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Abstract: Cancer stem cells play a major role in tumor initiation, progression, and tumor relapse of prostate cancer 
(PCa). Recent studies suggest that Translationally Controlled Tumor Protein (TCTP) is a critical survival factor of stem 
cells including cancer stem cells. Here, we aimed to determine whether the TCTP inhibitor sertraline (STL) could 
target prostate cancer stem cells (PCSC). In colony formation, spheroidogenesis, angiogenesis, and wound healing 
assays STL showed a robust inhibition of tumorigenic (colony growth), angiogenic (endothelial tube formation) and 
metastatic (wound healing and migration) potential of PCSC. Interestingly, antioxidants such as N-acetyl cysteine 
(NAC), Glutathione (GSH) and catalase effectively blocked the cytotoxicity effect of STL on PCSC implicating oxida-
tive stress as the underlying anti-PCSC targeting mechanism. Cell cycle analysis showed a robust G0 arrest in PCSC 
exposed to STL. Notably, STL induced both apoptosis and autophagy by activating free radical generation, hydrogen 
peroxide formation (H2O2), lipid peroxidation (LPO) and depleted the levels of glutathione (GSH). Moreover, surface 
marker expression analysis using confocal revealed that STL significantly down regulates the expression levels of 
aldehyde dehydrogenase 1 (ALDH1) and cluster of differentiation 44 (CD44) stem cell markers. Furthermore, in 
western blot analysis, STL treatment applied in a dose-dependent manner, caused a marked decrease in TCTP, 
phospho TCTP, anti-apoptotic markers survivin and cellular inhibitor of apoptosis protein 1 (cIAP1) expression as 
well as a significant increase in cleaved caspase3 and cleaved Poly [ADP-ribose] polymerase 1 (PARP-1) expression. 
Of note, STL also significantly down regulated the stem cell markers (ALDH1 and CD44) and epithelial to mesenchy-
mal transition (EMT) markers such as transcription factor 8 (TCF8) and lymphoid enhancer-binding factor-1 (LEF1) 
expression levels. Concurrently, STL increased the levels of autophagy markers such as light chain (LC3), Beclin1 
and autophagy-related gene (ATG5). Taken together, our study suggests that STL could be an effective therapeutic 
agent in eliminating prostate cancer stem cells.
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Introduction

Prostate cancer (PCa) is the second leading 
cause of cancer related deaths among men in 
the United States [1]. The traditional therapies 
available for PCa includes prostectomy, radia-
tion, hormonal deprivation therapy and chemo-
therapy [2]. Most of the therapies are not effec-
tive in treating metastatic or advanced PCa 
patients. In majority of cases, cancer therapies 
fail due to an incomplete eradication of tumor 
cells, resulting in tumor relapse [3]. 

The cancer stem cell model hypothesis explains 
the molecular characteristics of oncological 

disease state, cancer cell progression and 
development. These cells are responsible for 
tumor relapse and drug resistance [4]. Cancer 
stem cells have self-renewal capacity to pro-
duce same type of cancer stem cells and under-
go differentiation to produce a heterogenous 
tumor cell population [5]. 

Cancer stem cells are found to be resistant to 
current chemotherapy and their characteristics 
such as slow growth, multidrug resistance, and 
high expression of anti-apoptotic proteins that 
make them resistant to the conventional thera-
pies. Novel therapies should be developed to 
target both the tumor bulk and cancer stem 
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cells [6-9]. Cancer treatment that is more effec-
tive against cancer can be achieved by specifi-
cally targeting cancer stem cells rather than the 
conventional anti-proliferative strategies, which 
are aimed at destructing the tumor bulk.

Cancer diagnosis can have a huge impact on 
cancer patients, families and caregivers. Can- 
cer patients commonly experience depression, 
anxiety and fear for life changing events, which 
is reported to be higher in cancer patients com-
pared to normal individual. Lack of sleep in can-
cer patients affect the cancer treatment out-
come. Stress is defined as an emotional or 
physical tension and it can come in any form of 
events such as anger, depression, frustration 
and nervousness [10]. Generally, stress is me- 
diated by epinephrine, nor epinephrine cate-
cholamine, glucocorticoids, growth factors and 
inflammatory molecules such as cytokines [11]. 
It is also known to affect immunological, endo-
crine, physiological and behavioral functions 
[12]. 

Epidemiological and clinical studies revealed 
that cancer progression is associated with 
stress, lack of social support and depression 
[13, 14]. Depression is associated with high 
incidence of mortality rates in cancer patients 
[15, 16]. In-vitro and in-vivo studies have shown 
that stress related process can impact the sig-
naling pathways related to cancer evolution 
and immune modulation [17]. Evidence from 
literature suggests that depression is associ-
ated with cancer progression [18-20]. In an 
experimental study, mice with anxiety chronic 
stress was shown to be more susceptible to 
chemically induced tumor formation [21].

Antidepressants are group of neurotransmitter 
modulators that are commonly used medica-
tion for treating depression. The most common-
ly used antidepressants are selective serotonin 
reuptake inhibitor (SSRI) [22], tricyclics [23], 
monoamine oxidase inhibitors [24], serotonin-
noradrenaline reuptake inhibitors [25]. SSRI 
are safer and well tolerated than other antide-
pressant drugs [26]. The percentage of SSRI 
prescriptions are reported to be high in USA. 
Serotonin is one of the chemical messenger, 
which acts as a neurotransmitter that carries 
signals between brain cells. SSRI drugs are 
specific to serotonin and they do not affect 
other neurotransmitters in the brain.

It has been documented that antidepressants 
such as clomipramine and SSRI (paroxetine 
and fluoxetine), act as an anti-proliferative 
agents in addition to their psychotropic effect 
[27]. Antidepressants sertraline (STL) and fluox-
etine reported to induce cell death in various 
cancer models such as glioma [28], neuroblas-
toma [29], acute myeloid leukemia [30] and 
mouse melanoma cell lines [31]. In particular, 
STL has been shown to be effective against 
wide range of cancers such as medulloblasto-
ma [32], lymphoma [33], melanoma [34], and 
acute myeloid leukemia [30]. 

