pocket. This may explain its relatively poorer reversal activity as well as
Glide docking score.

Figure 5. XP-Glide predicted binding mode of SSJ26 and SSJ32 with homology
modeled P-gp. (A) Docked poses of SSJ26 and SSJ32 into drug binding sites of human
P-gp. Backbone of human P-gp is depicted as gray ribbons viewed from the
intracellular side of the protein looking into the internal chamber. SSJ26 and SSJ32 are
represented as tube models with the same color scheme below; (B) Binding mode of
SSJ26 within human P-gp. Important residues are depicted as tubes with the atoms
colored as carbon—gray, hydrogen—white, nitrogen—blue, oxygen—red, sulfur—yellow,
whereas SSJ26 is shown as ball and stick model with the same color scheme as above
except carbon atoms are represented in orange. Dotted black lines indicate hydrogen
bonds; (C) Binding mode of SSJ32 within the human P-gp. The color scheme is same
except carbon atoms are represented in purple.
4. Discussion
As cancer continuously evolves, there are powerful antineoplastic therapy regimens that are
being developed exponentially. The compounds investigated in this study could contribute to these
treatments as significant novel chemotherapy enhancement. P-gp is considered as a strong
therapeutic target for MDR reversal agents. A number of natural compounds extracted from marine
sponges and their semisynthetic derivatives have previously demonstrated effectiveness against
multi-drug resistance in cancer cells [16]. In this study, esters of the marine natural triterpene
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sipholenol A, SSJ26 and SSJ32, have shown practical abilities to reverse P-gp-mediated drug
resistance and their reversal mechanisms were elucidated. SSJ26 and SSJ32 can re-sensitize cells that
have developed drug-resistance to chemotherapeutic agents that are substrates of P-gp such as
doxorubicin and paclitaxel. They stabilized the level of intracellular [3H]-paclitaxel accumulated in
the cells by inhibiting P-gp mediated drug efflux in a competitive manner. The expression of P-gp
protein was not compromised in presence or absence of these reversal agents.
In this study, MTT assay was used to determine the IC50 values to quantify the sensitivity of
cells to the experimental sipholenol analogs. These compounds were first tested on human colonic
adenocarcinoma cells SW620 to visualize their effects on the cancer cells. All the tested
compounds have no direct cytotoxic effect on the cells, indicating that they might act through
enhancing chemotherapeutic activity of anti-neoplastic agents. These sipholenol analogs went
through a further screening and the compounds that have the most potent MDR reversal effect were
identified to be SSJ26 and SSJ32.
Various concentrations of SSJ26 and SSJ32 were tested in combination with two chemotherapy
agents, doxorubicin and paclitaxel, which are known substrates of P-gp. At increasing
concentrations of 1.25, 2.5, and 5 ȝM of each of the compounds, the FR proportionally decreased,
suggesting concentration dependent P-gp inhibition. The FR values at 5 ȝM were similar to those
of verapamil. Cisplatin was used as a negative control drug, since it does not submit to the
multi-drug resistance effect of P-gp. Theoretically then the IC50 values of cisplatin on SW620 and
SW620/Ad300 should remain the same. As predicted, the IC50 values of cisplatin were similar in
both parental and drug resistant cells, and the application of SSJ26, SSJ32, or verapamil did not
significantly alter the resistance fold as well. To further clarify their specificity, these compounds
were tested in ABCB1-transfected HEK293 cell lines. The transfected cells exhibit resistance of a
single mechanism, while the drug-selected cells previously mentioned have resistance induced by
doxorubicin and a variety of diverse unidentified mechanisms may be present. At the same
concentration of 5 ȝM, the decrease in drug resistance was significantly greater in HEK/ABCB1
than in SW620/Ad300, indicating the sipholanes may specifically target ABCB1 mediated MDR.
Their sole effect on ABCB1-mediated resistance was bolstered by treating HEK293 cells
transfected with other known MDR transporter expression vectors, specifically ABCC1 and
ABCG2. Vincristine is a known substrate of transporter proteins coded by ABCC1, and
mitoxantrone, of ABCG2. Overexpression of ABCC1 or ABCG2 confers resistance to the
aforementioned antineoplastics, which can be significantly reversed by PAK104P or FTC,
respectively. When compared to these MDR inhibitors, SSJ26 and SSJ32 negligibly decreased the
resistance of ABCC1- and ABCG2-transfected cells. This evidently indicated how precise the
affinity of these compounds is to ABCB1-expressing P-gp.
The mechanism of reversal effect of sipholenol triterpenoids is mainly by the inhibition of the
P-gp efflux activity. This can be supported by the [3H]-paclitaxel intracellular accumulation and the
efflux study. Our results show that while the amount of intracellular paclitaxel was significantly
lower in the drug resistant SW620/Ad300 cells, the accumulation of paclitaxel increases with the
addition of SSJ26, SSJ32, or verapamil. As time increases, drug efflux transporter P-gp removes an
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increasing amount of drug from SW620/Ad300 cells. This efflux rate decreases significantly in
response to SSJ26 and SSJ32 when treated in combination with paclitaxel.
Immunoblotting experiment showed that SSJ26 and SSJ32 did not change the level of P-gp
expression in cells, insinuating that these compounds impact on the function of P-gp protein.
Interestingly, SSJ26 stimulated the ATPase activity of P-gp in a concentration-dependent manner,
with a maximal stimulation of 2.15-fold of the basal activity. On the other hand, the maximal
stimulation of SSJ32 is 2.03-fold of the basal activity. The concentration of SSJ26 and SSJ32
required to obtain 50% stimulation is 0.26 ȝM and 0.60 ȝM, respectively. It can be concluded that
SSJ26 had a more potent effect on the ATPase activity of P-gp than SSJ32, which was consistent
with other results. Furthermore, as shown in Figure 4B, SSJ26 and SSJ32 interacted with P-gp
transporter in a similar manner to paclitaxel, indicating that these two compounds might be the
substrates of P-gp transporter. Therefore, SSJ26 and SSJ32 may be actively transported out by
P-gp, competitively inhibit P-gp mediated efflux of other substrates. Abraham et al. reported that
Vi-sensitive P-gp ATPase activity was stimulated by sipholenone E, sipholenol L, and siphonellinol
D in a concentration-dependent manner with maximum stimulation of over 2.1-, 1.7- or 1.5-fold,
respectively. The apparent Km values for sipholenone E, sipholenol L or siphonellinol D were
~14 ȝM, 5 ȝM and 4 ȝM, respectively [30]. Interestingly, the Km values for SSJ26 and SSJ32 were
0.023 ȝM and 0.07 ȝM, respectively. Therefore, SSJ26 and SSJ32 had a more potent effect on the
ATPase activity of P-gp than sipholenone E, sipholneol L or siphonellinol D. This statement can be
further visualized by molecular modeling studies. In silico molecular orientations of SSJ26 and
SSJ32 at the P-gp homology model suggest varying binding affinities and justify their difference in
potency as MDR-reversal agents. The Glide docking score estimates the ligand binding’s free
energy between the substrate and its binding site [31]. In cell-based assays, SSJ26 showed stronger
potency than SSJ32 in modulating P-gp-mediated MDR. The binding energy scores expressed in
kcal/mol for the sipholenol A acetate SSJ26 against human P-gp was found to be í7.894. Relatively
lower binding energy score was noticed for the isonictoninate ester SSJ32 against ABCB1
(í6.956), thus strengthening the applicability and relevance of human P-gp homology model for
virtual studies of binding modes. SSJ32, based on its reversal effect, is a weaker inhibitor of P-gp
than SSJ26, which could partially explain its poor binding energy score [32]. Though docking is a
useful tool to understand ligand-protein interactions, the present study involves P-gp, which are
particularly challenging because it possesses a large drug-binding cavity. Currently, no high-resolution
crystal structure of human P-gp is available and this prompted the use of homology model. Without
co-crystal complexes with P-gp, docking using P-gp homology model can be used for preliminary
assessment of binding modes and affinities of large number of unknown hits.
5. Conclusions
In conclusion, this study demonstrated the potential of the marine natural triterpene sipholenol
A-4-O-esters as P-gp mediated MDR reversal agents. Their strong affinity and specificity to
ABCB1 expressing efflux proteins would decrease the possibility of other pharmacokinetic
interactions with pharmacological agents. Future research will propel these invaluable compounds
to be paired with chemotherapeutic drugs in order to deliver advancement in cancer patient care.
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Xyloketal B Suppresses Glioblastoma Cell Proliferation and
Migration in Vitro through Inhibiting TRPM7-Regulated
PI3K/Akt and MEK/ERK Signaling Pathways
Wen-Liang Chen, Ekaterina Turlova, Christopher L. F. Sun, Ji-Sun Kim, Sammen Huang,
Xiao Zhong, Yong-Yuan Guan, Guan-Lei Wang, James T. Rutka, Zhong-Ping Feng and
Hong-Shuo Sun
Abstract: Glioblastoma, the most common and aggressive type of brain tumors, has devastatingly
proliferative and invasive characteristics. The need for finding a novel and specific drug target is
urgent as the current approaches have limited therapeutic effects in treating glioblastoma.
Xyloketal B is a marine compound obtained from mangrove fungus Xylaria sp. (No. 2508) from
the South China Sea, and has displayed antioxidant activity and protective effects on endothelial
and neuronal oxidative injuries. In this study, we used a glioblastoma U251 cell line to (1) explore
the effects of xyloketal B on cell viability, proliferation, and migration; and (2) investigate the
underlying molecular mechanisms and signaling pathways. MTT assay, colony formation, wound
healing, western blot, and patch clamp techniques were employed. We found that xyloketal B
reduced cell viability, proliferation, and migration of U251 cells. In addition, xyloketal B decreased
p-Akt and p-ERK1/2 protein expressions. Furthermore, xyloketal B blocked TRPM7 currents in
HEK-293 cells overexpressing TRPM7. These effects were confirmed by using a TRPM7 inhibitor,
carvacrol, in a parallel experiment. Our findings indicate that TRPM7-regulated PI3K/Akt and
MEK/ERK signaling is involved in anti-proliferation and migration effects of xyloketal B on U251
cells, providing in vitro evidence for the marine compound xyloketal B to be a potential drug for
treating glioblastoma.
