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Abstract: (1) Background: Our previous studies unveiled the hit thioxanthone TXA1 as an inhibitor of
P-glycoprotein (drug efflux pump) and of human tumor cells growth, namely of melanoma cells. Since
TXA1 is structurally similar to lucanthone (an autophagy inhibitor and apoptosis inducer) and to
N'"-substituted phenoxazines (isosteres of thioxanthones, and autophagy inducers), this study aimed
at further assessing its cytotoxic mechanism and evaluating its potential as an autophagy modulator
in A375-C5 melanoma cells; (2) Methods: Flow cytometry with propidium iodide (PI) for cell cycle
profile analysis; Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay, flow
cytometry with Annexin V/PI labeling and Western blot for apoptosis analysis were conducted.
A pharmacophore approach was used for mapping TXA1 onto pharmacophores for autophagy
induction. Autophagy analyses included transmission electron microscopy for visualization of
autophagic structures, fluorescence microscopy for observation of monodansylcadaverine (MDC)
staining, pattern of LC3 expression in the cells and acridine orange staining, and Western blot for
autophagic proteins expression; (3) Results: TXA1 induced autophagy of melanoma cells at the
Gl5p concentration (3.6 tM) and apoptosis at twice that concentration. Following treatment with
TXAl, autophagic structures were observed, together with the accumulation of autophagosomes and
the formation of autophagolysosomes. An increase in LC3-1I levels was also observed, which was
reverted by 3-methyladenine (3-MA) (an early stage autophagy-inhibitor) but further increased by
E-64d/pepstatin (late-stage autophagy inhibitors). Finally, 3-MA also reverted the effect of TXA1
in cellular viability; (4) Conclusion: TXA1 decreases the viability of melanoma cells by modulation
of autophagy and may, therefore, serve as a lead compound for the development of autophagy
modulators with antitumor activity.
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1. Introduction

Autophagy is a catabolic process which targets cellular organelles and cytoplasmic constituents
to the lysosomes for degradation, allowing the cell to maintain homeostasis and being particularly
relevant during nutrient deprivation and other stresses [1]. Alterations in autophagy are frequently
found in diseases, such as cancer [2], and might be relevant for cancer response to therapy. Although
autophagy has been traditionally regarded as a pro-survival mechanism, it has also been related to cell
death [2,3]. In fact, a cross-talk between autophagy and apoptosis has been documented, with these
pathways sharing various mediators [4-6].

The effect of autophagy in cancer therapy is still under debate and may depend on several
factors, such as the cellular context, as well as on the levels and duration of cellular autophagy [7,8].
Indeed, targeting autophagy may provide new opportunities for cancer drug discovery. Several small
molecules which modulate autophagy have been already described [8-10]. Interestingly, promotion
of cell death for cancer therapy has been observed not only with autophagy inducers, but also with
autophagy inhibitors [11].

The use of autophagy inhibitors, such as chloroquine, hydroxychloroquine, and lucanthone,
in association with chemotherapeutic agents, has already reached clinical trials [7]. On the other
hand, the use of small molecules that promote autophagy has also been shown to induce cell death
in cancer cells [8]. Indeed, resveratrol was shown to induce cell death in several human tumor cell
lines by triggering both autophagy and apoptosis [12-14]. In addition, imatinib (Gleevec), a known
inducer of apoptosis, was shown to activate the cellular autophagy machinery in mammalian cell lines,
including chronic myelogenous leukemia cells [15]. Furthermore, tetrahydrocannabinol was reported
as an inducer of cell death by activating autophagy in glioma cells [16]. Likewise, curcumin [17],
as well as some of its derivatives [18-20], were shown to activate autophagy in human cancer cell
lines. Additionally, a novel small molecule (STF-62247) was shown to promote autophagic cell death
in Von Hippel Lindau (VHL)-deficient renal cell carcinoma cells [21]. Finally, phenethyl isothiocyanate
suppressed the Akt/mTOR pathway in human prostate cancer cell lines, leading to several autophagic
features [22].

In previous studies from our group, the thioxanthone TXA1 has emerged as a hit compound,
modulating P-glycoprotein activity in chronic myeloid leukemia cells [23], inhibiting human tumor
cell growth and inducing apoptosis [23,24]. This compound has been shown to be particularly potent
in melanoma cells [24].

Since the mechanism of action of this hit molecule is still not fully understood and since TXA1 was
structurally similar to molecules known to modulate autophagy (lucanthone and to N'0-substituted
phenoxazines) [25,26], this study aimed at further assessing the cytotoxic mechanism of TXA1 in
A375-C5 melanoma cells, particularly at further evaluating its potential as an autophagy modulator.

2. Results

2.1. Treatment of A375-C5 Melanoma Cells with Twice the Glsy Concentration of TXA1 Alters the Cell Cycle
Profile and Induces Apoptosis Although No Effect Is Found with the Gl5y Concentration

The effect of TXA1 on the A375-C5 cell cycle profile was analyzed, testing two concentrations of
this molecule: the previously-determined Gls5, concentration (3.6 M) [24] and twice this concentration
(2 x GlIsp). Results showed that treatment with 3.6 uM of TXA1 did not cause any major alterations in
the cell cycle profile (Figure 1) but pronounced alterations in the cell cycle profile were observed with
the highest concentration tested (7.2 uM). In particular, a strong increase in the sub-G1 population
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was observed when cells were treated with this concentration, which suggested that TXA1 induces
apoptosis at this higher concentration, but not at the Glsy concentration.
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Figure 1. The effect of TXA1 on the cell cycle profile of A373-C5 cells. Cells were treated for 48 h with
medium (blank), with TXA1 (3.6 pM and 7.2 uM), or with the corresponding DMSO concentrations
(DMSO 1 and DMSO 2, respectively). (A) Representative images of flow cytometry analyzed following

DNA staining with propidium iodide (PI). Left panels correspond to dot plots of forward vs. side

scatter (FSC vs. SSC) and show the gated population. Right panels correspond to the histograms

with cell cycle profile of the gated population, following the exclusion of cellular aggregates and

debris (data not shown); (B) The percentage of cells in the different cell cycle phases. Results are the

mean + SEM of four independent experiments. * p < 0.05 blank vs. treatment. Etoposide (2 uM) was