From earlier studies, it was evidenced that anti-
depressant STL targets Translationally Con- 
trolled Tumor Protein (TCTP) at molecular level 
[35, 36] and TCTP is a well-known therapeutic 
target in various cancer models [34, 36-39]. 
TCTP expression levels regulate tumor progres-
sion and metastasis in cholangiocarcinoma 
[40]. It has been reported that TCTP induces 
Epithelial-mesenchymal transition (EMT) [41-
43] and responsible for tumor progression [41-
43]. Deregulation of TCTP expression was 
observed in various cancers including PCa [38]. 
Interestingly, TCTP over expression is seen in 
cancer stem cell compartment which in turn 
activates autophagy via mammalian target of 
rapamycin (mTOR) and deregulating p53 signal-
ing pathways [36]. Downregulation of TCTP 
expression has been successfully achieved 
with antidepressant STL for melanoma treat-
ment [34]. Dihydroartemisinin (DIART), anti-
malarial drug also suppress the expression lev-
els of TCTP in esophageal cancer [44], breast 
cancer [45], and PCa [46]. Therefore, in our 
study we first compared the effect of TCTP-
targeting drugs STL with antimalarial drug 
DIART and based on the potency results, we 
aimed to investigate the therapeutic effects of 
STL on PCSC. The underlying anticancer me- 
chanism and anti-cancer effect of STL in PCSC 
is not known. In this study, we have evaluated 
the anti-PCSC targeting effects of STL on PCSC 
proliferation, In vitro tumorigenesis, and metas-
tasis properties while also delineating its anti-
cancer mechanism. 

Materials and methods

Cell lines

The human PCSC (Celprogen) were cultured in 
fibronectin (FBN) coated flasks and grown in 
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human prostate stem cell complete growth 
media with serum and antibiotics (Celprogen, 
USA). The source of PCSC was from human 
prostate cancer tissue established at Celprogen 
[65, 66]. This cell line is positive for markers 
such as CD44, CD133, SSEA3/4, Oct4, 
Aldehyde dehydrogenase, and Telomerase. 
Human Fibronectin (FBN) was procured from 
Sigma. PC3, DU145, LNCaP and HUVEC/TERT2 
cell lines were obtained from ATCC, Manassas, 
VA, USA. PC3, DU145 and LNCaP were cultured 
and maintained in RPMI1640 with 10% of fetal 
calf serum, 30 μg/ml antimycotic and 20 μg/ml 
gentamycin. HUVEC/TERT2 was cultured in vas-
cular cell basal medium supplemented with 
Endothelial Cell Growth Kit-BBE (ATCC). All cell 
lines were maintained at 37°C and 5% CO2. 

Chemicals and inhibitors

Sertraline and deferoxamine was purchased 
from Acros Organics and dihydroartemisinin 
was obtained from AK Scientific. Antioxidants 
N-Acetyl cysteine, Glutathione and catalase 
were purchased from Sigma Chemicals. 4,4 
dimethyl-3-thiosemicarbazone (Thermo Fischer 
Scientific), and Ferrostatin (Apex Biotechnology) 
were used as iron modulators.

Cell viability assay

PCSC were seeded at a density of 3×103 cells/
well in a 96-well plate and cultured with sertra-
line (STL) and dihydroartemisinin (DIART) at 
various doses (1, 2.5, 5, 10, 25 and 50 µM) in 
the presence or absence of antioxidants (NAC, 
GSH and catalase). Chelators such as 4,4 
dimethyl-3-thiosemicarbazone (DPP44MT) 100 
nM, deferoxamine (DFO) 50 µM, and Ferrostatin 
(FS) 50 µM were combined with STL and incu-
bated for 48 hrs. Effects of STL were also test-
ed on the cell viability of prostate cancer cell 
lines PC3, DU145 and LNCaP for 48 hrs. After 
treatment, 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyl tetrazolium bromide (MTT) reagent ob- 
tained from Sigma was added to each well, and 
the cells were cultured for additional 3 hrs at 
37°C and 5% CO2. Upon incubation, the media 
was removed, and 100 µl solubilization so- 
lution containing Triton-X100 (Sigma) and iso-
propanol (1:10) from Millipore was added into 
each well. The absorbance was then read at 
570 nm in a microplate reader (Biotech Synergy 
2) [47].

Colony formation assay

500 PCSC cells/well were seeded onto FBN 
coated 6-well plate and incubated at 37°C. 
After 24 hrs, cells were treated with different 
concentrations of STL for 2 weeks. Following 
treatment, cells were fixed with acetic acid: 
methanol (1:7) and stained with 0.05% crystal 
violet (Fischer Scientific). Colonies were count-
ed and images were captured (Olympus 1X73) 
as described previously [47]. 

Spheroid assay

PCSC were seeded on to low attachment plates 
(Corning) with the seeding density of 500 cells 
per well in a 6-well plate. After 24 hrs, cells 
were treated with varying concentrations of STL 
and incubated for 1 week. The cells were 
stained with Calcein green (50 µΜ) obtained 
from Fischer Scientific and images were cap-
tured using fluorescence microscope (Olympus 
IX73). Size of the spheroid were determined 
using ImageJ software.

Angiogenesis assay

Briefly, 1×105 HUVEC with or without STL (10, 
25 and 50 µM) containing media were seeded 
onto 96 well plate coated with matrigel and the 
cells were incubated at 37°C for 6 hrs. After 
incubation, tube formation was documented 
using microscope (Olympus IX73) [47]. 

Wound healing assay

PCSC (10000 cells/well) were seeded onto 
24-well plates coated with FBN and allowed the 
cells to reach 90-100% confluence. After con-
fluence, scratch was made using 200 µl pipette 
tip and washed with 1×PBS. The cells were 
incubated with media containing various con-
centrations of STL (10, 25 and 50 µM) for 24 
hrs. Images were captured at initial (0 hr) and 
end point (24 hrs) of wound healing assay. 
Wound healing gap was measured using 
T-Scratch software [47]. 

Transwell migration assay

PCSC cells (3×105) in serum free media were 
seeded onto transwell inserts (Millipore, Bi- 
llerica, MA, USA) with or without STL and allow- 
ed them to migrate for 24 hrs. Epidermal growth 
factor (hEGF) (5 ng/ml) were added to the bot-
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tom chamber containing complete media. Non 
migrated cells from upper side of the transwell 
insert was removed using cotton swab. The 
cells present in the bottom side of the insert 
and cells migrated to bottom well of the cham-
ber were fixed with 4% paraformaldehyde and 
stained with 0.05% crystal violet. Stained cells 
were counted and images were captured using 
Olympus IX73 microscope. The stained cells 
were counted and the percentage of migrated 
cells were determined [47].