Reprinted from Mar. Drugs. Cite as: Chen, W.-L.; Turlova, E.; Sun, C.L.F.; Kim, J.-S.; Huang, S.;
Zhong, X.; Guan, Y.-Y.; Wang, G.-L.; Rutka, J.T.; Feng, Z.-P.; et al. Xyloketal B Suppresses
Glioblastoma Cell Proliferation and Migration in Vitro through Inhibiting TRPM7-Regulated
PI3K/Akt and MEK/ERK Signaling Pathways. Mar. Drugs 2015, 13, 2505-2525.
1. Introduction
Glioblastoma Multiforme (GBM) is the highest grade glioma (grade IV) tumor and the most
malignant form of astrocytoma. Despite the wide range of treatments, including surgery,
radiotherapy, and chemotherapy, a majority of the therapies for GBM have a limited improvement
on patients’ survival, largely due to the highly proliferative, invasive, and often drug-resistant
nature of the tumor. GBM’s median survival time is approximately 14.6 months [1]. Because of the
ineffective outcomes with conventional therapies, finding novel and specific drug targets for GBM
is still a challenge.
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Proliferation, survival, and motility of glioblastoma cells are regulated by different intracellular
signaling pathways. Among these, the Ras/MAP kinase-ERK kinase (MEK)/extracellular-signalregulated kinase (ERK) pathway and PI3K/Akt pathway have long been established. A large
number of genetic abnormalities were uncovered in human glioblastoma samples, and the most
prominent one is deregulation of signal transduction pathways [2]. It happens in glioblastoma
through upregulation or a gain-of-function mutation of receptor tyrosine kinases (RTKs), such as
epidermal growth factor receptor (EGFR), platelet-derived growth factor receptor (PDGFR), and
fibroblast growth factor receptor (FGFR) [3,4]. These abnormalities cause constitutive activation of
Ras/MEK/ERK, PI3K/Akt, and other signal transduction pathways [5]. Novel treatments targeting
RTKs, PI3K/Akt, and MEK/ERK signaling pathway are currently under evaluation in clinical
trials [6]. However, the majority of glioblastoma patients fail to respond to treatments with either
PI3K/Akt or MEK/ERK signaling inhibitors [7], suggesting that a single suppression of one
signaling pathway may be insufficient for effectively treating this tumor. Therefore, strategies that
combine blockage of these two signaling pathways may be essential for the successful
glioblastoma treatment. Further study is required to find the novel target in the upstream of these
two signaling pathways.
Accumulating studies raise the notion that ion channels play critical roles in the malignant
behavior of glioblastoma cells. Thus it would be possible to regulate certain ion channels in
glioblastoma cells in order to suppress tumor cell proliferation, migration, and invasion. Several ion
channels are involved in regulating the behavior of glioblastoma cells, such as ClC-3, KATP, and
TRPM7 channels [8–11]. TRPM7 channel, a calcium-conducting divalent cation channel, is a member
7 of the Melastatin subfamily of the Transient Receptor Potential ion channel superfamily, and is
ubiquitously expressed in almost all tissues. TRPM7 plays a vital role in embryonic development,
anoxia/ischemia, cardiovascular disease, and cancer [12–14]. TRPM7 overexpression was found in
tissues of several cancer types [15,16]. Recent reports have shown that TRPM7 controls proliferation,
migration, and invasion of glioblastoma cells and glioma stem cells [3,10], suggesting that TRPM7
could potentially serve as a clinical biomarker and therapeutic target for glioblastoma [17].
Drug discovery from marine organisms began 60 years ago. There are some successful examples
of discovering, developing, and introducing clinical agents derived from marine sources, including
the analgesic ziconotide and the anti-cancer compound trabectedin [18,19]. Xyloketal B (chemical
structure of xyloketal B shown in Figure 1A) is a novel marine compound isolated from mangrove
fungus Xylaria sp. (No. 2508) from the South China Sea [20]. Xyloketal B has displayed several
bioactive effects, such as protective effects against oxidative endothelial injury, alleviating oxygen
glucose deprivation (OGD)-induced mitochondria dysfunction and injury in PC12 cells, protecting
against MPP+-induced neurotoxicity in C. elegans and PC12 cells, antioxidant activity in
endothelial cell and zebrafish through regulating HO-1, and reducing hypoxia-ischemia-induced
brain injury of neonatal mice [21–25]. Our preliminary study indicated that xyloketal B reduced
cell viability of glioblastoma U251 cells in a dose-dependent manner. This study further reveals the
effects of xyloketal B on cell proliferation and migration of U251 cells and its underlying
signaling pathway.
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2. Results and Discussion
2.1. Xyloketal B Reduces U251 Cell Viability
Firstly, the effects of xyloketal B on cell viability were assessed using MTT assay [21]. As
shown in Figure 1B, various concentrations of xyloketal B (from 31.25 to 1000 ȝM) treatment for
24 h reduced U251 cell viability in a concentration-dependent manner. The cell viability
significantly decreased to 85.4% ± 2.9%, 61.4% ± 4.3%, 12.2% ± 2.6% and 1.3% ± 0.1% of control
in 125 ȝM, 250 ȝM, 500 ȝM, and 1000 ȝM xyloketal B, respectively (* p < 0.05, n = 8). Nonlinear
curve fit was carried out to evaluate the dose-response of xyloketal B, and the IC50 of xyloketal B
was equal to 287.1 ± 1.0 ȝM (Figure 1C). The concentrations of xyloketal B used in the following
experiments were chosen according to this IC50 value.

Figure 1. Cont.
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Figure 1. Effects of xyloketal B (Xyl-B) on cell viability and proliferation of U251
cells. (A) Chemical structure of xyloketal B; (B) Xyloketal B concentration-dependently
reduced the cell viability of U251 cell line. U251 cells were incubated with xyloketal B
(31.25–1000 ȝM) for 24 h, following MTT assay. * p < 0.05, n = 8 independent
experiments; (C) Nonlinear curve fit for dose-response of xyloketal B treatment in
U251 cells for 24 h. IC50 = 287.1 ± 1.0 ȝM; (D) Xyloketal B inhibited proliferation of
U251 cell line. U251 cells were treated with xyloketal B for 24, 48, and 72 h, and then
cell proliferation was detected by MTT assay; a, b, and c represent 75, 150, and 300 ȝm
xyloketal B versus the control group, respectively, p < 0.05, n = 6 independent
experiments; (E) Representative images of U251 cells with or without xyloketal B
treatment for 48 h showed reduction of cell numbers in xyloketal B treatment group.
Cell images were obtained with a digital camera connected to a phase-contrast Olympus
microscope (CKX41, ×10 objectives). n = 3; (F) Xyloketal B inhibited colony formation
of U251 cells. Cells were plated in six-well culture plates and treated with xyloketal B
(300 ȝM) for 24 h. The culture medium was changed at regular time intervals. Colony
formation of U251 cells was detected by crystal violet staining at seven days after
xyloketal B treatment. Images were taken using a scanner (CanoScan LiDE 700F, left
panel) and a digital camera connected to a phase-contrast Olympus microscope
(CKX41, ×10 objectives, right panel). Colony numbers were calculated using Image-Pro
Plus software. Representative images were shown. n = 3; (G) Statistic analysis of
colony formation results. Xyloketal B significantly reduced the colony formation of the
U251 cells. * p < 0.05, n = 3. All scale bars = 150 ȝm.
2.2. Xyloketal B Inhibits U251 Cell Proliferation
Next, cell proliferation was detected using MTT assay [21]. The number of living cells is
proportional to the OD value of MTT assay. U251 cells were incubated with 37.5–300 ȝM
xyloketal B for 24, 48, and 72 h before MTT assay was carried out. The OD values of MTT assay
were detected once U251 cells were treated with various concentration of xyloketal B and set as a
baseline of cell proliferation (100%). As shown in Figure 1D, xyloketal B treatment for 24 h
inhibited U251 cell proliferation at 300 ȝM, showing 98.5% ± 5.9% of baseline in xyloketal B
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(300 ȝM) and 169.4% ± 1.9% of baseline in control group (p < 0.05, n = 6). When U251 cells were
incubated with xyloketal B for 48 and 72 h, cell proliferation was significantly inhibited by
xyloketal B at lower concentrations up to 75 ȝM (p < 0.05, n = 6). These data indicate that the
inhibitive effects of xyloketal B on cell proliferation are time- and concentration-dependent. In
addition, xyloketal B (<300 ȝM) mainly displayed inhibition of cell proliferation, rather than
producing cytotoxic effects on the U251 cells. Cell images were also taken at 48 h after treatment
with xyloketal B (300 ȝM), and showed no significant cell damage, but displayed a decreasing cell
density compared to the control group, which had a higher cell density in the visual field
(Figure 1E, n = 3). In vitro colony formation assay, which is a cell survival assay, evaluates the
ability of a single cell to grow into a colony and also is used to assess the long-term effects on cell
proliferation [26]. As shown in Figure 1F,G, a large number of U251 cell colonies was seen in the
control group after seeding in six-well plates for seven days with crystal violet staining. The colony
formation of U251 cells was significantly decreased after the xyloketal B (300 ȝM) treatment to
6.1% ± 1.1% of the control (* p < 0.05, n = 3). The results of colony formation assay further
demonstrated the inhibitive effects of xyloketal B on U251 cell proliferation.