used as positive control: GO/G1: 6.3% =% 2.0%; S: 10.4% =+ 2.3%; G2/M: 78.3% =+ 0.7%.
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Induction of apoptotic cell death following treatment with 7.2 uM of TXAl (but not
with 3.6 uM) was further confirmed with the Terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assay (Figure 2A) and by flow cytometry analysis following Annexin V/FITC
and PI staining (Figure 2B). Results from both of these assays clearly showed that treatment
with 7.2 uM of TXAL strongly induced cell death by apoptosis, although no alterations were observed
following treatment with 3.6 pM TXA1 (Glsg concentration). These results were further corroborated
by the analysis of PARP cleavage in these cells, by Western blot (Figure 2C). Indeed, a very strong
increase in PARP cleavage was detected only following treatment with the highest TXA1 concentration
tested (7.2 uM).
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Figure 2. The effect of TXA1 on cell death by apoptosis of A373-C5 cells. Cells were treated for 48 h
with medium (blank), TXA1 (3.6 uM and 7.2 uM), or with the corresponding DMSO concentrations
(DMSO 1 and DMSO 2, respectively). (A) Levels of programmed cell death were analyzed with the
TUNEL assay. Etoposide (1 uM) was used as a positive control (4% = 0.1% of programmed cell death).
* p <0.05 Blank vs. treatment (B) Flow cytometry analysis of apoptotic cell death following Annexin
V-FITC/PI staining. Images are representative of three independent experiments (values correspond to
the mean + SEM). Etoposide (1 uM) was used as positive control (18% =+ 1.4% apoptosis); (C) PARP
levels were analyzed by Western blot. Image is representative of 4 independent experiments (left panel).
Densitometry analysis of the Western blots is expressed after normalization of the values obtained
for each protein with the values obtained for tubulin (in relation to blank cells) and represent the
mean £ SEM from four independent experiments (right panel).

2.2. TXA1 Maps onto a Pharmacophore for Autophagy Induction

Given the similarity of TXA1 with N'%-substituted phenoxazines (isosteres of thioxanthones
which were described as autophagy inducers [26]) and since a pharmacophore had been previously
developed for autophagy induction using these compounds [26], the possibility of the involvement
of autophagy in the mechanism of action of TXA1 was considered using a pharmacophore approach.
This was carried out using the referred pharmacophore and verifying its ability to identify autophagy
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inducers with different scaffolds from those it had been created from. TXA1 was mapped to the
tree-feature pharmacophore (Figure 3) with results showing that TXA1 fits the pharmacophore
for autophagy induction in 125 possible conformations. In all of the conformations, the nitrogen
from the tertiary amine fits the positive ionizable group (red sphere on Figure 3). In 90% of the
mapped conformations, one aromatic ring from the thioxanthonic scaffold fits one of the hydrophobic
features, whereas the propoxyl carbonated chain fits the remaining hydrophobic feature (blue spheres
on Figure 3).

Figure 3. TXA1 mapped to the pharmacophore for autophagy induction. The red sphere represents the
positive ionizable group and the blue sphere represents the hydrophobic region.

2.3. The Glsy Concentration of TXA1 Induces A375-C5 Cellular Autophagy

The possible involvement of autophagy in the TXA1 mechanism of action was evaluated in vitro,
in the A375-C5 cells. The Gl5y concentration of TXA1 (3.6 uM) was selected to carry out these studies,
in order to avoid alterations in apoptosis or in the cell cycle profile (observed above when using
the 7.2 uM treatment but not the 3.6 uM treatment).

The ultrastructural analysis (by transmission electron microscopy) of A375-C5 cells treated
with 3.6 uM TXA1 showed the presence of autophagic structures (whereas the presence of such
structures was very seldom seen in control cells) (Figure 4A). In agreement with this, MDC staining
of A375-C5 cells following treatment with 3.6 uM TXA1 showed a clear punctate accumulation of
MDC, indicating the presence of autophagosomes (Figure 4B). Other assays further confirmed the
involvement of autophagy in the mechanism of action of TXA1. Indeed, transfection of A375-C5 cells
with a mCherry-LC3 (microtubule-associated protein 1 light chain 3) expression vector allowed further
visualization of the presence of LC3-II in autophagosomes, with a punctuated LC3 expression pattern
being evident in transfected cells following TXA1 treatment (Figure 4B). Moreover, the formation
of autophagolysosomes following TXA1 treatment was confirmed by fluorescence microscopy
following staining with acridine orange. Indeed, results showed that untreated control cells presented
predominantly green fluorescence with very minimal red fluorescence, whereas cells treated with
TXA1 displayed considerable red fluorescence, typical of acidic vacuolar organelles (Figure 4B).
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Figure 4. The effect of TXA1 on A375-C5 cellular autophagy. Cells were treated for 48 h with
medium (blank), TXA1 (3.6 uM) or with the corresponding concentration of DMSO. (A) Transmission
electron microscopy (TEM). Images are representative of two independent experiments. Arrows
indicate autophagic structures. Bar corresponds to 1 um; (B) Fluorescence microscopy analysis after
(top panel) MDC staining (green); (middle panel) transfection with LC3-mCherry vector (red);
and (lower panel) acridine orange incorporation (orange-red). Cell nuclei are stained with DAPI
(blue). Bar = 20 um. Images are representative of two experiments (except for MDC assay which is
representative of three experiments).

Moreover, LC3-II levels were also analyzed by Western blot (Figure 5A). Results showed an
increase in LC3-Il levels following treatment with 3.6 uM TXA1, further indicating that TXA1 modulates
autophagy in A375-C5 cells.

To further understand if TXA1 was an inducer or an inhibitor of autophagy, treatment with
this compound was carried out in the presence of 3-methyl adenine (3-MA, a selective inhibitor of
the early stages of autophagy [27]) or with E-64d/pepstatin (lysossomal protease inhibitors which
inhibits autophagy at the later stage), to assess the autophagic flux [28-30]. Results showed that 3-MA
treatment clearly reduced the levels of LC3-II induced by TXA1 (Figure 5B), supporting the idea that
TXA1 was an inducer of autophagy. Furthermore, an additive increase in the levels of LC3-II was
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observed after co-treatment with E-64d/pepstatin, when compared to TXA1 treatment alone, showing
that the autophagic flux was occurring in TXAl-treated cells. Thus, it may be concluded that TXA1 is
an inducer of autophagy.
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Figure 5. Effect of TXA1 on the expression levels of LC3-II in A375-C5 cells. Cells were treated
for 48 h with medium (blank), TXA1 (3.6 pM or 7.2 uM), or with the corresponding DMSO
concentrations (DMSO or DMSO?2, respectively) LC3-II protein levels were analyzed by Western
blot. (A) Following treatment with TXA1l alone; (B) following co-treatment with 3-MA;
and (C) following co-treatment with E-64d/pepstatin. Images are representative of, at least,
three independent experiments (except for the case of blank and DMSO treatments in the presence
of E-64d/pepstatin, which result from two experiments only). Results of the densitometry analysis
are expressed after normalization of the values obtained for each protein with the values obtained
for tubulin or actin (and further expressed in relation to blank cells) and represent the mean + SEM
from, at least, three independent experiments (except for the case of blank and DMSO treatments in the
presence of E-64d/pepstatin, which result from two experiments only). * p < 0.05 Blank vs. treatment.

A similar autophagic effect was observed for TXA1 hydrochloride (TXA1.HCI) on a breast
adenocarcinoma cell line, with increases in the autophagic structures and LC3-II levels (Supplementary
Figure S2).

