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1 | INTRODUCTION

Abstract

Retinoids are vitamin A derivatives that regulate crucial biological processes such as
cellular proliferation, apoptosis, and differentiation. The use of natural retinoids in
cancer therapy is limited due to their toxicity and the acquired resistance by cancer
cells. Therefore, synthetic retinoids were developed, such as the atypical adamantyl
retinoid ST1926 that provides enhanced bioavailability and reduced toxicity. We have
assessed the in vitro and in vivo antitumor properties and mechanism of action of
ST1926 in targeting cancer stem-like cells population of human prostate cancer (PCa)
cell lines, DU145 and PC3, and mouse PCa cell lines, PLum-AD and PLum-Al. We
demonstrated that ST1926 substantially reduced proliferation of PCa cells and
induced cell cycle arrest, p53-independent apoptosis, and early DNA damage. It also
decreased migration and invasion of PCa cells and significantly reduced prostate
spheres formation ability in vitro denoting sufficient eradication of the self-renewal
ability of the highly androgen-resistant cancer stem cells. Importantly, ST1926
potently inhibited PCa tumor growth and progression in vivo. Our results highlight

the potential of ST1926 in PCa therapy and warrant its clinical development.
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or chemotherapy in progressive disease.® To date, with all the new

therapies that are being implemented to alleviate the symptoms of

Prostate cancer (PCa) is the second leading cause of cancer-related
deaths among males worldwide.! Most PCa tumors are relatively slow
growing, whereas about 10% progress rapidly from androgen-
dependent state to androgen-independent aggressive castration-
resistant PCa (CRPC).2 CRPC cells become refractory to androgen-
deprivation therapy, which results in patients' mortality.>* Treatment
options for PCa vary between hormonal therapy and surgical
interventions in clinically organ-confined tumor, and radiation therapy

Samman, Monzer, and Hadadeh have contributed equally to this work.

patients and prolong their lives, there are still no curative treatments
for CRPC. It is, therefore, crucial to develop novel effective therapies
for this aggressive cancer.

Emerging evidence demonstrates that tumors with somatic
mutations, including PCa, involve a small subset of stem-like cells,
called cancer stem cells (CSCs), capable of self-renewal, differentia-
tion, and initiation of tumors.® Discovery of these CSCs has provided
a new insight into prostate carcinogenesis where this highly resistant
cell population accounts for uncontrolled growth, relapse, and
metastasis.”
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Retinoids are natural vitamin A metabolites or synthetic analogs
with vitamin A activities. They have been extensively used in the
treatment of different types of cancers,® including PCa.? Retinoids
play crucial roles in several biological processes including organogen-
esis, cell growth arrest, differentiation, and apoptosis.’® Natural
retinoids include B-carotene, 9-cis retinoic acid, retinol, retinal, and
the most abundant metabolite all-trans retinoic acid (ATRA).}
Nonetheless, natural retinoids induce adverse effects, including
teratogenicity and tumor resistance and relapse, increase in serum
triglycerides, mucocutaneous cytotoxicity, and bone toxicity.!?

Synthetic retinoids are more specific, potent, and less toxic than
natural ones. Although the exact mechanism of action of synthetic
retinoids is not fully understood, their antiproliferative and
proapoptotic effects are attributed to their ability to induce both
receptor-dependent and -independent mechanisms. Promising
synthetic retinoids with antineoplastic activities include N-(4-hydro-
xyphenyl) retinamide (4HPR),*? 6-[3-(1-adamantyl)-4-hydroxyphenyl]-
2-naphthalene carboxylic acid (CD437),*® and ST1926; an analog of
CD437.142°

Orally administered ST1926, has potent antitumor effects on
both solid tumors and hematological malignancies.! 182122 e
investigated ST1926 mode of action in PCa in vitro and in vivo
models and assessed its effect in targeting an enriched population of
PCa stem-like/progenitor cells. This study's novelty resides in
exploring the effects of ST1926 on cancer stem-like cells, in

particular androgen-resistant PCa.

2 | MATERIALS AND METHODS

2.1 | Cell culture and treatment protocols

DU145 and PC3 PCa cell lines (ATCC) were cultured and maintained
in RPMI-1640 AQ medium (Sigma-Aldrich) supplemented with 10%
heat-inactivated fetal bovine serum (FBS; Sigma-Aldrich), 1%
penicillin/streptomycin (Sigma-Aldrich), and 5 pg/mL Plasmocin Pro-
phylactic (InvivoGen). Mouse PLum-AD (androgen-dependent) and
PLum-Al (androgen-independent) PCa cells, that were established in
our laboratory,* were cultured in PrEGM medium (Lonza) with
supplements.* Cells were incubated at 37°C in a humidified incubator
containing 5% CO,. ST1926 was kindly provided from Biogem
Institute (Ariano Irpino, Italy) and ATRA was purchased from Sigma.
ST1926 and ATRA were reconstituted in 0.1% dimethylsulfoxide
(DMSO) at a concentration of 1x 1072M and 3.3x 1072 M, respec-

tively, and stored in amber tubes at -80°C.

