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Abstract: Trichostatin A (TSA), a natural derivative of dienohydroxamic acid derived from a fungal
metabolite, exhibits various biological activities. It exerts antidiabetic activity and reverses high glu-
cose levels caused by the downregulation of brain-derived neurotrophic factor (BDNF) expression
in Schwann cells, anti-inflammatory activity by suppressing the expression of various cytokines,
and significant antioxidant activity by suppressing oxidative stress through multiple mechanisms.
Most importantly, TSA exhibits potent inhibitory activity against different types of cancer through
different pathways. The anticancer activity of TSA appeared in many in vitro and in vivo investiga-
tions that involved various cell lines and animal models. Indeed, TSA exhibits anticancer properties
alone or in combination with other drugs used in chemotherapy. It induces sensitivity of some hu-
man cancers toward chemotherapeutical drugs. TSA also exhibits its action on epigenetic modula-
tors involved in cell transformation, and therefore it is considered an epidrug candidate for cancer
therapy. Accordingly, this work presents a comprehensive review of the most recent developments
in utilizing this natural compound for the prevention, management, and treatment of various dis-
eases, including cancer, along with the multiple mechanisms of action. In addition, this review sum-
marizes the most recent and relevant literature that deals with the use of TSA as a therapeutic agent
against various diseases, emphasizing its anticancer potential and the anticancer molecular mecha-
nisms. Moreover, TSA has not been involved in toxicological effects on normal cells. Furthermore,
this work highlights the potential utilization of TSA as a complementary or alternative medicine for
preventing and treating cancer, alone or in combination with other anticancer drugs.
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1. Introduction

The search for natural news with a pharmaceutical interest is supported today by
several investigations. Indeed, natural molecules from different sources have been tested
for their biological effects and pharmacological properties. The screening of natural sub-
stances with pharmacological properties involves in vitro screening, in vivo investigations,
and clinical trials, including toxicological tests to validate the harmlessness of bioactive
molecules [1-5]. Indeed, indeed, molecules of natural origin are favored over synthetic
ones. This advantage is essentially due to the high toxicity of synthetic molecules. How-
ever, the toxicity assessment must also be done for natural molecules because some show
specific toxic effects [6-8].

Trichostatin A (TSA) (Figure 1) is a hydroxamic acid initially isolated from the sec-
ondary metabolites of Streptomyces hygroscopicus strains [9]. TSA is a known inhibitor of
the canonical class I and class II histone deacetylases (HDACs) and one of the most prom-
ising agents with validated targets that prevent the progression of tumors [10]. The chem-
ical structure of this compound plays an important role in its multiple biochemical and
biological effects. TSA displays several pharmacological and physical properties, includ-
ing antioxidant [11-14], antidiabetic [15-17], anti-inflammatory [18-22], and anticancer
activities [23-29].

The antidiabetic effects of TSA are mainly related to its capacity to inhibit enzymes
involved in the metabolism of glucides and lipids, as well as the signaling pathways in-
volved in metabolism regulation [15-17]. On the other hand, the anti-inflammatory effects
of this bioactive compound involve the inhibition of cytokines and other mediators of in-
flammatory processes [18-22].

Numerous reports focused on TSA’s in vitro and in vivo anti-tumor activity. These
reports suggested four anticancer mechanisms of this substance. It can act directly on cell
proliferation to activate the caspase pathway (inducing apoptosis) [30-32] and/or autoph-
agy [33-35].

Figure 1. Chemical structure of trichostatin A.
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In addition, several reports indicated that TSA acts as a potent chemosensitizer on
human tumors to improve chemosensitivity toward many drugs [36—41], and numerous
studies highlighted the synergistic effect of TSA with chemotherapy [42-45,45]. Other re-
ports emphasized the potent TSA effect in cancer epigenetic modifications [46-49]. Even
though many studies usually reported the anticancer effect of TSA, to the best of our
knowledge, no review was published to outline these reports critically and suggest future
potential applications of this molecule as a promising agent in cancer therapy.

Although some investigations have already focused on the biological effects and
pharmacological properties of TSA, to the best of our knowledge, critical reviews on the
development of TSA as anticancer drugs with other properties such as anti-inflammatory
and antioxidant effects have not yet been reported. Accordingly, and owing to the wide
range of preventive and therapeutic options of TSA against different types of cancer, this
review highlights the chemopreventive and therapeutic ability of this natural compound
and the mechanisms of its action with a list of related references. Moreover, the antioxi-
dant, antidiabetic, and anti-inflammatory activities of TSA were also highlighted and dis-
cussed.

2. Research Methodology

In this review, bibliometric research was done globally, without exclusion and/or in-
clusion criteria, from several databases, including Science Direct, PubMed, Google
Scholar, Scopus, Wiley Online, and Web of Sciences.

Different keywords, including trichostatin A, the antioxidant activity of trichostatin
A, anticancer activity of trichostatin A, antidiabetic activity of Trichostatin A”, and anti-
inflammatory activity of trichostatin A were used to obtain relevant literature. The data
collected were classified according to different sections (sources and different biological
and pharmacological properties). Then, the publications of each section were organized
in tables and explored. These data were finally discussed and highlighted. The molecular
structure of cirsimaritin was designed using the Chem-Draw program.

3. Antioxidant Properties of TSA

The antioxidant activity of TSA was reported in several studies using several in vitro
models [11-14] (Table 1). Yang et al. [14] evaluated the antioxidant activity of TSA against
TGF-g-induced ROS accumulation in telomerase-immortalized human corneal fibro-
blasts. These authors found that TSA exhibits antioxidant activity manifested by the re-
duction in MDA levels, the elevation of intracellular glutathione (GSH) level and cellular
total antioxidant capacity, and the decrease in cellular ROS and H20:2 accumulation. This
compound also induced Nrf2 nuclear translocation and the upregulation of the expression
of Nrf-ARE downstream antioxidant genes.

Using immunoblot analysis and the (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) assay, Jeong and colleagues examined the antioxidant potential
of TSA in human bone marrow-mesenchymal stem cells (hBM-MSCs) after exposure to
hydrogen peroxide (H20:) [12]. These researchers showed that TSA suppresses oxidative
stress by various mechanisms such as the reduction of intracellular ROS and the increase
in the expression of phosphorylated-FOXO1 and phosphorylated-superoxide dismutase-
2 (SODy) [12] (Figure 2). In another study, TSA decreased the levels of MDA and increased
the expression of FoxOsa, SOD:2 and catalase (CAT), which may be related to the promo-
tion of the level of H4 acetylation of the FoxOsa promoter region in Hoc2 rat myocardial
cell line injury mediated by oxidative stress [11]. Similarly, Qiu and coworkers [13] inves-
tigated the antioxidant effect of TSA against human lens epithelial cells (HLECs) follow-
ing exposure to ultraviolet-B (UVB) by evaluating the levels of superoxide dismutase
(SOD), ROS, MDA, and total antioxidant capacity (T-AOC). Results showed that this com-
pound has significantly elevated the SOD and CAT levels, and reduced MDA and ROS
levels, thus protecting HLECs from oxidation. Summarized in Table 1 are the antioxidant
activities of trichostatin A.
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Figure 2. Antioxidant actions of TSA.
Table 1. Antioxidant effects of TSA.
Experimental Approach Key Results Ref
TGF-B-induced myofibroblast differentiation of Elevated intracellular GSH level and cellular total
corneal fibroblasts antioxidant capacity
Immunofluorescence staining Decreased cellular ROS and H20: accumulation. [14]
Reverse transcription quantitative-polymerase Induced Nrf2 nuclear translocation
chain reaction Upregulated the expression of Nrf2-ARE downstream
Western blot analysis antioxidant genes
Human bone marrow-mesenchymal stem cells Incre'a sed SOD2
MTT assa Decreased intracellular ROS [12]
Immunoblot azal sis Suppressed H202-induced ROS generation
Y Modulates FOXO1
. . Decreased the levels of MDA
ch\%vzfc;zft))(ljca):ilr?zlalce;lilsllne Decreased the H:O:-induced levels of ROS [11]
.. . y . Increased the expression of FoxO3a, SOD2 and CAT, and
Chromatin immunoprecipitation assay . . .
increased H4 acetylation of the FoxO3a promoter region
Human lens epithelial cells (HLECs) after UVB Suppressed BAX and caspase-3 expression
exposure Suppressed the expression of FOXO3A and MT2
Cell viability Increased SOD levels [13]
Western blot assay Decreased MDA levels
Enzyme-linked immunosorbent assay Decreased ROS levels

Real-time PCR

Increased total antioxidant capacity

The antioxidant effects of TSA are mainly related to its capacity to inhibit enzymes
involved in ROS generation. Moreover, the modulation of gene expression of proteins
controlling ROS production has also been revealed (Table 1). Other suggestions about an-
tioxidant mechanisms of TSA related to the effect of this natural compound on a molecular
system involved in oxidative stress generation such as NADPH oxidase, which is mainly
implicated in some human cancers.
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4. Antidiabetic Activity of TSA

Diabetes is a complex multifactorial disease expressed by a disorder of glucose con-
centration in the blood. The anti-diabetic effect is expressed by the capacity of anti-diabetic
molecules to reduce blood glucose levels, increase insulin secretion, and protect the {3-
pancreatic cells as well as prevent the complications of diabetes. Within this context, the
anti-diabetic effect of TSA has been investigated by several [15-17]. Noh et al. [16] inves-
tigated the effect of TSA in streptozotocin (STZ)-induced diabetic kidneys. These authors
showed that this molecule does not affect blood glucose or kidney/body weight ratio but
significantly decreases the urinary excretion of proteins and creatinine. To elucidate the
mechanism of an antifibrotic effect of TSA in diabetes, they carried out an in vitro study
using normal rat kidney tubular epithelial (NRK52-E) cells stimulated with TGF-{31. Re-
sults revealed that the TSA prevents the increase in fibronectin, collagen I, and a-SMA
and the decrease in E-cadherin expression at both mRNA and protein levels. Another
study was conducted to assess the effect of this molecule on insulin secretion from [3-cells,
GLP-1 secretion from L-cells, and recombinant insulin secretion from engineered L-cells
by exposing them to TSA for 24 h (Figure 3). Results indicated that TSA treatment in-
creased the secretion per viable cell in a dose-dependent manner for all cell types in a way
that could significantly improve the regulation of blood glucose in diabetes. TSA’s effect
on mRNA levels was variable, but it enhanced the intracellular polypeptide secretion [17].

f Fibronectin

* Collagen I

T a-SMA
Down-regulation of N AN LOH E-cadherin
BDNEF expression WH —
-N
* Trichostatin A

|

f Insulin mRNA
expression

Figure 3. Antidiabetic mechanisms of TSA.

Recently, An and collaborators [15] studied the capacity of TSA to ameliorate the pe-
ripheral nerve degeneration of diabetic peripheral neuropathy using cultured rat
Schwann cells (RSC96) and streptozotocin (STZ) induced diabetes in rats. They found that
treatment with TSA reverses the high glucose condition resulting in the downregulation
of BDNF (brain-derived neurotrophic factor) expression in Schwann cells. It also pro-
moted GRP78 expression and the binding ability of GRP78 with BDNF, which mediated
TSA-improved BDNF expression in high glucose-cultured Schwann cells. TSA was also
involved in UPR (unfolded protein response)-associated transcription factor XBP-1 s and
ATF6. Listed in Table 2 are the antidiabetic effects of trichostatin A.
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Table 2. Antidiabetic effects of Trichostatin A.

E i 1
xperimenta Key Results Ref.
Approach
No effect on blood glucose or kidney/body weight ratio.
Streptozotocin (STZ)- Significantly decreased urinary protein/creatinine excretion

induced diabetic rats
Normal rat kidney
tubular epithelial cells
(NRK52-E) stimulated
with TGF-{31

Significantly increased glomerular and tubular fibronectin and collagen I

and tubular a-SMA expression.
Significantly decreased tubular E-cadherin expression. [16]
Increased E-cadherin expression at both mRNA and protein levels.
Prevented ECM upregulation and EMT in NRK52-E cells.
Prevented TGF-f31-induced downregulation of E-cadherin and
upregulation of collagen I.

(-cell line PTC-tet,L-
cell line GLUTag, or
recombinant insulin-
secreting L-cell lines
Real-time PCR,

Significantly promoted insulin mRNA secretion in TSA-treated TC-tet

cells.

Significantly promoted GLP-1 mRNA secretion in TSA-treated GLUTag

cells.

Significantly promoted insulin mRNA secretion in TSA-treated GLUTag-

INS and EINS cells. [17]
Decreased mRNA levels of insulin and GLP-1 in (3- and L-cells

ELISA, and Caused a 2.5-fold increase in stored insulin and a 2-fold increase in
radioimmunoassay glucose-stimulated insulin secretion in BTC-tet cells.
Increased stored and MH-stimulated GLP-1 in GLUTag cells.
Significantly increased EINS proinsulin and insulin secretion
Enhanced the action potential amplitude of sciatic nerves.
Streptozotocin (STZ)- Increased BDNF expression

induced diabetic rats
Rat Schwann cells

Increased GRP78 expression regulated BDNF protein level Improved
XBP-1s/ ATF6/GRP78 axis.
Improved the binding of GRP78 and BDNF
Improved the differentiation of SH-SY5Y cells

[15]

According to different obtained results, TSA can be considered a potent antidiabetic
drug with its other molecular actions at subcellular, cellular, and molecular levels. Indeed,
with its actions on molecular targets such as the control of mRNA, TSA is among the nat-
ural antidiabetic compounds by which novel targeted therapy can be developed for dia-
betes mellitus.

5. Anti-Inflammatory Activity of TSA

The inhibition of inflammation is one of the most important approaches to tackling
numerous complicated pathologies such as cancer and atherosclerosis. Several bioactive
compounds are well-known for their anti-inflammatory effect. In this regard, numerous
studies have dealt with the anti-inflammatory activity of TSA [18-22]. Choi et al. [25] eval-
uated the anti-inflammatory effect of TSA in a mouse asthma model. Results showed that
TSA attenuates the development of allergic airway inflammation by decreasing the ex-
pression of CD4+ T cell infiltration cytokines such as IL-4 and IL-5, and IgE (Figure 4). On
the other hand, Han and Lee [19] investigated the effect of TSA on lipopolysaccharide-
(LPS)-stimulated macrophages using enzyme immunoassay, Western blot analysis and
RT-PCR. These researchers found that the pretreatment with TSA significantly reduces
levels of mRNA and proteins and decreases the proinflammatory cytokines (TNF-a, IL-6,
and IL-1f3). This compound also increased the level of the immunosuppressive cytokine
IL-10 and reduced the cell surface markers of macrophage maturity (Figure 4).

In another experimental model, TSA enhanced palmitic acid-induced IL-6 produc-
tion and the expression of inflammatory genes induced by LPS in preadipocytes. It
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additionally enhanced the expression of inflammatory proteins and NF-kB-dependent
transcriptional activity, which might be caused by the increase in the acetylation of NF-
kB p65 at lysine 310 and the duration of the nuclear translocation of NF- kB [21]. Similarly,
Zhang and colleagues [22] evaluated the LOX inhibitory effect of TSA in phorbol myristate
acetate-induced macrophages. Results revealed that TSA exhibits potent anti-inflamma-
tory activity by decreasing the levels of TNF-a, IEN-y, IL-10 and IL-18 and increasing the
acetylation level of NF-kB and p65. TSA inhibited inflammation by enhancing histone
acetylation to selectively suppress the expression of proinflammatory genes (Figure 4).
Recently, TSA was evaluated in alveolar macrophages using a lipopolysaccharide (LPS)-
induced inflammatory response [20]. The results revealed a potent inflammatory effect,
which might be triggered by inhibition of the TNF-a molecule and the upregulation of
miR-146a expression. Shown in Table 3 are the anti-inflammatory effects of TSA.

TH2 cytokines Upregulation of
+ IL-4, IL-5, IgE miR-146a expression

T o @)
¢ N AN N,OH Pro-inflammatory cytokines
Acytelation of Nf-KB
! 065 - K W Ty TNF-a, L6, 1L-18

-

! Trichostatin A l
Inflammatory proteins Immunosuppression
IL-10

* NfKB

Figure 4. Anti-inflammatory mechanisms of TSA

Table 3. Anti-inflammatory effects of Trichostatin A.

Experimental Approach Key Results Ref
Decreased inflammatory cells
Allergen-induced airway inflammation in a Reduced IL-4, IL-5, and IgE levels [18]
mouse asthma mode Reduced Th2 cytokines expression
Decreased infiltration of CD4+
Inhibited the production of nitric oxide (NO)
Reduced the mRNA and protein levels of the
Lipopolysaccharide-(LPS)-stimulated proinflammatory cytokines (TNF-a, IL-6, and IL-1f3) [19]
macrophages Increased the level of the immunosuppressive cytokine IL-10
Decreased the cell surface markers of the maturity of the
macrophages
. . . Enhanced palmitic acid-induced IL-6 production
Lipopolysaccharide (LPS)-induced Enhanced fhe expression of inﬂammal:ory genes. [21]

production of IL-6 in OP9 Preadipocytes Increased the level of NF-kB p65 acetylation

Reduced TNF-a, IFN-y, IL-10 and IL-18 levels
Suppressed the expression of class | HDACs
Inhibited apoptosis of macrophages
Reduced the viability of PMA-induced macrophages [22]
Suppressed the expression of proinflammatory genes
Enhanced the acetylation of NF-«xB p65
Promoted histone acetylation

Phorbol myristate acetate-induced
macrophages
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LPS-induced acute lung injury model in vitro

Enhanced LPS-stimulated NR8383 cells
Decreased the levels of TNF-« [20]
Upregulated the micorRNA-146a expression

According to the results of various works, it seems that TSA exerts very interesting
anti-inflammatory effects with multiple mechanisms. However, the number of works re-
mains limited using less varied experimental approaches. Furthermore, other investiga-
tions using other in vivo models could give more significant results.

6. Anticancer Activity of TSA
6.1. Direct Anticancer Mechanisms of TSA

TSA inhibited the growth of different cancer cells via cycle arrest and apoptosis. This
compound suppressed the invasion and migration and reduced the radio resistance in
many cancer cell lines in a time- and dose-dependent manner. According to the literature,
numerous studies investigated the cytotoxicity impact of TSA and the mechanisms by
which TSA affects cancer cells. Although the antitumor activity of TSA seems to be
strongly linked to its HDAC inhibitory effect, this compound’s antitumor molecular
mechanisms are multiple and target different pathways. Table 4 lists the anticancer activ-

ity of trichostatin A along with pertinent references.

Table 4. Direct anticancer activity of trichostatin A.