Apoptosis assay

PCSC were seeded at a density of 1×106 cells/
well in a 6-well plate and cultured with STL (10, 
25 and 50 µM) for 48 hrs. Subsequently, the 
cells were collected and stained with Annexin 
V-fluorescein isothiocyanate (FITC) and propidi-
um iodide (PI) (BD Biosciences) according to 
the manufacturer’s instructions. Apoptosis was 
analyzed using flow cytometry (FACS Calibur, 
BD Biosciences, Mountain View, CA) [39].

Cell cycle analysis

Briefly, 3×105 PCSC were seeded onto 25 cm2 
flasks and incubated at 37°C. After 24 hrs, 
cells were treated with different doses of STL 
and incubated for 48 hrs. After treatment, both 
live and dead cells were collected and spun 
down using centrifugation 1000 g for 5 min. 
Cells were fixed with 70% ice cold ethanol and 
stained with 100 μg/ml PI (Sigma) and ana-
lyzed using flow cytometry (FACS Calibur; BD 
Biosciences, Mountain View, CA) [47]. 

Reactive oxygen species (ROS) level detection

PCSC cells were seeded at a density of 1×106 
cells/well in a 6-well plate and cultured with 
STL (10, 25 and 50 µM) for 48 hrs. Subsequent- 
ly, the cells were incubated with 10 µM 2’,7’-di- 
chlorodihydrofluorescein diacetate (H2DCFDA) 
(Sigma-Aldrich) at 37°C for 30 min. ROS activa-
tion was detected using fluorescence micro-
scope (Olympus IX73 microscope). Fluorescen- 
ce intensity was quantified using ImageJ soft-
ware [47].

MitoSox staining

Fluorescence microscopy analysis: 8-well cha- 
mber slides were coated with FBN (10 ng/cm2) 
and incubated at 37°C for 1 hr. PCSC (1×105) 
were seeded onto FBN coated 8-well chambers 

and incubated at 37°C. After 24 hrs, PCSC were 
treated with different concentrations of STL for 
6 hrs and stained with Mitosox Red (Invitrogen) 
at a concentration of 5 µM and incubated for 
30 min at 37°C. Mitosox levels were observed 
using fluorescence microscope (Olympus IX73). 
Fluorescence intensity was quantified using 
ImageJ software [47]. 

Flow cytometry quantification: PCSC (1×105) 
were seeded onto FBN coated 6-well plate and 
treated with varying concentrations of STL for 4 
hrs. Following incubation, cells were collected 
and stained with 5 μM of Mitosox red for 30 
min and analysed using flow cytometry (FACS 
Calibur, BD Biosciences, Mountain View, CA). 
Data was quantified using FlowJo software [47]. 

Hydrogen peroxide (H2O2) assay

Hydrogen peroxide assay was performed 
according to the manufacture instructions (Bio 
Vision, Hydrogen peroxide assay kit). Briefly, 
PCSC (3×105) were seeded on to T-25 flasks 
and treated with different doses of STL (10, 25 
and 50 µΜ) for 6 hrs and incubated at 37°C. 
After incubation, culture media supernatants 
were collected and centrifuged for 1000 g for 
15 min. Following centrifugation, the superna-
tant was filtered using 10 kDa MW spin filter 
(Biovision). Next, 50 μl of sample were mixed 
with 50 μl of reaction mix and incubated for 10 
min at room temperature. The excitation and 
emission of fluorescence (excitation/emission 
= 535/587 nm) was read in spectrophotometer 
(Biotech Synergy 2). Standard curve was plot-
ted to determine the levels of H2O2 in test sam-
ples and reaction mixture served as a blank 
[47]. 

Thiobarbituric acid reactive species assay 
(TBARS)

Thiobarbituric acid reactive species assay 
(TBARS) was performed to check the lipid per-
oxidation amount in PCSC upon STL treatment 
according to manufacturer’s instructions (Cay- 
man Chemical TBARS Assay Kit). Briefly, PCSC 
(1×105) were seeded onto FBN coated flasks 
and incubated at 37°C and treated with various 
doses of STL (10, 25 and 50 µM) for 6 hrs. After 
treatment, cells were collected and centrifuged 
1000 g for 5 min. Supernatant was discarded 
and the pellet was suspended in a 1 ml of cul-
ture medium and were subjected to sonication 
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on ice. Following sonication, 100 µl of lysate 
was mixed with 100 µl of sodium dodecyl sul-
phate (SDS) and 4 ml of thiobarbituric acid and 
heated for 1 hr at 75°C. Next, the samples 
were incubated on ice for 10 min and centri-
fuged for 10 min with 1600 g at 4°C. 
Fluorescence was measured at an excitation 
wavelength of 530 nm and an emission wave-
length of 550 nm in spectrophotometer (Bio- 
tech Synergy 2). Reaction mixture was served 
as a blank control. A standard curve was plot-
ted and identify the lipid peroxidation in the 
form of malondialdehyde (MDA) concentration 
(µM) [47].

Glutathione assay 

Glutathione assay (Cayman Chemical glutathi-
one assay kit) was performed to quantitate the 
levels of reduced glutathione (GSH) and oxi-
dized glutathione (GSSG) [48]. The enzyme glu-
tathione reductase was used to measure the 
GSH content in the glutathione assay. In enzy-
matic assay, reduced glutathione reacts with a  
colorless DTNB (5,5’-dithio-bis-2-(nitrobenzoic 
acid) substrate to produce a yellow colored TNB 
(5-thio-2-nitrobenzoic acid) product. The pro-
duction of TNB is associated with formation of 
GSH and the absorbance was measured at 
405-414 nm using spectrophotometer. For 
this, PCSC (1×105) were seeded onto FBN coat-
ed flasks and treated with various doses of STL 
for 6 hrs. Following treatment, live and dead 
cells were collected and centrifuged at 1000 g 
for 5 min. After centrifugation, cell pellet was 
suspended in 2 ml of ice cold buffer was added 
and sonicated. After sonication, cell lysate was 
centrifuged at 12000 g for 15 min at 4°C. 
Supernatants were collected and used for the 
assay. 