Finally, the effect of cellular co-treatment with TXA1 and 3-MA was verified on viable cell
numbers, in order to confirm whether the induction of autophagy by TXA1 was responsible for the
cytotoxic effect of this molecule. As expected, treatment with 3-MA alone had no effect on A375-C5
viable cell numbers (Figure 6). However, the presence of 3-MA reverted the cytotoxic effect of TXA1,
proving that the cytotoxic effect of TXA1 is dependent on autophagy induction.
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Figure 6. Effect of co-treating A375-C5 cells with TXA1 and 3-MA, on viable cell number. Cells were
treated for 48 h with medium (blank), TXA1 (3.6 M), or with the corresponding concentration of
DMSO, in the absence or presence of 3-MA. Viable cell numbers were analyzed with a trypan blue
exclusion assay. Results are presented as the percentage of viable cells in relation to blank cells and are
the mean =+ SE of three independent experiments. * p < 0.05 Blank vs. treatment.

3. Discussion

Although autophagy is mainly considered a survival mechanism, there is increasing evidence
that it plays dual roles in cancer, acting also as a tumor suppressor mechanism, or even as a cell
death mechanism. This may depend not only on the cellular context, but also on the levels and
duration of cellular autophagy [7,8,31]. Excessive or sustained autophagy has the potential to induce
tumor cell death and this may explain the antitumor effect of autophagy inducers [7,8]. Indeed,
several antineoplastic agents have been described to induce autophagy, leading to cell death [32].
These agents include conventional cytotoxic drugs, as well as molecularly-targeted anticancer
drugs, such as imatinib [15,31], cetuximab [33], and histone deacetylase (HDAC) inhibitors [34].
Thus, there is increasing interest in the development of compounds which modulate autophagy for
anticancer therapy.

We have been studying thioxanthonic molecules and derivatives, since their heterocyclic
scaffold has been associated with several biological properties, including anti-parasitic, anti-oxidative,
and antitumor activities [35]. In our previous studies, TXA1 has emerged as a hit thioxanthone
presenting tumor cell growth inhibitory activity towards several human tumor cell lines. In addition,
it has also been verified that TXA1l did not affect the growth of non-tumor MRC5 cells [23,24].
This compound presented a 2-(diethylamino)ethylamine side chain located at position 1 which
was identical to the amine in the same position of lucanthone, the first thioxanthone described as
a potential antitumor agent (originally used as an anti-schistosomal drug) which reached clinical
trials [35,36], being currently in Phase II clinical trials for glioblastoma multiforme [37]. Moreover,
TXA1 was also structurally similar to N10_substituted phenoxazines (isosteres of thioxanthones).
Interestingly, autophagy modulation had been previously described for both lucanthone (described as a
chemo- and radio-sensitizer associated with autophagy inhibition [25]) and for N'0-substituted
phenoxazines (described as inducers of autophagy [26]). Considering the structural similarity of
TXA1 with the referred compounds, the present study explored the mechanism of action of TXA1 in
melanoma cells, particularly regarding the modulation of autophagy.

A promising association of TXAl to the autophagic process resulted from the fact that
TXAT1 fitted a pharmacophore for autophagy induction in 125 possible conformations (Figure 3).
When analyzing the effect of this compound in vitro, in A375-C5 cells, while not inducing apoptosis
(or affecting cell cycle profile) at the Glsy concentrations, this treatment caused a clear accumulation
of autophagic structures. This was observed not only by TEM (Figure 4A), which is described as a
gold standard method for autophagy detection [30], but also by the increase in MDC staining and
LC3 punctate pattern (Figure 4B). Autophagy modulation by TXA1 was further confirmed by the
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conversion of the LC3 from the cytosolic form (LC3-I) into the autophagosome-associated form (LC3-1I),
which is considered a marker for autophagy (observed by Western blot, Figure 5) [38,39]. Moreover,
this increase in LC3-1I levels following TXA1 treatment was reverted in the presence of the early-stage
autophagy inhibitor 3-MA (Figure 5B).

Nonetheless, the observation of an increase in the LC3-II levels could be due to an induction
of autophagy or to an inhibition of the autophagic flux. One common strategy to evaluate this is
by analyzing LC3-II levels, by Western blot, in the presence and absence of lysosomal degradation
inhibitors [29,30]. The fact that the presence of these inhibitors (E-64d/pepstatin) further increased
LC3-1II levels when compared to treatment with TXA1 alone (Figure 5C), showed that TXA1 promoted
an increase in the autophagic flux. Moreover, acridine orange staining further corroborated these
results by showing the presence of acidic structures, such as autophagolysosomes, in TXA1-treated
cells (Figure 4B).

Finally, the cytotoxicity of TXA1 (3.6 uM) in A375-C5 cells was reverted by the inhibition
of autophagy with 3-MA (Figure 6). Indeed, this compound is a widely accepted inhibitor
of autophagosome formation, acting through the inhibition of class III phosphatidylinositol 3
(PI3)-kinase [8]. Several other studies have also described the use of 3-MA to investigate the
involvement of autophagy in the cytotoxic effect of different molecules/natural extracts [40—43].
In the present study, in addition to the reversion of the increase in LC3 II levels induced by TXA1,
pretreatment with 3-MA also rescued A375-C5 cellular viability, further supporting the role of
autophagy in the cytotoxic effect of TXA1 in these cells.

4. Materials and Methods

4.1. Compound

TXA1, 1-{[2-(diethylamino)ethyl]amino}-4-propoxy-9H-thioxanthen-9-one, has been previously
synthesized by our group as described [23]. Its purity was determined by High-Performance Liquid
Chromatography with Diode-Array Detection (HPLC-DAD) analysis using an isocratic elution of
MeOH/H,O basified with triethylamine (TEA) (1%) at a constant flow rate of 1.0 mL/min [23].
A 60 mM stock solution was prepared in DMSO and stored at —20 °C.

4.2. Mapping of TXA1 onto Pharmacophores for Autophagy Induction

A common feature pharmacophore model was created using HipHop module of Catalyst
(Accelrys 2.1, San Diego, CA, USA) in order to reproduce a pharmacophore for autophagy induction, as
previously described by Tsvetkov et al. [26]. This pharmacophore is composed of one positive ionizable
group and two hydrophobic groups. TXA1 was subjected to energy minimization using HyperChem
version 8.0 (Gainesville, FL, USA). The semi-empirical AM1 (Austin Model 1) [44] method with the
Polak-Ribiere algorithm was employed for molecular minimization [45]. The mapping of TXA1 onto
the three-feature previously-described pharmacophore for autophagy induction was performed using
the “Best Fit” method in Catalyst. During the flexible fitting process, conformations on TXA1 were
calculated within the 20 kcal/mol energy threshold. Maximum omitted features were set to zero.