2.3. Xyloketal B Inhibits U251 Cell Migration
Wound healing assay was used to evaluate the cell migration [27]. As shown in Figure 2,
xyloketal B (300 ȝM) treatment significantly inhibited U251 cell migration (* p < 0.05, n = 3). The
gap closures in xyloketal B (300 ȝM) group were 41.1% ± 2.6% and 55.1% ± 3.4%, compared to
52.1% ± 2.7% and 78.4% ± 3.4% in the control group at 24 and 48 h, respectively.

Figure 2. Effects of xyloketal B on the migration of U251 cells. (A) Xyloketal B
inhibited U251 cell migration. The representative images of wound healing assay were
displayed. After being scratched with a 200-ȝL pipette tip, U251 cells were treated with
xyloketal B (300 ȝM) or vehicle (0.1% DMSO), then images were taken at 0, 24, and
48 h, and gap closure was analyzed; (B) Statistical analysis of migration results.
Xyloketal B significantly inhibited the cell migration of the U251 cells in both timelines
tested. * p < 0.05, n = 3. Scale bars = 150 ȝM.
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2.4. Xyloketal B Suppresses the PI3K/Akt and MEK/ERK Signaling Pathways
PI3K/Akt and MEK/ERK signaling pathways are involved in the regulation of proliferation and
migration of glioblastoma cells [28]. At present, therapeutic agents targeting both signaling
pathways have been developed for treating recurrent malignant glioma patients, and are currently in
clinical trials [29]. In order to evaluate the underlying mechanisms of xyloketal B regulating U251
cell proliferation and migration, western blotting was carried out to detect alterations in p-Akt/t-Akt
and p-ERK1/2/t-ERK1/2, which are key signaling proteins of PI3K/Akt and MEK/ERK signaling
pathways. As shown in Figure 3A, the representative images of western blotting showed that both
p-Akt and p-ERK1/2 protein expressions in U251 cells were significantly reduced by xyloketal B
(300 ȝM) treatment for 24 h. Densitometry analysis indicated that p-Akt protein expression,
normalized to ȕ-actin, decreased in the xyloketal B (300 ȝM) treatment group (Figure 3B, 71.5% ± 8.0%
of control, * p < 0.05, n = 5), while the total Akt (t-Akt) protein expression did not change
significantly (Figure 3C, 108.4% ± 3.4% of control, p > 0.05, n = 5). The ratio of p-Akt/t-Akt
decreased in the xyloketal B (300 ȝM) group (Figure 3D, 65.9% ± 6.8% of control, * p < 0.05,
n = 5). In addition, xyloketal B (300 ȝM) treatment for 24 h reduced p-ERK1/2 protein expression
and p-ERK1/2-t-ERK1/2 ratio in U251 cells (Figure 3E,G, p-ERK1/2/ȕ-actin: 72.6% ± 9.9% of
control; p-ERK1/2/t-ERK1/2: 60.0 ± 4.7% of control, respectively; * p < 0.05, n = 5). The total
ERK1/2 protein expression did not change significantly (Figure 3F, p > 0.05, n = 5).
2.5. Xyloketal B Blocks the TRPM7 Current
The above results show that the PI3K/Akt and MEK/ERK signaling pathways are regulated by
xyloketal B. We further explored the upstream signaling protein for both signaling pathways.
Recently, Leng et al. reported that the suppression of TRPM7 reduced the proliferation, migration,
and invasion of A172 cells, a human glioma cell line [10]. In hepatic stellate cells, TRPM7
regulates its proliferation via the PI3K and ERK pathways [30]. Therefore, we next explored
whether xyloketal B could regulate TRPM7 and thus the PI3K/Akt and MEK/ERK signaling
pathways. First, we carried out western blotting experiments to detect the TRPM7 protein
expression in U251 cells and the effects of xyloketal B on TRPM7 expression. As shown in
Figure 4A, TRPM7 protein was found to be expressed in U251 cells. Xyloketal B (150 and 300 ȝM)
did not significantly regulate TRPM7 protein expression (p > 0.05, n = 4). Next, we performed
whole-cell patch-clamp experiments to test the effects of xyloketal B on the TRPM7 current in
HEK-293 cells overexpressing TRPM7. As shown in Figure 4B–D, xyloketal B (300 ȝM)
perfusion blocked the TRPM7 current; its inhibitory effect was eliminated by washout of a bath
solution, suggesting it was specific and reversible. The inhibitory efficiency of xyloketal B at 300
ȝM was approximately 33.4% (Figure 4D, * p < 0.05, n = 3).
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Figure 3. Effects of xyloketal B on p-ERK, t-ERK, p-Akt, and t-Akt protein
expressions. U251 cells were treated with xyloketal B (150 and 300 ȝM) for 24 h, and
then the protein expression profile was detected by western blots. (A) Representative
images of western blotting results; (B) Xyloketal B (300 ȝM) treatment significantly
reduced p-Akt protein expression. * p < 0.05, n = 5; (C) Xyloketal B did not
significantly alter the t-Akt protein expression; (D) Ratio of p-Akt/t-Akt decreased in
the xyloketal B (300 ȝM) treatment group. * p < 0.05, n = 5; (E) Xyloketal B (300 ȝM)
treatment significantly reduced p-ERK1/2 protein expression. * p < 0.05, n = 5;
(F) Xyloketal B did not significantly alter t-ERK1/2 protein expression; (G) Ratio of
p-ERK1/2/t-ERK1/2 decreased in xyloketal B (300 ȝM) treatment group. * p < 0.05, n = 5.
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Figure 4. Effects of xyloketal B on TRPM7 currents in HEK-293 cell over-expressing
TRPM7. (A) Xyloketal B did not significantly regulate TRPM7 protein expressions in
U251 cells. U251 cells were treated with xyloketal B (150 and 300 ȝM) for 24 h
followed by detection with western blotting. n = 4; (B) Xyloketal B (300 ȝM) blocked
TRPM7 currents. TRPM7 protein overexpression in HEK-293 cells was induced by
treatment with tetracycline (Tet, 1 ȝg/mL) for 24 h. Then, TRPM7 currents were
recorded using the whole-cell patch-clamp technology with ramp from í100 mV to
100 mV. Representative I–V traces were shown. n = 3; (C) Representative time course
of the inward and outward current of TRPM7 at í100 and 100 mV. n = 3; (D) Statistical
analysis of patch-clamp experiments. Xyloketal B (300 ȝM) perfusion significantly
reduced the outward current of TRPM7. * p < 0.05, n = 3.
2.6. TRPM7 Inhibitor Carvacrol Reduces U251 Cell Viability, Proliferation, and Migration
Carvacrol, a naturally synthesized, bioactive monoterpenoid phenol, was reported to block
TRPM7 currents in HEK cells heterologously expressing mammalian TRPM7 and ectopically
expressed in a primary culture of CA3-CA1 hippocampal brain neurons [31]. In our previous study,
we have also confirmed blocking of TRPM7 currents in HEK-293 cells overexpressing TRPM7
(data not shown). Hence, we further applied carvacrol as a TRPM7 inhibitor to study the role of
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TRPM7 in U251 cell functions and underlying signaling pathways, to support the results of
xyloketal B. As shown in Figure 5A, we found that 24 h treatment of carvacrol decreased U251 cell
viability in a dose-dependent manner, while its IC50 was 348.4 ± 54.1 ȝM. Carvacrol at 150 and
250 ȝM inhibited U251 cell proliferation (Figure 5B). Carvacrol (150 and 250 ȝM) treatment for
72 h decreased cell proliferation by 206.6% ± 13.4% of baseline and 287.7% ± 6.0% of baseline,
respectively, compared to 315.2% ± 5.3% of baseline in the control group (Figure 5B, * # p < 0.05,
versus control group, n = 8). In addition, carvacrol (500 ȝM) incubation significantly reduced
colony formation of U251 cells (Figure 5C,D, 28.9% ± 1.0% of control, * p < 0.05, n = 6). We also
detected the effects of carvacrol on cell migration in the wound-healing assay. As shown in Figure
5E,F, we found that carvacrol (500 ȝM) significantly reduced U251 cell migration to
approximately 30% of control (* p < 0.05, n = 4).

Figure 5. Cont.
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Figure 5. Effects of TRPM7 inhibitor carvacrol (CAR) on viability, proliferation, and
migration of U251 cells. (A) Carvacrol reduced the viability of U251 cells. U251 cells
were treated with various concentrations of carvacrol for 24 h following detection with
MTT assay. Nonlinear curve fitting for dose-response of carvacrol treatment was
displayed and IC50 was calculated as 348.4 ± 54.1 ȝM. n = 8 independent experiments;
(B) Carvacrol inhibited the proliferation of U251 cells. U251 cells were treated with
carvacrol (125 and 250 ȝM) or vehicle control (0.1% DMSO) for 24, 48, or 72 h. Cell
proliferation was measured using MTT assay. * p < 0.05, carvacrol (125 ȝM) group
versus control group; # p < 0.05, cavarcrol (250 ȝM) group versus control group, n = 8
independent experiments; (C) Carvacrol inhibited colony formation of U251 cells.
Cells were plated in six-well culture plates and treated with carvacrol (500 ȝM) for 24 h.
Colony formation of U251 cells was detected by crystal violet staining at seven days
after carvacrol treatment. Images were taken using a scanner (CanoScan LiDE 700F,
left panel) and a digital camera connected to a phase-contrast Olympus microscope
(CKX41, ×10 objectives, right panel). Colony numbers were calculated using Image-Pro
Plus software. Representative images were shown. n = 6; (D) Statistic analysis of
colony formation results. Carvacrol B significantly reduced the colony formation of the
U251 cells. * p < 0.05, n = 6; (E) Carvacrol inhibited U251 cell migration. The
representative images of wound healing were displayed. After being scratched with
200-ȝL pipette tip, U251 cells were treated with carvacrol (500 ȝM) or vehicle (0.1%
DMSO), then images were taken at 0, 24, and 48 h and gap closure was analyzed;
(F) Statistical analysis of migration results. Carvacrol significantly inhibited the cell
migration of the U251 cells at 48 h timeline. * p < 0.05, n = 4. All scale bars = 150 ȝM.