2.2 | Cell proliferation assays

The in vitro antiproliferative effects of ST1926 and ATRA were
assessed using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide) assay.?® 5 x 10% PCa cells were plated in 96-well
culture plates and were incubated overnight then treated in
triplicates with 0.1% DMSO or different concentrations of ST1926
and ATRA for 24, 48, and 72 hours. For each time point, 10 uL of
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5mg/mL (in 1x phosphate-buffered saline [PBS]) MTT reagent was
added to each well and incubated at 37°C for 4 hours, after which
100 uL of solubilizing solution was added. Finally, after overnight
incubation, the reduced MTT optical density was measured at a
wavelength of 595 nm using an ELISA reader (Multiskan EX). The
percentage of cell proliferation was expressed as percentage growth
relative to control wells and treated wells at indicated concentrations
and are derived from the mean of triplicates wells.

2.3 | Cell viability assay

Cells were seeded in triplicates in 6-well plates at a density of 4 x 10%
cells per well. Cells were then cultured and treated with predeter-
mined concentrations of ST1926 and ATRA up to 48 hours. Viable
cells were collected and counted using trypan blue dye exclusion

method.?*

Cell viability was expressed as percentage growth relative
to media alone (control wells) and treated wells at the indicated
concentrations. The data are derived from the mean of triplicates

wells.

2.4 | Migration assay

The ability of DU145 and PC3 to migrate was assessed using the
scratch/wound healing assay.?> Cells were seeded in 12-well plates
and incubated until 80% to 90% confluent. Cells were then treated
with 10 mg/mL of Mitomycin C (Sigma-Aldrich) for 2 hours to block
cellular proliferation and ensure that the effect of wound closure is
due to cell migration and not to cell proliferation.?> Using a 200 uL
micropipette plastic tip, a uniform scratch was made down the center
of the well. Detached cells were removed by washing with PBS and
the remaining attached cells were cultured in complete media with or
without treatment. Cell migration into the scratch area was assessed
at O, 24, and 48 hours. The distance traveled by the cells into the
wounded area was computed from the closure of the wounds.
Quantification of the distance of the wound closure was assessed
over time and results were expressed as the percentage of the
wound closure upon treatment compared with the control condition.

2.5 | Invasion assay

Twenty-four-well inserts (pore size 8 um; Falcon) were freshly
coated with 1:10 dilution of Matrigel (BD Bioscience), air-dried
overnight and seeded with 2.5 x 10° of DU145 and PC3 cells in a
serum-free medium with or without treatment in the top chamber.
Media supplemented with 5% FBS was used as a chemoattractant in
the lower chamber. Cells were allowed to migrate through the
membrane at 37°C in a 5% CO, incubator for 48 hours. Nonmi-
gratory cells in the upper chamber were gently scraped off with a
cotton-tip applicator. Invading cells on the lower surface of the
membrane were fixed and stained with hematoxylin and eosin. The
total number of invading cells was counted under the light
microscope (x10 objective) from six consecutive fields for each well.

Cell invasion was expressed as the percentage of invaded cells in the
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absence and presence of treatment. The transwell invasion assay is a
well-established technique to model cancer cells invasion in vitro by
assessing the ability of cells to sense a particular chemoattractant
(FBS) and invade through a physical barrier, on which a layer of
extracellular matrix (ECM) (Matrigel) is added. This assay mimics the
process of ECM invasion and extravasation.?®

2.6 | Cell cycle analysis

DU145 and PC3 cells were seeded at a density of 6 x 10> cells/100 mm
cell culture dish allowed to adhere overnight and treated with
test agents for 24 and 48 hours. Cells were then harvested, fixed
with cold ethanol and stored at -20°C until used. Fixed cells
were treated for 1 hour with 200 pug/mL DNase-free RNase A and
incubated with 1 mg/mL propidium iodide (PI; Sigma-Aldrich)
for 10minutes in the dark in a flow tube (BD Falcon).
Fluorescence of Pl was determined using flow cytometry
(FACScan; Becton Dickinson). A total of 10 000 events were
acquired to assess the different stages of the cell cycle. Cell cycle
phase distribution was determined using the FACSDiva software

(Becton Dickinson).