4.3. Cell Culture

The A375-C5 melanoma cell line (ECACC, Salisbury, UK) was genotyped at IPATIMUP’s
Parentage and Genetic Identification Services Unit, using a PowerPlex® 16 HS System
(Promega, Fitchburg, MA, USA) according to International Society for Forensic Genetics (ISFG)
guidelines. Cells were routinely cultured in RPMI-1640 with UltraGlutamine I and 25 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer (Lonza, Basel, Switzerland)
supplemented with 10% FBS (Fetal Bovine Serum, PAA, Célbe, Germany), and maintained in a
humidified incubator at 37 °C with 5% CO,. Cell number and viability were determined with trypan
blue exclusion assay.
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4.4. Cell Treatment with TXA1

Cells were plated in six-well plates (1 x 10° cells/well) and allowed to adhere for 24 h. Cells
were then treated with the previously-determined Glsy concentration (3.6 pM) [24] and with twice that
concentration (2 x Glsg, 7.2 uM) of TXA1. Control treatments were included, such as: untreated cells
(blank); cells treated with DMSO as a negative control (corresponding to the volume used for the Glsg
(DMSO 1) or for the 2 x Gl5p (DMSO 2) concentrations); cells treated with etoposide (Sigma-Aldrich,
St. Louis, MO, USA) as a positive control for cell death and cell cycle analysis; and, finally, cells under
serum starvation (i.e., without FBS), as a positive control for autophagy induction. Following the
indicated time points (see Figure legends), cell number and viability were determined with the trypan
blue exclusion assay and cells were further processed according to the following procedures.

4.5. Cell Cycle Profile

Cells were fixed in 70% ice-cold ethanol and subsequently resuspended in 0.1 mg/mL RNase A
and 5 pg/mL propidium iodide in PBS for 1 h. Cellular DNA content was measured by flow cytometry
using a FACSCalibur flow cytometer (BD Biosciences, Erembodegem, Belgium). The percentage
of cells in the different phases of the cell cycle and in the sub-G1 peak were determined using
Flow]Jo 7.6.5 software (Tree Star, Inc., Ashland, OR, USA) after cell debris and aggregate
exclusion [23,46] and plotting at least 10,000 events per sample.

4.6. Programmed Cell Death

TUNEL assay was carried out using the “In situ cell death detection kit—fluorescein” (Roche,
Boulogne-Billancourt Cedex, France) as previously described [47,48]. Briefly, cells were fixed in 4%
paraformaldehyde (PFA) and cytospins were prepared. Cells were then permeabilized in ice-cold 0.1%
Triton X-100 in 0.1% sodium citrate and incubated with TUNEL reaction mixture (enzyme dilution
1:20). Slides were mounted in Vectashield Mounting Media with DAPI (Vector Laboratories Inc.,
Burlingame, CA, USA), observed in a DM2000 fluorescence microscope (Leica, Wetzlar, Germany)
and a semi-quantitative evaluation was performed by counting a minimum of 500 cells per slide.
In addition, a specific assay for apoptosis was carried out using the “Human Annexin-V-FITC/PI
apoptosis” kit (Bender MedSystems, Vienna, Austria) as previously described [49]. All flow
cytometry analyses were performed using the FACSCalibur flow cytometer (BD Biosciences), plotting
at least 10,000 events per sample and using the Flow]o 7.6.5 software (Tree Star, Inc.).

4.7. Expression of Apoptotic and Autophagic Proteins

Cells were lysed in Winman's buffer (1% NP-40, 0.1 M Tris-HCI pH 8.0, 0.15 M NaCl, and 5 mM
EDTA) supplemented with a protease inhibitor cocktail (Roche). Protein lysates were quantified using
a DC™ Protein Assay kit (Bio-Rad, Hercules, CA, USA), according to the manufacturer’s instructions
and 20 pg of protein loaded on 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) gel [50,51]. After electrophoretic transfer into nitrocellulose membranes (Amersham,
Cleveland, OH, USA), membranes were incubated with the following primary antibodies: rabbit
anti-poly (ADP-ribose) polymerase PARP (H-250), (1:2000, Santa Cruz Biotechnology, Heidelberg,
Germany), rabbit anti-light chain 3 B, LC3 (1:1000, Cell Signaling, Leiden, Netherlands), goat anti-actin
antibody (1:2000, Santa Cruz Biotechnology), or mouse anti-tubulin antibody (1:10,000, Sigma-Aldrich),
and with the corresponding secondary antibodies: goat anti-rabbit IgG-HRP (1:2000, Santa Cruz
Biotechnology), donkey anti-goat IgG-HRP (1:2000, Santa Cruz Biotechnology), or goat anti-mouse
IgG-HRP (1:2000, Santa Cruz Biotechnology). Signals were detected using Amersham™ ECL Western
blotting detection reagents (GE Healthcare, Cleveland, OH, USA), Amersham Hyperfilm ECL
(GE Healthcare) and Kodak GBX developer and fixer (Sigma-Aldrich).
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4.8. Monodansylcadaverine (MDC) and Acridine Orange Staining

For MDC staining, studies were carried out following 48 h incubation with 3.6 uM of TXA1
(or controls). Cells were incubated for 1 h with freshly prepared MDC (50 uM) and fixed as described
above. For acridine orange staining, cells were incubated with acridine orange (1 uM) for 15 min.
In both cases, cytospins were prepared and mounted in Vectashield Mounting Media with DAPI
(Vector Laboratories Inc., Burlingame, CA, USA). Cells were observed using a fluorescence microscope
(Axio Imager.Z1 coupled with ApoTome Imaging System microscope, Zeiss, (Oberkochen, Germany).

4.9. Transfection with LC3-mCherry Expression Vector

Cells were plated in culture slides (Falcon; 2 x 10* cells/well) and allowed to adhere for 24 h.
Transfection with LC3-mCherry vector (a kind gift from T. Johansen [52]) was then carried out using
lipofectamine (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. During
the initial 4 h transfection, cells were incubated with medium with 5% FBS, then replaced by medium
with 10% FBS [53]. Following 24 h transfection, cells were treated for 48 h with 3.6 uM of TXA1 or with
controls (blank and DMSO). Cells were then fixed in 4% PFA in PBS and analyzed in a fluorescence
microscope (Axio Imager.Z1 coupled with ApoTome Imaging System microscope, Zeiss).

4.10. Transmission Electron Microscopy

Following 48 h incubation with 3.6 uM TXA1 (or controls), cells were fixed with 2% glutaraldehyde
and 2% PFA in 0.1 M phosphate buffer (PB), washed with 0.1% Millipore-filtered PB tannic acid,
post-fixed with 1% PB osmium tetroxide for 1 h, and stained with 1% Millipore-filtered uranyl acetate.
Samples were dehydrated in increasing concentrations of ethanol and, finally, in propylene oxide
for 30 min. Samples were then infiltrated and embedded directly in Epon resin and polymerized
in a 70 °C oven for two days. Cuts were performed on ultrathin (50-100 nm) sections with a Leica
(Wetzlar, Germany) Ultracut microtome and each section was stained with 5% uranyl acetate solution
and with Reynold’s lead citrate solution. Images were examined in a Jeol JEM 1400 transmission
electron microscope (Tokyo, Japan) at an accelerating voltage of 80 kV. Digital images were obtained
using a Gatan SC 1000 ORIUS CCD camera (Warrendale, PA, USA).