Experimental

Origin Used Model Approach Key Results References
Immunofluorescence Induced cytotoxic effect in multiple
RPMI8226 and Immunoprecipitation myeloma cell lines
Purchased MM.1S cells Western blot analysis Induced cell apoptosis [50]
gPCR Inhibited hedgehog signaling pathway
Inhibited cell proliferation
Arrested cell cycle progression at the
YD-10B oral Celll\chTleaZi?II e G2/M phase
Purchased squamous Y Y . Induced mitochondrial membrane [23]
; Western blot analysis .
carcinoma cells . destruction
DAPI staining .
Induced cyto-c release and proteolytic
activation of caspases-3 and -7
MDA-MB-231 and
F-7h
bi/e[acst car;rrz)irria Flow cytometry Induced cyclin D1 downregulation
Purchased analysis through both ERa-dependent and ERa- [51]
and SK-UT-1B . .
. RT-PCP independent mechanisms
uterine cancer cell
lines
Cell proliferation Induced Akt dephosphorylat?on ina PP1-
assay dependent manner, resulting in the
Purchased MCEF-7 cells Immunoblotting ac.t ivation of GSKB,ﬁ m MCE-7 cells [24]
Flow cvtometr TSA-induced cytotoxicity was attenuated
yrOmety by the selective inhibition of GSK3(
analysis L . .
resulting in increased proliferation
. Reduced proliferation and colony sizes
Not U87 glioblastoma RT-PCP resulting in Go/M arrest [52]
reported cells

Inhibited tumorsphere formation
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MTT and BrdU . .
. Suppressed cell proliferation
immunofluorescence ) .
. Induced apoptosis by regulating the
Not Gastric cancer assays PI3K/AKT signaling pathway in gastric
cells (MKN-45 and Soft agar assay & &P yms [15]
reported 567901 cells) Flow cytometr cancer cells
yrOmeny Induced cell cycle arrest at the G1 phase
analysis and apoptosis
Western blot analysis poP
The ICso value of CCRF-CEM was 2.65 +
0.3 uM
The ICso value of HL-60 was 2.35 + 0.2 uM
Not Two leukemic cell Flow cvtometr CCRF-CEM cells were reduced to 56.5%,
reonteq  lines (CCRF-CEM anayl - y 45.3%, and 40.2% on the first, third, and [53]
P and HL-60) y sixth days
HL-60 cells were reduced to 55.6%, 45.2%,
and 36.3% on the first, second, and fourth
days
Confocal microscopy Promoted osteosarcoma cell death
Purchased Human Western blot analysis I.n.duced autopbagy in U20S cells [34]
osteosarcoma cells Flow cytometry Inhibited mTOR signaling pathway and
analysis enhanced FOXO1 transcriptional activity
. Increased MDR1 mRNA levels
Pancreatic and .
Not . Western blot analysis =~ Downregulated the upstream promoter
colon carcinoma : . . . [54]
reported cell Tines Real-time RT- PCR responsible for the active P-glycoprotein
expression
Human colon Viability assays Reduced cell viability
Purchased adenf)carcinoma Western blot an..alysis Revers.ed the upljegulation of gene [55]
cell lines DLD-1 Gene expression expression levels induced by gain of
and SW480 microarrays chromosome 7
Human pancreatic Cell proliferation
ei dOCI'iII)le tumor assay Inhibited cell growth by arresting the cell
Purchased cell lines (CM. Cell cycle analysis cycle in the G2/M phase and inducing [56]
BON, and QGP-1) 2-D gel . apoptosis
electrophoresis
mRNA extraction and
RT-PCR
4 < . Inhibited proliferation, reduced colony
Colony formation . .
ssa formation, and induced cell cycle arrest
Purchased  Lung cancer cells Flow c to};netr and apoptosis [57]
ana}:l sis Y Reduced the expression of Bcl-2 through
Y . the upregulation of miR-15a/16-1
Cell cycle analysis
Western blot analysis
MTT assay Decreased cell viability in a dose-
Human pancreatic Hoechst 33258 dependent manner in PANC-1 cells
Not cancer cell lines staining Increased apoptosis of PANC-1 cells
reported (PANC-1, SW1990, Flow cytometry Increased the expression levels of Bax [58]
P and MIATACA-2 analysis and caspase-3
cells) RT-PCR and western Downregulated the expression level of
blot analyses Bcl-2
Osteosarcoma MTT assay Inhibited cell proliferation
Purchased MG-63 cells TUNEL assay Induced apoptosis of MG-63 cells [59]

Annexin V staining

Arrested the cell cycle in G1/Gz phase
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Flow cytometry

Inhibited the invasiveness of MG-63 cells

analysis
MTT assay
_ T[,JNEL assay Inhibited cell growth
Five human Semi-Quantitative Induced apoptosis
Purchased hepatoma cell RT-PCR o pop . o [60]
. ) Inhibited the gene expression profile in
lines Chromatin .
oy hepatoma cell lines
Immunoprecipitation
(ChIP) assay
Measurement of . .
. . Reduced neoplastic tumor growth using
, tumor size and mice N . ,
Mouse model with . the semi-solid formulation applied to the
Not . body weight .
L1 neoplastic . skin [61]
reported Preparation of four . . . .
tumors . Impaired the skin barrier function of
formulations for the .
L neoplastic tumors
in vivo study
DNA fragmentation Inhibited the cell viability
assay Induced the apoptosis of A549 cells
Flow cytometry Induced the proteolytic activation of
Purchased A549 cells analysis caspases-3 and -9
RNA extraction and Induced a concomitant degradation of
RT-PCR poly(ADP-ribose)-polymerase protein
Western blot analysis ~ Decreased the levels of COX-2 mPvNA
MTT assay
HCT116 human Reporter a?ssay Inducec‘l the‘endoplasmlc reticulum (ER)
RNA extraction and stress in wild-type (WT) HCT116 cells
Purchased  colon cancer cell . 1
lines RT-gPCR Induced apoptosis and cell viability
Western blot analysis depending on p53
ChIP assay
Reduced protozoa proliferation and
Flow cytometry viability
analysis Altered the dynamics of the microtubule
Purchased  Trypanosoma cruzi  Transmission electron cytoskeleton [62]
microscopy Altered the segregation of KDNA,
LC-MS/MS generating polynuclear cells with atypical
morphology
Human
osteosarcoma MITassay Inhibited the growth of MG63 cells
MG63 cell line Flow cytometry . ..
Purchased . Promoted apoptosis through activation of [26]
Human analysis 53 sienaling vath
osteoblastic cell Western blot analysis poo signatifig pathway
line hFOB 1.19
MTT viability assay
Hoechst staining
Flow cytometry o .
Inh he coll h
re I:I)(;:ed Keloid fibroblasts analysis ingulzgej :) et(:;)isiielilei}),indt fiebs;cs)lir:sits [63]
P RNA extraction and pop
real time RT-PCR
Western blot analysis
. Reduced the phospholipase C gamma-1
Purchased MCE-7 cells RQ-PCR analysis (PLCy1) transcript and protein levels in [64]

Western blot analysis

MCE-7 cells
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Inhibited the incorporation of BrdU into
BxPC-3 cells.
Inhibited the phosphorylation of ERK 1/2
Human pancreatic and AKT in BxPC-3 cells.
carcinoma cell Real-time PCR Induced an activation of the MAP kinase
Purchased lines (BXxPC-3, Immunoblottin p38 in all three cell lines especially in [30]
AsPC-1, and 5 BxPC-3 cells
CAPAN-1) Increased the mRNA levels of bax in
BxPC-3 cells only
Increased cell cycle inhibitor protein
p21W4! Jevels in BxPC-3 and AsPC-1 cells
Activated apoptosis in MCF10A-ras cells
only
Activated the FOXO1 via P21
MCF10A and RT-PCR upregulation
Purchased MCF10A-ras cells ~ Western blot analysis Induced autophagy in MCF10A and [33]
MCF10A-ras cells by blocking the
mammalian target of rapamycin signaling
pathway
BGC-823 human . Induced mesenchymal-like
. Immunocytochemistr . .
gastric cancer cell morphological changes in human cancer
. y assay
line, MCEF-7 cells, RNA isolation and cells
Purchased and KYSE-510 atona Increased the expression levels of
qPCR .
human esophageal . mesenchymal markers and E-cadherin
Western blot analysis o
squamous cell Colony forming assa Reduced cancer cell mobility
carcinoma (ESCC) y & y Reduced cancer cell colony formation
Fl
ow Cytor_netry Increased TRAIL-induced apoptotic cell
analysis . .
Western blot analysis death in Caki cells
Human renal cell Measure(;nent 0}; Elevated TRAIL-induced activation of
Purchased  carcinoma (RCC) mitochondrial caspases in Caki cells [65]
caki cell line membrane potential Enhanced the downregulation of Bcl-2
© Pe and truncation of Bid in TRAIL-treated
Determination of .
.. Caki cells
caspase activity
MTT assay
Flow cytometry Inhibited the proliferation of Molt-4 cells
Purchased Molt-4 cell line analysis . (ICs0 =254.32 ug/L after 24 h of exposure) [66]
Immunocytochemistr ~ Decreased the percentage of Go/G1 cells
y and arrested cells in G2/M phase
Western blot analysis
Nl\cﬁ{gejisl?,ot Increased thrombospondin-1 expression,
Human analvsis which reduced ECV 304 cell migration
Purchased endothelial cell y ) Inhibited tube formation regardless of the [67]
. Western blot analysis
line (ECV304 cells) presence of exogenous vascular
Wounded cell )
L endothelial growth factor
migration assay
MTT assay
. Annexin-V-FITC Induced Molt-4 apoptosis
Human leukemia .
Purchased cell Tine Molt-4 staining Upregulated 310 genes and [31]
RT-PCR downregulated 313 genes

Western blot analysis
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Viability and cell
Human malienant growth assays Induced the upregulation of natural killer
glioma LNTg 29 PCR analysis group-2 member-D (NKG2D) ligands and
Purchased  and LN-308 cell Caspase activity immunogenicity in glioblastoma (GBM) 27]
lines assay cells
. Athymic CD1- Suppressed tumor growth of GBM
NMRI nude mice deficient NMRI nude xenografts (in vivo)
mice
BrdU assay
Human dermal Flow cytometry Decreased lymphangiogenesis by
. analysis . . .
Purchased lymphatic . inducing apoptosis and cell cycle arrest [68]
. Western blot analysis .
endothelial cells . . via p21-dependent pathways
Semi-quantitative RT-
PCR
Immunoblot analysis Decreased cell viability
MTT assay .
Not C6 glioma cell line Flow cytometr Induced €6 cell apoptosis [69]
reported & yomety Induced the p38MAPK and AMPK
analysis o
activation in C6 cells
ChIP assay
Human cervical Inhibited cell viability
Not . MTT assay Induced cell apoptosis
carcinoma cell . ) [70]
reported RT-PCR Promoted the expression of apoptosis-
(Hela cells)
related genes
Not Two }}uman ESCC Western blot ‘analysm Promoted cell migration by RelA K310ac-
reported cell lines, KYSE- Transwell migration lue-EMT pathwa [71]
PO 150 and KYSE-450 assay Stug BV patiway
Hepatocellular GRT-PCR Allev1.a.ted t}.le specific 51.1bset of HCC, the
Not ; hepatitis B virus X protein (HBx)-induced
carcinoma (HCC) Western blot and . . [72]
reported . . . HCC in metabolic stress, through
cell line Huh?7 immunoprecipitation o D .
promoting sirtuin 3 (SIRT3) transcription
Induced the growth inhibition and
morphological changes
Not A549 cells Flow cytor.netry Inhlblte{d cyclins and cychn—d.ependent (28]
reported analysis kinases (CDKs) expression
Induced tumor suppressor p53 and Cdk
inhibitors such as p21 and p27
Decreased OSCC cell viability and
proliferation
Oral squamous . Enhanced the expression levels of Bim
. Trypan blue staining .
Purchased cell carcinoma MTT assa protein
(OSCC) lines HSC- Y ) Damaged mitochondrial membrane
Western blot analysis . . .
3 and Ca9.22 potential and increased cytosolic
apoptosis-inducing factor (AIF) in Ca9.22
cells
Induced ZAP-70, LAT, and SLP-76
Jurkat leukemia T RO-PCR transcript and protein downregulation in
Purchased cell clone E6-1 Western blot analvsis Jurkat leukemia T cells [46]
cells ey Reduced the half-life of ZAP-70, LAT,
and SLP-76 mRNAs
Purchased  Keloid fibroblasts MTT assay Inhibited cell proliferation in a time- and

dose-dependent manner
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RNA extraction and
RT-qPCR
Flow cytometry
analysis
Western blot analysis

Induced alterations in the expression of
numerous miRNA sequences
Downregulated the expression of miR-
30a-5p

HeLa and bovine

Western blot analysis

Increased thrombospondin-1 (TSP-1)

Not aortic endothelial Northern.blot expression at both the mRNA and protein [73]
reported analysis L o
(BAE) cells levels through transcriptional activation
MTT assay
RT-PCR
Four Western blot analysis  Induced the expression of TBR-II mRNA
Purchased retinoblastoma ChIP assay Activated the TBR-II promoter [74]
cell lines Luciferase activity Inhibited cell growth
assay
MTT assay
Flow cytor.netry Enhanced the replication of the HSV-1
Human oral SCC analysis mutant through the activation of NF-xB
Purchased cell line SAS, Ca9- Western blot analysis Inhibited Ceﬁ rowth by inducine cell [75]
22, and HSC RT-PCR 8 Y 8
cycle arrest at Gi
Confocal laser
microscopic analysis
Upregulated the expression of p21WAF!
and p16/NK#4 in various cell lines
Not HeLa cells RT-PCR . Downregulated the expression of cyclin [76]
reported Western blot analysis A
Upregulated the expression of gelsolin
and fibronectin
Decreased cell viability (ICso = 100 ng/mL)
Induced apoptosis
it 0T ) e
human breast MTT assay i & , p [77]
reported activation
cancer cell ,
Upregulated the expression of CDK
inhibitor p21(WAFI/CIP) protein
Downregulated the expression of Bcl-2
Bone marrow cells
and calvarial TRAP staining Inhibited osteoclastogenesis and bone
osteoblasts RT-PCR . ) . .
Purchased . resorption by suppressing the induction [78]
collected from the =~ Western blot analysis
o . . of c-Fos by RANKL
tibias and femurs In vivo experiment
of ICR mice
1 WAF1/CIP1 1
Not REPCR O eeeegulrion of emye and th.
HelLa cells Western blot analysis &1 . Y [79]
reported release of the repression of c-myc from
ChIP assay
the promoter
MTT assay
Human bladder Flow cytor?netry Inhibited bladder cancer cell proliferation
. analysis Induced cell cycle arrest at the Gi1 phase
Purchased cancer cell line, . [32]
BIU-87 RT-PCR Increased apoptotic cell death
DNA fragmentation Increased p21WAFI mRNA expression

analysis
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Murine pro-B

MTT assay
DNA fragmentation
assay

Inhibited cellular proliferation
Induced apoptosis
Induced DNA fragmentation

Purchased lymphoma FL5.12 Flow cytometry Increased the protein levels of cleaved [80]
cells analysis caspase-3 and PARP
Western blot analysis Induced apoptotic protein Bim
RT-PCR Inhibited PU.1
Not RT-PCR Inhibited LPS-induced C/EBP9, resulting
reported RAW264.7 cells Western blot analysis  in a positive effect on LPS-induced cox-2 [81]
P ChIP assay expression in RAW264.7 cells
Altered the expression of cell cycle-
associated genes in HCT116 cells
Human colon . . Downregulated the gene expression of
. Annexin-V staining .. ; .
Not cancer cell lines RT-PCR minichromosome maintenance protein-2 [82]
reported  HCT116, HT29, Westefn blot alvsis (MCM-2)
SW480 y Increased phosphorylated JNK, which
was involved in the downregulation of
MCM-2
ZAP-,G 18l Western blot analysis Inhibited lung tumorigenesis in Grgl
transgenic mouse .o
line (in vivo) qRT-PCR transgenic mice
Not MTT assay Reduced the expression of ErbB1 and
A549 cells . [83]
reported o Electric cell-substrate ErbB2
Human umbilical . . .
. . impedance sensing Reduced the expression of VEGF and
veinendothelial = gy o1y VEGFR2
cells (HUVECS) y
Human ESCC cell Transwell migration Prom.oted esophageal squamous cell
Purchased lines KYSE-150 assay carcinoma cell migration and EMT
qRT-PCR through BRD4/ERK1/2-dependent
and EC9706 .
Western blot analysis pathway
MTT
. assay Suppressed cervical cancer cell
HeLa and Caski Flow cytometry . . . .
. . proliferation and induced apoptosis and
Purchased cervical cancer cell analysis . [84]
lines RT-PCR autophagy through the regulation of the
4 , PRMTS5/STC1/TRPV6/INK axis
Western blot analysis
Reduced CYP19 transcript and protein
Trypan blue staining contents in MCF-7 cells
Purchased MCE-7 cells qRT-PCR Lowered CYP19 transcript stability and [85]
Western blot analysis significantly decreased the transcript’s
half-life
Annexin V-FITC/PI
staining
Western blot analysis | 'St.ll'opressed ESCC cell growth by
Purchased EC9706 cells inhibiting the activation of the PI3K/Akt [86]
MTT assay
and ERK1/2 pathways
Flow cytometry
analysis
Fluorescence Downregulated critical components of
Purchased SK-MEL-3 TCTOScoPy the MAPK/MEK/BRAF oncogenic [87]
melanoma cells Flow cytometry o -
. pathway, initiating a mitotic arrest
analysis
Human ovarian RT-PCR No effect on the reactivation of hMLH1
Purchased [88]

cancer cell lines,

Western blot analysis

expression in COC1/DDP cells
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COC1 and its MSP assay
DDP-resistant ChIP assay
subline,
COC1/DDP
Annexin V-FITC PI
staining
HCT116 and HT29 Flow Cytometry Induced cell cycle arrest‘ and apoptosis in
Purchased analysis colorectal cancer cells via p53-dependent [89]
cells . .
Bax siRNA and -independent pathways
transfection
Western blot analysis
MTT assay . . e
Not 16 NSCLC cell _ Displayed strong antitumor activities in
reported lines RNA extraction and 50% of NSCLC cell lines (501
P RT-PCR ’
. Ohgonuc.lef)tld.e ATaY Altered the expression of pro- and anti-
Human pancreatic hybridization . . .
Purchased . . apoptotic genes in pancreatic [91]
cancer cell lines Western blot analysis .
adenocarcinoma cells
qRT-PCR
RNA extraction and
,CD4 T cells RT-PCR Induced a rapid decline in cytokine
isolated from Flow cytometry . . .
erythrocyte- analysis expression and accumulation of cells in
h h f the cell cycl
Not depleted spleen =~ Western blot analysis the G1 phase o t, eceleyce [92]
reported ) . Induced apoptotic cell death
cell preparations  Determination of ROS .
. Altered the expression of a subset of
from C57BL/6 generation nes involved in T cell © N
mice Annexin V-FITC genes involved in T cell responses
staining
Inhibited cellular growth
Flow cvtometr Induced apoptosis
Human NSCLC an:lysis Y Reduced the percentage of cells in the S
lines (Calu-1, NCI- . .. phase (10% to 23%) and increased G1
Purch A -
urchased 41550, NCI-H23, ImI;f;;“ r\i;tafgt?fn populations (10% to 40%) 53]
and NCI-H441) Western Et))lot fnal sis Increased the expression of p21 without
y significant effect on p16, p27, CDK2, and
cyclin D1
Trypan blue staining
Acridine Reduced the viable cell numbers
Purchased Canine mast cell orang.e/ethic.lil‘lm Increased cell death‘ by fipoptosis [94]
tumor (MCT) bromide staining Increased hypodiploid cells
MTT assay Reduced the Go/G1 and Go/M—phases
Cell cycle analysis
MTT assay Effectively inhibited radiation-induced
Cell morpholo EMT by:
phology Altered epithelial and mesenchymal
analysis
Wound healing assay markers
Purchased A549 cells Western blot analysis Modulated signaling molecules of TGFb1 [95]
) pathway
RNA extraction and o . .
Inhibited cancer cell migratory potential
RT-q-PCR assay .
Dockin in A549 cells
ocKIng Effectively bound to Snail, an enhancer of
methodology

EMT
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Flow cytometry

Induced a delay at the G2/M transition,
chromosome missegregation, and multi-

analysis nucleation
Induced cell death
Purchased HeLa cells Immunofluorescence neeec cer cea . [96]
.. Induced a transcriptional modulation of
staining
RT-PCR key regulator genes of the cell cycle
(Cyclin B1, PIk1, Survivin, and
p21WAFICipt)
Augmented ESR1 gene repression at the
transcriptional level
Western blot analysis =~ Downregulated ERa protein expression
qRT-PCR under hypoxic conditions through a
Purchased MCE-7 cells Transfection and proteasome-mediated pathway [97]
luciferase reporter Inhibited cell proliferation under both
assays normoxia and hypoxia conditions
Enhanced hypoxia-induced repression of
ESR1 and degradation of ER«x
Human TK6 Cell C}.lcle ana.ly.sm Induced apoptosis and G cell cycle arrest
. Annexin V staining Induced chromosomal breakage
Purchased  lymphoblastoid . [98]
. Cytogenetic assays Induced DNA breaks
cell line , ,
Immunoblot analysis Induced aneuploidy
qRT-PCR Significantly induced DNA damage in
Human ESCC Immonochermstry. ESCC cells .
Western blot analysis Induced Rad9 gene expression both at
Purchased cells, EC109 and . ] ) [99]
KYSE150 ChIP-qPCR transcriptional and translational levels in
Annexin-V/FITC EC109 cells alone
staining Enhanced DNA damage and cell death
Western blot analysis Inhibited hepatocyte proliferation
Primary Northern.blot No induction of apoptosis in primary
Not hepatocvtes analysis hepatocytes [100]
reported patocy LDH release assay Induced apoptosis in hepatoma cells
Hepatoma cells o . :
Caspase-3 activation Upregulated the expression of the anti-
assay apoptotic protein Bcl(xL)
Fluorescence
267B1 human microscopy Inhibited cell grthh
Not 1 s Agarose gel Induced apoptosis
prostate epithelial . "y . [101]
reported cells electrophoresis Inhibited the levels of IAP family members
Flow cytometry Activated caspases and NF-xB
analysis
Induced morphological changes,
apoptotic cell death and modulation of
Ras activation assay the cell cycle regulatory proteins in the
MCF10A-ras cells
MIT assay Downregulated the expression of cyclin
MCF10A and DAPI staining of ownregiiatec the expression of cyct
. D1 and CDK4
Purchased = MCF10A-ras cell nuclei . [101]
. Upregulated the expression of p21WAF!
lines Flow cytometry
and p53

analysis
Western blot analysis

Induced cell cycle arrest at the Gi1 phase
in MCF10A-ras cells
Decreased hyperphosphorylation levels
of the Rb protein