2.7 | Terminal deoxynucleotidyl transferase dUTP
nick end labeling/cell apoptosis assay

For the in vitro experiments, DU145 and PC3 cells were seeded at a
density of 6x 10° cells/100 mm cell culture dish and treated with
1 pmol/L ST1926. At 24 and 48 hours, cells were fixed with 4%
formaldehyde for 30 minutes. Cells were then incubated with
permeabilization solution (0.1% Triton X-100 in 0.1% sodium- citrate)
on ice for 2 minutes. Subsequently, only the positive control cells
were incubated in 20 pl of 1 mg/mL DNase for 30 minutes at room
temperature. Pellets were resuspended and incubated for one hour
at 37°C in an incubator in the dark in terminal deoxynucleotidyl
transferase dUTP nick end labeling (1TUNEL) reagents (Roche
Diagnostics) according to the manufacturer's instructions: 50 uL of
labeling solution for negative control, and 50 uL of TUNEL reaction
mixture for the other samples (TUNEL reaction mixture: 50 ulL
enzyme+450 uL labeling solution). Cells were then washed and
transferred into polystyrene falcon round-bottom tubes for flow
cytometry analysis. Ten thousand cells were analyzed using
FACSAria SORP flow cytometry with the excitation wavelength set
at 470 to 490 nm and the emission wavelength at 505 nm.

The TUNEL assay was also performed to detect apoptotic cell
death in the subcutaneous tumor tissues by fluorescence microscopy,
using the in situ cell death detection kit, fluorescein (Roche Applied
Science, Mannheim, Germany), following the manufacturer's instruc-
tions. In brief, tissue sections were deparaffinized, pretreated with
20 pg/mL proteinase K (Sigma-Aldrich) for 30 minutes at 37°C for
permeabilization, and slides were overlaid with 100 uL of TUNEL
reaction mixture, according to the manufacturer's instructions, and
incubated for 1 hour at 37°C. Slides were then washed in PBS, and

coverslips were mounted with the anti-fade Fluoro-gel 1l with

4’ 6-diamidino-2-phenylindole (DAPI; Electron Microscopy Sciences,
PA). Confocal microscopic analyses were performed using the Carl
Zeiss LSM 710 laser scanning confocal microscope, and images were
acquired and analyzed using the Carl Zeiss ZEN 2012 image
software.

2.8 | Western blot analysis

DU145 and PC3 cells were cultured in 6-well plates (5 x 10° cells/well)
until they reached 70% confluency. Three wells were then treated
with ST1926 (1 umol/L) for 48 hours, while the remaining wells
were taken as control. The plates were washed with PBS and
proteins were then extracted with Laemmli sample buffer (Bio-Rad).
Equal amounts of extracts were electrophoresed in 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and then trans-
ferred into nitrocellulose membranes. Membranes were blocked for
1.5 hours with fat-free milk 5%, washed and blotted with primary
antibodies overnight at 4°C. The next day, membranes were washed
and blotted with the appropriate secondary antibodies for 2 hours
and exposed using Luminol reagent (Santa Cruz Biotechnology, CA).
The following antibodies were used: anti-p53, anti-PARP, anti-
YH2AX. Membranes were also probed with GAPDH for assessment
of equal protein loading. Anti-p53 and anti-PARP antibodies were
purchased from Cell Signaling and anti-yH2AX antibody from Santa
Cruz Biotechnology.

2.9 | Three-dimensional culture and
sphere-formation assay

This assay was performed according to the protocol previously
described by our laboratory.26=%° Two thousand cells/well of 24-well
plates were suspended in cold growth factor-reduced Matrigel/serum-
free medium (1:1) in a total volume of 50 uL. PC3 and DU 145 cells were
seeded uniformly in a circular manner around the bottom rim of the
well and allowed to solidify in the incubator at 37°C for 1 hour.
Subsequently, 0.5 mL of low-serum media treated with ST1926 or with
control DMSO were added gently in the middle of each well. Spheres
were replenished with warm media every other day. Spheres were
counted after 10 to 13 days. To propagate spheres, the medium
was aspirated and Matrigel was digested with 0.5 mL dispase solution
1 mg/mL (Invitrogen), dissolved in serum-free medium for 60 minutes at
37°C. Spheres were then collected, incubated in 1 mL warm Trypsin/
ethylenediaminetetraacetic acid at 37°C for 5 minutes, and then passed
through a 20, 25, and 27-gauge syringes three times consecutively. Cells
were counted using a hemocytometer and reseeded as described above.
Spheres were propagated for five generations in the presence or
absence of ST1926, and the sphere-formation unit (SFU) was calculated
for each generation as follows: SFU = (number of spheres formed/
number of cells plated) x 100. Results are represented as a percentage
of the SFU of the treated spheres compared with the untreated ones.
The average diameter of spheres was calculated for each generation
(average of 30 spheres per condition). Zeiss Axiovert microscope was

used for the acquisition of bright-field images.
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2.10 | Mouse PCa xenografts