4.11. Treatment with Autophagy Inhibitors

Cells were plated in six-well plates (1 x 10° cells/well) and allowed to adhere for 24 h. Cells
were then treated for 1 h with 0.5 mM 3-methyladenine (3-MA, Sigma) or with 10 pg/mL E-64d
(AppliChem, Darmstadt, Germany) and Pepstatin A (Cayman Chemical, Ann Arbor, MI, USA) and
then co-incubated with 3.6 uM of TXA1, or with control treatments (blank, DMSO) for 48 h. Viable cell
numbers were then assessed by trypan blue assay and protein expression analyzed by Western blot,
as described above.

4.12. Statistical Analysis

Results are expressed as mean =+ standard error. Values for each treatment (or solvent) were
compared by Student’s ¢-test, and the differences were considered statistically significant if p < 0.05.

5. Conclusions

This work reinforces the anticancer potential of the hit thioxanthonic small molecule TXAL.
In particular, it shows that this compound decreases the viability of human tumor cell lines by inducing
autophagy. Therefore, TXA1 may serve as lead compound for the development of new autophagy
modulators with antitumor activity. Future work will allow to further elucidate the intracellular
signaling cascades associated with the effect of TXA1 in autophagy, such as the phosphatidylinositol
3-kinase/mammalian target of rapamycin (PI3K/mTOR) or the AMP-activated protein kinase (AMPK)
signaling pathways [11]. Furthermore, future studies with human tumor xenograft models in
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nude mice will allow confirmation of the in vivo lack of toxicity and antitumor potential of this
hit compound.

Supplementary Materials: Supplementary materials can be accessed at: http:/ /www.mdpi.com/1420-3049/21/
10/1343/s1.

Acknowledgments: This work was financed by FEDER—Fundo Europeu de Desenvolvimento Regional funds
through the COMPETE 2020—Operacional Programme for Competitiveness and Internationalisation (POCI),
Portugal 2020, and by Portuguese funds through FCT—Fundacéo para a Ciéncia e a Tecnologia/ Ministério
da Ciéncia, Tecnologia e Inovacdo in the framework of the project “Institute for Research and Innovation in
Health Sciences (POCI-01-0145-FEDER-007274)”. The work was also funded by ERDF, COMPETE, and FCT
under the projects PTDC/SAU-OSM /101437 /2008, PTDC/MAR-BIO/4694/2014, and INNOVMAR—reference
NORTE-01-0145-FEDER-000035, Research Line NOVELMAR. The authors also thank: FCT for D. Sousa and
R.T. Lima grants (PTDC/SAU-FCT/100930/2008 and SFRH/BPD/68787 /2010, respectively), QREN for D. Sousa
grant (NORTE-07-0124-FEDER-000023).

Author Contributions: E.S. and M.H.V. conceived the study. M.H.V. and R.T.L. designed experiments. D.S., R.T.L.,
J.B. and A.M.P. carried out experiments. M.H.V. supervised the experiments. A.P. carried out the pharmacophore
study, supervised by E.S., RT.L. and D.S. organized data and carried out statistical analysis. R.T.L. and M.H.V.
wrote the manuscript. M.M.P,, E.S. and M.P. critically revised the manuscript. All authors read and approved the
final version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

Maycotte, P.; Thorburn, A. Autophagy and cancer therapy. Cancer Boil. Ther. 2011, 11, 127-137. [CrossRef]
Rosenfeldt, M.T.; Ryan, K.M. The multiple roles of autophagy in cancer. Carcinogenesis 2011, 32, 955-963.
[CrossRef] [PubMed]

3. Yang, S.; Kimmelman, A.C. A critical role for autophagy in pancreatic cancer. Autophagy 2011, 7, 912-913.
[CrossRef] [PubMed]

4. Maiuri, M.C,; Zalckvar, E.; Kimchi, A.; Kroemer, G. Self-eating and self-killing: Crosstalk between autophagy
and apoptosis. Nat. Rev. Mol. Cell Biol. 2007, 8, 741-752. [CrossRef] [PubMed]

5. Eisenberg, T.; Knauer, H.; Schauer, A.; Buttner, S.; Ruckenstuhl, C.; Carmona-Gutierrez, D.; Ring, J.;
Schroeder, S.; Magnes, C.; Antonacci, L.; et al. Induction of autophagy by spermidine promotes longevity.
Nat. Cell Biol. 2009, 11, 1305-1314. [CrossRef] [PubMed]

6.  Rubinstein, A.D.; Kimchi, A. Life in the balance—A mechanistic view of the crosstalk between autophagy
and apoptosis. J. Cell Sci. 2012, 125, 5259-5268. [CrossRef] [PubMed]

7. Yang, Z.].; Chee, C.E.; Huang, S.; Sinicrope, EA. The role of autophagy in cancer: Therapeutic implications.
Mol. Cancer Ther. 2011, 10, 1533-1541. [CrossRef] [PubMed]

8. Baek, KH.; Park, J.; Shin, I. Autophagy-regulating small molecules and their therapeutic applications.
Chem. Soc. Rev. 2012, 41, 3245-3263. [CrossRef] [PubMed]

9.  Fleming, A.; Noda, T.; Yoshimori, T.; Rubinsztein, D.C. Chemical modulators of autophagy as biological
probes and potential therapeutics. Nat. Chem. Boil. 2011, 7, 9-17. [CrossRef] [PubMed]

10. Cho, Y.S.; Kwon, H.]J. Control of autophagy with small molecules. Arch. Pharm. Res. 2010, 33, 1881-1889.
[CrossRef] [PubMed]

11.  Sui, X,; Chen, R.; Wang, Z.; Huang, Z.; Kong, N.; Zhang, M.; Han, W,; Lou, E; Yang, J.; Zhang, Q.;
et al. Autophagy and chemotherapy resistance: A promising therapeutic target for cancer treatment.
Cell Death Dis. 2013, 4, €838. [CrossRef] [PubMed]

12. Opipari, AW, Jr; Tan, L.; Boitano, A.E.; Sorenson, D.R.; Aurora, A.; Liu, J.R. Resveratrol-induced
autophagocytosis in ovarian cancer cells. Cancer Res. 2004, 64, 696-703. [CrossRef] [PubMed]

13. Scarlatti, F.; Maffei, R.; Beau, I.; Codogno, P.; Ghidoni, R. Role of non-canonical Beclin 1-independent
autophagy in cell death induced by resveratrol in human breast cancer cells. Cell. Death Differ. 2008, 15,
1318-1329. [CrossRef] [PubMed]