Pharmaceuticals 2022, 15, 1235

17 of 65

Chronic

Flow cytometry

Acted via a dual anti-HDAC/Wnt

Not lymphocytic analysis
ymp ) Y ATP assay mechanism with a high selectivity and [102]
reported leukemia (CLL) . . .
Immunoblotting efficacy in CLL
cells
qPCR
Human SCLC Light microscopy . Inc}uc:?d. r.norphologlcal dlffel"entlatlon
Purchased Western blot analysis  and inhibition of cell growth via cell cycle [103]
DMS53 cells .
MTT assay arrest and subsequent apoptosis
Apoptotic-
Not resistant MCF- Clonogenicity assay Altered the microRNA expression
7TN-R cells microRNA profiles in apoptosis-resistant breast [29]
reported . . .
derived from microarray analysis cancer cells
MCEF-7 cells
MTT assay
. Hoech‘st. 33342 Inhibited cell proliferation
Human gastric stamning Induced cell apoptosis
Purchased epithelial cell line =~ Western blot analysis o P P [104]
Inhibited non-metastatic melanoma
BGC-823 RT-qPCR tein B (GPNMB) .
Immunohistochemist protem expression
ry
Inhibited the production of IFN-I, TRAIL
and of the pro-inflammatory cytokines
Plasmacytoid Cytokine ELISA TNF-a and IL-6 by CpG-activated PDC
Purchased dendritic cells RT-PCR Inhibited the production of IFNa by PDC [105]
(PDC) Confocal microscopy  cultured in vitro in the presence of serum
obtained from systemic lupus
erythematosus patients
Annexm.V.—FITC Pl Inhibited cell growth
staining .
RT-PCR Induced apoptosis
Purchased SW480 cells ; ICs0=1.5 uM
MIT assay Upregulated p21, p27, and p57 genes
Flow cytometry PTeg =%, Pty pr8
, expression
analysis
Human MTT assay Inhibited cellular proliferation
Not hepatocellular qRT-PCR .
. . Induced apoptosis [106]
reported  carcinoma Hepal- AnnexinV- FITC and . .
. Increased ERa gene expression quantity
6 cells PI staining
Hepatocellular
carcinoma Induced apoptosis and inhibited cell
TT
Not HCCLMS3, Cell 2/[0 ti)sssiz};ssa growth through both [47]
reported MHCC97H, and pPopb y mitochondrial/intrinsic and
qRT-PCR . o .
MHCCI7L cell cytoplasmic/extrinsic apoptotic pathways
lines
Tumorsphere Inhibited proliferation and altered cell
formation assay cycle in U87 human GBM cells
U87 glioblastoma Colony formation Induced senescence-like alterations in
cells and assay nuclear morphology in U87 cells
Purch 2
urchased tumorsphere- RT-PCR Increased mRNA levels of C-Myc and [(52]

derived cells

Western blot analysis
Cell migration assay

Cell cycle analysis

reduced Oct4 mRNA in cells
Reduced tumorsphere formation and
sizes in U87 cell cultures
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B lymphoblastoid Flow cytometry
cell lines (LCLs), analysis
SNU-20and SNU-  Trypan blue stal'rung Enhanced anti-tumor effect for EBV-
1103 RNase protection . . .
. associated tumors by inducing a cell cycle
Purchased Epstein-Barr assay . . . [107]
. . arrest, apoptosis, and by triggering an
virus-negative RT-PCR EBV Ivtic cvdle
Burkitt’s Western blot analysis yHeey
lymphoma cell Immunofluorescence
line, BJAB assay
Western blot analysis .
RNA extraction and Suppressed theel)’(l}\)/i?s-;?oc;uced OPN gene
RT-PCR Suppressed the PMA-induced c-Jun
. ChIP assay .
HeLa and SiHa ) recruitment to the OPN promoter by
Purchased Transfection and e ) [108]
cells . inhibiting c-Jun expression
luciferase reporter . .
assa Suppressed cervical tumor growth in
. y L response to PMA in NOD/SCID mice
Tumorigenicity in
. xenograft model
mice xenograft model
Western blot analysis
SWA480 and SW620 Immunoﬂumjescence Modulated claudmjl mRNA stal?lllty
Purchased cells analysis through the modulation of Hu antigen R [109]
Reporter assays and tristetraprolin in colon cancer cells
ChIP assay
CCK8 as.say Inhibited cell proliferation and arrested
RNA extraction and
Human RT-PCR the cell cycle at Gi phases
) Reduced PCNA, cyclin D1, cyclin E1,
nasopharyngeal =~ Western blot analysis ;
. . CDK?2, p16, and p21 expressions and
carcinoma (NPC) Flow cytometric .
Purchased . ) stimulated CDKG®6 levels [110]
cell line CNE2 and analysis . . .
. . . Promoted Vimentin and Snaill
undifferentiated Transwell migration .
C666-1 assa expression
Y Induced the EMT in CNE2 and C666-1
Scratch wound
. cells
healing assay
RNA extraction and
RT-PCR
Immunoc t(?chemical Increased anguin-1/LSR, decreased
Human lung y . CLDN-2, promoted G arrest, and
. staining . .
adenocarcinoma . prevented the migration of A549 cells
Western blot analysis .
Purchased A549 cells and Migration assa Increased the expression of LSR and [111]
normal lung Ceigl cvdle assay CLDN-2 and decreased that of CLDN-1
epithelial cells Y o8y with or without TGF-f in normal human
Fluorescein lung epithelial cells
isothiocyanate (FITC) &P
permeability assay
Testis weighing and
sperm collection
. Histological . .
Not Male Kunming . Increased genetic recombination
reported mice processing frequency of spermatocyte meiosis [112]
p Immunofluorescence 1 y oL sp y
Fluorescence

microscopy
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Histopathology Induced morphological cell
analysis transformation, with increased cytoplasm
Purchased A2780 cells Immunohistochemist Inhibited cel} pr‘ohfer'at‘lon [113]
ry Reduced mitotic activity
Flow cytometry Induced epithelial-like differentiation
analysis with increased cytokeratin expression
MTT assay Induced cel} death.m neuroblastlc.—type
Human . . NB cells by increasing the acetylation of
Not siRNA-mediated Lo .
reported neuroblastoma silencin Ku70, a Bax-binding protein [114]
P (NB) cell lines & . CBP, Bax, and Ku70 contribute to
Western blot analysis : .
therapeutic response to TSA against NB
Raii cells and Flow cytor'netry Inhibited cell prohfer.atlon
Not normal peripheral analysis Induced apoptosis
reported blI())o dp TUNEL assay Induced accumulation of cells in Go/G1 or [115]
P Annexin V/PI Go/M
mononuclear cells . .
staining Decreased cell population in the S phase
MTT assay Inhibited cell viability and proliferation
Colony-forming assay without affecting MCF-10A cell
Not MCE-7, MDA-MB-  Western blot analysis Induced cell apoptosis which was
231 and MCF-10A  Annexin V-FITCand  initiated by Go-M arrest and depending [116]
reported . .. . .
cell lines PI staining on mitochondrial ROS produced after
Cytochrome C release  reduced mitochondrial respiratory chain
assay activity
Annexin V-FITC and
PI staining
Human Flow cytometry i
rhabdomvosarcom analvsis Inhibited rhabdomyosarcoma
Purchased . Y . y . proliferation and induced differentiation [117]
a cell lines RH30  Immunohistochemica , .
. through myomir reactivation
and RD 1 staining
RQ-PCR
miRNA transfection
MTT assay Induced cell growth inhibition via 15-
Annexin V-FITC and  Lox-1 associated with the elevation of 15-
Purchased ~ MCh7 and MB- PI staining Lox-1 metabolite (13 (S)-HODE) [118]
MDA-231 cells
Flow cytometry Induced cell cycle arrest
analysis Induced apoptosis
Flow cytometry
analysis
Not Female wild-type ELI:SA test. ' Suppre.ssed murine innate allerglc
. Cell differential inflammation by blocking group 2 innate [119]
reported BALB/c mice . . o
counting lymphoid cell (ILC2) activation
Histopathology
analysis
Flow cytometry .
analvsis Induced a long-term degradation of
MCEF-7, T47-D, Immuno}‘t,ﬂottin cyclin A and a proteasome-dependent
SKBr-3, and MDA- RT-PCR & loss of ERa and cyclin D1, allowed
Purchased = MB-231 cell lines L derepression of p21WAFI/CIP1 and RhoB [120]
In vivo liposome
Tumor xenograft uptake GTPase
model P! . Induced Gz/M cell cycle arrest
Immunohistochemist

ry of tumor sections

Induced apoptosis
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Increased ERad mRNA and p21WAFr/ciP1
protein expression
Decreased cyclin A with a G2/M blockade

and cleavage of PARP
MCEF-7, T-47D, Cell p:;lljeratlon
ZR-75-1, BT-474, Immuno rez’i tation Inhibited cell proliferation
Purchased MDA-MB-231, and wzsterrlzblot Exerted antitumor activity in vivo when [121]
MDA-MB-453, nalvsis administered daily (500 ug/kg) by s.c.
CAL5LandSK- . 78" injection for 4 weeks
BR-3 cells 1SIopatoiogy
analysis
Inhibited cellular proliferation
MTT assay Induced apoptosis
Human tongue Cell cycle analysis Blocked the cell cycle at S and G2/M
squamous cell Cell invasion assay phase
Purchased carcinoma SCC-6 ~ Western blot analysis Inhibited cellular invasion [122]
cell lines Annexin V-FITC PI Inhibited hypoxia-induced accumulation
staining of HIF-1a protein and VEGF expression
under hypoxic conditions
Fresh tissues of Western blot analysis Inhibited ESCC cell invasion by
ESCC were Immunohistochemist approximately 75%
Purchased obtained from six ry Decreased MMP-2 and MMP-9 protein [123]
patients Cell Invasion Assay levels in ESCC cells
Inhibited cell proliferation and promoted
CCK-8 experiment cell apopt951s, leading to AGS cell cycle
Flow cvtometr arrest in Go/G: and G2/M phases,
AGS gastric cancer YyrOmety especially Go/ G1 phase
Purchased analysis [123]
cells Increased p21, p53, and Bax gene
RT-PCR .
Western blot analysis expression levels
y Decreased Bcl-2, CDK2, and CyclinD1
gene expression levels
Transwell invasion Induced the reversal process of EMT in
and migration assay SW480 and PC3 cells, resulting in
Purchased SW480 and PC3 Western bl.ottmg attenuated cell invasion and migration [124]
cells analysis abilities
qRT-PCR Decreased the expression of transcription
ChIP assay factor Slug
Altered cell morphology and reduced cell
MTT assay viability
. Induced cell cycle arrest
Cell cycle analysis . .
; Induced cell death via apoptosis
. Annexin V-FITC and .. . .
5,637 Urinary .. Induced apoptosis via the mitochondrial
Not PI staining . o
bladder cancer pathway by promoting MMP dissipation [125]
reported Measurement of
cells mitochondrial and caspase-9
. Suppressed the PI3K-Akt signaling
membrane potential
Western blot analysis pathway
Y Induced Sp1 downregulation and
suppressed survivin expression
Transwell invasion Reversed EMT and attenuated the
Purchased MCE-7 cells and migration assay ~ invasive and migratory abilities of MCF-7

Wound healing assay

breast cancer cells
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RT-gPCR
Western blot analysis

Overexpression of
SLUG

Flow cytometry

Induced the growth inhibition and
morphological changes in a
concentration-dependent manner
Increased G cell population of the cell

le of 7 cell
Not U937 human analysis eyeeo I,j93 cets .
. . Induced the population of apoptotic sub- [126]
reported leukemic cells Cell cycle analysis Gi cells
MTT assay Inhibited cyclins, PCNA, and Cdks
expression
Induced Cdk inhibitors such as p16, p21,
and p27
Human MTT assay Inhibited cell proliferation
Purchased endometrial Real-time RT-PCR Increased PR-a, PR-3, AR, and FasL [127]
stromal cell line ~ Western blot analysis expression
MTT assay
Annexin V-FITC PI
staining Inhibited cell proliferation
Purchased HL-60 cells Flow cytometry ICs0 =100 ng/mL, at the 36th [128]
analysis Induced apoptosis
Immunocytochemical
assay
Negatively regulated the expression of
ubiquitin-specific protease 22 (USP22)
Interfered with the binding of RNA
Not RNA isolation and polymerase II to the USP22 promoter,
HelLa cells . L .
reported RT-gPCR directly suppressing its transcription
TSA-induced apoptosis was attenuated
by the overexpression of USP22 in HeLa
cells
Inhibited cell growth
Induced tosi
MTT assay nduced apoptosis .
Decreased the proportion of cells in S
Hoechst 33258 . .
Not stainin phase and increased the proportion of
HelLa cells & cells in Go/G1 and/or G2/M phases [129]
reported Flow cytometry .
. Induced the overexpression of genes
analysis .
related to malignant phenotype,
qRT-PCR . . . .
including an increase in p53, p21"#! and
p27Kip1
Western blot analysis ~ Inhibited the HIF-2a protein expression
Purchased  HT1080 and HeLa qPCR Destabilized HIF-2a in a proteasome [14]
cells s
Tumor xenograft dependent manner, which is unrelated to
(BALB/c nude mice) VHL
MTT Assay .
R 11 1
Purchased HelLa cells Flow Cytometric educed cell surviva [130]

Analyses

Induced an MMP collapse
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Measurement of the
MMP
Immunostaining
Annexin V-FITC and
PI staining

Apoptotic cell death and the MMP
collapse induced by TSA were decreased
by the co-treatment of cells with CytoD

and LatB

Trypan blue staining
Hoechst 33342
staining

1 .
p815 murine Western blot analysis

Purchased  mastocytoma cell
g Flow cytometry
line .
analysis
Immunofluorescent
staining

Induced apoptosis
Reduced cell viability, and many
apoptotic manifestations such as

generation of DNA fragmentation,

activation of caspase-3, cleavage of PARP,

and increased of DNA hypoploidy

Increased the expression level of Bad
Decreased the level of Bcl-2, Bcl-xL, and
X-linked inhibitor of apoptosis protein

Flow cytometry

analysis
RNA extraction and Induced osteoclast apoptosis
semi-quantitative RT- Induced upregulation of p21WAF! in
Purchased Mature osteoclasts PCR osteoclasts [131]
Western blot analysis Inhibited RANKL-directed bone
In vivo mouse destruction in vivo
calvarial resorption
analyses
MTT assay Inhibited cell growth
Western blot analysis  Induced apoptosis, caspase-3 activation,
Annexin V staining and the loss of mitochondrial membrane
Measurement of potential
Purch HeLa cell 132
urchased chacels MMP Increased O2*- level and induced GSH [132]
Detection of depletion in HeLa cells
intracellular Oz~ The administration of Bcl-2 siRNA
levels intensified TSA-induced HeLa cell death
MTT assay Indu.ced ml.totlc Catastrop}.le of DU145
cells, including morphological changes,
Flow cytometry
. cell cycle arrest at Go/G1 phase, and
Not Prostate cancer analysis .\ o
. abnormalities of mitosis [133]
reported cell line DU145 Immunofluorescence .
. Increased the multinuclear cells
staining Inhibited survivin protein expression
Western blot analysis Pt P .
Increased the expression of P21 protein
MTT assay
Cell cycle analysis i . o
. g . Inhibited pancreatic cancer cell viability
Human pancreatic ~ Annexin V staining .
. . . Arrested cells in Go/G1 phase
Purchased cancer cell line miRNA microarray i ) [134]
. Induced apoptosis, accompanied by
BxPC-3 analysis differential expression of microRNNAs
Northern blot P
analysis
Suppressed TGF-B1-induced apoptosis in
AML-12, 3T3-L1, Flow cvtometr normal hepatocytes but not in hepatoma
Purchased MDCK, Hep-3B, an;,l sis g cells [135]
A549, HeLa, and oIS Suppressed serum starvation-induced
Immunoblotting .. )
apoptosis in non-cancer cells but not in

MCE-7 cells

cancer cells
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Induced apoptosis in cancer cells but not
in non-cancer cells
Activated ERK1/2 in non-cancer cells but
not cancer cells
Inhibited cell viability
Not M oyt xpresson o cospasen
OVCAR-3 cells Western blot analysis p p ! [136]
reported Caspase assay kits 8 and 5
P Y Enhanced the mitochondria-mediated
apoptotic pathways
N,[TT assay Inhibited cell proliferation
Fourier transform
. Induced an elevated level of cellular
infrared spectroscopy . .
(FT-IR) acetylation and conformational/structural
Purchased HelLa cells Immunofluorescence changes O,f proteins in the cells . [137]
Analvsis Induced a higher percent of a-helix
¥ . structure accompanied by an increment
FT-IR spectroscopic . . .
of acetylation level in both histones and
measurements and .
. cytoskeleton proteins
analysis
Improved radiation resistance by
Not HeLa and HepG2
© ehaanc tep Clonogenic assay activating Akt/Nrf2-dependent [138]
reported cells o .
antioxidation pathway in cancer cells
MTT assay iy . .
. Inhibited cell proliferation
Not Annexin-V/P1 Induced apoptosis
MCEF-7 cells staining pop ) [139]
reported . Downregulated the expression of ERa,
Cell cycle analysis e lin-D. and Bal-2
RT-PCR yc-c, cyc ,a c
MTT assay
RNA el);?algtcl?{n and Exerted dose and time dependent
SKOV-3 and A549 4 _ cytotoxicity effect on both cells
Purchased Vybrant apoptosis . [140]
cells ; Upregulated klf4 expression
assay kit

Flow cytometry
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The mechanisms involved in anticancer effects of TSA are different and related to
each type of cancer. These mechanisms are depending to molecular interaction between
TSA and main targets of cancer cells. In the following sections, we describe the anticancer
effects of TSA against each type of cancer and the mechanisms involved.

6.1.1. Anticancer Action of TSA against Brain Cancer Cells

Research findings showed that TSA inhibits differentiation and proliferation and tu-
mor sphere formation of glioblastoma (GBM) [52,141,142]. In addition, TSA upregulated
the expression of numerous tumor suppressor genes through epigenetic modification in
GBM [143]. The TSA-induced cell cycle arrest in GBM was associated with the upregula-
tion of p21WAF and p53, and the downregulation of cell cycle regulators such as cdk4 and
6, and cyclin D1 with the reduction in phosphorylated Rb and Akt [141,142,144,145]. Sassi
et al. [52] reported that TSA inhibited the proliferation and colony formation of U87 glio-
blastoma cells without affecting their viability and migration. Similarly, Hoering et al. [27]
showed that TSA induces apoptosis of tumor cells, enhances the sensibility of GBM cells
to innate immune responses in vitro and delays tumor growth of GBM xenografts in vivo.
These findings prompted more investigations to involve TSA in improving brain cancer
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therapy. In this respect, a study on the human malignant glioma cell lines LNT- 229 and
LN-308 NMRI nude mice revealed that TSA causes upregulation of natural killer group-2
member-D (NKG2D) ligands and immunogenicity in GBM cells and the retardation of
tumor growth of GBM xenografts (in vivo) [27].

6.1.2. Anticancer Action of TSA on Neuroblastoma (NB)

In neuroblastoma, TSA inhibited cell viability in neuroblastic-type NB cells by pro-
moting the acetylation of Ku70, a Bax-binding protein, which resulted in Bax release and
its activation, and consequently in cell death. TSA-induced cell death in neuroblastoma
cells was linked with CREB-binding protein (CBP) expression, where the upregulation of
CBP expression interrupted Bax—Ku70 binding in neuroblastic cell types and sensitized
them to TSA. At the same time, the down-regulation of CBP enhanced their resistance to
TSA [114].

6.1.3. Anticancer Activity of TSA on Human Tongue Squamous Cell Carcinoma

TSA exhibited potent antitumor activity against human tongue squamous cell carci-
noma (TSCC) in vitro by inducing cell cycle arrest and apoptosis with inhibition of cell
proliferation and invasion. This effect was mediated by the downregulation of hypoxia-
inducible factor-1a (HIF-1at) protein and vascular endothelial growth factor (VEGF) at the
protein and mRNA levels under both normoxic and hypoxic conditions. HIF-1a is a tran-
scription factor able to enhance tumor angiogenesis at a high level via the upregulation of
VEGEF [122]. TSA suppressed the expression of HIF-2a protein in fibrosarcoma cell line
HT1080 via a proteasome-dependent manner [14] (Figure 5).