This study was approved by the Institutional Animal Care and
Utilization Committee (IACUC) of the American University of Beirut
(IACUC Approval #16-09-383). PCa xenografts were generated
using mouse PCa cell lines, PLum-AD and PLum-Al, by injecting
1.2 x 10° cells, in 100 uL total volume of cells and Matrigel (1:1) using a
27 G needle subcutaneously, into the flanks of NOD-SCID male
mice (8-10 weeks old).* After the detection of a palpable tumor
(approximate size 1 mm?3), mice were Intraperitoneally injected three
times a week for 4 weeks with 20mg/kg ST1926 or vehicle only
(cremophor/ethanol). Mice weight was monitored at the initiation of the
experiment and at the time of sacrifice. Tumor volumes were measured
weekly upon detection of the palpable tumors by direct physical
measurements using a digital caliper (Model DC150-S) to determine
tumor size and expansion. The following formula was applied:

V= (L x W x W)/2; where V is the tumor volume in mm?, L is the
tumor length in mm, and W is the tumor width in mm. Measurements
were carried out until the termination of the experiment. Data
represent an average of n = 3 mice per cell line. The data are reported

as mean + SEM.

2.11 | Immunofluorescence staining

Subcutaneous tumor tissues were harvested and fixed in 4%
paraformaldehyde overnight, embedded in paraffin the next day,
and sectioned. Tissue sections were deparaffinized and immunos-
tained with primary antibodies: mouse monoclonal anti-Ki67 (1/200
dilution; Santa Cruz Biotechnology), mouse monoclonal anti-CD44
(1/100 dilution; Santa Cruz Biotechnology), rat monoclonal anti-
CDA49f (1/50 dilution; BD Pharmingen), mouse monoclonal anti-CK8
(1/200 dilution; BiolLegend), rabbit polyclonal anti-CK14 (1/200
dilution; Santa Cruz Biotechnology), and rabbit monoclonal anti-
cleaved caspase 3 (1/400 dilution; Cell Signaling). On the second day,
secondary antibodies were added for 2 hours at room temperature:
Alexa 568 goat anti-rat (Thermo Fisher Scientific), Alexa 568 goat
anti-mouse (Life Technologies), Alexa 488 goat antirabbit (Life
Technologies), and Alexa 488 goat antimouse (Invitrogen). All
secondary Alexa Fluor antibodies were used at 1/100 dilution. Slides
were mounted with the anti-fade Fluoro-gel Il with DAPI (Electron
Microscopy Sciences, PA). Confocal microscopic analyses were
performed using the Carl Zeiss LSM 710 laser scanning confocal
microscope, and images were acquired and analyzed using the Carl
Zeiss ZEN 2012 image software.

2.12 | Data analyses

Statistical analysis was performed using the GraphPad Prism 6
analysis software. The significance of the data was analyzed using
the Student t test, one-way analysis of variance (ANOVA) followed by
the Tukey's Multiple comparison test, or two-way ANOVA followed
by the Bonferroni's Multiple comparison test. P values of P < 0.05 (*),
P<0.01 (**), and P<0.001 (***) were considered significant.

Ca
3 | RESULTS

3.1 | ST1926 inhibits ATRA-resistant PCa cell
proliferation

To assess the effects of ST1926 vs ATRA on the proliferation of the
human and mouse PCa cells in vitro, we used the MTT assay (Figure 1).
The growth of human PCa cells, DU145 and PC3, and mouse PCa cells,
PLum-AD and PLum-Al, was not altered even in the presence of
suprapharmacological ATRA concentrations (10 umol/L) (Figure 1B).
However, a significant decrease in PCa cell proliferation of all tested cells
was detected at pharmacologically achievable pmol/L concentrations of
ST1926 (Figure 1A). The antiproliferative effect of ST1926 on mouse
PLum-AD and PLum-Al PCa cells, which represent primary and advanced
PCa cells, respectively,* and on human PC3 and DU145 cells representing
androgen-independent PCa, showed potent reduction in the proliferation
rate in the presence of sub-umol/L ST1926 concentrations (Figure 1A).
The effect of ST1926 on the viability of the human and mouse PCa cell
lines was further confirmed using trypan blue exclusion method, where
similar trends were observed (Figure S1). Based on both MTT and trypan
blue results, 1 pmol/L concentration of ST1926 was estimated to
represent the IC50 of ST1926 on all four PCa cell lines at 48 hours