14. Lang, F;Qin, Z,; Li, F; Zhang, H.; Fang, Z.; Hao, E. Apoptotic Cell Death Induced by Resveratrol Is Partially
Mediated by the Autophagy Pathway in Human Ovarian Cancer Cells. PLoS ONE 2015, 10, e0129196.
[CrossRef] [PubMed]


http://www.mdpi.com/1420-3049/21/10/1343/s1
http://www.mdpi.com/1420-3049/21/10/1343/s1
http://dx.doi.org/10.4161/cbt.11.2.14627
http://dx.doi.org/10.1093/carcin/bgr031
http://www.ncbi.nlm.nih.gov/pubmed/21317301
http://dx.doi.org/10.4161/auto.7.8.15762
http://www.ncbi.nlm.nih.gov/pubmed/21494085
http://dx.doi.org/10.1038/nrm2239
http://www.ncbi.nlm.nih.gov/pubmed/17717517
http://dx.doi.org/10.1038/ncb1975
http://www.ncbi.nlm.nih.gov/pubmed/19801973
http://dx.doi.org/10.1242/jcs.115865
http://www.ncbi.nlm.nih.gov/pubmed/23377657
http://dx.doi.org/10.1158/1535-7163.MCT-11-0047
http://www.ncbi.nlm.nih.gov/pubmed/21878654
http://dx.doi.org/10.1039/c2cs15328a
http://www.ncbi.nlm.nih.gov/pubmed/22293658
http://dx.doi.org/10.1038/nchembio.500
http://www.ncbi.nlm.nih.gov/pubmed/21164513
http://dx.doi.org/10.1007/s12272-010-1201-6
http://www.ncbi.nlm.nih.gov/pubmed/21191751
http://dx.doi.org/10.1038/cddis.2013.350
http://www.ncbi.nlm.nih.gov/pubmed/24113172
http://dx.doi.org/10.1158/0008-5472.CAN-03-2404
http://www.ncbi.nlm.nih.gov/pubmed/14744787
http://dx.doi.org/10.1038/cdd.2008.51
http://www.ncbi.nlm.nih.gov/pubmed/18421301
http://dx.doi.org/10.1371/journal.pone.0129196
http://www.ncbi.nlm.nih.gov/pubmed/26067645

Molecules 2016, 21, 1343 13 of 15

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Ertmer, A.; Huber, V.; Gilch, S.; Yoshimori, T.; Erfle, V.; Duyster, J.; Elsasser, H.P,; Schatzl, H.M. The anticancer
drug imatinib induces cellular autophagy. Leuk. Off. |. Leuk. Soc. Am. Leuk. Res. Fund UK 2007, 21, 936-942.
[CrossRef] [PubMed]

Salazar, M.; Carracedo, A.; Salanueva, 1]J.; Hernandez-Tiedra, S.; Lorente, M.; Egia, A.; Vazquez, P;
Blazquez, C.; Torres, S.; Garcia, S.; et al. Cannabinoid action induces autophagy-mediated cell death
through stimulation of ER stress in human glioma cells. J. Clin. Investing. 2009, 119, 1359-1372. [CrossRef]
Gupta, S.C; Kismali, G.; Aggarwal, B.B. Curcumin, a component of turmeric: From farm to pharmacy.
BioFactors 2013, 39, 2-13. [CrossRef] [PubMed]

Zhou, G.Z.; Xu, S.L.; Sun, G.C.; Chen, X.B. Novel curcumin analogue IHCH exhibits potent antiproliferative
effects by inducing autophagy in A549 lung cancer cells. Mol. Med. Rep. 2014, 10, 441-446. [PubMed]

Qu, W,; Xiao, J.; Zhang, H.; Chen, Q.; Wang, Z.; Shi, H.; Gong, L.; Chen, J.; Liu, Y,; Cao, R;; et al.
B19, a novel monocarbonyl analogue of curcumin, induces human ovarian cancer cell apoptosis via activation
of endoplasmic reticulum stress and the autophagy signaling pathway. Int. J. Biol. Sci. 2013, 9, 766-777.
[CrossRef] [PubMed]

Zhou, G.Z; Zhang, SN.; Zhang, L; Sun, G.C; Chen, X.B. A synthetic curcumin derivative
hydrazinobenzoylcurcumin induces autophagy in A549 lung cancer cells. Pharm. Boil. 2014, 52, 111-116.
[CrossRef] [PubMed]

Turcotte, S.; Chan, D.A.; Sutphin, P.D.; Hay, M.P; Denny, W.A.; Giaccia, A.J. A molecule targeting
VHL-deficient renal cell carcinoma that induces autophagy. Cancer Cell 2008, 14, 90-102. [CrossRef] [PubMed]
Bommareddy, A.; Hahm, E.R; Xiao, D.; Powolny, A.A,; Fisher, A.L.; Jiang, Y.; Singh, S.V. Atg5 regulates
phenethyl isothiocyanate-induced autophagic and apoptotic cell death in human prostate cancer cells.
Cancer Res. 2009, 69, 3704-3712. [CrossRef] [PubMed]

Palmeira, A.; Vasconcelos, M.H.; Paiva, A.; Fernandes, M.X.; Pinto, M.; Sousa, E. Dual inhibitors of
P-glycoprotein and tumor cell growth: (Re)discovering thioxanthones. Biochem. Pharm. 2012, 83, 57-68.
[CrossRef] [PubMed]

Barbosa, J.; Lima, R.T.,; Sousa, D.; Gomes, A.S.; Palmeira, A.; Seca, H.; Choosang, K.; Pakkong, P; Bousbaa, H.;
Pinto, M.M.; et al. Screening a Small Library of Xanthones for Antitumor Activity and Identification of a Hit
Compound which Induces Apoptosis. Molecules 2016, 21. [CrossRef] [PubMed]

Carew, J.S.; Espitia, C.M.; Esquivel, J.A.; Mahalingam, D.; Kelly, K.R.; Reddy, G.; Giles, E]J.; Nawrocki, S.T.
Lucanthone is a novel inhibitor of autophagy that induces cathepsin D-mediated apoptosis. J. Biol. Chem.
2011, 286, 6602-6613. [CrossRef] [PubMed]

Tsvetkov, A.S.; Miller, J.; Arrasate, M.; Wong, J.S.; Pleiss, M.A.; Finkbeiner, S. A small-molecule scaffold
induces autophagy in primary neurons and protects against toxicity in a Huntington disease model.
Proc. Natl. Acad. Sci. USA 2010, 107, 16982-16987. [CrossRef] [PubMed]

Seglen, P.O.; Gordon, P.B. 3-Methyladenine: Specific inhibitor of autophagic/lysosomal protein degradation
in isolated rat hepatocytes. Proc. Natl. Acad. Sci. USA 1982, 79, 1889-1892. [CrossRef] [PubMed]
Mizushima, N.; Yoshimori, T. How to interpret LC3 immunoblotting. Autophagy 2007, 3, 542-545. [CrossRef]
[PubMed]

Zhang, X.J.; Chen, S.; Huang, K.X.; Le, W.D. Why should autophagic flux be assessed? Acta. Pharmacol. Sin.
2013, 34, 595-599. [CrossRef] [PubMed]

Klionsky, D.J.; Abdelmohsen, K.; Abe, A.; Abedin, M.].; Abeliovich, H.; Acevedo Arozena, A.; Adachi, H.;
Adams, CM.; Adams, P.D.; Adeli, K,; et al. Guidelines for the use and interpretation of assays for monitoring
autophagy (3rd edition). Autophagy 2016, 12, 1-222. [CrossRef] [PubMed]

Shingu, T.; Fujiwara, K.; Bogler, O.; Akiyama, Y.; Moritake, K.; Shinojima, N.; Tamada, Y.; Yokoyama, T.;
Kondo, S. Inhibition of autophagy at a late stage enhances imatinib-induced cytotoxicity in human malignant
glioma cells. Int. |. Cancer 2009, 124, 1060-1071. [CrossRef] [PubMed]

Eberhart, K.; Oral, O.; Gozuacik, D. Chapter 13—Induction of Autophagic Cell Death by Anticancer Agents.
In Autophagy: Cancer, Other Pathologies, Inflammation, Immunity, Infection, and Aging; Hayat, M.A., Ed.;
Academic Press: Amsterdam, The Netherlands, 2014; pp. 179-202.