Confocal microscopy

PCSC cells (1×105) were seeded onto FBN coat-
ed 8-well chambers and treated with different 
doses of STL (10, 25 and 50 µΜ). After 48 hrs 
of treatment, cells were fixed with 4% parafor-
maldehyde (Fischer scientific) for 15 min and 
permeabilized with 0.1% Triton-X-100 (Acros 
Organics) for 15 min following washes. After 
incubation, slides were washed with 1X phos-
phate buffer saline (PBS) and blocking with 5% 
BSA for 1 hr. Next, the cells were incubated 
with primary antibody such as ALDH1 and 
CD44 which were obtained from cell signal 

technology (CST) with the dilution of 1:500 for 
overnight incubation in cold room. After incuba-
tion, cells were washed with PBS and probed 
with secondary antibody raised against rabbit  
(Invitrogen 1:2000) which are labeled with FITC 
for 1 hr at room temperature. Fluorogel contain-
ing 4’,6-diamidino-2-phenylindole (DAPI) from  
Electron Microscopy Sciences was used as a 
counter stain and analyzed using confocal 
microscopy (Olympus FluoView FV10i).

For F-actin cytoskeleton modification, PCSC 
(1×105) cells were cultured on 8-well chambers 
and treated with different doses of STL for 48 
hrs. After incubation, cells were fixed with 4% 
para formaldehyde and permeabilised with 
0.1% Triton-X-100. Following washes cells were 
blocked with 5% BSA for 1 hr and incubated 
with Phalloidin tetramethylrhodamine (TRITC) 
(1:2000) obtained from Sigma for overnight. 
After incubation, slides were mounted with fluo-
rogel (Electron microscopy sciences) contain-
ing DAPI and fluorescence staining analyzed 
using confocal microscopy (Olympus FluoView 
FV10i) [47]. 

Calcein green was used to determine the iron 
levels upon treatment with STL. For this, PCSC 
(1×105) were seeded onto 8-well chambers and 
treated with various doses of STL and incubat-
ed at 37°C for 6 hrs. Following incubation, cells 
were stained with Calcein green (50 µΜ) and 
incubated at 37°C for 30 min. After staining, 
cells were fixed with 4% paraformaldehyde for 
15 min and analyzed using confocal microsco-
py (Olympus FluoView FV10i). 

Aldehyde dehydrogenase expression by flow 
cytometry

PCSC (1×106) were seeded onto FBN coated 
flasks and treated with various concentrations 
of STL (10, 25 and 50 µM) for 48 hrs. After 
treatment, live and dead cells were collected 
and stained with ALDH1 (1:100) tagged with 
FITC antibody and incubated for 30 min on ice 
and analyzed using flow cytometry (FACS 
Calibur, BD Biosciences, Mountain View, CA). 
Data was quantified using FlowJo software. 

Western blot assay

PCSC were seeded at a density of 1×106 cells 
on FBN coated T25 flasks and cultured with 
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STL (10, 25 and 10 µM) for 48 hrs. Afterwards, 
the cells were collected using cell scraper and 
washed with ice cold 1×PBS for 5 min. 
Subsequently, cell lysis buffer containing prote-
ase inhibitor was added and incubated on ice 
for 5 min. Afterwards, cell lysate was centri-
fuged for 5 min and supernatant was collected 
into a fresh tube. Protein concentrations were 
estimated by Pierce Rapid Gold BCA Protein 
Assay. A total of 20 µg of protein was resolved 
on a 10-12% sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis and then transferred 
to nitro cellulose membranes (GE Healthcare 
Life Sciences). Membranes were blocked with 
5% skim milk in Tris-buffered saline with Tween-
20 (TBST) for 1 hr at room temperature, prior to 
be incubated with primary rabbit anti-human 
antibodies against survivin, TCTP, phospho 
TCTP, cleaved caspase3, cleaved PARP-1, 
X-linked inhibitor of apoptosis (XIAP), Phospho-
Histone H2A.X (pH2A.X), Phospho and total 
5’AMP-activated protein kinase (AMPK), 
Phospho and total p38 MAPK, Phospho p44/42 
MAPK (Erk1/2) and total p44/42 MAPK 
(Erk1/2), TCF8, LEF1, cdc2, phospho Histone 
H3, Beclin1, Autophagy-related gene (ATG) 5, 
light chain 3 (LC3) (Cell Signaling Technologies, 
USA; 1:1000 dilution) and mouse anti-beta 
actin labeled with HRP (Sigma; 1:50000). Apart 
from beta actin (Sigma), all the primary antibod-
ies were obtained from CST. Reactive bands 
were detected by ECL method [47]. 

Statistical analysis

The Student’s t-test was used to compare the 
treatment and control groups. A P-value <0.05 
was considered to be statistically significant. 
Each experiment was repeated for 3 times and 
data are represented as the mean ± SD unless 
or otherwise stated.

Results

Anticancer effect of STL on cell growth in PCSC 
and prostate cancer cells

The anticancer effect of sertraline on cell viabil-
ity was initially evaluated in PCSC using a stan-
dard MTT assay. Compared with control cells 
(without STL treatment), the cell viability of 
treated PCSC was inhibited in a dose- and time-
dependent manner (Figure 1A). The inhibition 
of cell growth was significant upon treatment 

with 25 and 50 µM STL for 48 hrs. These results 
suggested that STL inhibit the cell survival 
property of PCSC. 

In order to identify the cell death mechanism, 
PCSC were exposed to STL in the presence or 
absence of antioxidants such as NAC, GSH and 
catalase. It has been reported that depletion of 
intra cellular NAC and GSH levels were associ-
ated with oxidative stress mechanism. In addi-
tion, down regulation of catalase expression 
reported during oxidative stress. From our data, 
it can be inferred that NAC, GSH and catalase 
potently blocked the effect of STL suggesting 
that oxidative stress could be mediating the 
effects of STL (Figure 1B). This notion is sup-
ported by the data presented in Figure 6 which 
suggested that STL induced oxidative stress by 
reducing the level of glutathione and elevating 
the levels of hydrogen peroxide and lipid peroxi-
dation in PCSC. Furthermore, MTT cell viability 
assay was performed to identify the role of iron 
in the cytotoxic effects of STL. Our data revealed 
that STL exerted synergic effect in the pres-
ence of FS and iron chelators such as DFO and 
DPP44MT (Figure 1C). These results indicate 
that STL disrupts the viability of PCSC by poten-
tially modulating iron homeostasis in PCSC. 
Further, we also analyzed the anticancer activi-
ty of STL on PC3, DU145 and LNCaP prostate 
cancer cell lines. Cells were treated with vari-
ous concentration of STL (1-100 µM) and incu-
bated for 48 hrs. Figure 1D shows that STL 
administered to prostate cancer cells resulted 
in rapid killing in a dose dependent effect with 
IC50 of 10 µM for 48 hrs. As the concentration 
was increased to 15 µM and above, a signifi-
cant decline in the viable cells was observed. 
Dosage above 10 µM exhibited similar effects 
in these prostate cancer cell lines.