posttreatment, and hence it was adapted in subsequent experiments.®

3.2 | ST1926 attenuates PCa cell invasion and
migration

Tumor invasion and metastasis are hallmarks of cancer progression. We
evaluated the effect of ST1926 on human PCa cell migration and
invasion using scratch and transwell cell invasion assays, respectively.
We showed that treatment with 1 pmol/L of ST1926 significantly
suppressed cell migration ability of DU145 cells (Figure 2A and 2C) and
PC3 cells (Figure 2B and 2D) compared with the control cells. ST1926-
treated DU145 and PC3 cells for 48 hours fail to close the scratch by
43% and 57%, respectively, while almost complete closure was attained
in the control conditions. This suggests that ST1926 results in a potent
inhibitory effect on PCa cell migration. In addition, ST1926 manifested a
significant inhibitory ability on PCa cells invasion, which was clearly
reduced reaching a value of less than threefold (916 and 530 invading
cells for DU145 and PC3 cells, respectively) compared with the
control conditions (2757 and 2611 invading cells for DU145 and PC3
cells, respectively) upon treatment with 1 pmol/L ST1926 at 48 hours
(Figure 2E and 2F).

3.3 | ST1926 induces the S phase arrest and
sub-G1 accumulation

Next, we evaluated whether ST1926 treatment induces cell cycle arrest
of PCa cells via DNA-content analysis of DU145 and PC3 cells using flow
cytometry (Figure 3). Our results indicate that upon treatment with
1 pmol/L ST1926, the percentage of DU145 and PC3 cells in the sub-G,
phase significantly increased reaching approximately 30% to 40% of total
cells at 48 hours. We also noted major the S phase arrest upon treatment
of both human cell lines with 1 pmol/L ST1926 for 24 and 48 hours
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FIGURE 1 ST1926 potently inhibits the proliferation of ATRA-resistant prostate cancer cell lines. The two human prostate cancer cell lines,
DU145 and PC3, and the two mouse prostate cancer cell lines, PLum-AD and PLum-Al, were incubated for 24, 48, and 72 hours without

treatment (control [media alone] or vehicle [0.1% DMSQYJ), with the indicated concentrations of ST1926 (A) or ATRA (B). Cell proliferation was
determined in triplicates using the MTT cell proliferation assay. Results are expressed as a percentage of the treated group compared with its
control. Data represent an average of three independent experiments and are reported as mean + SEM (P < 0.001; One-way ANOVA; **P < 0.01;
***Pp < 0.001; different treatment concentrations compared with control, Tukey's multiple comparison test). ANOVA, analysis of variance; ATRA,

all-trans RA; DMSO, dimethylsulfoxide; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

(Figure 3A and 3B). Treatment with ST1926 for 24 hours induced an
S phase increase by 39% and 18% in DU145 and PC3, respectively
(P=0.16 for DU145; P=0.295 for PC3), and by 64% and 34% at
48 hours in DU145 and PC3 cells, respectively (P=0.325 for DU145;
P =0.193 for PC3). These results are in agreement with previous reports

34 |
DNA damage

ST1926 induces apoptosis and early

ST1926 treatment resulted in the accumulation of PCa cells in the

sub-G; phase, which presumably indicates apoptotic cells. We sought

to decipher the mechanism by which this drug induces cell death.

demonstrating that ST1926 treatment induces the S phase arrest among

different solid and hematological malignant cells.

14-20,31

To confirm apoptosis induction by treatment with ST1926, we
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FIGURE 2 ST1926 reduces the migratory and invasive potential of prostate cancer cells. A scratch was made in a 12-well plate of confluent
DU145 and PC3 cells using a 200 uL tip, and images were taken at T =0, 24, and 48 hours with the indicated ST1926 concentration or control
(0.1% DMSO) (A and B), and quantification of the distance of the wound closure was assessed over time (C and D). Red arrows indicate
closure of wound. Results are expressed as a percentage of each group compared with its condition at T =0 hours. Data represent an average of
three independent experiments and are reported as mean + SEM (*P < 0.05; treatment compared with control, t test). Scale = 100 pm.

(E) Representative images of Matrigel invasion assay (x10 magnification in both). (F) DU145 and PC3 cells were plated onto the Matrigel-coated
membrane in the top chamber of the transwell and were treated with the indicated concentration of ST1926 or control (0.1% DMSO) in the
presence of 5% FBS in the lower chamber (invaded cells were counted in six random fields under the microscope x10 magnification in both).
Cells invaded to the lower chamber after 48 hours post-ST1926 treatment were fixed with methanol, stained with H&E and counted in six
random fields. Data represent an average of three independent experiments of the total number of invaded cells compared with the control
cells treated with 0.1% DMSO. The data are reported as mean + SEM (***P < 0.001; treatment compared with control, t test). DMSO,
dimethylsulfoxide; FBS, fetal bovine serum; H&E, hematoxylin and eosin [Color figure can be viewed at wileyonlinelibrary.com]

performed the TUNEL assay that detects DNA cleavage through Drug resistance in PCa is attributed in some cases to

binding to the free 3’-OH ends. In DU145, the percentage of TUNEL-
positive cells significantly increased from 2% to 18% upon treatment

alterations in the regulators of apoptosis, mainly caspases which
are considered the central mediators of cell death.®? Our results

for 24 hours and from 4% to 40% upon treatment for 48 hours showed that ST1926-induced apoptosis resulted in caspase