Ahn et al. [23] revealed the potential value of TSA in inhibiting oral tumor growth by
investigating the mechanisms underlying the antitumor activity of TSA on human oral
squamous carcinoma cells. TSA inhibited cell proliferation in YD-10B cells as revealed by
the MTT assay. TSA also arrested cell cycle progression at the G2/M phase through the
upregulation of p21+f expression, downregulation of Cyclin B1, and reduction of the in-
hibitory phosphorylation of Cdc2 (Figure 5). Additionally, TSA induced mitochondrial
membrane destruction after 48 h of treatment. TSA also caused cytochrome c release
which increased the proteolytic activation of caspase-3 and caspase-7 in YD-10B cells [23].
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Figure 5. Mechanisms of TSA against brain cancer cells. Abbreviations : CDK : Cyclin Dependent
Kinase; HIF Hypoxia Inducible Factor; VEGF: Vascular endothelial growth factor; WAF1: Wild-type
P53-activated Fragment 1.
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6.1.4. Anticancer Activity of TSA on Nasopharyngeal Carcinoma

TSA significantly inhibited the proliferation of human nasopharyngeal carcinoma
(NPC) cells in poorly differentiated NPC cell line CNE2 and the undifferentiated C666-1
cell. Short-term treatment with TSA inhibited PNC cells by inducing cell cycle arrest with
the concomitant upregulation of CDK6 expression and the downregulation of cyclinD1
and E1, CDK2 and 4, p16 and p21 expression in both CNE2 and C666-1 cell line. The short-
term TSA treatment induced EMT-like morphological changes without increasing cell in-
vasion ability in NPC cells [110]. To the best of our knowledge, there is no investigation
on the long-term effect of TSA on NPC cell invasion and migration. Thus, the study of the
mechanism by which TSA can promote cancer cell invasion in nasopharyngeal carcinoma
and the combination of TSA with known EMT inhibitors can help to improve the use of
TSA in nasopharyngeal carcinoma therapy.

6.1.5. Anticancer Activity of TSA on Lung Cancer Cells

In human lung adenocarcinoma, TSA inhibited cell proliferation and migration with
or without TGF-f3. TSA acted via the alteration of tight junction proteins that play a key
role in the function of the cells. TSA induced the downregulation of claudin-2 (CLDN-2)
and the upregulation of angulin-1/LSR along with the induction of cellular metabolism in
A549 cells [111]. CLDN-2, upregulated in lung cancer tissues, results in the proliferation
of lung cancer cells, while the downregulation of angulin-1/LSR causes malignancy. The
anticancer activity of TSA against human lung cancer could be mediated by the upregu-
lation of Kriippel-like factor 4 (klf4) which acts as a tumor-suppressor in the A549 cell line
upon TSA treatment [140]. TSA also inhibited radiation-induced EMT and reduced cancer
cell migration in the A549 cell line. TSA could reverse radiation-induced lung EMT via
the upregulation of E-cadherin expression, which was associated with the inactivation of
the signaling molecule, TGFb1, and the decline of Snail and slug transcription factors rec-
ognized as enhancers of EMT [95,146].

Choi et al. [25] provided important new insights into the possible molecular mecha-
nisms of the anti-cancer activity of TSA. In a study conducted on a human lung carcinoma
cell line A549, treatment with TSA caused inhibition of the viability and induction of
apoptosis in a concentration-dependent manner. Apoptosis of the A549 cells was medi-
ated by the alteration in Bcl-2 expression and the activation of caspase-3 and caspase-9
proteases. The anticancer effect of TSA was also associated with the specific inhibition of
COX-2 expression and PGE production. In a study conducted on human lung carcinoma
cell line A549, TSA treatment caused growth inhibition and morphological changes in a
concentration-dependent manner. This effect was accompanied by a marked inhibition of
cyclins, positive regulators of cell cycle progression, which was attributed to the control
of the overexpression of tumor suppressor p53 and Cdk inhibitors [28].

In the ZAP-Grgl transgenic mouse line, TSA suppressed lung adenocarcinoma de-
velopment. This was attributed to the inhibition of ErbB1 and ErbB2 expression and the
repression of vascular signaling through VEGF [83]. Kim et al. [78] examined the effects
of TSA on osteoclast differentiation induced by the differentiation factor RANKL. These
researchers showed that inhibition of HDAC by TSA suppressed osteoclastogenesis in
vitro and in vivo. These results implicated c-Fos as an interesting potential target of TSA
function and suggested that the in vivo TSA can diminish inflammatory bone destruction.
In another study, stopping of cell growth and inhibition of colony formation in lung can-
cer cells were attributed to the increased expression of miR-15a/16-1 caused by TSA treat-
ment, which reduced the expression of an important survival protein named Bcl-2 [57].

Furthermore, TSA showed potent cytotoxic activity against both human small- and
non-small-cell lung cancer cells (SCLC and NSCLC). In SCLC, TSA caused morphological
differentiation and apoptosis, which was associated with an upregulation of acetylated
histone 4, p21 and p27, cleavage of PARP protein and a decline of antiapoptotic protein
BCL-2 levels in the DMS53 cell line [103]. While, in NSCLC, TSA induced growth
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inhibition via apoptosis, with the concomitant enhancement of histone H4 acetylation and
p21 expression in four cell lines including Calu-1, NCI-H520, NCI-H23, and NCI-H441
[93]. Thus, TSA showed a potent activity against lung adenocarcinoma in vitro, which re-
quires further studies to reveal this compound’s efficiency and safety in vivo.

6.1.6. Gastric Cancer, Colorectal Cancer, and Esophageal Cancer

TSA possesses a significant inhibitory effect against colorectal, gastric, and esopha-
geal cancer cells by inducing apoptosis and cell cycle arrest. Published research indicated
that TSA induces cell growth inhibition and apoptosis in colon cancer via epigenetic mod-
ification. This effect was linked to the upregulation of p21, p27, and p57 expression with
the concomitant suppression of DNMT1 and HDACT1 in colon cancer SW480 cell line [48].
In addition, TSA inhibited colon cancer cells by altering claudin-1, a protein involved in
the growth of colon cancer at high levels. Furthermore, TSA decreased the stability and
suppressed the expression of claudin-1 mRNA by reducing the binding of HuR and in-
creasing the binding of TTP to the 3'-UTR of claudin-1 in human colon cancer cell lines
SW480 and SW620 [109]. It also inhibited the cell invasion and migration of colorectal
cancer cells by decreasing vimentin and promoting E-cadherin expression, resulting in
reversing EMT in the SW480 cell line. The regulation of E-cadherin and vimentin expres-
sion by TSA was suggested to be mediated by the decline of transcription factor Slug [124].

In gastric cancer cells, TSA induced apoptosis and cell cycle arrest, which was asso-
ciated with a significant decrease in glycoprotein non-metastatic melanoma protein B
(GPNMB) expression. GPNMB is highly expressed in gastric cancer tissue compared with
normal tissues suggesting that the TSA effect against gastric cancer could be mediated by
the downregulation of GPNMB [104]. According to Wang et al. [123], the apoptosis in-
duced by TSA was linked to an increase in the p21, p53, and Bax expression and a decrease
in Bcl-2, CDK2, and CyclinD1 expression in the AGS gastric cancer cell line. TSA induced
DNA damage in human esophageal cancer cell lines EC109 and KYSE150, with the upreg-
ulation of Rad9 gene expression at mRNA and protein levels only in EC109 cells. The
knockdown of Rad9 by siRNA increased the DNA damaging effect of TSA [99]. It also
significantly inhibited the invasion and metastasis of esophageal squamous cell carci-
noma. The anti-invasive effect induced by TSA was mediated by the downregulation of
HDAC2, which led to a decline in MMP-2 and MMP-9 expression [123]. These preliminary
findings showed that TSA could be involved in treating colorectal, gastric, and esophageal
cancers.

Recently, two separable ERK1/2-dependent signaling pathways including an
ERK1/2-Slug branch and an ERK1/2-PAI- 1 branches were involved in TSA-induced ESCC
cell migration. Both TSA-induced ESCC cell migration branches favored the EMT process,
while BRD4 was responsible for two separable ERK1/2-dependent signaling pathways
[147]. Liu et al. [82] evaluated the altered expression of genes associated with the cell cycle
after TSA treatment. Their results revealed a significant reduction of mini-chromosome
maintenance protein-2 (MCM-2) in colon cancer cells that was attributed to the increase
in phosphorylated JNK, by TSA treatment resulting in cell growth inhibition and apopto-
sis [82]. Similarly, Dai et al. (2019) provided further evidence on the cytotoxic mechanism
of action of TSA. TSA and the IRE1a/XBP1 pathway in WT HCT116 cells induced ER stress
and the ER stress was attenuated by the mutation or silencing of TP53. In addition, these
researchers showed that the cell viability was increased and the apoptosis rate was re-
duced in HCT116 TP53(-/-) cells compared with WT HCT116 cells after TSA treatment.
Taken all together, these results revealed that TSA-induced ER stress may occur via a
p53-dependent mechanism in colon cancer cells, and induction of apoptosis via p53 sig-
naling pathway activation was supported by other studies [148].

In a recent study, An et al. [15] investigated the antitumor activity and the mechanism
of modulating gastric cancer cell growth by TSA. They showed an antiproliferative effect
of TSA against MKN-45 and SGC-7901 cells, which significantly suppressed the number
and size of colonies. Moreover, flow cytometry methods revealed that TSA induces G1



Pharmaceuticals 2022, 15, 1235

27 of 65

phase cell cycle arrest and apoptosis and affected the expression of related factors in mi-
tochondrial apoptotic signaling and cell cycle-related regulatory pathways. In addition,
TSA increased the acetylation of histone H3K27 and downregulated the expression of
PI3K and p-AKT. In a similar fashion, Han and coworkers [149] reported that TSA treat-
ment induces mesenchymal-like morphological modifications BGC-823 human gastric
cancer and increases the expression rate of the mesenchymal markers vimentin and twist.
It also suppressed cancer cell colony formation in both cell lines and led to the deregula-
tion of the critical signaling molecule involved in EMT named g-catenin.

6.1.7. Anticancer Effect of TSA on Hepatocellular Carcinoma

TSA can inhibit hepatocellular carcinoma through mitochondrial and cytoplasmic
apoptotic pathways in HCCLM3, MHCC97H, and MHCC97L cell lines, with no effect on
primary hepatocytes. It altered the expression of many genes involved in cell growth, dif-
ferentiation, and apoptosis such as Bax, Bak, Bim, p53, and p73 that were up-regulated by
TSA. At the same time, Bcl-2, Bcl-xL, Mcl-1 were downregulated with TSA treatment
[47,100]. In addition, TSA inhibited the cell growth and induced apoptosis in hepatocellu-
lar carcinoma via the re-activation of ERa gene expression in the Hepal-6 cell line [47]. In
human hepatoma cell lines including HuH?7, Hep3B, HepG2, and PLC/PRE/5 cells, TSA
inhibited cell growth in a concentration-dependent and time-dependent manner against
all studied cell lines. Moreover, the results revealed that TSA suppresses cell growth, in-
duces apoptosis, and inhibits specific genes expression in hepatoma cell lines [60].

6.1.8. Anticancer Effect of TSA on Pancreatic Adenocarcinoma

Research findings showed that TSA can act against human pancreatic cancer cell lines
by enhancing the expression of pro-apoptotic genes such as the BIM gene, and suppress-
ing the expression of anti-apoptotic genes like Bcl-XL and Bcl-W [91]. In this respect,
Zhang et al. [134] indicated that the apoptotic effect induced by TSA was linked to the
alteration of microRNAs expression in BxPC-3 human pancreatic cancer cells inhibiting
their proliferation [134]. To explore the potential effects of TSA against pancreatic cancer
(PC) cells, Emonds et al. [30] demonstrated that the cytotoxic effect of TSA in PC cells is
associated with the increase of acetyl-H3, p21Wafl, phospho-p38 and Bax levels, and the
decrease of phospho- ERK 1/2 and phospho-AKT. Similarly, Chen et al. [58]. showed that
TSA can induce apoptosis of pancreatic cancer cells. TSA treatment significantly increased
the expression levels of Bax and caspase-3 resulting in reduced survivin and anti-apop-
totic Bcl-2 [58].

6.1.9. Anticancer Effect of TSA on Leukemia

TSA exhibited considerable anti-leukemic effects by regulating the cell cycle and in-
ducing apoptosis in numerous human leukemic cell lines, with low toxicity against nor-
mal peripheral blood mononuclear cells (NPBMNC) [53,107,115]. It caused the growth
inhibition and morphological changes in a human leukemic cell by inhibiting cyclins and
the proliferating cell nuclear antigen (PCNA), positive regulators of cell cycle progression,
and by the upregulation of Cdk inhibitors such as p16, p21 and p27 [126]. It additionally
showed potent activity against chronic lymphocytic leukemia (CLL) cells through
caspase-dependent inhibition of Wnt [102]. Wnt is highly expressed in CLL and is in-
volved in developing several types of cancer. TSA treatment led to the upregulation of
caspases-3 and 7 activity and DKK1 mRNA expression known as a negative regulator for
the Wnt. TSA inhibited CLL cells via the modulation of histone acetylation by inhibiting
H4 histone deacetylation [102]. In TK6 human B lymphoblastoid, TSA induced G1 cell
cycle arrest and apoptosis in a caspase 3-independent apoptotic pathway. Furthermore,
the cytotoxicity effect of TSA in TK6 cells might be linked to the ability of this compound
to cause DNA and chromosome damage through chromosome breakage and by increas-
ing the levels of aneuploidy [98].
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In addition to its potent antitumor effects, numerous studies showed that TSA exhib-
its an immune-regulatory effect. TSA suppressed the expression of the interleukin-2 gene
in CD4+T-cells [92]. It also reduced the production of the pro-inflammatory cytokines
(TNF-a and IL-6) and type I interferon (IFN-I) known for their role in autoimmune dis-
eases [105]. TSA played an important role in the control of allergic airway inflammation
mediated by Group 2 innate lymphoid cells (ILC2) activation, and downregulated the
number of ILC2 expressing IL-5 and IL-13 cytokines and consequently attenuated lung
eosinophilia and mucus hypersecretion in a mouse model [119].

TSA also affected cell cycle progression in Epstein-Barr virus (EBV)-transformed B
lymphoblastoid cell lines LCLs (SNU-20 and SNU-1103). EBV is a ubiquitous human her-
pes virus recognized as being instrumental in causing human malignancies of lymphoid
[150]. In this regard, the induction of EBV lytic antigens is one of the strategies used to
treat EBV-associated malignancies. At this level, TSA induced EBV lytic replication by
upregulating EBV lytic genes expression (BZLF1, BMRF1, gp110, BRLF1, BALF5, BBLF2/3
and gp350) in lymphoblastoid cell lines [107]. These important results show that TSA ex-
hibits a cytotoxic effect and immunomodulatory potential suggesting this compound’s
use in the therapy of leukemia and the treatment of autoimmune and inflammatory dis-
eases. The anti-proliferative effects of TSA were also reported in murine pro-B lymphoma
cell line FL5.12. TSA exerted a potential inhibition of the proliferation of FL5.12 cells in a
time and dose-dependent manner. TSA treatment led to DNA fragmentation and the ac-
tivation of caspase-3 and PARP, resulting in the release of apoptotic protein Bim [80]. Anti-
Molt-4 cell activity of TSA was also reported in a time- and dose-dependent manner by
Hong et al. [31]. These authors concluded that the TSA growth-inhibition effect could be
attributed to its apoptosis-inducing effect on Molt-4 cells [31].

6.1.10. Anticancer Effect of TSA on Osteosarcoma/Excessive Bone Resorption

Findings showed that TSA inhibits tumor growth in MG-63 osteosarcoma cells in
vitro and in vivo. This antitumor effect upon TSA treatment is partially mediated by the
suppression of HIF-2a protein expression. Thus, TSA could be used to treat excessive bone
resorption by inducing osteoclast apoptosis via the upregulation of p21WAF. Osteoclasts
can cause many pathologic conditions such as osteoporosis and tumor-induced bone de-
struction [131]. Deng et al. [26] suggested that TSA significantly inhibits cell growth and
promotes apoptosis in a dose-dependent manner through p53 signaling pathway activa-
tion in MG63 cells [26]. Moreover, TSA was tested in wild-type p53 (HT116 cells) and
mutant p53 (HT29 cells) colorectal cancer cell lines. Results showed that it induces apop-
tosis, enhances the expression of Bax, lowers the levels of Bcl-xI and Bcl-2, and induces
cell cycle arrest in the G2/M phase [89]. In addition, TSA induced apoptosis and cell cycle
arrest in the G2/M phase in colorectal cancer cells via p53-dependent and -independent
pathways.

TSA also inhibits proliferation, induces apoptosis, inhibits the invasiveness of osteo-
sarcoma cells in vitro, and arrests the cell cycle in the G1/G2 phase in Osteosarcoma cells
[59]. It also had a role in inducing autophagy in human osteosarcoma (U20S) cells through
the rapamycin (mTOR) signaling pathway and enhances forkhead box O1 (FOXO1) tran-
scriptional activity [34]. Using immunofluorescence, immunoprecipitation, Western blots,
and qPCR, Geng et al. [50] studied the cell proliferation, cell cycle, survival mechanisms,
the localization and post-transcriptional modification of GLI1 protein, the target gene P21
of RPMI8226, and MM.1S cells treated with TSA. TSA exerted a time and dose-dependent
MM cell growth repression, and induced cell apoptosis via the abrogation of hedgehog
signaling. TSA treatment exhibited versatile effects on the hedgehog transcriptional factor
GLIL. The proteasome-dependent degradation of GLI1 was promoted by TSA-mediated
acetylation, and TSA-induced p21 upregulation damages the transcription of GLI1 [50].

6.1.11. Anticancer Action of TSA on Musculoskeletal Sarcomas (Rhabdomyosarcoma)
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In rhabdomyosarcoma (RMS), a common type of musculoskeletal sarcomas, TSA in-
hibited cell proliferation and reversed RMS malignancies behavior by reactivating its dif-
ferentiation to the original skeletal muscle type. The activity of TSA in RMS cells was sug-
gested to be mediated by the modification of small miRNAs expression, notably by the
upregulating of miR-27b, which is involved in the process of myogenesis [117].

6.1.12. Anticancer Action of TSA on Mast Cell Tumor (MCT) and Breast Cancer Cells

TSA induced apoptosis in mastocytoma cells in histone acetylation- and mitochon-
dria-dependent pathways. It increased the acetylated histones, H2A, H2B, H3 and H4,
activated caspase-3, induced cleavage of poly (ADP-ribose) polymerase (PARP), and de-
creased Bcl-2, Bcl-xL levels in mastocytoma cell line p815 resulting in a reduction of their
mitochondrial membrane potential. TSA treatment showed a reduction in number of via-
ble cells and induced cell death by apoptosis in the MCT of canine [94].

Several studies confirmed the potent antitumor activity of TSA against breast cancer
in vitro and in vivo in a dose-dependent manner through different pathways. TSA-induced
apoptosis and cell cycle arrest at the G2/M in both estrogen receptor (ER)-positive and ER-
negative breast cancer cells in vitro and in vivo, with no toxic effect on the normal cells
such as MCF-10A [116,118,120,121]. ERa played an essential role in the proliferation of
ER-positive breast cancer. Interestingly, TSA was revealed as a potent ERa inhibitor.
Therefore, breast cancer cells expressing ER were found to be more sensitive to TSA than
the ER-negative cell lines [121]. In ER-positive cell lines such as MCF-7 and T47-D cells,
TSA induced a long-term degradation of cyclin A, a decrease of Bcl-2 and myc-c, and a
proteasome-dependent loss of ERa and cyclin D1, which led to the re-expression of
p21WArLCIPL (cell cycle inhibitor) and RhoB GTPase (tumor suppressor) [120,139]. These
findings indicate that TSA could be used in the endocrine therapy of breast cancer. In the
ER-negative cells like MDA-MB-231 and SKBr-3 cell lines, TSA enhanced the expression
of ERa mRNA and p21WAFI/CIPL at the protein level, and declined cyclin A, with the ability
to cause cleavage of polyADP-ribose polymerase (PARP) [120]. Noh et al. [97] showed
that TSA lowered the ERa protein expression under both normoxia and hypoxia via a
proteasome-mediated pathway and enhanced the downregulation of ESR1 transcription
under hypoxia conditions [97].

In the H-ras-transformed human breast epithelial (MCF10A-ras) cells, TSA induced
morphological changes and cell cycle arrest by increasing the expression of p53 and
p21wariCel and activating ERK1/2. The cytotoxic effect of TSA against MCF10A-ras cells
was partly linked in par to its ability to decrease phosphorylated Rb expression [151]. The
inhibition of breast cancer cells with TSA treatment depends on the mitochondrial-medi-
ated ROS by suppressing the activities of mitochondrial complexes I and III. Unfortu-
nately, this pathway could be blocked by antioxidants such as GSH, NAC, and vitamin C
[116]. On the other hand, TSA could also initiate cell cycle arrest and apoptosis via the 15-
Lox-1/13(S)-HODE pathway by the induction of 15-Lox-1 activity associated with the ele-
vation of 13(S)-HODE (15-Lox-1 metabolite) [118]. Furthermore, aberrations of mi-
croRNAs expression were confirmed to have a noticeable effect on cancer development
[152]. In this respect, TSA modified the expression of microRNAs in the apoptosis-re-
sistant MCF-7TN-R cell line. Additionally, TSA significantly upregulated the expression
of many microRNAs considered tumor suppressors or involved in anti-migration, cell cy-
cle arrest, anti-metastatic, and anti-EMT effects. TSA decreased the expression of mi-
croRNAs characterized as oncomiRs, which are involved in tumorigenesis [29].