STL inhibits the clonogenic growth and 
Spheroid formation of PCSC and disrupts the 
tube formation of HUVEC cells

Cancer stem cells have the ability to form larger 
colonies from single clone and responsible for 
tumor growth and progression. We tested the 
effect of STL on colony formation and spheroid 
formation abilities of PCSC. Crystal violet stain-
ing revealed that STL robustly inhibits the colo-
ny formation ability of PCSC with increasing 
doses (Figure 2A, 2B). Moreover, spheroid for-
mation was visualized using Calcein green 
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Figure 1. PCSC are more sensitive to STL than DIART in inhibiting cell viability. A. Chemical structure of STL and DI-
ART. MTT cell viability of PCSC was performed following treatment with various doses of STL and DIART for 48 hrs. B. 
STL mechanism of action, PCSC were treated with STL in presence or absence of antioxidants (NAC, GSH and cata-
lase) for 48 hrs and MTT assay was performed. Antioxidants blocks the effect STL on PCSC. C. Cell viability assay 
of PCSC treated with STL with or without DFO, FS and DPP44MT. In the presence of above mentioned compounds 
STL showed synergetic effect in inducing cell death. D. To measure the cytotoxicity effect of STL on PC3, DU145 
and LNCaP cells, cells were treated with different concentration of STL (1-100 µM) for 48 hrs. Results showed that 
STL robustly inhibited the viability of prostate cancer cell lines. Cell viability was monitored by MTT assay. The data 
shown are representative of one of three independent experiments. Data are means ± SD (n = 3). *P<0.05 com-
pared to control.

Figure 2. STL inhibits clonogenic potential of PCSC and 
angiogenesis of HUVEC cells. A, B. PCSC were treated 
with STL for 2 weeks. Colonies were visualized by crys-
tal violet staining. STL robustly inhibited the colony for-
mation ability of PCSC. C, D. In spheroid assay, PCSC 
were seeded onto low attachment plates and treated 
with different doses of STL for 2 weeks. After incuba-
tion, cells were stained with Calcein green and mea-
sured the size of the spheroid using ImageJ software. 
Our data revealed that STL inhibited the tumorigenic 
potential of PCSC. E. In angiogenesis assay, HUVEC 
cells were cultured on matrigel in the presence or ab-
sence of STL for 6 hrs and observed for tube formation. 
STL significantly inhibited the angiogenic potential of 
HUVEC tube forming cells. The images were captured 
using microscopy. Magnification 10×. Scale bar 200 
µm. The data shown are representation of one of three 
independent experiments. Data are means ± SD (n = 
3). **P<0.01; ***P<0.001 compared to control.
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staining upon treatment with different doses of 
STL (Figure 2C, 2D). Our data revealed that STL 
significantly reduced the size of the spheroid 
formation with increasing doses. From our 
results, it can be concluded that STL is effec-
tive in targeting the clonogenic potential of 
PCSC. Further, STL inhibited the tube formation 
of HUVEC endothelial cells (Figure 2E) suggest-
ing that STL could also inhibit the angiogenic 
potential.

STL inhibited migratory properties of PCSC

Cancer stem cells along with tumor cells which 
detach from primary tumor site and migrate to 
distant organs such as bone, brain and lymph 
nodes during metastatic process. To test the 
effect of STL on migration property, an impor-
tant characteristic of metastasis, PCSC were 
treated with different doses of STL followed by 
wound healing assay and Trans well migration 
assays were performed. Our wound healing 
assay data revealed that STL inhibits the migra-
tion ability of PCSC. At 50 µM STL, the percent-
age of gap was higher compared to untreated 
control (Figure 3A, 3B). Further, we performed 
Transwell migration assay using Transwell 
inserts. PCSC were treated with various doses 
of STL and migrated cells were stained with 
crystal violet on the bottom side of the insert 
and bottom side of the 24 well plate. Our data 
revealed that less number of migrated stained 
cells were observed in bottom side of the insert 
(Figure 3C, 3D) and 24 well plate (Figure 3E, 
3F) following STL treatment compared to 
untreated control. 

F-actin cytoskeleton plays a major role in cell 
migration, proliferation and cell division. From 
our results, it is evident that STL inhibits the 
F-actin polymerization of PCSC in a dose depen-
dent manner as revealed by Phalloidin staining 
analysis (Figure 3G, 3H). Significant decrease 
in F-actin polymerization was observed at 50 
µM concentration of STL compared to untreat-
ed control. Here, we can conclude that STL is 
more potent in targeting the migration proper-
ties and F-actin cytoskeleton dynamics of 
PCSC.

STL promotes G0 arrest and apoptosis induc-
tion in PCSC

To determine whether the reduction in cell via-
bility is associated with STL mediated cell 

death in PCSC, Annexin V-FITC/PI Apoptosis 
detection kit was used to determine the per-
centage of apoptotic cell death using flow 
cytometry. Our dot plots and graphical repre-
sentations show that STL induced early and 
late apoptosis upon STL treatment. The per-
centage of cell death increase with increasing 
doses. Upon treatment with 25 and 50 µM STL 
for 48 hrs, apoptosis was significantly 
increased, compared with that of control PCSC 
(Figure 4A, 4B). The results showed that anti-
cancer property of STL is via inducing pro-
grammed cell death. 

Further, we checked on the cell cycle distribu-
tion of PCSC upon STL treatment. The cell cycle 
analysis of STL treated PCSC were analyzed 
using PI staining by flow cytometry. After 48 hrs 
of 25 and 50 µM STL treatment, percentage of 
PCSC in G0 phase increased in a dose depen-
dent manner. The results indicated that STL 
hinders with cell cycle progression and impair-
ing PCSC malignant properties (Figure 4C, 4D).