(Figure 4A). In PC3 cells, ST1926-induced apoptosis was apparent
after 72 hours of treatment, where the percentage of TUNEL-positive
cells significantly increased from 9% to 30% in the treated cells
(Figure 4B).

activation. This was evident by the cleavage of the caspase
substrate PARP (113 kD) into its death-associated fragment
(89 kD; Figure 5A). PARP cleavage was detected as early as
24 hours posttreatment with 1 pmol/L ST1926. Knowing that PC3
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is a p53-negative cell line,®® our results indicate that ST1926
induced p53-independent apoptosis in both DU145 (mutated
p53) and PC3 (p53-null) cells (Figure 5B). Finally, DNA damage-
induced apoptosis is known to play an important role in
tumorigenesis and resistance of cancer cells to a variety of
therapeutic agents.®* Accordingly, we observed that ST1926 acts
as a potent inducer of early DNA damage since yH2AX levels
were markedly upregulated as early as 2hours in both PCa
treated cells (Figure 5C).

3.5 | ST1926 inhibits sphere formation in an
enriched population of PCa stem-like/progenitor cells

The ability to grow as nonadherent spheroids has been widely
used to assess the self-renewal capability of CSCs.*?7%° To
evaluate the ability of ST1926 effect on this population, we
subjected DU145 and PC3 cells to sphere formation assay in
the absence or presence of increasing concentrations of this drug.
We cultured the cells for 11 days in three dimensional (3D)
nonadherent Matrigel-based conditions. PC3 and DU145 cells
formed spheres in untreated conditions (SFU of around 9% to 12%
for both DU145 and PC3 cells), while a major reduction in SFU
was observed upon treatment with increasing concentrations of
ST1926 (Figure 6A and 6B). Importantly this inhibition was
evident at a concentration as low as 0.01 umol/L, where SFU
significantly decreased by around 50% for both cell lines at
generation 1 (G1). This low ST1926 concentration used in the 3D
spheres assay is 100-folds less than the concentration adapted in

2D assays (Figure 6B). Consequently, formed spheres were

propagated over five generations with successive treatment with
0.01 pmol/L ST1926. Interestingly, our results demonstrated
further inhibition in the SFU of G1 to G5 spheres, reaching
approximately 0.9% in DU145 spheres and 1.3% in PC3 spheres,
suggesting an additive effect over five generations (Figure 6C).
Moreover, almost 50% decrease in the size of formed spheres was
obtained after ST1926 treatment at G1 compared with the
untreated conditions, which was maintained with no further
decrease over the five generations (Figure 6D). These results
indicate a pronounced additive effect of the drug on the SFU, with
repetitive treatment over the five generations.

3.6 | ST1926 inhibits prostate tumor growth in vivo

We assessed the potential effect of ST1926 on tumor growth in
vivo, we injected NOD-SCID mice with PLum-AD and PLum-Al
cells subcutaneously to generate PCa xenografts. We used mouse
PCa cell lines since human PCa cell lines do not propagate easily
in xenograft mouse models.®> The average weight of mice was
maintained within a normal range during the study of both
xenografted cell lines, indicating that ST1926 treatment was well
tolerated (Figure 7A). Treatment with ST1926 resulted in
significant inhibition of tumor progression in PLum-AD and
PLum-Al (Figure 7B) injected mice. Interestingly, ST1926 treat-
ment not only inhibited tumor growth but also significantly
reduced the initial size of tumors after 6 weeks of treatment
(Figure 7B). These results indicate that ST1926 significantly
reduces androgen-dependent and -independent prostate tumor

cell growth in xenograft mouse models.
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FIGURE 4 ST1926 induces apoptosis
by TUNEL assay in DU145 and PC3 cells.
DU145 cells (A) were treated with

1 pmol/L ST1926 for 24 hours and

48 hours. PC3 cells (B) were treated with
1 pmol/L ST1926 for 24, 48, and 72 hours.
Control cells were treated with 0.1%
DMSO. TUNEL analysis of prostate cancer
cells treated with 0.1% DMSO (control) or
1 umol/L ST1926 up to 48 or 72 hours.
Histograms are representative of two
independent experiments and numbers
indicate the percentage of TUNEL-positive
cells. DMSO, dimethylsulfoxide; TUNEL,
terminal deoxynucleotidyl transferase
dUTP nick end labeling
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FIGURE 5 ST1926 treatment of prostate cancer cells induces
apoptosis and early DNA damage. DU145 and PC3 cells were
treated with 1 umol/L ST1926 for 24 hours (A), or the indicated time
points (B and C). Whole SDS lysates (50 ug/mL) were prepared and
immunoblotted against the PARP antibody (A), p53 antibody (B), and
YH2AX antibody (C). Bands were detected by enhanced
chemiluminescence (ECL) using the ChemiDoc MP Imaging System.
Cropped images of single blots are shown. A representative blot of
three independent experiment is represented. SDS, sodium dodecyl
sulfate