2.7. TRPM7 Inhibitor Carvacrol Suppresses the PI3K/Akt and MEK/ERK Signaling Pathways
Next, we measured whether TRPM7 blocked by carvacrol could regulate both PI3K/Akt and
MEK/ERK signaling pathways. As shown in Figure 6A, the representative images of western
blotting results indicate weaker p-Akt and p-ERK1/2 bands in carvacrol treatment groups.
Densitometry analysis showed that carvacrol (250 and 500 ȝM) significantly reduced p-Akt protein
expression (Figure 6B, carvacrol (250 ȝM): 84.3% ± 3.1% of control; carvacrol (500 ȝM):
56.6% ± 4.3% of control, * p < 0.05, n = 6) and p-ERK1/2 protein expression (Figure 6E, carvacrol
(250 ȝM): 48.9% ± 6.6% of control; carvacrol (500 ȝM): 65.9% ± 11.6% of control, * p < 0.05,
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n = 6). The total Akt and ERK1/2 levels were not significantly different between the control and
carvacrol treatment groups (Figure 6C,F, p > 0.05, n = 6). Thus, both ratios of p-Akt/t-Akt and
p-ERK1/2/t-ERK1/2 decreased in the carvacrol (250 and 500 ȝM) treatment groups (Figure 6D,G,
* p < 0.05, n = 6).

Figure 6. Effects of carvacrol (CAR) on p-ERK, t-ERK, p-Akt, and t-Akt protein
expressions. U251 cells were treated with carvacrol (250 and 500 ȝM) for 24 h, and
then protein expressions were detected by western blotting. (A) Representative images
of western blotting results; (B) Carvacrol (500 ȝM) treatment significantly reduced
p-Akt protein expression. * p < 0.05, n = 6; (C) Carvacrol did not significantly alter
t-Akt protein expression; (D) Ratio of p-Akt/t-Akt decreased in carvacrol (500 ȝM)
treatment group. * p < 0.05, n = 6; (E) Carvacrol (250 and 500 ȝM) treatment
significantly reduced p-ERK1/2 protein expression. * p < 0.05, n = 6; (F) Carvacrol did
not significantly alter t-ERK1/2 protein expression; (G) Ratio of p-ERK1/2/t-ERK1/2
decreased in carvacrol (250 and 500 ȝM) treatment group. * p < 0.05, n = 6.
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2.8. Discussion
In this study, we demonstrate that: (1) xyloketal B reduces cell viability, proliferation, and
migration of glioblastoma U251 cell lines; (2) xyloketal B downregulates the PI3K/Akt and
MEK/ERK signaling pathways; and (3) xyloketal B blocks the TRPM7 current without altering the
TRPM7 protein expression in U251 cells. Furthermore, we report that the TRPM7 inhibitor
carvacrol can induce effects similar to those of xyloketal B on U251 cells by inhibiting the
PI3K/Akt and MER/ERK signaling pathways. We report here, for the first time, the
anti-glioblastoma bioactive effects of the marine compound xyloketal B and the underlying
signaling pathways, as well as its ability to block the TRPM7 current.
Xyloketal B, obtained from mangrove fungus Xylaria sp. (No. 2508), has a novel chemical
structure [20], which appealed to other researchers’ interest and was synthesized [32]. Our previous
studies reported several bioactive functions of xyloketal B, including protection against endothelial
oxidative injury, neuroprotective effects, antioxidant activity, and reducing neonatal
hypoxic-ischemic brain injury [21–25,33–35]. Further, it has been suggested that xyloketal B could
exert multiple pharmacological properties and may be a candidate compound in the treatment of
cardiovascular and nervous system diseases. This study explored the effects of xyloketal B on
U251 cells, a human glioblastoma cell line. We found that xyloketal B reduced the viability of U251
cells in a dose-dependent manner, at least partly through its inhibitory effects on the proliferation of
U251 cells. Furthermore, xyloketal B also inhibited the migration of U251 cells. The intrinsic
nature of GBM tumor cells is that they are highly proliferative, migratory, and invasive. Current
therapeutic approaches for glioblastoma include surgery, chemotherapy (temozolomide (TMZ), a
DNA alkylating agent), and radiation therapy [36]. However, glioblastoma cells have a high
resistance to death-inducing stimuli such as radiotherapy and chemotherapy. Thus, it is critical to
continuously search for new therapeutic targets and drugs for glioblastoma. The chemical structure
of marine compound xyloketal B is distinct from the existing drugs in clinical therapy, hinting that
xyloketal B may serve as a novel candidate compound for the treatment of glioblastoma.
Tyrosine kinase expression and subsequent signaling pathway have long been implicated in the
pathogenesis of GBM [37]. Amplification of RTKs in GBM leads to an overactivation of the
PI3K/Akt signaling pathway and appears in approximately 45% of GBM cases [38]. Preclinical
experiments showed that suppression of PI3K/Akt signaling inhibited the growth of glioblastoma [39].
Selective inhibitors of PI3K/Akt signaling pathway have been undergoing clinical trials [40]. Akt, a
downstream serine/threonine kinase in the RTKs/PI3K signaling pathway and an appealing target
for potential therapy in treating glioblastoma, is up-regulated in phosphor-Akt levels in the majority
of GBM tumor samples and cell lines, and causes an enhanced cell proliferation, migration, and
invasion [41]. This study demonstrated that xyloketal B decreased p-Akt level in U251 cells,
suggesting that downregulation of the PI3K/Akt signaling pathway is involved in anti-proliferation
and migration effects of xyloketal B. In terms of the MEK/ERK signaling pathway, it is also
constitutively activated by RTKs. RTKs, through a series of adaptor proteins and exchange factors,
stimulate Ras activation, which recruits Raf to the plasma membrane, and then phosphorylates and
activates MEK, subsequently phosphorylating and activating ERK1/2 [42]. Activation of ERK1/2
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regulates both cytosolic proteins and transcription factors involved in cell proliferation, migration,
and invasion [42]. Selective inhibitors of the MEK/ERK signaling pathway are currently under
clinical trial in GBM therapies [43]. Moreover, there is a crosstalk between the PI3K/Akt and
MEK/ERK signaling pathways in maintaining the self-renewal and tumorigenicity of
glioblastoma-like stem cells [44], which may contribute to the unsuccessful therapeutic effects of
inhibitors in targeting a single signaling pathway [45]. This suggests that a combined blockage of
both PI3K/Akt and MEK/ERK pathways would be a rational and effective approach in treating
glioblastoma [44]. Besides reducing p-Akt levels, xyloketal B decreased p-ERK1/2 protein
expression in U251 cells. These results indicate that xyloketal B downregulates both the PI3K/Akt
and MEK/ERK1/2 pathways, contributing to anti-proliferation and migration effects.
Recently, Liu et al. reported that knockdown of TRPM7 inhibited proliferation, migration, and
invasion of glioma stem cells and revealed that the JAK2/STAT3 and/or Notch signaling pathways
were involved in these effects [11]. The function of TRPM7 on glioma stem cell was further
confirmed in glioblastoma A172 cells [10]. Thus, TRPM7 is likely a promising target for
therapeutic intervention in glioblastoma. There are several lines of evidences suggesting that
TRPM7 regulates the PI3K/Akt and MEK/ERK pathways. Silencing TRPM7 decreased the level of
p-Akt in OVCA cells and human lung fibroblasts, and also decreased the level of p-ERK1/2 in
breast cancer cells [46–48]. However, silencing TRPM7 in endothelial cells enhanced cell
proliferation, migration, and p-ERK1/2 expression [49,50], suggesting that TRPM7 exerts its
function in relation to specific cell types. In this study, we found that xyloketal B blocked TRPM7
currents in HEK-293 cells overexpressing TRPM7. Moreover, we detected TRPM7 protein
expression in U251 cells, while xyloketal B did not regulate its protein expression. These data
indicate that xyloketal B reduces levels of p-Akt and p-ERK1/2 in U251 cells via blockage of the
TRPM7 current. Carvacrol was reported to be an inhibitor of TRPM7 [31], which was also confirmed
in our study (data not shown). In this study, similar to xyloketal B, carvacrol was found to reduce
cell viability, proliferation, migration, and expression levels of p-Akt and p-ERK1/2 in U251 cells
in the parallel experiments. Hence, these results provide evidence that blocking TRPM7 with
xyloketal B is a critical step in regulating the PI3K/Akt and MEK/ERK pathways, which are
involved in the suppression of cell proliferation and migration of U251 cells. Our study is
consistent the previous findings in cancer cells [46–48].
The mechanism by which TRPM7 regulates the PI3K/Akt and MEK/ERK pathways remains
unclear. Ca2+ is a critical second messenger for signal transduction in regulating gene expression,
cell proliferation, cell migration, and cell survival, among other activities [51]. In RTK’s signaling
pathway, Ca2+ interacting with phosphoinositide-specific phospholipase C (PLC), regulates
downstream signaling, including PI3K/Akt and MEK/ERK signaling [52]. TRPM7 not only has a
very high permeability for both Ca2+ and Mg2+, but also an Į-type serine/threonine protein kinase
domain, which has been shown to form a dimer that can autophosphorylate as well as
phosphorylate protein substrates [53]. Studies have shown that the C2 domain of several
phospholipase C (PLC) isozymes interacts with TRPM7Į-type serine/threonine protein kinase
domain [54,55]. In our previous study, xyloketal B was shown to regulate calcium entry in
endothelial cells and primary cortical neurons [21,25]. Hence, we could speculate that TRPM7
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regulates PI3K/Akt and MEK/ERK1/2 signaling through Ca2+ entry and interaction with PLC, and
thus is involved in the effects of xyloketal B on U251 cells.