STL induced superoxide generation and hydro-
gen peroxide formation in PCSC

Next, we determined the ROS levels in PCSC 
upon STL treatment. Oxidative stress plays an 
important role in cell death mechanism. To this 
end, PCSC were treated with various doses of 
STL and stained with ROS probe H2DCFDA. 
Fluorescence microscopic images indicated 
that STL induced the formation of free radical 
generation with increasing doses (Figure 5A, 
5B). Oxidative stress known to affect the mito-
chondrial membrane potential during cell death 
mechanism. For this, PCSC were treated with 
different doses of STL and stained with Mitosox 
red for superoxide anion and visualized using 
fluorescence microspore and quantified using 
flow cytometry. Quantification of fluorescence 
microscopic images (Figure 5C, 5D) and histo-
grams of flowcytometric analysis (Figure 5E, 
5F) show that STL significantly induced super-
oxide anion formation. Our data indicated that 
STL induced PCSC cell death mechanism by 
inducing mitochondrial depolarization. 

STL induced hydrogen peroxide formation, 
lipid peroxidation and depleted the levels of 
reduced GSH

Next, we determined the effect of STL on hydro-
gen peroxide, lipid peroxidation and reduced 
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Figure 3. STL inhibits migration properties and actin cytoskeleton of PCSC. A. PCSC were seeded onto 24 well plate 
and allowed to grow until 100% confluence, scratch was made and cells were allowed to close the wound in pres-
ence or absence of STL for 24 hrs and imaged. Magnification 10×. Scale Bar 200 μm. B. T-Scratch quantified results 
of wound healing. C-F. For Transwell migration assay without matrigel, PCSC were seeded onto Transwell insert with 
different doses of STL for 24 hrs. Migrated cells were stained with 0.05% crystal violet. Scale bar = 200 μm. Rep-
resentative images are shown on the left panel, and the statistical graphs on the right panel indicating the average 
number of cells per field after 24 hrs of STL treatment. (*P<0.05, compared with control). G, H. Confocal images of 
PCSC treated with STL targets the actin cytoskeleton and promote the cell death with increasing doses. Phalloidin 
TRITC was used to stain F-actin and DAPI was used to satin nucleus. The percentage of actin expression decreases 
with increasing doses of STL. Magnification 63×. Scale bar 10 µm. Images showing that STL significantly inhibiting 
the actin cytoskeleton modification. The data shown are representative of one of three independent experiments. 
Data are means ± SD (n = 3). *P<0.05; **P<0.01; ***P<0.001 compared to control.

Figure 4. STL induced apoptosis in PCSC by disrupting the cell cycle progression. A, B. The percentage of cell death 
was determined by Annexin V-FITC/PI flow cytometry. The Annexin V-FITC/PI staining revealed that STL significantly 
induces cell death by apoptotic mechanism. C, D. Effects on cell cycle profile of PCSC after treatment with STL. Cells 
were treated with STL for 48 hrs and then fixed with 70% ice cold ethanol, and the DNA content was determined by 
flow cytometry analysis by PI staining, analyzing 50,000 events per sample. Results showed that majority of cells 
treated with STL accumulated in G0 phase which is suggestive of dying cells. The data shown are representation 
of one of three independent experiments. Data are means ± SD (n = 3). *P<0.05; **P<0.01 compared to control.
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GSH levels of PCSC. For this, PCSC were treat-
ed with different doses of STL and performed 
the assays as mentioned in methods. STL sig-
nificantly increased the hydrogen peroxide 
(Figure 6A) and lipid peroxidation (Figure 6B) 
levels whereas glutathione levels were found to 
be decreased in PCSC (Figure 6C). 

STL inhibited the expression of stem cell mark-
ers of PCSC

Stem cell markers such as ALDH1 and CD44 
are essential to maintain stemness of the stem 
cells. We investigated the alteration of stem 
cell marker expression upon treatment with 
STL. To detect the expression of stem cell mark-
ers upon treatment with STL in PCSC, the cells 
were treated with different doses and exam-
ined for ALDH1 and CD44 expression levels 
using confocal microscopy. STL significantly 
down regulates the ALDH1 (Figure 7A, 7B) and 
CD44 (Figure 7E, 7F) expression levels with 
increasing doses. Moreover, our flow cytometry 
data also revealed that STL significantly down 
regulate the expression levels of ALDH1 (Figure 
7C, 7D). These findings suggest that STL is a 

potential drug for inhibiting the cancer stem 
cell properties.

STL induced autophagy and modulates iron 
levels in PCSC

Autophagy is one of the cell death mechanism 
along with apoptosis and necrosis. We tested 
the effect of autophagy cell death mechanism 
on PCSC upon treatment with STL. PCSC were 
transfected with LC3 plasmid and treated with 
different doses of STL for 6 hrs. After treatment 
cell were analyzed for autophagy using confo-
cal microscope. Our data suggests that PCSC 
treated with STL leads to autophagy compared 
to control cells (Figure 8A, 8B). Moreover, we 
also determined the status of iron levels upon 
treatment with STL. For this, cells were treated 
with various doses of STL, stained with calcein 
and analyzed using confocal microscopy. As 
calcein fluorescence increased proportionally 
with higher doses of STL which suggests a 
decrease in iron pool in PCSC (Figure 8C, 8D). 
Further studies are warranted to find out the 
significance of reduced iron levels following 
antidepressant STL treatment.

Figure 5. STL treatment generates reactive oxygen species in PCSC. A-D. PCSC were treated with STL for 6 hrs. PCSC 
were stained with H2DCFDA probe for ROS (green) and Mitosox Red for superoxide anion production. Fluorescence 
images of green or red were observed in PCSC with increasing dose of STL suggesting the generation of reactive 
oxygen species and superoxide anions respectively. Magnification 10×. Scale Bar 200 µm. E, F. Flow cytometric 
histogram analysis of PCSC treated with STL show increased percentage of mitochondrial superoxide anions with 
increasing doses of STL. *P<0.05; **P<0.01 compared to control.