3.7 | Immunofluorescence examination of
subcutaneously transplanted tumors initiated from
PLum-AD and PLum-Al cells upon ST1926 treatment

To further assess the effect of ST1926 on PLum-AD and PLum-Al
tumor growth, sections of the primary mass of the tumor were
subjected to immunofluorescence analysis of Kié7 expression to
study the proliferative index. Our data revealed that Ki67 expression
was significantly reduced in both PLum-AD and PLum-Al tumors
when mice were treated with ST1926 (Figure 7C and Figure S2).
Besides, sections were immunostained for prostate lineage epithelial
markers CK8 (luminal prostate cell marker) and CK14 (basal prostate
cell marker) (Figure S2), as well as CD49f and CD44 cancer stem cell
markers (Figure S3), cleaved caspase 3 (C-caspase 3) apoptotic
marker, and TUNEL staining (Figure S4), revealing reduction in
lineage epithelial markers and stemness expression and increase in

apoptosis upon ST1926 treatment.

4 | DISCUSSION

Vitamin A and its derivatives (retinoids) exert a wide range of effects
on development, cell growth, differentiation, and apoptosis.'®
Retinoids have been widely investigated as potent anticancer agents

and are used in the treatment of various cancer types, particularly

leukemia and several solid tumors.3® However, cancer cells can
develop resistance to the natural retinoids,®” which prompted the
development of new synthetic retinoids with a more specific and less
toxic mechanism of actions than the natural ones.*®> One of the
promising synthetic retinoids with antineoplastic activities, increased
bioavailability, and reduced toxicity is the adamantyl retinoid
ST1926.14-1821.22

Based on the favorable antineoplastic properties of ST1926,1°-2°
we studied its antitumor properties and mechanism of action in PCa
2D and 3D in vitro, and in vivo models. Previous studies have shown
that retinoids inhibit 5a-reductase, an enzyme that is involved in
steroid metabolism.®3° Nevertheless, cancer growth inhibition by
retinoids was not exclusive to androgen-dependent PCa cells,*° but
also involved androgen-independent cells.** This study presents
novel data that elucidate the functions and mechanisms of ST1926 in
PCa, particularly in androgen-resistant PCa.

Cell proliferation assays showed that both human (DU145 and
PC3) and mice (PLum-AD and PLum-Al) PCa cells were resistant to
ATRA even at suprapharmacological concentrations. On the contrary,
all tested cell lines were sensitive to ST1926 at pharmacologically
achievable concentrations. We also evaluated the effects of ST1926
on two major steps in cancer metastasis; invasion and migration. A
significant decrease was observed in the ability of metastatic PCa
cells to invade the artificial basement membrane (Matrigel) and to
migrate. This suggests that ST1926 might have an inhibitory effect on
metastatic dissemination and consequently tumorigenicity of PCa
cells.

To assess whether ST1926 induces cell cycle arrest of PCa cells,
we performed cell cycle analysis. Our results revealed a high
percentage of cells accumulating in the presumably proapoptotic
sub-G, phase in PCa cell lines and the S phase cell cycle arrest upon
ST1926 treatment. Moreover, ST1926 induced massive DNA
fragmentation in DU145 and in PC3 cells. We have recently shown
that apoptosis caused by ST1926 is partially caspase-dependent in
T-cell leukemia/lymphoma and in chronic myeloid leukemia-treated
cells.*®” QOur results show that ST1926 treatment of PCa cell lines
resulted in PARP cleavage, suggesting a caspase-dependent mechan-
ism of cell death.

ST1926-induced apoptosis may be mediated through p53-
dependent or -independent pathways.'®?%?1 We have shown that
ST1926-induced cell death is p53-independent in the tested PCa cells
as this drug-induced apoptosis in DU145 cells with mutated p53,*?
and in PC3 cells with null p53 status.*® Previous studies have
demonstrated the involvement of DNA damage in ST1926-induced
cell death, and that its loss is related to the development of ST1926
resistance in lung cancer,** in acute myeloid leukemia cells,* and in
colorectal cancer.® Therefore, we evaluated the expression of
YH2AX, the marker of DNA double-strand breaks.*® We observed
that ST1926 induced early upregulation in yH2AX levels in PCa cells;
clearly emphasizing that ST1926 is a potent inducer of DNA damage
in this type of tumor cells. Recently, we have shown that ST1926
reduced DNA polymerase a (POLA1) activity and expression in