Moreover, TSA was found to suppress the invasion and migration of MCEFE-7 cells by
reversing EMT via knockdown of zinc finger protein SNAI2 (SLUG), which led to the up-
regulation of E-cadherin and downregulation of vimentin expression [153]. TSA showed
great antitumor activity in vivo in breast cancer xenografts and carcinogen-induced rat
mammary cancer models [120,121]. All these results provided a rationale for the im-
portant role of TSA in treating breast cancer due to its ability to induce cell growth inhi-
bition and metastasis in different breast cancer types in vitro and in vivo. In 2006, Alao et
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al. [24] investigated the role of GSK3 in mediating the cytotoxic activities in MCF-7 breast
cancer cells treated with TSA. These researchers showed that TSA induces Akt
dephosphorylation in a PP1-dependent manner resulting in the activation of GSK3f3 in
cells tested. These findings identified GSK3p as an interesting mediator of TSA-induced
cytotoxicity in MCF-7 breast cancer cells [24]. In other research work, TSA was tested in
T-lymphoblastic leukemia cell line Molt-4 cells. A time- and dose-dependent manner of
proliferation inhibition of Molt-4 cells was observed. The application of TSA at different
doses (from 50 to 400 pg/L for 24 h) decreased the percentage of GO/G1 cells and arrested
cells in the G2/M phase by reducing the expression of HDACS in Molt-4 cells [66].

To explain the effects of TSA on epithelial-mesenchymal transition (EMT) in human
cancer cells, Han et al. [149] reported that TSA treatment induces mesenchymal-like mor-
phological modifications in MCF-7 breast cancer cells and BGC-823 human gastric cancer,
increases the expression rate of the mesenchymal markers vimentin and twist, and sup-
presses cancer cell colony formation in both cell lines which led to the dysregulation of
the critical signaling molecule involved in EMT named of f-catenin. In another study, Gao
and coworkers [35] investigated the antitumor effect of TSA in H-ras-transformed human
breast epithelial cells (MCF10A-ras cells) through a FOXO1-dependent pathway. TSA ex-
hibited antitumoral activity in MCF10A. This antiproliferative effect was attributed to the
induction of apoptosis in MCF10A-ras cells and the activation of FOXO1 via P21 upregu-
lation, whereas the knockdown of FOXO1 reduced TSA-induced cell death. TSA induced
autophagy in MCF10A-ras cells by blocking the mTOR pathway [35]. Befor this, Alao et
al. [51] investigated the mechanisms underlying the antiproliferative effect of TSA. It
caused G1-S-phase ER alpha-positive MCF-7 cell cycle arrest because TSA repressed ER
alpha and cyclin D1 transcription and induced ubiquitin-dependent proteasomal degra-
dation of cyclin D1. However, in the ER alpha-negative MDA-MB-231 cell line, cyclin D1
degradation was enhanced but its transcription was unaltered by TSA, resulting in cell
cycle arrest in the G2-M phase [51]. Skp2/p45, a regulatory component of the Skp1/Cul-
lin/F-box complex is involved in cyclin D1 degradation, which causes the silencing of
SKP2 gene expression by RNA interference stabilizing cyclin D1 and abrogated the cyclin
D1 downregulation response to TSA [51]. Similarly, TSA demonstrated anticancer poten-
tial by inducing apoptosis in MCF10A-ras cells via the activation of FOXO1, and the reg-
ulation of autophagy by blocking the mTOR signaling pathway [35].

6.1.13. Anticancer Action of TSA on Endometriosis/Cervical Cancer Cells

TSA showed interesting results in the treatment of endometriosis. It significantly in-
hibited the proliferation in endometrial stromal cells, associated with the upregulation of
PR-B and AR [127]. It additionally exhibited potent activity against cervical cancer cells
[128,129,135]. TSA induced a delay in G2/M transition, the formation of defective mitotic
spindles and misaligned chromosomes in a transcription-dependent manner by the
downregulation of cell cycle regulators cyclin B1, Plk1 and survivin, and upregulation of
P53, p21Wafl, and p27Kirl in HeLa cell line [96,129]. Similarly, it inhibited the growth of
HelLa cells via Bcl-2, oxidative stress- and caspase-dependent apoptosis, which was corre-
lated with an increase in O2*- level, GSH depletion, the collapse of mitochondrial mem-
brane potential (MMP), and a decrease of Bcl-2 protein and caspase-3 activation [130,132].
TSA also suppressed the expression of the ubiquitin-specific protease 22 (USP22), a gene
overexpressed in most cancer cells and implicated in tumorigenesis [154]. The inhibition
of cell proliferation by TSA was attributed to the ability of this compound to affect the
physical and chemical nature of cytoskeletons, including microfilaments and microtu-
bules, which play an important role in the maintenance of the cell morphology and mate-
rial transportation in HeLa cells [137]. The cytotoxic effect of TSA was inhibited under the
co-treatment of HeLa cells with the F-actin depolymerizers cytochalasin D (CytoD) and
latrunculin B (LatB), indicating that TSA-induced apoptosis might require a dynamic re-
arrangement of F-actin [130]. It also suppressed rather than enhanced the radiosensitivity
of HelLa cells at low doses [155].
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On the other hand, Li et al. [79] studied the exact mechanism by which HDAC inhib-
itors induce p21WAF/CIP1 in HeLa cells. This team observed that TSA, an HDAC inhibitor,
induced p21WAFI/CIP1 expression in human cervical cancer (HeLa) cells, which is associated
with the downregulation of c myc expression [79]. Interestingly, deeper insights were pro-
vided by Liu and colleagues [84] about the effects of TSA on cervical cancer development.
The results showed that TSA suppressed the proliferation and induced apoptosis and au-
tophagy in cervical cancer cells via the PRMT5/ STC1/TRPV6/JNK axis. TSA also reduced
cervical tumor growth in mice xenograft models by the downregulation of osteopontin
(OPN) gene expression. OPN is a secreted glycoprotein associated with tumor formation
and metastasis. The gene expression of OPN was induced by PMA via the AP-1 transcrip-
tion factor that forms a heterodimer of c-jun and c-fos at the OPN promoter. TSA sup-
pressed the PMA-induced OPN gene expression by inhibiting c-Jun expression at the pro-
tein and RNA levels. Similarly, TSA inhibited the PMA-induced hyperacetylation of his-
tones H3 and H4 associated with OPN promoter [108]. The results of the in vitro and in
vivo studies revealed the high antitumor potential of TSA against cervical cell cancer and
consequently the important role that TSA could play in treating this kind of cancer.

6.1.14. Anticancer Action of TSA on Ovarian Cancer Cells

Research findings revealed that TSA inhibits ovarian cancer cells by affecting their
morphology and proliferation. This effect seemed to be linked to the ability of TSA to
change the expression of p21, Rb, and Id1, which are involved in cell cycle control and
differentiation in A2780 ovarian cancer cells [113]. Moreover, TSA induced apoptosis in
ovarian carcinoma cells via a mitochondria-dependent pathway by increasing the protein
expression of cytochrome ¢ and P53 and the activity of caspase-3, -8 and -9 in OVCAR-3
cells [136]. The anticancer activity of TSA against ovarian carcinoma cells could be medi-
ated by the upregulation of Kriippel-like factor 4 (klf4) which plays a tumor-suppressor
role in the SKOV3 cell line upon TSA treatment [140], and the apoptotic effect induced by
TSA was enhanced by the inhibition of Akt [136].

6.1.15. Anticancer Action of TSA on Urinary Bladder Cancer Cells

TSA exhibited antitumor activity against urinary bladder cancer cells. Bladder cancer
is among the most expensive human cancer to treat with a high death rate. A preliminary
study showed that the growth inhibition and apoptosis induced by TSA in urinary blad-
der cancer cells are correlated with a decrease of cyclin D1 and an increase in p21 expres-
sion, induction of PARP cleavage, mitochondrial membrane potential loss, inhibition of
pAkt, and a decline of Sp1 and surviving [125]. However, the implication of TSA in the
prevention and therapy of bladder cancer requires more investigations at different levels.
A time and dose-dependent significant antiproliferative effect were reported in the human
bladder cancer cell line, BIU-87, via the cell cycle arrest at the G1 phase and induction of
apoptotic cell death was correlated with the increase of p21WAF mRNA expression [79].

6.1.16. Anticancer Action of TSA on Prostate Cancer/Spermatogenesis

TSA increased the frequency of genetic recombination of spermatocyte meiosis and
reduced testicular weight and sperm density in male mice [112]. It exhibited a noticeable
antitumor activity against human prostate epithelial cells and induced cell growth inhibition
and apoptosis in 267B1 cells in vitro via caspase-independent pathway and the activation of
transcription factor nuclear factor kappa B (NF-kB) [151]. In the DU145 prostate cancer cell
line, TSA treatment induced morphological changes and cell cycle arrest, inhibiting sur-
vivin expression and enhancing P21 protein expression [133]. However, conflicting results
concerning the effect of TSA on cell migration were reported for prostate cancer. Wang et
al. [124] revealed that TSA inhibits the cell migration of prostate cancer cells by reducing
the expression of the transcription factor, Slug, which suppresses vimentin and enhances
E-cadherin reversing EMT in the PC3 cell line [124]. However, Kong and coworkers [156]
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found that TSA induces EMT in prostate cancer cells and changes their cellular morphol-
ogy. TSA-induced EMT was accompanied by the enhancement of vimentin, N-cadherin
and fibronectin (mesenchymal markers), and the expression of ZEB1, ZEB2, and Slug
(transcription factors), which correlated with an increase in tumor virulence. In-depth,
experiments are required to determine the safe use of TSA in prostate cancer therapy fo-
cusing on the metastasis side.

All related studies showed the potent anti-tumor effect of the TSA. It targeted several
kinds of cancer and was involved in treating autoimmune and inflammatory diseases. It
inhibited a wide range of cancer cells through different pathways without affecting nor-
mal cells. The main mechanism by which TSA protected non-cancer cells from apoptosis
was via the activation of ERK1/2 (extracellular signal-regulated kinase) [135]. In addition,
no toxicity was observed when high doses of up to 5 mg/kg of TSA were used, suggesting
an added value to this compound [121]. However, in vivo experiments indicated that TSA
is rapidly metabolized, complicating the clinical trials of this important compound and its
use in cancer therapy. To overcome this problem, long-term treatment with a high dose
of TSA, 500 mg/kg daily for 4 weeks by subcutaneous injection, showed great antitumor
activity in the carcinogen-induced rat mammary cancer model [121]. In addition, efforts
were made to develop formulations, that protect TSA molecules from inactivation. In this
respect, TSA-loaded liposomes (TSA-lipo) formulations significantly protected TSA from
inactivation. Subsequently, they resulted in potent growth inhibition of both ER-positive
and—negative BC cells in vivo at low TSA concentration (1.5 mg/kg/week) by intravenous
injection. The anticancer effect of TSA-lipo was characterized by the inhibition of Ki-67
labeling, inhibition of tumor vasculature, and an increase of p21WAF/CIP1 jn MCF-7 and
MDA cells xenografts [120]. On the other hand, several problems related to the possibility
of TSA inducing EMT and enhancing cell cancer migration still need to be carefully ad-
dressed and clarified. Therefore, the safe use of TSA in cancer therapy requires further
investigations to determine the specific conditions TSA could induce rather than reverse
EMT in cancer and consequently increase cell cancer invasion and migration. Also, com-
binatorial treatment of TSA with a potent EMT-inhibitor could help avoid EMT induction
and metastasis upon TSA treatment. Further studies are needed to show the antitumor
activity of TSA in vivo in numerous cancer types

6.2. Anticancer Activity of TSA through Sensitization

Considering the role of various anticancer drugs in chemotherapy and the emergence
of chemoresistance, the effect of TSA on the chemosensitivity of several anticancer drugs
in cancer cells was investigated by numerous research groups. Findings emphasized that
TSA is a potent chemo-sensitizer in human cancer cells to improve chemosensitivity to-
wards many drugs including cisplatin, valproic acid, etoposide, tamoxifen, gemcitabine,
5-fluorouracil, oxaliplatin, irinotecan and gefitinib, sunitinib, and TRAIL. It also enhances
the radiosensitivity of cancer cells. Moreover, many molecules, such as genistein, querce-
tin, and glycyrrhetinic acid potentiated TSA’s anticancer activity against different cancer
cell lines. Along this line, TSA reestablished cisplatin sensitivity in many cisplatin-re-
sistant cancer cells and augmented cisplatin activity by eliciting cisplatin-induced apop-
tosis via various mechanisms. In the head and neck squamous cell carcinoma cell line (UT-
SCC-77), cisplatin-induced apoptosis was enhanced by TSA pretreatment [36]. TSA de-
creased lysosomal pH, which augmented cathepsin activity resulting in reduced LAMP-
2 level, and the potential LMP promotion. Cells lacking LAMP-2 became more sensitive
to cisplatin-induced apoptosis. Earlier work indicated that a lower lysosomal pH increases
the efficiency of cisplatin-induced apoptosis. It reduces lysosomal pH and elicits lysoso-
mal proteases and sensitized cells to cisplatin [36].

Numerous studies showed that the resistance of ovarian cancer cells to the proapop-
totic effects of chemotherapy is partly due to the deficiency in Apaf-1 activity. Tan et al.
[157], while evaluating Apaf-1 function showed that TSA restores Apaf-1 function in
chemoresistant ovarian cancer cells, sensitizing them to cisplatin-induced apoptosis via
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the activation/cleavage of procaspase-9. Cisplatin stimulated mitochondrial release of cy-
tochrome ¢, which was then complexed with Apaf-1. The latter bound and activated
caspases-3 and -9, leading to apoptosis [157]. Recently, Lambert et al. [39] reported that
TSA reduces cell viability in cisplatin-sensitive (A2780WT) and reestablishes cisplatin sen-
sitivity in human ovarian cancer cells cisplatin-resistant (A2780RES) by eliciting cisplatin-
induced apoptosis (boosted caspase-9 activity), autophagy (increased LC3-II expression),
and cell cycle arrest (increased p21 expression). TSA additionally reduced taurine trans-
porter (TauT) expression/activity in A2780RES cells to values similar to A2780WT cells
suggesting a synergistic activation of apoptosis /autophagy and reduced TauT activity
rather than facilitating cisplatin uptake or increasing cisplatin-induced DNA damage.
TSA synergistically enhanced the antitumor effect of cisplatin and re-sensitized cisplatin-
resistant bladder cancer cells leading to 90% death of T24R2 cells [41]. It was suggested
that the potent synergistic effect could involve cell cycle arrest by potentiating cisplatin-
induced S and G2/M phase cell cycle arrest and the induction of caspase-mediated apop-
tosis and/or the upregulation of the expression of proapoptotic proteins, Bad and Bax.

In human Iung adenocarcinoma cell line A549 and CDDP-resistant derivative
(A549/CDDP), Wu and colleagues [158] showed that a low concentration of TSA sensi-
tized cisplatin-resistant apoptosis. TSA upregulated pro-apoptotic proteins (death-associ-
ated protein kinase (DAPK)) mediating A549/CDDP cell death induced by cisplatin. TSA
pretreatment induced elevation of the active form of DAPK in A549/CDDP, which elicited
the chemosensitivity of cells to cisplatin. Similarly, co-treatment of human urothelial car-
cinoma (UC) cell lines (NTUB1 and T24) with TSA and three chemotherapeutic agents
(cisplatin, gemcitabine, and doxorubicin) induced synergistic cytotoxicity and signifi-
cantly potentiated apoptosis. The combination acted by suppressing Raf/MEK/ERK path-
way as it is involved in many aspects of tumorigenesis, including cell growth, prolifera-
tion, survival, apoptosis, and chemoresistance in UC [159]. The activated Raf/MEK/ERK
pathway was observed in human bladder UC specimens from patients with chemo-
resistant status. The co-treatment with TSA increased cleaved caspases-3,-7, and PARP
compared with those induced by chemotherapeutic agents alone, and also suppressed the
chemotherapy-induced activation of phospho-Bcl2, an anti-apoptosis regulator. The same
conclusions were confirmed, in vivo, in a xenograft nude mouse model.

Several studies reported that hepatitis B virus X protein (HBx) exerts anti-apoptotic
effects leading to a potent chemoresistance effect in hepatocellular carcinoma (HCC) cells.
In this respect, Zhang et al. [135] showed that the pretreatment with TSA and etoposide
could significantly overcome the increased resistance of HBx-expressing HCC cells to
chemotherapy. This combination significantly sensitized HBx-expressing liver cancer cells
to etoposide treatment via the induction of apoptosis by inhibiting ERK phosphorylation,
reactivating caspases and PARP, and inducing translocation of p53 and Bid to the cyto-
plasm [135]. In another study, the co-treatment of drug-resistant non-small cell lung car-
cinomas (NSCLC) (H157, H23 and H1299) with etoposide and TSA induced apoptotic
through caspase-dependent pathway accompanied by a significant decrease in Bcl-xL ex-
pression allowing Bax activation. A subsequent initiation of the apoptosis, inducing factor
(AIF)-dependent death pathway in H157 cells was also observed [160]. Moreover, in hu-
man leukemia cell lines (HL60 and U937 cells), the use of TSA and valproic acid (VPA)
potentiated etoposide-induced cytotoxicity and apoptosis, which was associated with the
activation of caspases and the loss of mitochondrial membrane potential [161].

TNF-related apoptosis-inducing ligand (TRAIL) is a potent anti-cancer agent due to
its high selectivity in eradicating cancer cells while sparing normal cells. However, differ-
ent cancer cells showed TRAIL resistance. In this context, numerous studies reported that
TSA enhances TRAIL efficacy and re-sensitizes various cancer cells resistant even at high
doses of TRAIL. Researchers [162] showed that low doses of TSA sensitized MM1S mye-
loma cells were resistant to TRAIL-induced apoptosis and enhanced TRAIL cytotoxicity
through the caspase-independent pathway. It induced apoptosis involving the downreg-
ulation of the antiapoptotic Bcl-2 proteins, Bcl-2 and Bcl-Xi, without altering FLIPS
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expression. The expression of Bcl-2 members (Bim and Bid) was also upregulated while
the expression of PUMA (a and b), Bax, and Noxa, was down-regulated. TSA also induced
the transcription of TRAIL death receptor DR5. In another study, Kong et al. [156] showed
that zebularine and TSA with TRAIL (TZT) treatment sensitizes human breast adenocar-
cinoma cells (MDA-MB-231 and MCF10A) and augments apoptosis as compared with
TRAIL alone. Apoptotic features, including morphological changes, apoptotic activity,
and the expression of cleaved poly (ADP) ribose polymerase (PARP) protein were more
prominent in MDAMB-231 as compared to MCF10A. No changes in cell cycle were rec-
orded in MDA-MB-231 cells under TRAIL and TZT treatments suggesting other mecha-
nisms [156]. Similarly, researchers showed that the co-treatment of human TRAIL-re-
sistant ovarian cancer cells (SKOV3 and Hey8), with TSA and TRAIL inhibits cell prolif-
eration and sensitizes them to TRAIL-induced apoptosis through caspase-dependent mi-
tochondrial pathways [101]. Moreover, treating SKOV3 cells with TSA and TRAIL signif-
icantly accelerated caspase-8 and truncated Bid resulting in the cytosolic accumulation of
cytochrome c and the activation of caspases-3 and -9. On the other hand, the cleavage of
PARP, an endogenous substrate of caspase-3, and the upregulation of Bax led to a signif-
icant loss of Bcl-2 and Bcl-xL. The sensitization was associated with the downregulation
of c-FLIPL via the inhibition of the EGFR pathway, involving caspase-dependent mito-
chondrial apoptosis as TRAIL alone did not alter the protein level of c-FLIP.

In gastric cancer cell lines (AGS, NCI-N87, SNU-1 and SNU-16), TSA potentiated
TRAIL-induced apoptosis in caspase-dependent manner via the inhibition of the
ERK/FOXM1 pathway [80]. The combination rendered gastric cancer cells more vulnera-
ble to TRAIL-mediated cytotoxicity and suppressed cell viability in TRAIL-resistant cell
AGS and SGC-7901. In the absence of TSA, slight activation of caspases-3, -7, -8, -9, and
PARP was observed, whereas the cotreatment greatly potentiated these effects in both
SGC-7901 cells. TSA also contributed to the upregulation of DR5 and downregulation of
antiapoptotic proteins (XIAP, Mcl-1, Bcl-2 and Survivin) that could be regulated by onco-
genic transcription factor Forkhead boxM1 (FOXM1). TSA treatment inhibited FOXM1
expression at both the transcription and protein levels. The expression level of FOXM1
showed a negative correlation with TRAIL sensitivity. FOXM1 downregulation could be
ascribed to the inactivation of the ERK pathway, which sensitizes cells to TRAIL.