Figure 6. STL treatment elevated the levels of hydrogen peroxide and lipid peroxidation with concomitant reduction 
of the glutathione levels in PCSC. A. Determination of H2O2 levels using hydrogen peroxide assay upon treatment 
with STL for 6 hrs. Our data suggest that STL induces cell death mechanism by generating hydrogen peroxide lev-
els in PCSC. B. Measurement of lipid peroxidation using TBARS assay of PCSC for 6 hrs which indicates that STL 
induces lipid peroxidation during cell death mechanism. C. Reduced levels of glutathione upon STL treatment for 6 
hrs. The depleted levels of GSH indicates oxidative stress mediated by STL on PCSC. Data are means ± SD (n = 3). 
*P<0.05; **P<0.01 compared to control.
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Figure 7. STL down regulates the expression levels of stem cell markers of PCSC. For this, PCSC seeded onto 8-well 
chambers and treated with various doses of STL for 48 hrs and stained with ALDH1 and CD44, analyzed using 
confocal microscopy. Image analysis reveal that STL inhibits the expression of both ALDH1 and CD44 in PCSC. A, 
B. Confocal images of ALDH1 stain and quantification of ALDH1. C, D. Flow cytometric quantification of ALDH1. STL 
treated PCSC were stained with ALDH1-PE and subjected to flow analysis, and the results of which revealed that 
STL reduces the surface expression of ALDH1 in PCSC. E, F. Confocal images of CD44 and quantification of CD44. 
Magnification 60×. Scale bar 10 µm. Our data suggest that STL is more potent in inhibiting stemness of PCSC by 
targeting ALDH1 and CD44 stem cell markers. *P<0.05; **P<0.01 compared to control.
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STL down regulates TCTP and anti-apoptotic 
marker expression in PCSC 

Western blotting demonstrated that antide-
pressant STL significantly down regulate both 
phospho and total TCTP expression levels. EMT 
markers such as TCF8 and LEF1 also down reg-
ulated by STL in PCSC. Further, STL inhibited 
the expression levels of phospho and total P38 
mitogen-associated protein kinase (MAPK) and 
extracellular-signal-regulated kinase (Erk) 1/2 
(total and phospho p42/44 MAPK) (Figure 9A). 
Moreover, cleaved PARP1 and cleaved cas-
pase3 levels (Figure 9A) were significantly 

upregulated during apoptosis. Also, STL sup-
pressed the expression levels of anti-apoptotic 
markers such as survivin, cIAP1 and XIAP in 
PCSC (Figure 9B). In previous studies, TCTP has 
been shown to be upregulated in most of the 
cancers including prostate cancer. Therefore, 
Western blot was performed to identify the 
expression levels of TCTP and the other mark-
ers related to cell death mechanism upon STL 
treatment in PCSC. Our results indicated that 
TCTP is the target for STL for elimination of can-
cer stem cells. Western blot analysis revealed 
that STL significantly down regulates the total 
and phospho forms of TCTP during cell death 

Figure 8. STL induced autophagy in PCSC. A, B. 
Cells were transfected with LC3 plasmid and 
treated with various doses for 6 hrs and ana-
lyzed using confocal microscopy (Magnification 
60×. Scale bar 10 µm). Our data suggest that 
STL induces cell death by autophagy. C, D. Cal-
cein staining was performed to measure the iron 
levels upon treatment with STL in PCSC. Our data 
suggest that STL potentially reduces the iron 
levels of PCSC. n = 3 independent experiments. 
*P<0.05; **P<0.01 compared to control.
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(Figure 9B). Moreover, STL significantly upregu-
lates the expression levels of autophagy mark-
ers such as LC3 (Figure 9E), Beclin1 and ATG5 
(Figure 9D) and down regulates the ALDH1 
stem cell marker (ALDH1) (Figure 9E) and EMT 
markers (LEF1 and TCF8) (Figure 9C). The 
expression levels of cdc2 and phospho histone 
H3 levels were down regulated while phospho 
histone H2AX was upregulated following STL 
treatment (Figure 9C).

Discussion

PCa, a predominant disease, is considered to 
be the second most common type of malignant 
cancer and the leading cause of cancer related 
mortality in males from United States. PCa has 
high risk of metastasis and recurrence state 
following conventional chemotherapy which 
lead to high mortality rate [49]. Previous stud-
ies have reported that cancer stem cell like 
population is responsible for tumor evolution 
and progression and as well as resistant to tra-
ditional chemotherapeutic drugs [7, 49]. From 
earlier findings, it has been reported that reduc-
ing stress is important for cancer treatment 
[20, 50, 51]. Further, it was suggested that 
behavioral stress is associated with PCa pro-
gression and development [52]. Our study 
explored how antidepressant STL targeted the 
PCSC growth and metastasis. PCSC treated 

with STL showed significant decrease in cell 
viability with increasing drug doses and IC50 
was found to be 25 µM. Our results indicated 
that antidepressant STL suppresses PCSC 
growth as well as inhibited the viability of pros-
tate cancer cells (PC3, DU145 and LNCaP).  
According to present data and the findings from 
previous reports suggested that STL is a potent 
inhibitor of cell proliferation in various cancer 
models [33, 34, 50, 51]. 

Stress is associated with tumor growth and 
angiogenesis in ovarian cancer [53]. Our data 
showed that STL significantly inhibited the 
growth and angiogenesis of PCSC. These 
observations suggested that targeting stress in 
cancer stem cells block the tumorigenic and 
angiogenic property of cancer cells and could 
have therapeutic implications. Cancer metas-
tasis is a complex process associated with 
stress induced cancer cell proliferation, inva-
sion and angiogenesis [54-57]. Our results 
revealed that STL significantly inhibited the pro-
liferation and migration potential of cancer 
stem cells from wound healing and transwell 
migration assays. Stem cell migration is essen-
tial for maintaining embryogenesis and to 
repair the damaged tissues to restore homeo-
stasis. It also plays a major role in cancer devel-
opment. Previous studies demonstrated that 

Figure 9. STL modulates various signalling pathways in PCSC. To identify the changes in protein expression levels, 
PCSC were treated with STL for 48 hrs and cell lysates were subjected to western blot analysis. A. STL treatment 
promoted cleaved PARP1 and cleaved caspase 3 levels suggesting that it induces apoptosis in PCSC. B. STL con-
currently down regulate the expression of anti-apoptotic proteins c-IAP1, XIAP, survivin, TCTP and phospho TCTP. C. 
PCSC treated with STL showed reduced levels of TCF8, LEF1, cdc2, and phospho Histone H3. On the other hand, 
pH2A.X was found to be upregulated with STL treatment. D. Exposure of PCSC to STL treatment upregulates the 
expression of Beclin1 and ATG5 implicating autophagy activation in PCSC. E. STL robustly downregulates the ex-
pression of ALDH1 while upregulating LC3 II levels in PCSC. Our data suggest that STL targets multiple signalling 
pathways to eliminate PCSC. The data represent one of three independent experiments.
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STL decreases the migration of cancer cells 
[34]. In consistent with earlier findings, we also 
found that inhibition of cell migration contrib-
uted to cell toxicity of STL on PCSC. Our wound 
healing assay and transwell migration data 
revealed that STL significantly inhibited the 
metastasis ability of PCSC. Expression of EMT 
markers plays an important role in cancer pro-
gression and metastasis. Furthermore, STL 
inhibited the EMT markers such as TCF8 and 
LEF1. Collectively our data indicated that STL 
regulates key signaling molecules involved in 
cell growth, apoptosis, autophagy, EMT includ-
ing stem cell program in PCSC.