In summary, our findings indicate that the effects of marine compound xyloketal B in antiproliferation and migration of U251 cells are mediated by inhibition of TRPM7 and regulation of
the PI3K/Akt and MEK/ERK signaling pathways. Thus, marine compound xyloketal B may be a
potential target for drug development for treatment of glioblastoma.
3. Experimental Section
3.1. Reagents
Anti-TRPM7 (cat #ab85016) was purchased from Abcam (Cambridge, MA, USA). Phosphor-Akt
(ser 473,) antibody (p-Akt, cat #9271), Akt antibody (t-Akt, cat #9272), and phospho-p44/42
MAPK antibody (p-ERK1/2, cat #5726) were purchased from Cell Signaling Technology
(Danvers, MA, USA). Anti-MAP Kinase ERK1/ERK2 Rabbit pAb (t-ERK1/2, cat #442704) was
purchased from Millipore (Billerica, MA, USA). Anti-ȕ-actin was purchased from Sigma-Aldrich
(St. Louis, MO, USA). Pierce™ BCA Protein Assay Kit was a product of Pierce Biotechnology
(Rockford, IL, USA). All cell culture materials were obtained from Gibco Life Technologies
Corporation (Burlington, ON, USA). All other reagents used were purchased from Sigma-Aldrich
(St. Louis, MO, USA) unless mentioned otherwise.
3.2. Cell Culture
The permanent, well-characterized human glioblastoma cell line U251 was received from the
American Type Culture Collection (Manassas, VA, USA) and maintained in Dulbecco’s modified
eagle’s medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS),
100 U/mL penicillin, and streptomycin in a 37 °C, 5% CO2 humidified chamber. HEK-293 cells
with stable expression of Flag-murine TRPM7/pCDNA4 were maintained in MEM supplemented
with 10% FBS, blasticidin (5 ȝg/mL), glutamax-1 (2 mM), and zeocin (0.4 mg/mL). HEK-293Flag-TRPM7 cells were incubated with 1 ȝg/mL tetracycline to induce TRPM7 overexpression.
3.3. Cell Viability and Proliferation
MTT assay was employed to assess cell viability and cell proliferation, as previously described [21].
U251 cells, seeded in 96-well culture plates at a density of 2 × 104 cells/mL, were treated with
various concentrations of xyloketal B (31.25–1000 ȝM) or carvacrol (from 125 ȝM to 1000 ȝM)
for the described time points (24, 48, or 72 h). MTT reagent (0.5 mg/mL MTT) in completed medium
(100 ȝL) was added to each well and incubated in a CO2 incubator for 3 h. Then, the medium was
aspirated from each well and 200 ȝL DMSO was added. The quantity of formazan product of
MTT, as measured by absorbance, is directly proportional to the number of living cells. The
absorbance was measured in a microplate reader (Syngery H1, Biotek, Winooski, VT, USA) at
490 nm. Cell viability was expressed as a percentage of the control value (0.1% DMSO).
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3.4. Colony Formation
Glioblastoma U251 cells (300 cells/well) were seeded in six-well plates overnight and
subsequently treated with xyloketal B (300 ȝM) or carvacrol (500 ȝM) for 24 h. The culture
medium was changed at regular time intervals. After seven days of culture, the cells were washed
twice with PBS, and fixed with 4% paraformaldehyde for 30 min at room temperature. The
colonies were stained with 0.1% crystal violet for 10 min, then washed with water and air-dried.
Cell colonies in plate were scanned using CanoScan LiDE 700F and images were captured using a
digital camera connected to a phase-contrast Olympus microscope (CKX41, ×10 objectives). The
number of colonies containing >50 cells was counted using Image-Pro Plus software (version
1.47V). Data were presented as a percentage of control.
3.5. Cell Migration
Wound healing assay was employed to assess cell migration, as described elsewhere [56]. In
brief, U251 cells were seeded in six-well culture plates at a density of 5 × 104 cells/mL and grown
overnight. Wound gap of the monolayer of cells was created using a 200 ȝL pipette tip. Then, the
cells were treated with xyloketal B (300 ȝM), carvacrol (500 ȝM) and vehicle control (0.1%
DMSO) at various time points. Cell images of each time point were taken with a digital camera
connected to a phase-contrast Olympus microscope (CKX41, ×10 objective). The same visual field
was marked and used throughout the experiment. The area of wound gap was measured by
Image-Pro Plus software with the wound healing tool. Wound closure (%) = [Gap area (T í T0)/Gap
area T0] × 100% (where T is the treatment time and T0 is the time that the wound was induced).
3.6. Western Blotting
Western blotting experiments were carried out as previously described [21,57]. Total cell lysates
were prepared by scraping cells in RIPA buffer plus proteinase inhibitor cocktails (50 mM Tris,
150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% SDS, 1% Sodium deoxycholate, 1 mM
PMSF, 1 mM Na3VO4, 1 mM NaF, 1 ȝg/mL aprotinin, 1 ȝg/mL leupeptin, 1 ȝg/mL pepstatin) and
centrifuged at 13,000 rpm to pellet the insoluble material. The protein concentrations of cell lysates
were determined using was determined with the bicinchoninic acid (BCA) assay method.
Equivalent amounts of protein were separated in SDS-PAGE gel and transferred to nitrocellulose
membrane (Millipore, Billerica, MA, USA) using a semi-dry transfer method (200 mA per gel,
60 min). The membrane was then blocked with 5% milk in TBS with 0.1% Tween-20 at room
temperature for 1 h, and immunoblotted with primary antibodies overnight at 4 °C as follows:
anti-TRPM7 (1:1000), anti-p-Akt (1:1000), anti-Akt (1:1000), anti-p-ERK1/2 (1:1000), anti-ERK1/2
(1:1000), and anti-ȕ-actin (1:1000) antibodies, followed by incubation with the corresponding
HRP-labeled secondary antibody (Cell Signaling Technology, Danvers, MA, USA, 1:8000) for 1 h
at room temperature in conjunction with a chemiluminescence reagent system (PerkinElmer Life
Sciences Inc., Boston, MA, USA). Densitometry was carried out using Image-Pro Plus software.
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3.7. Patch-Clamp Recording
Whole-cell patch-clamp recording was used to analyze TRPM7 currents using an Axopatch
700B (Axon Instruments, Inc., Sunnyvale, CA, USA), as previously described [58]. Briefly,
holding membrane potential was held to 0 mV. Voltage ramp (from í100 to +100 mV for 400 ms)
protocol was using to recorded TRPM7 currents with an interval of 5 s at 2 kHz and digitized at
5 kHz. Data were acquired using pClamp 9.2 software and analyzed using Clampfit 9.2. All
experiments were performed at room temperature. The patch pipette (3–5 megaohms) was made
from hematocrit glass using a micropipette puller (Model P-97, Shutter Instrument, Novato, CA,
USA). The pipette solution contained (in mM) 145 cesium methanesulfonate, 8 NaCl, 10 EGTA, and
10 HEPES (pH adjusted to 7.2 with CsOH). The bath solution contained (in mM) 140 NaCl, 5 KCl,
2 CaCl2, 20 HEPES, and 10 glucose (pH was adjusted to 7.4 with NaOH). The cell was perfused
with bath solution before perfusing with xyloketal B (300 ȝM). When the effects of xyloketal B
reached the maximum platform, the cell was reperfused with bath solution to wash out xyloketal B.
3.8. Statistical Analysis
Data are presented as the mean ± SEM. One-way ANOVA with subsequent Newman–Keuls test
was used to determine the statistical significance for multiple comparisons. Comparison between
two groups was analyzed using Student’s t-test. All reported p-values were two-sided and were
considered to be statistically significant at p < 0.05.
4. Conclusions
Marine compound xyloketal B reduces cell viability, proliferation, and migration through
inhibition of TRPM7 and modulation of the PI3K/Akt and MEK/ERK signaling pathways. Thus,
marine compound xyloketal B may be a potential target for drug development. Further research,
especially in vivo study, is essential to explore its value as a potential therapeutic agent for treatment
of glioblastoma.
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Abstract: Finkel-Biskis-Reilly murine sarcoma virus (FBR-MuSV) ubiquitously expressed (FAU)
gene is down-regulated in human prostate, breast and ovarian cancers. Moreover, its dysregulation
is associated with poor prognosis in breast cancer. Sponges (Porifera) are animals without tissues
which branched off first from the common ancestor of all metazoans. A large majority of genes
implicated in human cancers have their homologues in the sponge genome. Our study suggests that
FAU gene from the sponge Suberites domuncula reflects characteristics of the FAU gene from the
metazoan ancestor, which have changed only slightly during the course of animal evolution. We
found pro-apoptotic activity of sponge FAU protein. The same as its human homologue, sponge
FAU increases apoptosis in human HEK293T cells. This indicates that the biological functions of
FAU, usually associated with “higher” metazoans, particularly in cancer etiology, possess a
biochemical background established early in metazoan evolution. The ancestor of all animals
possibly possessed FAU protein with the structure and function similar to evolutionarily more
recent versions of the protein, even before the appearance of true tissues and the origin of tumors and
metastasis. It provides an opportunity to use pre-bilaterian animals as a simpler model for studying
complex interactions in human cancerogenesis.
Reprinted from Mar. Drugs. Cite as: Perina, D.; Korolija, M.; Hadžija, M.P.; Grbeša, I.; Belužiü, R.;
Imešek, M.; Morrow, C.; Marjanoviü, M.P.; Bakran-Petricioli, T.; Mikoþ, A.; et al. Functional and
Structural Characterization of FAU Gene/Protein from Marine Sponge Suberites domuncula.
Mar. Drugs 2015, 13, 4179-4196.