Li, X;; Fan, Z. The epidermal growth factor receptor antibody cetuximab induces autophagy in cancer cells
by downregulating HIF-1a and Bcl-2 and activating the beclin 1/hVps34 complex. Cancer Res. 2010, 70,
5942-5952. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/sj.leu.2404606
http://www.ncbi.nlm.nih.gov/pubmed/17330103
http://dx.doi.org/10.1172/JCI37948
http://dx.doi.org/10.1002/biof.1079
http://www.ncbi.nlm.nih.gov/pubmed/23339055
http://www.ncbi.nlm.nih.gov/pubmed/24788478
http://dx.doi.org/10.7150/ijbs.5711
http://www.ncbi.nlm.nih.gov/pubmed/23983610
http://dx.doi.org/10.3109/13880209.2013.816971
http://www.ncbi.nlm.nih.gov/pubmed/24044367
http://dx.doi.org/10.1016/j.ccr.2008.06.004
http://www.ncbi.nlm.nih.gov/pubmed/18598947
http://dx.doi.org/10.1158/0008-5472.CAN-08-4344
http://www.ncbi.nlm.nih.gov/pubmed/19336571
http://dx.doi.org/10.1016/j.bcp.2011.10.004
http://www.ncbi.nlm.nih.gov/pubmed/22044878
http://dx.doi.org/10.3390/molecules21010081
http://www.ncbi.nlm.nih.gov/pubmed/26771595
http://dx.doi.org/10.1074/jbc.M110.151324
http://www.ncbi.nlm.nih.gov/pubmed/21148553
http://dx.doi.org/10.1073/pnas.1004498107
http://www.ncbi.nlm.nih.gov/pubmed/20833817
http://dx.doi.org/10.1073/pnas.79.6.1889
http://www.ncbi.nlm.nih.gov/pubmed/6952238
http://dx.doi.org/10.4161/auto.4600
http://www.ncbi.nlm.nih.gov/pubmed/17611390
http://dx.doi.org/10.1038/aps.2012.184
http://www.ncbi.nlm.nih.gov/pubmed/23474710
http://dx.doi.org/10.1080/15548627.2015.1100356
http://www.ncbi.nlm.nih.gov/pubmed/26799652
http://dx.doi.org/10.1002/ijc.24030
http://www.ncbi.nlm.nih.gov/pubmed/19048625
http://dx.doi.org/10.1158/0008-5472.CAN-10-0157
http://www.ncbi.nlm.nih.gov/pubmed/20634405

Molecules 2016, 21, 1343 14 of 15

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Liu, Y.L.; Yang, PM.; Shun, C.T.; Wu, M.S.; Weng, ].R.; Chen, C.C. Autophagy potentiates the anti-cancer
effects of the histone deacetylase inhibitors in hepatocellular carcinoma. Autophagy 2010, 6, 1057-1065.
[CrossRef] [PubMed]

Paiva, A.M.; Pinto, M.M.; Sousa, E. A century of thioxanthones: Through synthesis and biological
applications. Curr. Med. Chem. 2013, 20, 2438-2457. [CrossRef] [PubMed]

Naidu, M.D.; Agarwal, R.; Pena, L.A.; Cunha, L.; Mezei, M.; Shen, M.; Wilson, D.M,; Liu, Y.; Sanchez, Z.;
Chaudhary, P; et al. Lucanthone and its derivative hycanthone inhibit apurinic endonuclease-1 (APE1) by
direct protein binding. PLoS ONE 2011, 6, €23679. [CrossRef] [PubMed]

Safety and Efficacy Study of Lucanthone When Used in Combination With Temozolomide(TMZ) and
Radjiation to Treat Glioblastoma Multiforme(GBM). Available online: https:/ /clinicaltrials.gov/ct2/show/
NCT01587144 (accessed on 7 October 2016).

Tanida, I.; Ueno, T.; Kominami, E. LC3 and Autophagy. Methods Mol. Biol. 2008, 445, 77-88. [PubMed]
Yang, C.; Kaushal, V.; Shah, S.V.; Kaushal, G.P. Autophagy is associated with apoptosis in cisplatin injury to
renal tubular epithelial cells. Am. . Physiol. Renal Physiol. 2008, 294, F777-F787. [CrossRef] [PubMed]

Li, J.; Yang, D.; Wang, W.; Piao, S.; Zhou, J.; Saiyin, W.; Zheng, C.; Sun, H.; Li, Y. Inhibition of autophagy by
3-MA enhances IL-24-induced apoptosis in human oral squamous cell carcinoma. J. Exp. Clin. Cancer Res.
2015, 34, 97. [CrossRef] [PubMed]

Seca, H.; Lima, R.T.; Lopes-Rodrigues, V.; Guimaraes, J.E.; Almeida, G.M.; Vasconcelos, M.H. Targeting
miR-21 induces autophagy and chemosensitivity of leukemia cells. Curr. Drug Targets 2013, 14, 1135-1143.
[CrossRef] [PubMed]

Jiang, Y.Y.; Yang, R.; Wang, H.J.; Huang, H.; Wu, D.; Tashiro, S.; Onodera, S.; Ikejima, T. Mechanism of
autophagy induction and role of autophagy in antagonizing mitomycin C-induced cell apoptosis in silibinin
treated human melanoma A375-S2 cells. Eur. J. Pharmacol. 2011, 659, 7-14. [CrossRef] [PubMed]

Liu, B.; Cheng, Y.; Zhang, B.; Bian, H.J.; Bao, ].K. Polygonatum cyrtonema lectin induces apoptosis and
autophagy in human melanoma A375 cells through a mitochondria-mediated ROS-p38-p53 pathway.
Cancer Lett. 2009, 275, 54-60. [CrossRef] [PubMed]

Froimowitz, M. HyperChem: A software package for computational chemistry and molecular modeling.
BioTechniques 1993, 14, 1010-1013. [PubMed]

Zhang, L. A descent modified Polak-Ribiere-Polyak conjugate gradient method and its global convergence.
IMA |. Numer. Anal. 2006, 26, 11. [CrossRef]