The cytotoxicity of STL on PCSC was associated 
with apoptosis. Flow cytometry analysis of 
Annexin V-FITC/PI dual staining showed that 
STL induced apoptosis in a dose dependent 
manner in prostate cancer stem cells. Ma- 
ximum cell death was observed at 50 µM con-
centration of STL. The apoptosis induced by 
STL appears to be associated with free radical 
generation and dysfunction of mitochondria. 
Our cell cycle analysis revealed that STL 
induced G0 arrest in a dose dependent man-
ner. Cell cycle arrest related to the cytotoxicity 
of STL on prostate cancer stem cells. 10 µM of 
STL showed minute inhibition of G0 arrest, how-
ever 25 and 50 µM of STL showed significant 
arrest at G0 phase of the prostate cancer stem 
cells. Our findings suggested that antidepres-
sant STL induced cell cycle specific mediated 
cell death.

Oxidative stress play an important role in cell 
death mechanism of anticancer agents [58]. 
NAC and GSH are the most effective anticancer 
compounds that acts as a free radical scaven-
ger. In addition, catalase is an antioxidant en- 
zyme abundantly present in the human body 
and known to function as a hydrogen peroxide 
scavenger [47]. The increase in ROS levels in- 
duces cell death by lipid peroxidation and 
deoxyribonucleic acid (DNA) damage by initiat-
ing apoptosis. It has been reported that elevat-
ed levels of ROS were observed during cell 
death mechanism. In our study, STL induces 
free radical formation with increasing doses. In 
addition, elevated levels of mitochondrial su- 
peroxide anion production was observed upon 
STL treatment. This finding indicated that STL 
induced cell death by production of reactive 
oxygen species. Combination study of STL with 
antioxidants such as NAC, GSH and catalase 

revealed that STL induces cell death by produc-
tion of H2O2 and other free radical generation. 
In addition, hydrogen peroxide assay revealed 
that STL induced apoptosis by formation of 
hydrogen peroxide in prostate cancer stem 
cells. The results suggested that oxidative 
stress plays an important role in STL mediated 
cell death mechanism.

Next, we performed to check the alterations of 
markers which are related to cell death mecha-
nism of PCSC upon STL treatment. PARP1 is 
important for cell survival and is associated 
with several cellular functions such as apopto-
sis, DNA replication, transcription, DNA repair 
and damage (PARP-1, a determinant of cell sur-
vival in response to DNA damage). Activation of 
cleaved PARP1 expression levels were associ-
ated with DNA damage and apoptosis [47]. 
Mediation of PARP1-dependent cell death by 
apoptosis-inducing factor. Our western blot 
analysis showed that STL induced cleaved 
PARP1 activation with increasing doses during 
apoptosis which correlated with our earlier 
findings. 

Autophagy is one of the important cell death 
mechanism which is upregulated during stress 
conditions induced by most of the chemothera-
peutic drugs [59]. In our study, we showed that 
STL induced autophagy of PCSC by upregulat-
ing the autophagy markers such as LC3-II, 
Beclin1 and ATG-5. Earlier reports also sug-
gested that STL induce autophagy in acute 
myeloid leukemia [30] and retinal pigmented 
cells [60]. 

Iron is an important metal for almost all biologi-
cal systems [61]. The regulation of iron metabo-
lism is important for physiological functions. 
Imbalance in iron metabolism leads to cell 
death by generating iron mediated ROS levels 
[62]. From our study, we observed that STL 
treatment significantly altered the iron levels, 
which may have a role in cell death of PCSC. 
Further studies are required to clarify the role 
of cellular iron in STL-mediated anti-PCSC 
effects.

Stem cell markers are responsible for self-
renewal and progression of normal and cancer 
stem cells. ALDH1 expression is associated 
with chemo resistance and cancer stem cell 
survival [63]. The expression of ALDH1 plays an 
important role in formation of cancer stem cells 
and epithelial to mesenchymal transition [64]. 
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Our study show that STL induces the cell death 
of PCSC by significant down regulation of 
ALDH1 expression. 

Western blot analysis also revealed that activa-
tion of cleaved caspase3 following STL treat-
ment. From our earlier reports, activation of 
caspase cascade was observed during apopto-
sis. TCTP plays an important role in tumor pro-
gression and metastasis. It is also known to 
induce epithelial to mesenchymal transition 
(EMT) in lung cancer models. TCTP knock down 
have been shown to impair the tumor progres-
sion and metastasis [34, 36]. Previously we 
have shown that silencing TCTP expression 
using siRNA in LNCaP prostate cancer cells 
leads to apoptotic cell death [67]. A follow up 
study has shown that knock down of TCTP by 
antisense oligonucleotides also results in apop-
tosis of prostate cancer cells [68]. Our western 
blot analysis revealed that STL significantly 
down regulates the expression levels of phos-
pho and total TCTP, which is correlated with the 
previous findings of STL in melanoma treat-
ment [34, 36]. The overall anti-PCSC targeting 
mechanisms of STL is summarized in Figure 
10. Our results suggests that TCTP is an effec-
tive therapeutic target for treating PCa by tar-
geting PCSC with STL. 

In conclusion, our results demonstrate that STL 
effectively targets PCSC by inducing oxidative 
stress and promoting cell death via dual activa-
tion of apoptosis and autophagy process. In 
particular, STL down regulating the expression 
of stem cell markers, EMT markers and anti-
apoptotic proteins including TCTP appears to 
be the underlying mechanism of STL in target-
ing PCSC. Further preclinical investigations are 
essential in order to characterize the potential 
usefulness of STL in treating PCa patients. 
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