Research findings [40] showed that TSA acts as a sensitizer in chemotherapy and en-
hances the response to chemotherapeutic agents (gemcitabine, 5-fluorouracil, oxaliplatin,
irinotecan and gefitinib) in inhibiting ten pancreatic adenocarcinoma cell proliferation.
Ten human pancreatic cancer cell lines, seven derived from primary cancer (MiaPaca2,
PaCa3, PaCa44, Pancl, PT45P1, PSN1, and PC) and three from metastatic cancers (HPAF
II, CFPAC1, and T3M4) were investigated. TSA was the best partner for all drugs except
for 5-fluorouracil leading to potent inhibition of cell growth. The combination of TSA and
irinotecan exhibited potent growth inhibition (80%) in most cell lines. In a similar fashion,
Zhang et al. [163] showed that TSA increases the chemosensitivity of anticancer drugs in
two human gastric cancer cell lines (OCUM-8 and MKN-74). The combination of TSA with
five anticancer drugs, namely 5-fluorouracil (5-FU), paclitaxel (PTX), oxaliplatin (OXA),
irinotecan (SN38), and gemcitabine (GEM) caused a synergistic anti-proliferative effect by
combining TSA (30 ng/mL) with 5-fluorouracil, paclitaxel, and irinotecan [163]. These
three anticancer drugs target cancer through different mechanisms and are used clinically.
Furthermore, TSA upregulated the expression of p21, p53, DAPK-1, and the DAPK-2 gene
in both OCUM-8 and MKN-74 cells which could be involved in the synergistic effect. The
expression level of caspase-3 mRNA increased in OCUM-8 but not in MKN-74, suggesting
a key role of caspase-3 in chemosensitivity induced by TSA. It was suggested that the bcl-
2 family might not contribute to the enhanced chemosensitivity of TSA as no alteration of
bcl-2 was observed.

TSA sensitized estrogen receptor (ER) a-negative in formerly antihormone-unre-
sponsive human breast cancer cells (MDA-MB-231, Hs578T and ZR75-1) to tamoxifen
treatment possibly by upregulating ER (3 activity [164]. TSA enhanced the ER
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transcriptional activity as visualized by estrogen response element-regulated reporter and
progesterone receptor expression. It seems that the high ER transcriptional activity is me-
diated by ER 3 rather than a as TSA induced the expression and nuclear translocation of
ER B but not a. Sato et al. [165] showed that the combination of TSA-Sunitinib is effective
against RCC cells 786-O, ACHN, and Caki-1 RCC cell lines, especially in 786-O, by en-
hancing apoptosis or growth inhibition through an increase of p21. VEGF protein expres-
sion was suppressed by the used combination. Flow cytometry revealed that the apoptotic
cell population (sub-G1) was significantly higher in the TSA-Sunitinib combination group
compared to the single SU treatment group. In ACHN cells, a cell cycle arrest at the S and
G2/M phase was observed in the combined treatment group. Additionally, p21 was sig-
nificantly increased in both 786-O and ACHN cells.

In renal cell carcinoma (786-O, ACHN, and Caki-1 RCC cells), TSA reduced sunitinib
resistance by triggering intracellular metabolome shifts [166]. Combined metabolome and
transcriptome analysis suggested that TSA affects the energy productive metabolic path-
ways, such as those involving the TCA cycle and nucleotide metabolism. The combination
of sunitinib and TSA increased cell death with PARP cleavage, an early marker of mito-
chondrial apoptosis. In contrast, the receptor tyrosine kinase signaling (the target of
sunitinib) was not altered. The sunitinib resistant-RCC cell (786-O Res) when exposed to
the sunitinib-TSA combination showed significant growth inhibition. Cells experiencing
irreversible damage underwent apoptosis, causing an accumulation of cells in the sub-G1
population and the accumulation of cleaved PARP, introduced by caspase-3. In hepatoma
cells (HepG2), Donia et al. [167] showed that TSA enhances responsiveness and induces
apoptosis to Taxol. The sensitizing effect of acetylation modification on the responsive-
ness of hepatoma cells to anticancer therapy is ascribed to its modulatory role on epige-
netics via the upregulation of HDAC1 and downregulation of Dnmt1 and 3a gene and
drugs metabolizing genes.

Many authors reported that TSA potentiated radio and chemosensitivity in various
cancer cells through different mechanisms. In this respect, Karagiannis et al. [37] treated
human erythroleukemic K562 cells with TSA and then exposed them to anthracycline,
doxorubicin, or gamma radiation. TSA pre-treatment increased the radio- and chemo-sen-
sitization, inhibiting cellular proliferation, reducing clonogenic survival, and inducing
apoptosis. The pretreatment of K562 cells with TSA augmented the cytotoxic effect of dox-
orubicin [38]. Similarly, findings [37] confirmed that TSA enhances the sensitivity of K562
cells to radiation which caused the accumulation of YH2A.X. Caspases-3 and 7 are in-
volved in radiation-induced apoptosis. The evaluation of caspases-3 and 7 levels indi-
cated that TSA, at concentrations higher than 0.3 pM, potentiated radiation-induced apop-
tosis in a concentration-dependent manner. The sensitization effect could involve histone
hyperacetylation and changes in phosphorylated H2A.X formation on euchromatin at a
lower dose of TSA, whereas, at the higher dose it could involve cytotoxicity and G1 (>0.3
UM TSA) and cell cycle arrest at the G2/M phase (1 uM TSA).

Moreover, Kim et al. [168] showed that TSA radio-sensitizes human head and neck
cancer cell lines (HN-3 and HN-9 cells). TSA pretreatment (50 nM) significantly reduced
the survival of HN-9 cells even at as low a radiation dose as 2 Gy (SF2) while in the HN-3
cell line, 200 nM TSA was necessary to show the effect [168]. In another study, Kim and
coworkers showed that TSA enhances radiosensitivity by abrogating G2/M arrest in three
cell lines (A549, HeLa, and Caski cells). The SF2 of TSA-treated cells was significantly
lower than that of the mock-treated cells. The potent radiosensitivity observed is ascribed,
at least in part, to the abrogation of radiation-induced G2/M arrest. Apoptosis was pro-
moted when the cells were exposed to concentrations higher than 600 nM [169]. TSA also
enhanced the radio-sensitivity of non-small cell lung cancer (NSCLC) (A549 and H1650
cells) to y-irradiation [78]. In A549 cells, TSA caused both G1 and G2/M arrest and en-
hanced IR-induced accumulation of cells in the G2/M phase, with the upregulation of the
expression of p2lwafl/cipl leading to cell cycle arrest. TSA co-treatment caused pro-
nounced apoptosis through multiple pathways accompanied by p21wafl/cipl cleavage.
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The enhanced apoptotic effect was mediated by the mitochondrial pathway, as indicated
by the increased dissipation of mitochondrial transmembrane potential (MMP) and the
release of cytochrome c from the mitochondria to the cytoplasm. Caspase-3 activation was
also significantly increased, with more cleavage of PARP, associated with the repression
of X-linked inhibitor of apoptosis protein (XIAP). TSA co-treatment also interfered with
DNA damage repair processes and impaired DNA repair capacity after IR by the down-
regulation of Ku70, Ku80, and DNA-PKcs, as reflected by the enhanced and prolonged
expression of YH2AX.

Using cervical cancer HeLa cells, researchers showed that TSA synergistically en-
hances the DNA targeting capacity and apoptosis-inducing efficacy of silver nanoparticles
(AgNPs) due to its effect on chromatin condensation and through the activation of the
apoptosis effector caspase. Significant ROS generation was observed upon AgNP and TSA
treatment corroborating that oxidative stress contributes to the cellular effects of both
compounds. A high number of YH2AX foci was detected, suggesting the enhanced for-
mation of double-strand DNA breaks with the combination treatment [170]. TSA sensi-
tized the hepatocellular carcinoma cells (HCC) (HepG2 cells) to enhance NK cell-mediated
killing by regulating immune-related genes. In this regard, Shin et al. [171] observed a
significant alternation in the immune-associated genes in TSA-treated HepG2 cells, par-
ticularly concerning innate immunity-related genes and antigen recognition-related
genes. These findings suggest that TSA induces NK cell-mediated anti-tumor effects in
HCC. TSA indirectly increased the killing of HCC cells by increasing NK cell-directed
killing and directly by increasing apoptosis. TSA regulated the transcription of numerous
innate immunity and tumor antigen recognition-associated genes, such as ULBP1 and
RAET1G, in HCC cells. In addition, TSA treatment of HepG2 cells rendered them more
susceptible to NK cell-mediated killing while increasing the expression of NKGD2 lig-
ands, including ULBP1/2/3 and MICA/B. TSA also induced the direct killing of HCC cells
by stimulating apoptosis. Furthermore, TSA treatment increased nuclear fragmentation
and apoptotic bodies in a dose-dependent manner and increased the cleaved (active)
caspase-3 in HepG2 and Huh? cells whereas, PARP, a critical DNA repair protein, was
also cleaved by TSA treatment. In vivo, TSA also reduced tumor cell growth in an NK cell-
dependent manner in an established HCC tumor xenograft model in BALB/c nude mice
[171].

Roh et al. [172] showed that TSA treatment reduced cell viability of human osteosar-
coma (HOS) cell lines by increasing apoptosis via altering the cell cycle progression. TSA
treatment increased the percentage of G2/M-phase cells, while producing a concomitant
fall in the rate of GO/G1 phase cells, causing an increase in apoptotic cell portions. The
expression levels of Bcl-2 and XIAP have decreased in a time-dependent manner. As loss
of MMP is known to be a common event in apoptosis induction, a quick reduction of MMP
and the release of cytochrome c to cytosol were observed. Apoptosis involves the genera-
tion of DNA fragmentation, activation of procaspase-3, cleavage of PARP, and increased
DNA hypoploidy. TSA induced apoptosis in HOS cells in histone acetylation- and mito-
chondria-dependent pathways. It synergistically sensitized HOS (CRL-1543 and MG-63)
cells to the action of genistein [172]. Listed in Table 5 are the anticancer activity of TSA
through sensitization.

Table 5. Anticancer activity of TSA through sensitization.

Origin Used Model Experimental Approach Key Results References
MTT assay Sensitized hepatoma cells to
Hepatoma cells Annexin V assay Taxol (an anticancer drug) more
Purch 167
urchased (HepG2) DNA extraction and qRT- than 5-Aza-dC and [167]

PCR dexamethasone
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Head and neck MIT assay . .
Immunofluorescence Enhanced cisplatin-induced
Not squamous cell . . .
. . Immunoblot analysis apoptosis by decreasing [36]
reported  carcinoma cell line UT-
Measurement of lysosomal lysosomal pH
SCC-77
pH
Sensitized TNF-related
XTT cell proliferation assay Apoptosis 1r}duc1ng ligand
Propidium iodide stainin, (TRAIL)-resistant myeloma
Purchased MMIS and ARP-1 cells P '8 cells by downregulating the [162]
Flow cytometry analysis :
RT-PCR analvsis expression of Bcl-2 and Bcl-XL
y Modulated the expression of
Bcl-2 proapoptotic members
Enhanced the DNA targeting
MTT assay capacity and apoptosis
Not HeLa cells Wound healing assay 1r1duc1r1g efficacy of silver [170]
reported Immunocytochemistry nanoparticles (AgNPs) most
Western blot analysis probably due to its effect on
chromatin condensation
Human breast cancer =~ RNA isolation and RT-PCR Sensitized estrogen receptor
cell lines MDA-MB- Immunoblotting (ER) a-negative, antihormone-
Purchased 231, Hs578T and ZR75- MTT assay unresponsive breast cancer cells [164]
1 ChIP assay to tamoxifen treatment
Mamarthueassy L ana
Human leukemia cell Hoechst 33342 staining 3 }; Otc?sis v
Purchased lines (HL60 and U937 Apo-one homogeneous . pop . [161]
Activated caspases and induced
cells) caspase-3/7 assay the loss of the mitochondrial
RNA isolation and RT-PCR .
membrane potential
Increased the radio- and
chemo-sensitization of K562
Human MTT assa cells
Purchased erythroleukemic K562 . _y o . . [38]
Clonogenic survival assay Inhibited cell proliferation
cells . .
Reduced clonogenic survival
Induced apoptosis
Flow cytometry analysis Enhanced radiation sensitivity
Western blot assay and accumulation of YH2A.X
Purchased K562 cells Caspase-3 and caspase-7 Inhibited cell proliferation [37]
activity assays Reduced clonogenic survival
Clonogenic survival assay Induced apoptosis
HN- HN-
Not N-3 and FIN-5, _ Radiosensitized HN-3 and HN-
human head, and neck Clonogenic assay . [168]
reported . 9 cell lines
cancer cell lines
. Clonogenic assay Enhanced radiosensitivity by
A549, HeL
Purchased 549, cgllilir?:sd Caski Western blot analysis abrogating G2/M arrest in all [169]
Flow cytometry analysis three cell lines
MTT Sensitized the human breast
Purchaseq  MDA-MB-23L, MCE7, tom:tsrsayn lvejg  adenocarcinoma MDA-MB-231 (156]
e and MCF10A Y yanay cells towards TRAIL-induced
Western blot analysis .
apoptosis
Not Wild-type (A2780WT) MTT assay Instigated apoptosis,
. . . . . o [39]
reported  and cisplatin-resistant Immunohistochemistry autophagy, inhibition of cell
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(A2780RES) human
ovarian cancer cells

qRT-PCR

cycle progression, and
consequently loss of cell
viability in A2780 cells
Improved cisplatin-induced
apoptosis, cell cycle arrest, and
autophagy in A2780 cells
Boosted the cisplatin-induced,
p53-dependent apoptosis

Gastric cancer cell lines

Annexin V/PI staining
Cell Counting Kit-8

Potentiated TRAIL-induced
antitumor effects via the

Purchased  AGS, NCI-N87, SNU-1, qRT-PCR inhibition of ERK/FOXMT [80]
and SNU-16 cells .
Western blot analysis pathway
Reduced cell viability and
enhanced cytotoxicity of three
chemotherapeutic agents
(cisplatin, gemcitabine, and
doxorubicin)
Potentiated the apoptotic effects
of the three chemotherapeutic
Western blot analysis agents
Human urothelial MTT assay Suppressed the activation of
Purchased  carcinoma cell lines, Annexin V staining Raf/MEK/ERK pathway [173]
NTUBland T24 In vivo xenograft mouse associated with
model chemotherapeutic agent
treatment
TSA + chemotherapeutic agents
synergistically inhibited cell
viability
Enhanced chemotherapy-
induced antitumor effects (in
VIvV0)
Sensitized ovarian cancer cells
Methylene blue analysis to TRAIL-mducec.l apoptosis by
Flow cvtometric analvsis the downregulation of c-FLIPL
Human ovarian cancer © Arm};xin v staininy via the inhibition of EGFR
Purchased SKOV3 cells RNA extraction and gRT— pathway [101]
Hey8 cells PCR 1 TSA + TRAIL induced
Western blot analvsis apoptosis and inhibited cell
y viability in SKOV3 and Hey8
cells
Enh h £
. Crystal Violet method anced the Fesponse o
Human pancreatic . chemotherapeutic agents in
Purchased . Determination of ICso P ) [40]
cancer cell lines inhibiting pancreatic cancer cell
values . .
proliferation
Reduced HOS cell viability
Western blot analysis Induced HOS cell apoptosis
. o Reduced MMP and cytochrome
Osteosarcoma cell line Immunoprecipitation
Purchased . c release to the cytosol [172]
HOS Flow cytometry analysis o
Sensitized HOS cells to the
MMP assay

action of genistein (an
antitumor agent)
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786-O, ACHN, and

MTT assay under normoxic
or hypoxic conditions

Enhanced cytotoxic effects of

Purchased Caki-1 RCC cell lines Flow cytometry analysis sunitinib on RCC cells [165]
Western blot analysis
Western blot analysis
Capillary electrophoresis ~ Reduced sunitinib resistance by
Purchased 786'-0, ACHN, a.nd time-of-flight mass triggering 1n.tracellular. [166]
Caki-1 RCC cell lines  spectrometry (CE-TOF-MS) metabolome shifts regarding
MTT assay energy metabolism
Flow cytometry analysis
Microarray and data
analysis Sensitized the hepatocellular
Athymic BALB/c nude NK cell infiltration carcinoma cells to enhanced NK
Purchased mice RNA extraction and RT- cell-mediated killing by [171]
HepG2 cells PCR regulating immune-related
NK cell cytotoxic assay genes
AnnexinV-FITC PI staining
Restored Apaf-1 function
. Flow cytometry analysis independent of alterations in
Normal ovarian . .
. Immunoblotting Apaf-1 expression
Purchased surface epithelium ) . [157]
In vitro caspases-3 and -9 Restored Apaf-1 function and
(OSE) cells ... . .
assay sensitized cells to cisplatin-
induced apoptosis
Induced apoptosis in both A549
Lung cancer cell line . cells and A549/CDDP cells
Not A549 and the CDDP- Fiiicﬁssoﬁiff S;:;H;i Enhanced the sensitivity of [158]
reported resistant derivative WestZrn blot}:mal Zis A549/CDDP cells to cisplatin,
A549/CDDP y along with concomitant DAPK
upregulation
1 .
Bladder cancer cells Flova :n,;ifz:: aziaa}ll sis Synergistically enhanced the
Purchased (HTBY, ]J82, SW1710, Hoedz]s £ 3334 2y staini}; antitumor effect of cisplatin and [41]
T24, HTB5, UMUC14, Colorimetric cas aseg resensitized cisplatin resistant
and 253]) .. P bladder cancer cells
activity assay
Increased the efficiency of
anticancer drugs
Human gastric cancer Increased the expression of p21,
Purchased ~ cell lines OCUM-8 and MIT assay p53, DAPK-L, and the DAPK-2 [163]
RT-PCR gene in both cancer cells
MKN-74 .
Increased the expression of
caspase-3 in OCUM-8, but not
in MKN-74
Cell cycle analysis Induced ce'll ?ycle arrest and
. apoptosis in A549 cells
Clonogenic assay . e
Annexin V-FITC and P Enhanced radio-sensitivity of
Purchased NSCLC cell lines A549 tainin NSCLC cells [174]
S and H1650 staining Enhanced IR-induced G2/M

TUNEL assay
Flow cytometry analysis
Western blot analysis

arrest and apoptosis
Increased IR-induced apoptosis
via mitochondrial pathway
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Promoted IR-induced caspase-3
activation in association with
repression of XIAP expression
Radio-sensitized A549 cells
through the downregulation of

DNA repair proteins
Imngoislii?c]ing Sensitized HBx-expressing liver
Purchased HCC cells TUNEL assay cancer iiiftieifp081de [135]
Hoechst 33342 staining
TSA-induced apoptosis was
Western blot assay enhanc.ed by qu(?rcetln through
J the mitochondrial pathway in
Human lung cancer Caspases-3 and -9 activities
Purchased A549 cells [175]
cells (A549 and H1299) Tumor cell xenograft mouse .
The anticancer effect of TSA
model .
was enhanced by quercetin in
the xenograft tumor model
TNF-a and IL-1f3
Male nude mice determination .
Purchased injected with A549 Immunoblot analysis The anticancer effect of TS,A [176]
. . was enhanced by quercetin
cells Immunohistochemical
staining
MTT assay
Hu@an ep1the%1al Quantitative analysls of TSA-induced apoptosis was
Not carcinoma cell lines DNA fragmentation reduced by inhibition of casein [177]
reported  OVCAR-3 and SK-OV- Western blot analysis " ykinase »
3 Flow cytometry analysis
ELISA test
Not NIH-OVCAR-3 and MTT assay ' TSA—1nduc?d apoptosis was
. Western blot analysis potentiated by 183- [178]
reported SK-OV-3 cell lines . L
Flow cytometry analysis glycyrrhetinic acid
Flow cvtometry analvsis The effect of TSA on inhibiting
© yIc{)T P C}II{ Y A549 cell growth was enhanced
Purchased Ab549 cells using genistein by increasing [179]

Western blot analysis
Caspase activity

the expression of TNF receptor-
1

The sensitive effects the sensitizing effect of TSA on cancer cells towards drugs used
in chemotherapy can be mediated by suppressing the resistance characteristics of tumor
cells. In addition, the determination of the sensitizing molecular action of TSA could make
it possible to set up the mechanisms of resistance to anticancer drugs.