1. Introduction
The evolution of cancer is still not fully understood. However, it is known that the genes of
cellular cooperation that evolved along with multicellularity, when malfunctioned, contribute to
cancer development [1]. The majority of these genes are involved not only in cell division and cell
growth, but also in cell adhesion, apoptosis, developmental signaling pathways, recognition of self
and non-self and differentiation of various cell types. All living animals descended from the
600 million year old common ancestor, including sponges and humans [2]. Sponges are the
simplest animals, but despite the absence of tissues, their genomes contain a large majority of
genes that have been implicated in human cancer [2]. However, the functions of these genes and
biochemical characteristics of their products within the sponge cells remained largely
unknown [3,4]. Tumors have not yet been identified in sponges, although computational studies
have predicted that most metazoans might be prone to develop tumors [5]. Moreover, naturally
occurring tumors have recently been described in two cnidarian species [6]. These findings suggest
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that understanding of cancer associated genes in simpler animals without tissues and blood vessels
could help in understanding the more complex interactions of their homologues in higher Metazoa.
Ribosome assembly is a complex process requiring coordinated activation of more than 200
non-ribosomal factors, including numerous small nucleolar RNAs (snoRNAs). Their role in
modification of ribosomal RNAs (rRNAs) was shown to be essential for the correct assembly of the
ribosome [7,8]. Three major classes of snoRNAs include: C/D box snoRNAs (primarily guide the
2ƍ-O-methylation of target rRNAs), H/ACA box snoRNAs (typically guide pseudouridylation of
target rRNAs) and small Cajal-body-specific RNAs (scaRNAs) (typically target snoRNAs).
snoRNAs are believed to be the most ancient non-coding RNAs (ncRNAs) [9]. Many examples of
ncRNAs displaying both snoRNA and microRNA (miRNA) characteristics suggest a possible
evolution from one type to the other [10]. snoRNAs are nonautonomous transposable elements that
can gain additional genomic copies, usually by a copy-and-paste mechanism involving an RNA
intermediate. These snoRNA retroposons (snoRTs), like Alu element, use the LINE L1 machinery
for their mobilization, and probably play an important role in evolution of mammalian
genome [11].
Ribosomal proteins (RPs) are an evolutionarily conserved component of ribosome in every cell
of every organism. Analysis of 66 complete genomes revealed that 34 RPs are common to all living
organisms [12]. Many RPs possess additional extraribosomal functions in cells. They are involved
in many processes within the ribosome system, surveillance of ribosome synthesis, but also in
replication and regulation of cell growth, apoptosis and cancer [13]. Human FAU gene
(Finkel-Biskis-Reilly murine sarcoma virus (FBR-MuSV) ubiquitously expressed) encodes the
ribosomal protein S30 (RPS30) fused with an ubiquitin-like protein FUBI [14]. Retrovirus
FBR-MuSV, which contains genes v-fos and fox, can induce osteosarcomas in susceptible mice [15].
Fox is an antisense sequence to the cellular gene FAU, which indicates a putative tumor suppressor
role for FAU. Moreover, the FAU gene is down-regulated in human breast, prostate and ovarian
tumors and its down-regulation is strongly associated with poor prognosis in breast cancer [16–18].
Pro-apoptotic regulatory role for FAU has recently been described [19]. Since the failure of
apoptosis is fundamental to the development of many cancers, regulation of apoptosis may serve as
the functional background for the extraribosomal function of this RP.
Our study suggests that FAU gene from the sponge Suberites domuncula probably reflects the
characteristics of the FAU gene from metazoan ancestor that changed only slightly during animal
evolution. FAU protein from sponge possesses pro-apoptotic activity and increases apoptosis in
human HEK293T cells, same as its human homologue. This suggests that biological functions of
FAU, usually associated with the origin of cancer in “higher” metazoans, possess biochemical
background established early in metazoan evolution. Our results implicate that the ancestor of all
animals possessed FAU protein with the structure and the function similar to its evolutionarily
recent versions, even before the appearance of true tissues and the origin of tumors and metastasis.
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2. Results and Discussion
2.1. Structure and Evolution of Metazoan FAU Gene
FAU gene encodes an ubiquitin-like protein (FUBI) fused to the ribosomal protein S30 (RPS30).
This type of gene organization seems to be conserved throughout metazoan evolution (Figure 1A).
Sponge FAU protein has 61% amino acid sequence identity (78% sequence similarity) with human
FAU and is more similar to its homologues from human or rat, than to those from invertebrates
Caenorhabditis elegans (47% sequence identity, 62% similarity) and Drosophila melanogaster
(50% sequence identity, 68% similarity). Both invertebrate model organisms underwent recent
accelerated evolution [20]. Since sponge FAU changed only slightly during metazoan evolution,
it seems to be a promising candidate to effectively reflect FAU protein structure of the ancestral
metazoan ribosome. It is also noteworthy that FUBI domain is much less conserved than RPS30.
However, G–G dipeptide motif, which participates in bond formation between ubiquitin and lysine
residues of target proteins, is conserved in all analyzed metazoans (Figure 1A). As already
observed in human FAU, none of the lysine residues which serve as sites for polyubiquitin chain
formation, are present in any of the analyzed FAU homologues (Figure 1A). This indicates that
FUBI is unlikely to have an analogous role to ubiquitin in protein degradation and that this diverse
role was probably established early in metazoan evolution.
Synchronized expression of ribosomal protein genes (RPGs), driven by the promoters of similar
strength, ascertains equimolecular amount of ribosomal proteins in the cell, which is prerequisite
for the ribosome assembly [21,22]. Human over-represented motifs in RPG promoters are
identified as targets for YY1, NRF1, c-Myc and SP1 transcription factors [21]. The 5ƍ-terminal
oligopyrimidine (TOP) tract in human RP transcripts is also known to be essential for the control of
gene expression, at both the transcriptional and the translational levels [23,24]. To test which
elements are present in the FAU promoter, we compared over-represented motifs in RPG
promoters of the sponge Amphimedon queenslandica with FAU sequence. In the majority of
analyzed human RPG promoters, YY1 motifs were found downstream of the transcription start site
(TSS) [25]. This motif is also present downstream in the sponge FAU (p = 3.00 × 10í7) (Figure 1B).
Two SP1 and one NRF1 binding sites were found upstream of the TSS (p = 4.08 × 10í7,
p = 1.39 × 10í7, p = 7.10 × 10í7, respectively), while E-box palindromic core CACGTG was also
identified in FAU promoter (p = 3.12 × 10í6). Among many transcription factors that recognize the
E-box, oncoprotein c-Myc (MYC) is known to bind to it [26]. c-Myc enhances ribosomal
biogenesis by up-regulating transcription mediated by all three RNA polymerases [27]. This
implies possible participation of the FAU protein in the analogous c-Myc-enhanced ribosomal
biogenesis established early in metazoan evolution. The TSS was identified in TOP (Figure 1B).
The TOP motif has a dual regulatory function in vertebrates. It is a part of a cis-regulatory element
in transcriptional regulation and has a role at the translational level [23,24]. In certain physiological
conditions, it inhibits binding of the translational regulatory proteins or the translational machinery
to the mRNA [28]. The presence of TOP and all other elements in sponge FAU promoter indicates
that the foundations of the human FAU cis-regulation were established early in metazoan evolution.
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Figure 1. (A) Multiple sequence alignment of FAU proteins from representative
species (Homo sapiens (Hs), Rattus norvegicus (Rn), Haliaeetus leucocephalus (Hl),
Anolis carolinensis (Ac), Xenopus laevis (Xl), Danio rerio (Dr), Apis mellifera (Am),
Metaseiulus occidentalis (Mo), Drosophila melanogaster (Dm), Branchiostoma
floridae (Bf), Strongylocentrotus purpuratus (Sp), Ciona intestinalis (Ci),
Caenorhabditis elegans (Ce), Nematostella vectensis (Nv), Trichoplax adhaerens (Ta),
Amphimedon queenslandica (Aq), Monosiga brevicollis (Mb)). G–G dipeptide motif
and missing lysine residues which serve as sites for polyubiquitin chain formation are
marked with arrows and asterisks, respectively; red = 100%, blue = 80% and yellow =
60% identity; (B) Over-represented motifs in sponge ribosomal protein gene (RPG)
promoters and promoter sequence of sponge FAU with indicated translational start site
(marked with yellow rectangle), transcription start site (TSS, marked with arrow) and
transcription factor binding sites and terminal 5ƍ-terminal oligopyrimidine (TOP) tract
(marked with rectangles).
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Multiple sequence alignment of FAU gene orthologues was used to characterize intron dynamics
by comparing the intron positions (Figure 2). Most of the positions, phases, and the number of
introns in FAU genes were not significantly changed from sponge to human (Figure 2). The most
conserved intron position separates the UBQ from RPS30 domain in FAU and varies from 25 to
3339 bp. The average value of sponge RPG intron length is 164 bp [29], while human RPGs have
significantly longer introns, with the average length of 760 bp [30]. Transposable element
insertions play an important role in the evolution of intron size [31]. Therefore, we searched for
over-represented elements in FAU introns.
2.2. Identification of snoRNAs in FAU Introns of Sponges
The accumulating genomic data strongly confirm the tendency of snoRNAs to colonize RPGs
and ribosome related genes in eukaryotes [32]. The total set of 16 introns in FAU gene from eight
sponges produced four candidate H/ACA snoRNAs. After a more detailed analysis, we were able
to identify three snoRNAs that match a sequence motif of known snoRNAs available on Rfam, the
snOPY database and the snoRNA-LBME database. This snoRNA is the sponge orthologue of the
human SNORA62 (E2) (Figure 3A). SNORA62 is predicted to guide the pseudouridylation of
uridine residues at the position 3830 and 3832 in human 28S rRNA [33]. This target sequence of
28S rRNA is highly conserved between human and analyzed sponges (Figure 3B). The sponge
SNORA62 pseudouridylation guide sequence, as well as the H- and ACA-boxes, are also well
conserved (Figure 3A). Its expression was verified experimentally (Figure 3C). Phylogenetic
analysis of SNORA62/SNORA6 is presented in Figure 3D. The SNORA62 and SNORA6 share the
same host gene in vertebrates and SNORA6 probably arose by cis-duplication of SNORA62. The
SNORA62 homologues from sponges clearly group together and reflect the characteristics of
snoRNA ancestral to this snoRNA family, before the duplications and diversifications within the
metazoan lineage. snoRNAs are mobile genetic elements, often transferred through
retrotransposition, and can therefore participate in diversification and enrichment of transcriptomes
through various mechanisms such as intron/exon gain/loss [34]. It is known that snoRNAs can
change their genomic location within relatively short vertebrate evolutionary time scales [35].