colorectal cancer cells.*? Retinoids also promote apoptosis of PCa
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FIGURE 6 ST1926 reduces the sphere forming ability of prostate cancer cells. A, Representative bright-field images of DU145 and PC3 prostate
spheres with or without ST1926 treatment at the indicated concentrations for 11 days. Images were visualized by the Axiovert inverted microscope
at 10x magnification and analyzed by the Carl Zeiss Zen 2012 image software. Scale = 100 um. B, Increasing the concentrations of ST1926 treatment
on DU145 and PC3 prostate spheres, cultured in Matrigel, led to a similar decrease in the number of sphere-forming units (SFU) in both cell lines. The
generated spheres are referred to as G1 (Generation 1) spheres. Results are expressed as SFU which is calculated according to the following formula:
SFU = (number of spheres counted x number of input cells) x 100. Data represent an average of three independent experiments. The data are
reported as mean + SEM (P < 0.05; one-way ANOVA; **P < 0.01; ***P < 0.001; different treatment concentrations compared with control, Tukey's
multiple comparison test). C, SFU obtained from serially passaged DU145 and PC3 prostate spheres over five generations (G1-G5) is shown under
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49-51

cells by activating the tumor suppressor gene, Rb, and hindering It was hypothesized that CSCs are

47,48

therapeutic targets.

androgen receptor proteins. capable of surviving chemotherapy or any other conventional cancer

CSCs, also known as tumor-initiating cells, were experimentally
confirmed in numerous human tumors and recognized as novel

therapy by their ability to re-enter the cell cycle and to produce
highly proliferative and rapidly dividing progenitor cells.>2 These
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FIGURE 7 ST1926 treatment drastically reduces tumor burden in xenograft mouse models. 1.2 x 10° PLum-AD and PLum-Al cells

were subcutaneously transplanted in 10- to 12-weeks-old NOD-SCID mice. A, Average weight of mice at the initiation of experiment and at
sacrifice was recorded. B, Tumor size measurements were initiated upon the detection of a palpable tumor post-cell injection. Tumor size and
volume were determined by direct physical measurements of the tumors at the primary site of injection, once per week, until the termination of
the experiment. The following general formula was applied: V = (L x W x W)/2; where V is the tumor volume in mm?3, L is the tumor length in mm,
and W is the tumor width in mm. Data represent an average of n =3 mice per xenografted cell line. The data are reported as mean + SEM
(***P < 0.001; treatment compared with control at each time point, t test). C, Quantitative analysis of nuclear Kié7 staining of the mouse
PLum-AD and PLum-Al xenograft cross sections treated or untreated with ST1926, showing a significant decrease in Ki67 expression from 44%
to 32% in PLum-AD, and from 55% to 27% in PLum-Al, upon treatment with ST1926 compared with control. Quantification analysis of
Ki67 staining was performed by counting cells from 5 randomly selected fields per condition (n = 3), and data was reported as percentage
of Ki67 positive cells/total number of cells + SEM (***P < 0.001; treatment compared with control at each time point, t test)

tumor-initiating cells might be one of the limiting agents in curing
human malignancies. Therefore, recent efforts are being directed
towards targeting CSCs.>® We evaluated the ability of ST1926 to
target this sub-population of stem/progenitor cells, in DU145 and
PC3 cells, using a 3D sphere formation assay.*?3° |nterestingly, a
recent study elucidated the role of retinoic acid, one of the products
of ALDH isozymes, and other vitamin A derivatives such as ATRA, in
suppressing ALDH activity among CSCs.>* We showed that treat-
ment with ST1926 at a concentration as low as 0.01 pmol/L inhibited
drastically the SFU as well as the sphere size over five generations.
This suggests that ST1926 might be exerting its therapeutic effect
through targeting the resistant CSCs' main characteristics which is

the self-renewal ability, thus eradicating the whole tumor and
preventing recurrence. Consistent with the in vitro data, PCa cells
treated with ST1926 in vivo, drastically reduced the tumorigenic
potential and proliferation of tumor cells, as well as expression of
cancer stem cell markers in those cells.

In summary, we demonstrated that ST1926 inhibited key steps of
PCa tumorigenesis, including cell growth, proliferation, migration,
invasion, and induction of p53-independent apoptosis via early DNA
damage. ST1926 was also shown to target PCa stem-like cells, in a
time- and dose-dependent manner, at low sub-pmol/L concentra-
tions, and to inhibit in vivo tumor growth of both androgen-
dependent and -independent PCa cells. Our findings indicate that
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ST1926 is a potent candidate drug in the treatment of PCa. This
underscores the need for future studies to address the effect of
ST1926 on cancer progression and for the development of new
therapeutic strategies for PCa that involve the use of ST1926 alone
or in combination with other agents.
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