6.3. Effect of Other Molecules on Enhancing the Anticancer Activity of TSA

Numerous studies showed that some anticancer drugs enhanced the anticancer effi-

cacy of TSA. Wu et al. [179] reported that the addition of genistein enhanced the inhibition
of growth of A549 lung cancer cells and increased apoptosis induced by TSA via, at least
in part, the up-regulation of the TNF receptor-1 (TNFR-1) death receptor signaling path-
way. TSA, in combination with genistein increased TNFR-1 mRNA and protein expres-
sion, while TSA alone exhibited no changes. Moreover, the same combination increased
the activation of caspases-3 and -10 and p53 protein expression. Genistein enhanced the
effect of TSA by increasing the expression of TNFR-1, which activated the caspase cascade
and resulted in apoptosis. The silencing of TNFR-1 expression negatively affected the
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genistein’s effect on TSA’s anticancer efficacy in human lung cancer A549 cells [179]. Sim-
ilarly, TSA-induced apoptosis was synergistically enhanced by quercetin through the mi-
tochondrial pathway in human lung cancer A549 cells [175]. The expression level of p53
was potentiated by the treatment with a combination of TSA and quercetin. In parallel,
p53 silencing did not completely inhibit the augmenting effect of quercetin on TSA-in-
duced apoptosis, suggesting the contribution of an additional p53-independent pathway.
Quercetin synergistically enhanced the TSA-induced acetylation of histones H3 and H4
suggesting that quercetin enhances TSA-induced histone acetylation by p53-independent
mechanisms; this may contribute to the enhancing effect of quercetin on apoptosis. The
cotreatment with TSA-quercetin increased the expression of many mitochondria-associ-
ated pro-apoptosis genes, including Apaf-1, Bax, and caspase-9, and resulted in a marked
release of cytochrome c into the cytosol, which demonstrated, at least in part, a mitochon-
drial pathway mechanism. Moreover, the cotreatment with TSA-quercetin was tested in a
xenograft tumor model in nude mice leading to potent inhibition of tumor growth
through the upregulation of p53 protein and a higher level of apoptosis [175]. In another
study, Chan et al. [176] showed that quercetin dose-dependently enhanced the antitumor
effect of TSA by upregulating the expression of p53. Quercetin prevented TSA-induced
muscle wasting, at least in part, through the activation of Forkhead box O1 (FOXO1), the
suppression of muscle wasting associated proteins atrophy gene-1 and muscle ring-finger
protein-1 expression and increasing the myosin heavy chain level in the gastrocnemius
muscles. Moreover, quercetin attenuated TSA-increased oxidative damage and the pro-
inflammatory cytokines [176]. TSA-induced apoptosis was potentiated by 18p-glycyr-
rhetinic acid in human epithelial ovarian carcinoma cell lines (NIH-OVCAR-3 and SK-
OV-3 cells) as reported by Lee et al. [177]. It was suggested that 183-glycyrrhetinic acid
might potentiate the apoptotic effect of TSA against ovarian carcinoma cell lines by in-
creasing the activation of the caspase-8 dependent pathway and the activation of the mi-
tochondria-mediated cell death pathway, leading to the activation of caspases. In fact,
TSA induced nuclear damage, decreased Bid and Bcl-2 protein levels, increased Bax lev-
els, caused cytochrome c release, activated caspases-3, -8, and -9, and increased tumor
suppressor p53 levels.

6.4. Anticancer Effect of TSA in Combination with Chemotherapy

In addition to the promising anticancer activity of TSA confirmed by the multiple
studies mentioned above, a synergistic effect of this molecule with other compounds was
also proven. In 2002, Chen and collaborators were among the first researchers who sought
the synergistic activity of TSA and other compounds to tackle colon cancer [180]. They
conducted an in vitro study combining TSA with butyrate, a fatty acid produced by mi-
crobial fermentation of dietary fiber in the intestinal tract, to assess their anticancer effect
against the SW620 human colon cancer cell line. This combination induced the expression
of DNA damage-induced gene 450 (GADDA45a) and GADD458, belonging to a family of
classical tumor suppressor genes [43]. These genes also promoted DNA repair and re-
moved methylation markers [181]. The same results were obtained by combining TSA
with cycloheximide, an antifungal that inhibits protein synthesis in eukaryotic cells. A
year later, Rahman et al. [44] verified this synergistic effect of TSA with other compounds
in mouse (ddY mice) and rats (male Sprague Dawley rats) bone marrow cultures and mu-
rine macrophage cell line RAW264 to elucidate their role in osteoclastogenesis [44]. TSA
and sodium butyrate (NaB) showed several positive results including the inhibition of
osteoclast formation, inhibition of osteoclast-specific nRNA expression in RAW264 cells,
and reduction of trans-activation of NF-kB-dependent reporter genes. In another study,
Min et al. (2004) evaluated the anti-proliferative activity of TSA with HC-toxin in two hu-
man breast cancer cell lines, MCF-7 and MDA-MB-468 [182]. These authors observed a
strong activity against both cell lines and the induction of apoptosis and cell cycle arrest
at the G2/M phase.
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Kang and al. [183,184] were among the first scientists who combined TSA with anti-
oxidants to enhance the cytotoxic effect of combination therapy [183,184]. ROS are in-
volved in various carcinogenesis stages [185], which explains the prolonged use of anti-
oxidants in association with other anticancer drugs in the treatment of cancer. In the first
study, and in addition to the cytotoxic activity observed in human leukemia cells (HL-60),
the combined treatment decreased the generation of ROS. In contrast, in the second study
it offered a protection against the Ni2* cytotoxicity in human hepatoma Hep3B cells. Scav-
enging ROS was the primary mechanism of action by which quercetin exerts its anticancer
activity. This attracted the attention of two Chinese researchers to combine it with TSA
against HL-60 cells [144]. This idea allowed the cytotoxic activity to increase in a dose-
and time-dependent manner. This highlighted previous findings on the effect of combi-
nation on promoting histone acetylation and scavenging ROS. As mentioned in the previ-
ous sections, TSA alone inhibits the proliferation of cancer cells by inducing apoptosis and
cell cycle arrest, as well as the transcriptional activation of NF-kB and p21 regulated by
PKC. Interestingly, the addition of calphostin C, a PKC inhibitor, to TSA-based therapy
against esophageal and lung cancer cells reduced TSA-mediated upregulation of NF-xB
and p21. The combination of histone deacetylase inhibitor (trichostatin A) and protein
kinase C inhibitor (calphostin C) induced apoptosis of lung and esophageal cancer cells
[186].

Similarly, Jeon and his coworkers assessed the antitumor effect of TSA combined
with gemcitabine, a chemotherapy drug against human bladder cancer cell lines (HTB5,
HTBY, T24, ]82 and UMUC14). These researchers showed that TSA synergistically poten-
tiated the antitumor effect of gemcitabine, triggering cell cycle arrest and apoptosis and
inducing repression of NF-kB signaling pathway activation [187]. In pancreatic cancer, the
combination of TSA with gemcitabine suppressed the proliferation of human pancreatic
adenocarcinoma cell lines in vitro and induced cell apoptosis by increasing the expression
of the pro-apoptotic BIM gene accompanied by the downregulation of the 5’-nucleotidase
UMPH type Il gene [42]. Moreover, in vivo studies in xenografts of pancreatic adenocarci-
noma cells in nude mice showed that this combination reduced tumor mass to 50% [42].
Furthermore, Hammer et al. [188]. investigated the in vitro and in vivo anticancer effect of
the combinatory treatment of TSA with interferon (3 (IFN-f3), a type of immunomodulating
molecule known for its strong antitumor action, against human neuroblastoma cells (NB-
1691 and NB-1643) and retroperitoneal human neuroblastoma xenografts. Results demon-
strated that TSA acted synergistically with IFN-{, inducing a decrease in cell count com-
pared to the controls in human neuroblastoma NB-1691 and NB-1643 cell lines. This effect
was accompanied by the upregulation of p21Wafl expression levels, especially in NB-
1691 cells [188].

On the other hand, in vivo experiments showed that this combinatory based-therapy
significantly restricted tumor growth in the murine model of neuroblastoma. In this re-
spect, combining TSA with another HDAC inhibitor, valproic acid, inhibited the growth
of neuroblastoma cells with ICso values ranging from 69.8 to 129.4 nM [189]. This combi-
nation induced the expression of CYP1A1, one of the main cytochromes P450 enzymes
involved in the metabolism of carcinogens, which consequently potentiated its anticancer
effect against UKF-NB-3 and UKF-NB-4 neuroblastoma cell lines [189]. In another study,
using renal cell carcinoma (RCC) cells (SK-RC-39 and SK-RC-45 lines) and tumor xeno-
graft model, Touma et al. [45] demonstrated that TSA and all-trans retinoic acid (ATRA)
combinatory therapy might represent an effective strategy for the treatment of advanced
RCC. These authors showed that TSA with ATRA suppressed the proliferation of RCC
cell lines and tumor growth in a xenograft model through the reactivation of tumor sup-
pressor genes such as the retinoic acid receptor 32 gene (RARS2) mRNA expression (8 h
after treatment). They also observed that TSA and ATRA combination induced apoptosis
and partial G0-G1 arrest in RCC SK-RC-39 cell lines [45]. Interestingly, focusing on devel-
oping a novel therapeutic strategy against ovarian cancer, particularly taxane-resistant
ovarian cancer, Jin et al. [190] reported the possible mechanism of the synergistic
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anticancer effect of TSA with a proteasome inhibitor PS-341 in ovarian cancer A2780 cell
line and its resistant variant, A2780T cells. The combination of TSA with PS-331 induced
cell cycle arrest at the G2/M phase and apoptosis, and inhibited cell proliferation in A2780
and A2780T cells associated with the overexpression of cyclin B1.

The Raf/MEK/ERK pathway has been the subject of intense investigations in the field
of chemotherapy due to its multiple effects on cell growth, proliferation, prevention of
cell-cycle arrest and apoptosis and the induction of drug resistance in different cell lines
[191]. Thus, the Raf/MEK/ERK pathway represents an attractive target-based approach
for cancer treatment. Addition of TSA to chemotherapeutic agents such as cisplatin, gem-
citabine, or doxorubicin-induced synergistic cytotoxicity and concomitantly inhibited
chemotherapeutic drug-induced activation of Raf-MEK-ERK signaling pathway in human
urothelial carcinoma (UC) cells [159]. Activated Raf/MEK/ERK pathway is involved in the
chemoresistant mechanism of UC [159]. These findings indicate that combining chemo-
therapeutic agents with TSA is a promising avenue to overcome the chemotherapeutic
resistance of urothelial carcinoma cells via the inactivation of the c-Raf/ERK pathway.

In addition, Yan et al. [192] investigated the role of the combinatory effect of TSA
with curcumin, a polyphenol pigment obtained from Curcuma longa (turmeric), in the
treatment of breast cancer. These authors showed that the combination of these two com-
pounds inhibited cell growth and viability of MDA-MB435eB and SkBr3 cell lines. More-
over, TSA with curcumin induced cell apoptosis and G0/G1 cycle arrest in SkBr3 cells and
G2M arrest in MDA-MB435eB cells. The molecular mechanisms underlying this synergis-
tic effect were the activation of caspase-3 and poly(ADP-ribose) polymerase-1 cleavage,
accompanied by a decrease of ERK and Akt phosphorylation and the up-regulation of p38
and JNK pathways [192]. Similarly, Piao et al. [193] studied the potential synergistic effect
of TSA and BEZ235 (dactolisib), a dual pan-class PI3K and mTOR inhibitor, on the devel-
opment of non-small-cell lung cancer (NSCLC). They reported that these two drugs coop-
erated to inhibit NSCLC proliferation, migration, and invasion, as well as the NSCLC ep-
ithelial-mesenchymal transition (EMT) in vitro, and to induce cell apoptosis. In addition,
xenograft studies revealed that TSA combined with BEZ235 suppressed tumor growth
and metastasis, and induced tumor necrosis in vivo [193]. In breast cancer, this combina-
tory therapy exerted significant synergistic growth inhibition of multiple cell lines by tar-
geting caspase-dependent apoptosis and autophagic cell death pathway [194]. Shown in
Table 6 are the synergistic anticancer activity of TSA.

Table 6. Synergistic anticancer activity of TSA.

Origin Used Model Experimental Approach Key Results References
TSA + butyrate induced the
RNA isolation and growth arrest and DNA damage
Purchase SW620 human colon Northerg analysi§ gene 45a (GADD45a) and
d cancer cell line Apoptosis analysis GADD453 [180]
Anti-ac-histone H4 TSA + cycloheximide super-
Western blot induced the expression of
GADD45a and
Inhibited osteoclast
differentiation in bone marrow
Flow cytometry analysis cultures
Purchase Male Sprague Dax./vley yRT-PC}I]{ ’ TSA + sodium butyrate
rats and ddY mice ) o . [44]
d RAW264 cells Luciferase assays inhibited osteoclast formation
Western blot analysis and osteoclast-specific mRNA

expression in RAW264 cells
stimulated with receptor
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activator of NF-«B ligand
(RANKL)
TSA + sodium butyrate reduced
the sSRANKL-stimulated or
TNF-a-stimulated trans-
activation of NF-kB-dependent
reporter genes
TSA + HC-toxin induced
antiproliferative activity in both
Not MCE-7 and MDA-MB- DAPI staining cell lines [182]
reported 468 cells Flow cytometry analysis ~ Induced cell cycle arrest at Go/M
phases
Induced apoptosis
Trypan blue staining Inc1.*eased cytotoxic activity in a
. time- and dose-dependent
Purchase = Human leukemia cells Measurement of manner [184]
d (HL-60) 1ntrasilra1;1(‘)§05 TSA + antioxidants decreased
B ROS generation
Trypan blue staining ..
Flow cytometry analysis TSA + antioxidants
Purchase  Human hepatoma cells Y Y Y synergistically protected against
Measurement of the .S . A [183]
d (Hep3B) . in vitro cytotoxicity of Ni*" in
intracellular ROS
. Hep3B cells
generation
Purchase  Human leukemia cells Cell .pro‘h'feratlon and TSA'+.qu‘ercet1.n increased
viability assays cytotoxicity in a time- and dose- [144]
d (HL-60)
MDA assay dependent manner
MTT assay Incre.:a.sed the transcriptional
Purchase = Lung and esophageal = Transfection and luciferase activity of NF-iB and p21
& phag TSA + calphostin C decreased [186]
d cancer cells assay . .
Western Blot analvsi TSA-mediated upregulation of
ot O analysis NF-«B and p21 activation
TSA + all-trans retinoic acid
(ATRA) inhibited the
proliferation of RCC cell lines
SK-RC-39 and SK-RC- Western blot analysis and the tumor growth in a
Purchase 45 RCC cell lines RNA extraction and RT- xenograft model
d Tumor xenograft model PCR TSA alone or/+ ATRA [45]
(forty Swiss nu/nu Annexin V- FITC and PI reactivated RARh2 mRNA
mice) staining expression in RCC cells
TSA + ATRA induced the
apoptosis and partial Go-G1
arrest in SK-RC-39 cells
Eight diverse human o TSA + protea.so'me m}.ubltor PS-
Purchase . Cell viability assay 341 synergistically induced
pancreatic cancer cell .. . [195]
d . RT-PCR apoptosis in pancreatic cancer
lines
cells
TSA +h hermia (heat
Not Human astrocytoma 5 yper.t ernga (hea
shock) effectively induced [196]
reported A172 cells )
apoptotic cell death
Not Human glioblastoma MTT assay TSA + hyperthermia increased [197]
reported A172 cells Flow cytometry analysis the thermos-sensitivity of A172




Pharmaceuticals 2022, 15, 1235

45 of 65
Western blot analysis cells, resulting in cellular
RT-PCR apoptosis
. . . TSA + curcumin increased
Purchase = Human leukemia cells Cell proliferation and L .
s cytotoxicity in a time- and dose- [198]
d (HL-60) viability assays
dependent manner
Cell cycle analysis TS.A.+ gem'mtéb%ne
. . synergistically inhibited the
Cell proliferation assay . .
. proliferation of human
Immunoblot analysis ancreatic adenocarcinoma cell
Ten human pancreatic RNA extraction and RT- P . L
Purchase . lines (in vitro)
cancer cell lines PCR ) [42]
d . , Enhanced the apoptosis
Female nude mice In vivo study: T3M4 human 1
: TSA + gemcitabine
pancreatic cancer cells L .
. ) synergistically inhibited growth
were s.c. injected into )
) of human pancreatic
animals . L
adenocarcinoma cells (in vivo)
TSA + sodium butyrate + 5-aza-
Purchase Hut-78 T- and Raji B- RQ-PCR 2'-deoxycytidine altered the
. . . . [199]
d lymphoma cell lines Western blot analysis expression of glucocorticoid
receptor a and f isoforms
TSA + etoposide-induced
apoptotic cell death in drug-
resistant NSCLC cells
Purchase Non-small cell lung Immunoblot analysis TSA + etoposide induced [160]
d carcinomas (NSCLC) Caspase activity assay apoptosis in a caspase-

dependent manner
accompanied by a crucial
decrease in Bcl-xL expression

Human neuroblastoma
cell lines NB-1691 and

TSA + interferon {3 induced a
reduction in cell count
compared to controls in NB-
1691 and NB-1643 cell lines
Increased the expression of [188]
p21"et in NB-1691 cells
TSA alone or/+ interferon 3

significantly restricted tumor

growth

TSA alone or/+ paclitaxel
inhibited cell growth [200]
TSA alone or/+ paclitaxel

increased apoptotic rates

TSA + G47A synergistically
induced cell proliferation
TSA + G47A enhanced cyclin D1

and VEGF inhibition

TSA + G47A enhanced anti- [201]
angiogenesis and enhanced
antitumoral efficacy in animal

models

1 lysi
Purchase NB-1643 Western blot analysis
. Tumor volume
d Retroperitoneal human o
measurement (in vivo)
neuroblastoma
xenografts
Human endometrial Tryp?n blue staining
. Annexin V and Hoechst
Not carcinoma cells of the stainin
reported line Ark2, KLE, and & .
Flow cytometry analysis
AN3 .
Western blot analysis
Human cancer cell lines MTT assay
Purchase U87 and T98 (both Western blot analysis
d glioblastoma), SW480, ELISA test
MCEF-7, HeLa Tumor-bearing mice
Purchase = LNCaP prostate cancer RNA extraction and RT-
d cell line PCR

TSA + somatostatin + 5-aza
. [202]
decitabine upregulated the
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somatostatin receptor
expression
TSA (100 nM) + EEAC (100
MTT assay ug/mL) caused synergistic
Flow cytometry analysis  inhibition of cell growth and an
Purchase = Human leukemia HL Trypan blue staining increase of apoptotic induction [203]
d 60 cells Western blot analysis EEAC could effectively increase
NF-kB transcription factor ~ the cytotoxic sensitivity of TSA
assay through the upregulation of
DR5 and NF-«B activation
Not Human neuroblastoma MTT assay TSA+ Val}')r‘mc ac1d.1n(‘:r'eased
. . the cytotoxicity of ellipticine (an [204]
reported lines 32P-postlabeling assay .
anticancer drug)
TSA + valproic acid inhibited
the growth of neuroblastoma
cells (ICs0 values ranging from
Purchase it b3 and UKE- MTT assay 69.8 to 129.4 nM)
NB-4 neuroblastoma . . [189]
d cell Tines Western blot analysis TSA + valproic acid induced
CYP1A1 expression and
depressed CYP1BI1 levels, in
UKF-NB-4
Induced cell cycle arrest
TSA + 5-aza-2'-deoxycytidine
synergistically inhibited cell
Human pancreatic Cell proliferation assay proliferation
Purchase endocrine tumor cell Flow cytometry analysis TSA + 5-aza-2'-deoxycytidine [205]
d lines (CM, BON, and Annexin V- FITC and PI synergistically induced
QGP-1) staining apoptotic cell death
Regulated 19 proteins in both
ductal and endocrine pancreatic
cancer cells
Purchase OVCAR-3 and SK-OV-3 Colorimetric assay A + Aplc,l dm enhancec‘i the
; radiosensitivity of ovarian [206]
d cells Clonogenic assays .
carcinoma cells
TT
Not Flow CNt[om:tisaZnal sis Genistein + f-carotene
reported A549 cells Casy ase-3 a}(,ttivit y enhanced the cell- growth-arrest [207]
P P Y effect of TSA IN A549 cells
Comet assay
TSA + valproic acid increased
UKF-NB-3 and UKEF- MTT assay cytotoxicity of ellipticine and
Purchase . .
d NB-4 neuroblastoma Flow cytometry analysis DNA adduct formation by [208]
cell lines Western blot analysis ellipticine in human
neuroblastoma cells
Human bladder cancer Clonogenic assa zasriltrilte:ilts):‘lCeafli}::tp(?fterelﬁctiet:;i}:e
Not cell lines HTBS, HTBS, Flow ¢ to%netr ana}ll sis TSA + emcitabinf repressed [187]
reported  T24,]82, UMUC14 and Y Y analy gemeitabine rep
Western blot analysis NF-kB signaling pathway
SW1710 .
activation
Purchase Hur}mn laryng?al Cell Counting Kit-8 (CCK- TSA +5-aza-2 —deo>'<ycyt%d1ne
d carcinoma cell line 8) assay suppressed cell proliferation on [209]