Since all of examined RPG intron positions were conserved in three Suberites species, it was
presumed that on this shorter evolutionary time scale, mobility of snoRNAs is not a significant
factor that determines intron dynamics [29]. However, we found that within the same genus
(Suberites), SNORA62 can change its genomic location. In S. pagurorum, S. domuncula and S.
ficus this snoRNA is present in the same intron, but apparently is missing in the same conserved
intron in S. massa (Figure 2). Our results indicate that RPG introns are more dynamic than
previously documented and that mobility of snoRNAs plays an important role in RPG (and FAU)
evolution even on shorter evolutionary time scales.

705

Figure 2. Intron-mapping of FAU genes from representative species. White triangles
indicate positions of the introns and gray triangles indicate presence of SNORA62. The
number within triangle denotes the intron phase and the number in brackets intron
length. The thin line indicates the 5ƍ UTR region.
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Figure 3. (A) SNORA62 conserved in the last introns of the FAU gene in
S. domuncula, S. ficus and S. pagurorum. All essential snoRNA elements are conserved
and a putative pseudouridylation (PU) guide site is designated; red = 100%, blue = 80%
and yellow = 60% identity; (B) Target sites of SNORA62 are conserved in sponges and
marked with psi; (C) Experimental verification of transcription of sponge SNORA62.
Polyadenylated snoRNAs were amplified, cloned and sequenced; (D) Maximum
likelihood (ML) phylogenetic tree of snoRNAs from representative species. Bootstrap
values for ML are given above and MCMC below the line. The scale bar indicates the
genetic distance of the branch lengths.
The other snoRNA shows stable secondary structure with conserved snoRNA parts (Figure S1).
In the first intron of FAU gene of the sponge Rhizaxinella pyrifera, a single snoRNA with a
potential target rRNA was found (Figure S1). This target is not conserved in humans nor has it yet
been described as a pseudouridylation site, so we can only speculate about the possible function of
this snoRNA.
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2.3. Subcellular Localization of Sponge FAU
RPs are mainly cytoplasmic, being incorporated into translating ribosomes, but they can be
found, at least transiently, in the nucleus [36]. As mentioned before, RPs have non-ribosomal
functions when they are off-ribosomal subunits. We transiently transfected HEK293T and HeLa
cells with GFP-FAU from S. domuncula and DsRed-FAU from human and analyzed the cells
48 hours post transfection using confocal laser scanning microscopy. Proteins show the same
localization pattern in both cell types. Both human and sponge proteins exhibit the same subcellular
localization (Figure 4A). Proteins are dispersed throughout the cytoplasm rather than being
associated with a specific cytoplasmic organelle (Figure 4B,C). Although the signals are present
mainly in the cytoplasm, portions can also be clearly observed in the nuclei (Figure 4A). This result
matches the finding of the previous study, where subcellular localization of Drosophila RPS30 was
analyzed [36]. It has been observed that a fraction of RPS30 is localized in the nucleus and is
associated with transcription sites. We presume that, according to cellular localization,
extraribosomal functions of FAU at transcription sites were already present in ancestor of all
metazoans and remained conserved throughout the evolution.

Figure 4. (A) Subcellular localization of sponge and human FAU. HeLa cells
transiently transfected with sponge (Sd) pEGFP-FAU (green fluorescence), human (Hs)
pDsRed-FAU (red fluorescence); (B) pECFP-Golgi (cyan) and (C) pECFPmitochondria (cyan). The overlay (yellow) shows colocalization of the human and
sponge homologs in panel A. Scale bar = 10 ȝm.
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Figure 5. Protein blot validation of sponge Flag-FAU expression and the relative
growth rates assessed by CellTiter-Glo assay of HEK293T (A) and HeLa cells (B);
Activities of caspase were measured by a Caspase-Glo 3/7 assay kit and by cleavage of
caspase substrate PARP in HEK293T (C) and HeLa cells (D) transfected with
pcDNA3-FAU or empty vector pcDNA3. Data are representative of three independent
experiments (* p < 0.05).
2.4. Overexpression of Sponge FAU in Human Cell Lines
Transient transfection with human pcDNA3-FAU increased apoptosis and decreased short-term
cell viability in HEK293T, Jurkat and CEM cell lines [19]. To test whether these functions of FAU
protein were established early in metazoan evolution, we transfected HEK293T and HeLa cell lines
with sponge pcDNA3-FAU. The growth rate of cells was evaluated at different time points after
transfection, to determine whether overexpression of sponge FAU affects cell proliferation.
Transfection markedly increased Flag-FAU levels (Figure 5A,B). Empty vector pcDNA3 was used
as control. Subsequently, the proliferation of pcDNA3-FAU-transfected HEK293T cells was
decreased 1.44-fold (p = 0.008) when compared to cells with pcDNA3 control (Figure 5A). Cell
viability decreased by 30.1% 72 h post-transfection compared to cells possessing the control
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vector. Interestingly, these effects were not observed in HeLa cancer cell line (Figure 5A). To
further investigate the mechanism underlying the observed, we measured caspase-3 and -7
activities in transfected cell lines. pcDNA3-FAU-transfected HEK293T cells show 1.31-fold
(p = 0.014) increased caspase activity as compared to pcDNA3 transfected cells (Figure 5C).
However, apoptotic cells were not elevated in HeLa cell line, and neither the cleavage of PARP,
caspase-3 substrate, was observed (Figure 5D). Interestingly, similar results were obtained when
human Flag-FAU was overexpressed in HeLa cells (Figure S2). Our results indicate that
pro-apoptotic activity of FAU was established early in metazoan evolution, but appears to be cell
type specific as its expression leads to efficient apoptosis in HEK293T but not in HeLa cell line.
Since both human and sponge FAU do not activate caspases in HeLa cells significantly, but both
activate caspases in HEK293T cells, we believe that the mechanism underlying this effect was
already present in metazoan ancestor. It was proposed that Bcl-G plays an essential down-stream
role in mediating the pro-apoptotic activity of FAU [19]. The molecular mechanisms of apoptosis
regulation by FAU remain to be elucidated, but possibly include FUBI-mediated targeting of Bcl-G
and/or modulation of the interaction of Bcl-G with other constituents of the cellular apoptotic
machinery (caspases for example) [19]. Although down-regulation of Bcl-G inhibits apoptosis
induced by FAU, basal apoptosis rates are higher in certain cellular contexts [19]. However, this
effect has not been observed in human breast cancer and prostate cell lines [16,17]. This indicates
that in certain cell lines, Bcl-G can have anti-apoptotic effects, in addition to the pro-apoptotic
activity. Moreover, mouse Bcl-G is expressed in a range of epithelial, as well as in dendritic cells
and its loss does not appear to affect any of these cell types [37]. This intriguing contrast in the
effects of FAU/Bcl-G on cell fate in different cellular contexts presents attractive possibilities for
the development of novel therapies for cancers and could be used for targeted elimination of
cancer cells.
From all presented data we can conclude that the structure and the functions of the recent FAU
gene were established early in metazoan lineage. Tumor suppressor gene function of FAU probably
arose before tumor appearance. As sponges do not possess tissues and organs, formation of tumors
within them is unlikely. It seems that tumors evolved in parallel with the development of true
tissues and organs, yet the extraribosomal functions of RPs were probably established in the
metazoan ancestor well before the Cambrian explosion, i.e., before the appearance of diverse
groups of multicellular animals. Other highly sophisticated extraribosomal functions of RPs,
involved in the origin of cancer and metastasis, evolved together with the appearance of different
cell types, tissues and organs. Whereas synchronized cis-regulation of RPGs needs to be conserved
for equimolecular presence of RPs in the metazoan cell, the evolution of RPGs together with the
extraribosomal functions of RPs on shorter evolutionary time scale is probably driven by
snoRNAs. snoRNAs can promote, but also suppress tumor development [38]. Numerous studies
already provided evidence for the functional importance of snoRNAs in cancerogenesis [39,40].
Our results show that SNORA62 is found in FAU gene in the subset of sponges from the genus
Suberites, which suggests its dynamic and fast evolving nature. This snoRNA is located in the
human ribosomal protein gene SA (RPSA). Both host RPGs possess an extraribosomal function
involved in the maintenance of cellular viability through the caspase-dependent regulation of
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apoptosis [19,41]. Interestingly, SNORA62 is the most upregulated gene in diallyl sulfide
(DAS)-induced apoptosis in HeLa cells, as a part of p53, mitochondria- and caspase- pathways [42].
It would be interesting to test whether this snoRNA can act as an oncogene like SNORA42 [43], or
tumor suppressor like U50 snoRNA [44] and if these functions interfere and modulate similar
functions of its host genes. The number of ncRNA is exceedingly lower in basal metazoans than in
“higher” animals, which may indicate that metazoan complexity correlates with an increasing
number of ncRNAs [45]. If SNORA62 can modulate apoptotic effect of its host genes, it will
provide new strategies for targeting FAU. In the longer term, the development of techniques for the
manipulation of snoRNAs may also be productively directed towards the manipulation of genes
involved in cancerogenesis for cancer therapy. Analyses of sponge FAU gene presented in our
paper provides the opportunity to determine direction for further investigation of FAU and evaluate
its potential for cancer treatment. Undoubtedly, sponges could be used as an informative model in
cancer research, not only in terms of targeting genes involved in cancerogenesis by snoRNAs, but
also in targeting snoRNAs themselves. In order to evaluate their potential for cancer treatment,
further investigation of highly conserved and mobile snoRNAs found in the metazoan common
ancestor is needed.