Abreu, RM.V,; Ferreira, .C.ER.; Calhelha, R.C.; Lima, R.T.; Vasconcelos, M.H.; Adega, F; Chaves, R.;
Queiroz, M.J.R.P. Anti-hepatocellular carcinoma activity using human HepG2 cells and hepatotoxicity of
6-substituted methyl 3-aminothieno[3,2-bpyridine-2-carboxylate derivatives: In vitro evaluation, cell cycle
analysis and QSAR studies. Eur. ]. Med. Chem. 2011, 46, 5800-5806. [PubMed]

Lima, R.T.; Martins, L.M.; Guimaraes, J.E.; Sambade, C.; Vasconcelos, M.H. Specific downregulation of bcl-2
and xIAP by RNAi enhances the effects of chemotherapeutic agents in MCF-7 human breast cancer cells.
Cancer Gene Ther. 2004, 11, 309-316. [CrossRef] [PubMed]

Queiroz, M.].; Calhelha, R.C.; Vale-Silva, L.A_; Pinto, E.; Lima, R.T.; Vasconcelos, M.H. Efficient synthesis
of 6-(hetero)arylthieno[3,2-b]pyridines by Suzuki-Miyaura coupling. Evaluation of growth inhibition on
human tumor cell lines, SARs and effects on the cell cycle. Eur. J. Med. Chem. 2010, 45, 5628-5634. [CrossRef]
[PubMed]

Queiroz, M.].; Calhelha, R.C.; Vale-Silva, L.A.; Pinto, E.; Almeida, G.M.; Vasconcelos, M.H. Synthesis and
evaluation of tumor cell growth inhibition of methyl 3-amino-6-[(hetero)arylethynyl]thieno[3,2-b]pyridine-
2-carboxylates. Structure-activity relationships, effects on the cell cycle and apoptosis. Eur. |. Med. Chem.
2011, 46, 236-240. [CrossRef] [PubMed]

Lima, R.T,; Barron, G.A.; Grabowska, J.A.; Bermano, G.; Kaur, S.; Roy, N.; Vasconcelos, M.H.; Lin, PK.
Cytotoxicity and cell death mechanisms induced by a novel bisnaphthalimidopropyl derivative against the
NCI-H460 non-small lung cancer cell line. Anti-Cancer Agents Med. Chem. 2013, 13, 414-421.

Preto, A.; Goncalves, J.; Rebocho, A.P,; Figueiredo, J.; Meireles, A.M.; Rocha, A.S.; Vasconcelos, H.M.; Seca, H.;
Seruca, R.; Soares, P; et al. Proliferation and survival molecules implicated in the inhibition of BRAF pathway
in thyroid cancer cells harbouring different genetic mutations. BMC Cancer 2009, 9, 387. [CrossRef] [PubMed]


http://dx.doi.org/10.4161/auto.6.8.13365
http://www.ncbi.nlm.nih.gov/pubmed/20962572
http://dx.doi.org/10.2174/0929867311320190004
http://www.ncbi.nlm.nih.gov/pubmed/23521678
http://dx.doi.org/10.1371/journal.pone.0023679
http://www.ncbi.nlm.nih.gov/pubmed/21935361
https://clinicaltrials.gov/ct2/show/NCT01587144
https://clinicaltrials.gov/ct2/show/NCT01587144
http://www.ncbi.nlm.nih.gov/pubmed/18425443
http://dx.doi.org/10.1152/ajprenal.00590.2007
http://www.ncbi.nlm.nih.gov/pubmed/18256309
http://dx.doi.org/10.1186/s13046-015-0211-0
http://www.ncbi.nlm.nih.gov/pubmed/26361755
http://dx.doi.org/10.2174/13894501113149990185
http://www.ncbi.nlm.nih.gov/pubmed/23834154
http://dx.doi.org/10.1016/j.ejphar.2010.12.043
http://www.ncbi.nlm.nih.gov/pubmed/21262221
http://dx.doi.org/10.1016/j.canlet.2008.09.042
http://www.ncbi.nlm.nih.gov/pubmed/19010591
http://www.ncbi.nlm.nih.gov/pubmed/8333944
http://dx.doi.org/10.1093/imanum/drl016
http://www.ncbi.nlm.nih.gov/pubmed/22014996
http://dx.doi.org/10.1038/sj.cgt.7700706
http://www.ncbi.nlm.nih.gov/pubmed/15031723
http://dx.doi.org/10.1016/j.ejmech.2010.09.014
http://www.ncbi.nlm.nih.gov/pubmed/20926160
http://dx.doi.org/10.1016/j.ejmech.2010.11.009
http://www.ncbi.nlm.nih.gov/pubmed/21138784
http://dx.doi.org/10.1186/1471-2407-9-387
http://www.ncbi.nlm.nih.gov/pubmed/19878585

Molecules 2016, 21, 1343 15 of 15

52. Pankiv, S.; Clausen, T.H.; Lamark, T.; Brech, A.; Bruun, J.A.; Outzen, H.; Overvatn, A.; Bjorkoy, G.; Johansen, T.
p62/SQSTM1 binds directly to Atg8/LC3 to facilitate degradation of ubiquitinated protein aggregates by
autophagy. . Biol. Chem. 2007, 282, 24131-24145. [CrossRef] [PubMed]

53. Birame, B.M.; Jigui, W.; Fuxian, Y,; Shuang, W.; Li, Y.D.; Jiazeng, S.; Zhili, L.; Bao, Y.; Weiquan, L.
Co-expression of apoptin (VP3) and antibacterial peptide cecropin B mutant (ABPS1) genes induce higher
rate of apoptosis in HepG2 and A375 cell lines. Afr. J. Biotechnol. 2012, 11, 8. [CrossRef]

Sample Availability: Samples of the compound TXA1 are available from the authors.

® © 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1074/jbc.M702824200
http://www.ncbi.nlm.nih.gov/pubmed/17580304
http://dx.doi.org/10.5897/AJB12.643
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Treatment of A375-C5 Melanoma Cells with Twice the GI50 Concentration of TXA1 Alters the Cell Cycle Profile and Induces Apoptosis Although No Effect Is Found with the GI50 Concentration 
	TXA1 Maps onto a Pharmacophore for Autophagy Induction 
	The GI50 Concentration of TXA1 Induces A375-C5 Cellular Autophagy 

	Discussion 
	Materials and Methods 
	Compound 
	Mapping of TXA1 onto Pharmacophores for Autophagy Induction 
	Cell Culture 
	Cell Treatment with TXA1 
	Cell Cycle Profile 
	Programmed Cell Death 
	Expression of Apoptotic and Autophagic Proteins 
	Monodansylcadaverine (MDC) and Acridine Orange Staining 
	Transfection with LC3-mCherry Expression Vector 
	Transmission Electron Microscopy 
	Treatment with Autophagy Inhibitors 
	Statistical Analysis 

	Conclusions 