Hep-2

Hep-2 in vivo and in vitro
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Male BALB/c mice

Hep-2 transplanted tumor

growth in nude mice

Not
reported

MCE-7 cells

MTT

Flow cytometry analysis

Inhibited E2-induced
proliferation of MCEF-7 cells
TSA + raloxifene enhanced the
antiproliferative activity of each
other by promoting cell death
via apoptosis and cell cycle
arrest
TSA alone or/+ raloxifene
increased the expression level of
estrogen receptor b (ERp)

[210]

Purchase
d

Human breast cancer
cell lines, MDA-
MB435eB, and SkBr3

MTT assay

Annexin V-FITC Staining

Cell cycle analysis
Western blot analysis

TSA + curcumin decreased the
viability of SkBr3 and 435eB
cells
TSA + curcumin enhanced the
growth inhibitory effects of
either compound alone
TSA + curcumin decreased
phosphorylation of ERK and
Akt
TSA + curcumin induces a Go/G1
arrest in SkBr3 cells and a G:M
arrest in 435eB cells
TSA + curcumin induced
apoptosis
TSA + curcumin induce
phosphorylation of p38 and
JNK in SkBr3 cells

[192]

Purchase
d

A549 cells

MTT assay
Hoechst 33258 staining
Flow cytometry analysis
Immunofluorescence
analysis
Western blot analysis

TSA + docetaxel or erlotinib
produced synergistic inhibition
on A549 cells
TSA + docetaxel or erlotinib
induced apoptosis of A549 cells
TSA + docetaxel or erlotinib
induced a delay at Go/M
transition
TSA + docetaxel or erlotinib
increased the expression of
cleaved-caspase-3
TSA + docetaxel increased
acetylation of a-tubulin

[136]

Purchase
d

A549 cells

Trypan blue staining
Hoechst 33258 staining
Flow cytometry analysis
Western blot analysis

TSA alone or/+ paclitaxel
reduced cell proliferation
TSA + paclitaxel induced
apoptosis and more cells
arrested in G2/M phase
TSA + paclitaxel synergistically
increased acetylated tubulin,
caspase-3, and PARP,

[211]




Pharmaceuticals 2022, 15, 1235 48 of 65
TSA + paclitaxel reduced
surviving expression
TSA + chaetocin dramatically
induced apoptosis and
Patients with AML . enhanced tumor suppressor
. Western analysis .
Purchase Human leukemia Flow cytometry analysis gene re-expression 212]
d HL60, KG1, Kasumi, ChIP assay TSA + chaetocin enhanced
K562, and THP1 cells antileukemic activity in
leukemia cells derived from
patients with AML
TSA (0.3 uM) + metformin (10
MTT assay mM) decreased the viability of
Human osteosarcoma : .
cell lines (MG-63, HOS, Cell Cycle ana'ly.51s osteosarconTa cell lines
Purchase $208-2, and U208) and Annexin V staining TSA + metformin arrested the 213]
d L Quantitative PCR cell cycle of MG-63 and LM8 in
murine osteosarcoma .
. Western blot analysis G1/Gz phase
cell line LM8 ) o
In vivo xenograft study Suppressed in vivo tumor
proliferation
TSA + 5-aza-20-deoxycytidine +
cisplatin (low-dose)
significantly suppressed cell
MTS assay Vial.)ility, migration, and
. L spheroid formation and growth
Purchase = Human ovarian cancer Cell migration assay TSA (0.3 mg/kg) significantly [89]
d cell lines HEY, SKOV3 Western blot analysis O
Mouse xenografts suppressed tumorigenicity of
HEY xenografts through
inhibition of EMT and
decreased pluripotency of
ovarian cancer cells
TSA + bortezomib
synergistically induced
apoptosis in both cancer cells
TSA + bortezomib effectively
Purchase WST-1 assay inactivated NF-«B signaling
LNCaP and PC3 cells Western blot analysis TSA + bortezomib upregulated [214]
d .
RT-PCR the predominant endogenous
apoptotic factor caspase-3, and
disrupted the NF-«B pathway
in the androgen-independent
PC3 cell line
TSA + cisplatin induced
synergistic anti-tumor effects
Purchase Human lung MTT assay and (induced apoptosis, inhibited
d adenocarcinoma A549 Hochst33258 staining cell proliferation, increased the [137]
cells Western blot analysis inhibition rate, decreased pro-
caspase-8, and increased
caspase-8)
Two CCA cell lines MTT assay
Purchase  (poorly differentiated Flow cytometry analysis Induced Go/G1 phase arrest in 215]
d KKU-100 and well- KKU-100 cells

differentiated KKU-

Western blot analysis
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M214 adenocarcinoma

Hydroxamic acid + TSA dose-

cells) dependently reduced the
viability of both cells
Hydroxamic acid + TSA exerted
higher cytotoxicity than drugs
alone
Hydroxamic acid + TSA
induced more apoptotic cell
death of both cells than the
single drug
TSA + genistein inhibited cell
growth and cell migration, and
Annexin V/propidium promoted apoptosis in the HEp-
iodide staining 2 cells
‘o 1\(])(;:8 d HEpcza}rl:i?;ir;lﬁZdeal Western blot analysis TSA + genistein reversed [216]
P TUNEL assay endothelial growth factor-
MTT assay induced epithelial-
mesenchymal transition (EMT)
in the HEp-2 cells
TSA alone or/+ palladium
WST-8 assay nanoparticles (I.’dl\.I?s) inhibited
Measurement of oxidative cell viability
Purchase ’ ustress markers - T5A + PANPs had a more
NN yetonay | ol B
TUNEL assay MMP, caspases-3/9 activity, and
Caspase-3 assay : .
expression of pro- and anti-
apoptotic genes
. TSA + BEZ235 synergistically
W?ﬁiiﬁﬁi ;if’ay inhibited NSCLC cell
Hoechst 33342 staining prohfere:lcz)n ?:S(jsmduced
Not A549 and H460 human Western blot analysis _apop
. Synergistically suppressed [193]
reported lung cancer cell lines Ab549 xenografts (female L . .
. NSCLC migration and invasion
BALB-C/nude mice) and
. Decreased xenograft growth
metastases tissues . .
. and metastasis rates and ki-67
collection . L
protein expression in vivo
TSA + BEZ235 induced
significant synergistic growth
MTT assay inhibition of multiple breast
Flow cytometry analysis cancer cell lines
Colony formation assay TSA + BEZ235 induced
Purchase Six human breast Immunofluorescence apoptosis in a caspase- (194]
d cancer cells staining dependent manner
Western blot analysis TSA + BEZ235 enhanced
Female nude mice aged autophagic cell death
4~6 week TSA + BEZ235 blocked tumour
growth without noticeable side
effects
Purch TSA + Vitis vini
trenase HeLa cells Fluorometric activity assay . SA + Vitis vinifera EXt];aCt [218]
d induced the overexpression of
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Enzymatic-linked

immuno-captured ELISA

Affymetrix miRNA 4.1-
panel arrays

similar miRNAs predicted to
destroy certain influential
oncogenes

Flow cytometry analysis

TSA + PS-341 increased
apoptosis and Gz/M arrest
TSA + PS-341 enhanced the

Purchase  Ovarian cancer A2780 Western blot analysis . .
. expression of cyclin B1, [190]
d cell line Immunofluorescence assay o . .
. resulting in the proliferation
Annexin V assay e .
inhibition and apoptosis in
A2780 and A2780T cells
TSA + valproic acid induced
Trvpan blue stainin apoptosis in both cancer cells
Pancl and PaCa44 P S Increased the pro-apoptotic Bim
Not . MTT assay . .
reported pancreatic cancer- BrdU assa level, reduced the anti-apoptotic [219]
P derived cells y o Mcl-1 level and increased ROS
Western blot analysis . .
production and autophagy in
PaCA44 cells
TSA + sorafenib inhibited cell
Purchase Human Huh?7 MTT assay Vlabll'lt}f
hepatocellular . TSA + sorafenib increased [220]
d . . Western blot analysis .
carcinoma cell line cytotoxicity of human
hepatocellular carcinoma cells
Reduced cell viability, induced
MTT assay apoptosis, and cell arrest at
Human Burkitt’s Trypan blue stainin /G
yP 16 Attenuated EPS8 and
Not lymphoma (BL) cell Cell cycle analysis
) . . downstream Phospho-Erk1/2 [221]
reported lines Ramos and Annexin V staining
Namalwa cells Western blot analysis pathway
Y Knockdown of EPS8 + TSA had
BALB/c nude mice . .
a synergistic suppression effect
on BALB/c nude mice
TSA + one of the
chemotherapeutic agents
induced synergistic cytotoxicity
Human urothelial and concomitantly suppressed
Not carcinoma (UC) cell MTT assay chemotherapeutic drug-induced
reported lines (T24 and NTUBI) Flow cytometry analysis activation of Raf-MEK- ERK [159]
P Xenograft nude mouse Western blot analysis pathway
model TSA + chemotherapy elicited a
synergistic cytotoxic response
via targeting the Raf/MEK/ ERK
pathway
Decreased the expression of
ESCC tissue from both Beclin-1 and LC3 proteins
Purchase esophageal cancer Immunohistochemistry in ESCCs
d patients MTT assay TSA + BEZ235 inhibited [222]
Human ESCC cells Eca- Western blot analysis synergistically ESCC cell
109 and TE-1 viability and induced

autophagy with increasing
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and the ratio of LC3-1I/LC3-1
TSA-induced apoptosis was
. o .
MTT assay mcreasec.i by 88% by quercetin
) in H1299 cells
Annexin V-FITC and PI .
Purchase Human lung cancer assa TSA-induced death receptor 5 223]
d H1299 cells Y . (DR5) mRNA was increased by
Western blot analysis ..
L quercetin in H1299 cells
Quantitative RT-PCR e
TSA + quercetin significantly
increased p300 expression
Enhanced the cytotoxicity of
. Western blot analysis pachta.xel and reduced viability
Two human urothelial in human UC cells
] MTT assay . .
Purchase carcinoma (UC) cell Western blot analvsis Potentiated the apoptotic effect [224]
d lines (BFTC-905 and 1 vive xeno razt of paclitaxel on UC cells
BFTC-909) Tumor size measgurement TSA + paclitaxel synergistically
inhibited viability in human UC
cells
. TSA + cisplatin inhibited cell
Flow cytometry analysis s )
viability and colony formation
MTT assay ability
t K-
No SiHa and HelLa cells CCK-8 assays TSA + cisplatin downregulated [225]
reported Colony formation assays . .
Xenoeraft experiment the protein expression of
Westirn bl tpanal sis HPV16/18E7 and upregulated
oranay that of RB1
TSA + Zebularine sensitized
RT-PCR breast cancer towards TRAIL
No MoAMBmima  evmenmbi | mimenariel
reported MCEF-7 cells Y §Hep Y

Cell cycle analysis
Cell migration assay

cadherin as a biomarker of
TRAIL treatment efficacy in the

invasive breast cancer

As can be seen, TSA can exhibit its anticancer action via different combinatory effects.
Indeed, it potential the effects of used drugs in chemotherapy via its direct and/or indirect
effects on cancer cell lines. This property should be explored and further investigations
testing the combinatory effects of TSA with anticancer drugs in clinical trials.

6.5. TSA Targets Epigenetic Modifications in Cancer

Recent investigations showed that cancer cells are characterized by epigenetic insta-
bility and memory disruption. During cell differentiation and development, memory cells
are installed and maintained under epigenom programs. Epigenomic programs involve
epigenetic modifications, which design changes in gene expression without any change
in the physical structure of DNA. Several enzymes are involved in these epigenetic mod-
ifications including DNAT (DNA methyltransferase), which is responsible for DN A meth-
ylation, HDAC (histone deacetylase) and HAT (histone acetylase) which are responsible
for histone modifications. Current molecular investigations indicated that the disruption
of epigenetic marks can lead to cell transformation and tumorigenesis. Certain pharmaco-
logical investigations revealed the role of some molecules called epidrugs against cancer.
These molecules target epigenetic perturbations and exhibit remarkable anticancer prop-
erties. The TSA direct effects on cancer cell lines, its chemosensitizing agent towards
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chemotherapy, and its synergistic effect with other chemotherapeutic drugs, suggest its
potential as an important epidrug molecule against different human cancers.

Ou et al. [227] surveyed the effect of TSA epigenetic regulation on histone modifica-
tions of human urinary bladder cancer T24 and human breast adenocarcinoma (MDA-
MB-231) cells. Based on their investigation, TSA exhibited an increase in histone acetyla-
tion associated with a significant decrease in global methylation, induction of histone acet-
ylation, demethylation, and expression of the methylated E-CADHERIN and RARp2
genes, as well as some gene selectivity toward the studied cell lines [227]. In a similar
fashion, scientists showed a high degree of histone deacetylation inhibition of TSA, asso-
ciated with potent repression of MUC4 in high-expressing cells. Results highlighted the
potential effects in preventing breast cancer with the use of 100 ng/mL of TSA combined
with epigenetic modulator, genistein (GE), at a concentration of 25 uM. In this case, TSA
inhibited HDAC, enhanced the re-expression of ERa in MDA-MB-231 cells, induced re-
sensitization and reactivation of ERa-negative breast cancer cells to E2 and tamoxifen
(TAM) antagonist, and promoted histone-remodeling changes in the ERa promoter
[49,228,229].

The analysis of DNA methylation for a putative sphingosine-1-phosphate (51P1) pro-
moter using TSA combined with 5-aza-2’-deoxycytidine (Aza-dC) in human melanoma
cell line A2058 demonstrated the epigenetic regulation of S1P receptors in examined cells
lines [230]. These findings indicated that TSA and Aza-dC mixture induces a switch of
S1P from a motility inhibitor to a stimulator, enhancing the expression of S1P1 and S1Ps,
associated with S1P-induced chemotaxis, and reduces the expression of S1P: related with
motility suppression [230]. Similarly, Vincent et al. [49] established the restoration of
MUC4 expression in a cell-specific manner after the treatment of pancreatic (PANC-1, CA-
PAN-1, and CAPAN-2) and gastric (KATO-III) epithelial cancer cell lines undergoing ep-
igenetic regulation by the same combination of TSA and Aza-Dc [49]. According to these
authors, the chromatin immunoprecipitation and RNA interference techniques confirmed
that DNMT3A and DNMT3B were directly implicated in MUC4 silencing by binding to
its 5-UTR in a cell-specific manner [49].

Choi et al. [231] were interested in the TSA possible epigenetic modulation mecha-
nism responsible for the inhibition of "”TERT in the human colon cancer cell line (HCT116).
For the first time in their survey, these scientists found that TSA exhibits a significant ep-
igenetic role by inducing the demethylation of site-specific CpGs on the promoter of
hTERT, which was due to DNMT1 downregulation [231]. TSA was also found to promote
the CTCF binding on the hTERT promoter, resulting in the suppression of h\TERT [231]. It
was noted that the treatment with GE and TSA inhibited cell growth, downregulated the
DNMT1 gene expression after 48 and 72 h of treatment, and DNMT3a gene expression
only after 72 h, and promoted apoptosis in all tested groups of Human HCC HepG2 cells
[47]. Importantly, TSA may play a role in preventing hepatocellular carcinoma by inhib-
iting apoptosis and reducing the expression of DNMT1. The relative expression of the
DNMT1 gene ranged from 0.5 to 0.19 [232].

Recently, Sanaei et al. [106] showed dose and time-dependent antiproliferative effects
(ICs0~1 uM) of TSA on hepa-6 cells, with a significant apoptotic action and a remarkable
increase in the quantity of ERa gene expression [106]. To discover the main epigenetic
pathways to limit the malignancy of ovarian cancer, Meng et al. [229] worked on the anti-
ovarian cancer activity of TSA with decitabine. The treatment of SKOV3 cell line by TSA
and decitabine significantly limited the activity of DNMTs, in particular, the expression
of DNMT3A/3B. The combination therapy inhibited the invasion and tumorigenicity of
ovarian cancer cells and suppressed migration capacity by the induction of E-cadherin
and suppressing N-cadherin. The progression of the ovarian tumor was also repressed
partially by the inhibition of MMP-9 and MMP-2 with this drug combination [229].

The micro-RNA (mRNA) was reported as another key in cancer epigenetic modifica-
tion. Januchowski et al. [233] elucidated the role of TSA in Jurkat T leukemia cells clone
E6-1 genetics character expression. By employing Western blot and quantitative real-time
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PCR methods, these researchers found that TSA can suppress the DNMT1 mRNA stability
and protein expression in Jurkat T cells [233]. TSA increased the mRNA expression of the
DKK1 gene in colon cancer cells [234]. Human malignant lymphoma CA46 cells were sub-
jected to TSA alone or combined with epigallocatechin-3-gallate (EGCG) [179,235]. Results
revealed that TSA alone inhibited CA46 cell proliferation, and when TSA (15 ng/mL) was
combined with EGCG (6 pg/mL), the proliferation of CA46 cells from 24 to 96 h was de-
creased [235]. The co-treatment with TSA and EGCG downregulated p16™k4 gene meth-
ylation, correlated with a rise in p16INK4A mRNA and protein expressions. This combi-
nation also reactivated p16/N¥#4 gene expression partially by lowering promoter methyla-
tion and reducing the CA46 cell overgrowth [235]. The above-mentioned studies proved
the promising chemopreventive properties of TSA alone or in combination with other
compounds and could be employed as a potential target in the treatment of hepatocellular
carcinoma, breast, ovarian, and colon cancers.

7. Conclusions and Concluding Remarks

In conclusion, we summarized the biological and pharmacological properties of TSA,
particularly anticancer properties. In addition, this review highlighted that TSA exhibits
antioxidant, anti-inflammatory, antidiabetic, and anticancer effects with different mecha-
nisms. It also exhibits remarkable in vitro and in vivo actions against different cancer cell
lines such as breast, skin, and neuronal cancers. The anticancer properties of TSA involve
pharmacodynamic actions including apoptosis, autophagy, anti-angiogenesis, and anti-
telomerase. The exact molecular mechanisms with therapeutic correlations should be in-
vestigated to clarify the pharmacodynamic action. Among the remarkable anticancer
mechanisms of TSA is its action on epigenetic pathways involved in cell memory. There-
fore, further studies should be carried out to validate the use of this substance as an epi-
drug against some types of human cancers. TSA was used also in combination with other
approved drugs, and it was shown that TSA improves the efficacy and therapeutic index
of some used drugs. Moreover, TSA has also been shown to sensitize the treatment of
other drugs used in chemotherapy. All these findings indicate that TSA is a very promis-
ing candidate as an anticancer drug; however, further pharmacokinetic investigations
should be carried out to validate its absorption, bioavailability, metabolism, and elimina-
tion. Moreover, toxicological studies on animals and possibly in humans should also be
tested to confirm its safety. This review could also give perspectives on the use of other
natural molecules with chemical structure similarities. Furthermore, it has been demon-
strated that there is a stochasticity of the biological effects linked to TSA, and this suggests
that other natural molecules which may be stereochemically similar, or may have different
functional groups, can also exhibit several pharmacological actions.
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Abbreviations

BDNF Brain Derived Neurotrophic Factor

CDK Cyclin Dependent Kinase

CLL Lymphocytic Leukemia

CytoD Cytochalasin D

EBV Epstein-Barr Virus

GPNMB Glycoprotein non-metastatic melanoma protein B

hBM-MSCs Human bone marrow-mesenchymal stem cells

HIF Hypoxia-Inducible Factor

LatB Latrunculin B

LPS Lipopolysaccharide

MCT Mast Cell Tumor

MDA Malondialdehyde

NPBMNC Normal Peripheral Blood Mononuclear Cells

NPC Nasopharyngeal Carcinoma

OPN Osteopontin

PARP PolyADP-Ribose Polymerase

PCNA Proliferating Cell Nuclear Antigen

RMS Rhabdomyosarcoma

ROS Reactive Oxygen Species

RSC96 Cultured Rat Schwann Cells

SOD Superoxide Dismutase

STz Streptozotocin

T-AOC Total Antioxidant Capacity

TRAIL TNE-Related Apoptosis-inducing Ligand

TSA Trichostatin A

UPR Unfolded Protein response

UVB Following Ultraviolet-B

VEGF Vascular endothelial growth factor

WAF1 Wild-type P53-activated Fragment 1
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