3. Experimental Section
3.1. Materials
Live specimens of the sponge Suberites domuncula (Porifera, Demospongiae,
Tetractinomorpha, Hadromerida, Suberitidae) and Sycon raphanus (Porifera, Calcarea, Calcaronea,
Leucosolenida, Sycettidae) were collected in the Northern Adriatic Sea near Rovinj, Croatia, and
stored at í80 °C. Specimens of Oopsacas minuta (Porifera, Hexactinellida, Hexasterophora,
Lyssacinosida, Leucopsacidae) were collected in the cold water pit in the Middle Adriatic and
specimens of Rhizaxinella pyrifera (Porifera, Demospongiae, Tetractinomorpha, Hadromerida,
Suberitidae) were collected in the Middle Adriatic Pit, around 200 m depth and stored in 96% EtOH.
Suberites ficus and Suberites pagurorum were collected in Ireland, while Suberites massa in the
English Channel.
3.2. Sequence Analyses
Homology searches and sequence retrievals were done using BLAST (NCBI, NIH, Bethesda,
MD, USA: http://www.ncbi.nlm.nih.gov). Sequences were analyzed using Lasergene (DNAStar,
Madison, WI, USA). Multiple sequence alignments (MSA) were performed with CLUSTALX [46].
The exact position and the phase of each intron were verified by manual inspection and statistical
data were extracted from GeneDoc (http://www.psc.edu/biomed/genedoc).
Over-represented motifs were searched using MEME [47], as described earlier [22]. Statistical
significance of the motif (E-value) and p-value (statistical significance of predicted sites in FAU)
were extracted from MEME. The location of transcription factor binding sites relative to the
transcription start site was also extracted from MEME results for FAU sequence within a set of
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sequences with the same identified motif. Obtained motifs were then compared using
TOMTOM [48] against the TRANSFAC database of known motifs [49].
3.3. Isolation of Genomic DNA and Sequencing of FAU Gene
For genomic DNA preparation, sponge specimens were cut into pieces, frozen in liquid
nitrogen and grounded to fine powder from which total DNA was isolated using the Genomic DNA
Purification kit (QIAGEN, Redwood City, CA, USA). Sponge FAU gene was amplified by PCR,
using LA Taq DNA polymerase (Takara, Japan) and primers specific for ends of the coding
sequence
of:
Demospongiae
(5ƍ-GCAAGTTTTCGTACAAGGAGGGGC-3ƍ
and
5ƍGGTGCATTTGAGTTTGGTCCAC-3ƍ), Hexactinellida (5ƍ-ATGCAAGTGTTTGCACAAAC-3ƍ
and 5ƍ-CTAACTAGCTGAGTTTGAG-3ƍ) and Calcarea (5ƍ-CAGATTTTCATTCAGGCCCAGGC-3ƍ
and 5ƍ-GCGTTAGAGTTGGGTC-3ƍ). The amplified fragments were separated on a 0.8% agarose
gel, purified and cloned into the pGEM-T vector (Promega, Madison, WI, USA). Positive clones
were sequenced using T7/pUC primers.
3.4. Isolation and Characterization of Small RNAs
snoSeeker was used to identify snoRNAs in introns of FAU genes [50]. Rfam [51], snOPY
(http://snoopy.med.miyazaki-u.ac.jp/) and the snoRNA-LBME databases [52] were used to check
whether snoRNAs match to any of the known snoRNAs’ motifs. The secondary structure of
snoRNA was computed using the RNAfold program of the Vienna RNA Package [53]. Isolation of
small RNAs from sponge was described previously [29]. In brief, fresh specimens of S. domuncula
were cut into pieces, frozen in liquid nitrogen and grounded to a fine powder. mirPremier
microRNA Isolation Kit (Sigma, St. Louis, MO, USA) was used, according to the manufacturer’s
protocol for plant tissue. Polyadenylation was performed by incubation with E. coli Poly(A)
Polymerase (BioLabs). Poly(A) tailing reaction mixture was then reverse transcribed using the
SuperScript II Reverse Transcriptase (Invitrogen, Waltham, MA, USA) and a modified poly-d(T)
primer (5ƍ-GCGTAAGTGACTAGCGTGTTTTTTTTTTTTVN-3ƍ). The resulting cDNA was used
for PCR with a reverse primer (5ƍ-GCGTAAGTGACTAGCGTG-3ƍ) and forward primer specific
for predicted SNORA62 (5ƍ-CCCCATAGTGTTTGTTAGTAGC-3ƍ). The product was cloned into the
pGEM-T vector (Promega). Positive clones were sequenced using the ABI PRISM BigDye
Terminator v3.1 Ready Reaction Cycle Sequencing Kit and T7/pUC primers.
For phylogenetic analyses, multiple alignments were performed with CLUSTALW Ver. 1.6 [54].
Aligned sequences were imported into MEGA version 6 [55], and analyzed by Maximum
Likelihood (ML), while the Bayesian MCMC analysis was conducted in MrBayes v. 3.1.2. [56].
Bootstrap tests were performed with 1000 replicates. The model for ML analysis was selected
using Modeltest 3.7 and the Akaike Information Criterion (AIC) [57], which indicated HasegawaKishino-Yano model (I + G) [58].
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3.5. Cell Culture
Human HeLa cell line (ATCC) and HEK293T cell line were cultured in L-glutamine DMEM
(Invitrogene) supplemented with 10% fetal bovine serum (FBS, Invitrogene) and GA-1000
(30 mg/mL Gentamicin and 15 g/mL Amphotericin) (Lonza, Basel, Switzerland) at a 1:1000 ratio
in humidified chamber with 5% CO2 at 37 °C.
3.6. Plasmid Constructions
Eukaryotic expression vector pcDNA3 (Invitrogen) was digested with BamHI and EcoRI. The
insert containing the FLAG sequence and sponge FAU was cloned using these sets of primers: 5ƍGTCTAGGGATCCACGAGATGGACTACAAGGACGACGACGATAAGATGCAAGTTTTCGT
A-3ƍ and 5ƍ-CTAGACGAATTCTCATCACTGAGGTGCATTTG-3ƍ, and human FAU using: 5ƍGTCTAGGGATCCACGAGATGGACTACAAGGACGACGACGATAAGATGCAGCTCTTTGT
C-3ƍ and 5ƍ-CTAGACGAATTCTTATTAAGAGTTGGCATTGG-3ƍ For localization assay, sponge
FAU was cloned in fusion with GFP using pEGFP-C1 (XhoI/BamHI restriction sites) with the
following set of primers: 5ƍ-CCACTCGAGCTATGCAAGTTTTCGTACAAGG-3ƍ and 5ƍGACGGATCCTCATCACTGAGGTGCATTTG-3ƍ, and human using pDsRed-C1 with 5ƍCCACTCGAGCTATGCAGCTCTTTGTCCGCGC-3ƍ
and
5ƍACAGGATCCTTAAGAGTTGGCATTGGGGCCC-3ƍ set of primers.
3.7. Transient Transfections and Laser Scanning Confocal Microscopy
Lipofectamine 3000 reagent (Invitrogen) was used for HeLa cells transfections, according to the
manufacturer’s instructions. Twenty four hours before transfection 5 × 104 cells were seeded onto
24-well culture slides containing DMEM supplemented with 10% FBS to obtain 80% confluence.
Cells were transfected with 500 ng of plasmid DNA. Forty eight hours post transfection, the cells
were washed with PBS pH 7.5, fixed in 4% formaldehyde, and mounted in SlowFade Diamond
Antifade Mountant with or without DAPI (Molecular Probes, Waltham, MA, USA).
Fluorescent images were obtained by Leica SP8 X FLIM laser scanning confocal microscopy
equipped with HC PL APO CS2 63×/1.40 OIL objective. GFP was excited by 488 nm laser line,
CFP using 433 nm, DAPI using 405 nm and DsRed at 560 nm laser lines.
3.8. Immunoblotting
The cell lysates were loaded on SDS-PAGE and electrotransferred to a PVDF Hybond-P
membrane (Amersham Biosciences, Piscataway, NJ, USA). The membranes were incubated with
anti-FLAG M2 antibody (1:5000) (Sigma) for detection of FLAG-FAU or anti-PARP antibody
(1:5000) (ab137653). Protein bands were visualized using chemiluminescence detection (Amersham
ECL Plus, GE Healthcare, Parramatta, Australia).
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3.9. Cell Viability Assay
HeLa cells were transfected as described above, trypsinized 24 h post-transfection and 103
viable cells suspended in 100 L 10% FBS DMEM were added to each well of 96-well plates.
HEK293T cells were transfected using standard calcium phosphate method [59]. Cell proliferation
was measured using CellTiter-Glo Luminescent Cell Viability Assay (Promega) according to the
manufacturer’s instructions with luminometer Infinite 200 (TECAN). Concentration of ATP was
measured in triplicate.
3.10. Apoptosis Assay
Cells were transfected as described above, trypsinized 24 h post-transfection and 5 × 103 viable
cells suspended in 100 L 10% FBS DMEM were seeded in 96-well culture plates. Caspase-3/7
activity was measured using the Caspase-Glo 3/7 Assay Kit (Promega) according to the
manufacturer’s instructions with luminometer Infinite 200 (TECAN).
3.11. Statistical Analyses
Statistical analysis was performed using Student’s t-test. Probabilities of less than 0.05 were
considered statistically significant.
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