Bzl SPANDIDOS
7] ,§, PUBLICATIONS

MOLECULAR MEDICINE REPORTS 27: 52, 2023

STEAPI1 regulation and its influence modulating
the response of LNCaP prostate cancer cells to
bicalutamide, enzalutamide and apalutamide

SANDRA M. ROCHA'!, DANIEL NASCIMENTO'!, ANA MARGARIDA CARDOSO!,
LUIS PASSARINHA !, SILVIA SOCORRO!”" and CLAUDIO J. MAIA'>"

lCICS-UBI-Health Sciences Research Center, University of Beira Interior, 6201-506 Covilha; 2 Associate Laboratory
i4HB-Institute for Health and Bioeconomy; 3UCIBIO-Applied Molecular Biosciences Unit, Department of
Chemistry, NOVA School of Science and Technology, Universidade NOVA de Lisboa, 2819-516 Caparica;
4Laboratério de Farmaco-Toxicologia-UBIMedical, Universidade da Beira Interior, 6201-284 Covilh;
5C4—UBI-Cloud Computing Competence Center, Universidade da Beira Interior, 6200-501 Covilha, Portugal

Received August 23,2022; Accepted October 25, 2022

DOI: 10.3892/mmr.2023.12939

Abstract. Anti-androgen drugs are the standard pharmaco-
logical therapies for treatment of non-metastatic prostate
cancer (PCa). However, the response of PCa cells may depend
on the anti-androgen used and often patients become resistant
to treatment. Thus, studying how the anti-androgen drugs
affect oncogenes expression and action and the identification
of the best strategy for combined therapies are essential to
improve the efficacy of treatments. The Six Transmembrane
Epithelial Antigen of the Prostate 1 (STEAPI) is an oncogene
associated with PCa progression and aggressiveness, although
its relationship with the androgen receptor signaling remains
to be elucidated. The present study aimed to evaluate the effect
of anti-androgens in regulating STEAP1 expression and inves-
tigate whether silencing STEAP1 can make PCa cells more
sensitive to anti-androgen drugs. For this purpose, wild-type
and STEAPI1 knockdown LNCaP cells were exposed to
bicalutamide, enzalutamide and apalutamide. Bicalutamide
decreased the expression of STEAPI, but enzalutamide and
apalutamide increased its expression. However, decreased cell
proliferation and increased apoptosis was observed in response
to all drugs. Overall, the cellular and molecular effects were
similar between LNCaP wild-type and LNCaP-STEAP1
knockdown cells, except for c-myc expression levels, where
a cumulative effect between anti-androgen treatment and
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STEAPI1 knockdown was observed. The effect of STEAP1
knockdown alone or combined with anti-androgens in c-myc
levels is required to be addressed in future studies.

Introduction

Prostate cancer (PCa) is the most frequently diagnosed
neoplasm in men worldwide, affecting 1,276,106 of new cases
in 2018 (1). PCa incidence has been rising in the last decades
due to the increase in population aging, obesity caused by
dietary habits and lifestyle, among other causes (2,3). The
development and progression of PCa is initially dependent on
the stimulatory action of androgens, which validate the use of
therapies reducing the biosynthesis of androgens and/or antag-
onizing the action of androgens through the androgen receptor
(AR) (4). Bicalutamide (second generation) and enzalutamide
and apalutamide (third generation) are anti-androgens that
antagonize the AR activity, inhibiting gene expression associ-
ated with PCa progression and consequently having therapeutic
benefits in PCa (5). However, several patients become resistant
to androgen-deprivation therapy (ADT), giving rise to the
so-called castrate-resistant PCa (6). Clinical trials have inves-
tigated the efficacy of ADT in combination with other drugs,
as strategies for improved management of PCa and slowing
the progression to castrate-resistant stage (7). The identifica-
tion of new therapeutic targets, in combination with the ADT,
remains a fundamental aspect to improve PCa treatment and
to identify novel predictive biomarkers for response to ADT.
The human Six-Transmembrane Epithelial Antigen of the
Prostate 1 (STEAPI) is highly expressed in several types of
cancer, with special emphasis on PCa, where the STEAP1
protein expression levels are 5-10 fold higher compared with
other cancer types (8). The mechanisms underlying the over-
expression of STEAPI in cancer remain poorly explored, but
epigenetic changes associated with increased expression levels
in PCa have been identified in the STEAP1 promoter region (9).
Among non-tumoral tissues, STEAPI is almost restricted
to the epithelial cells of the prostate gland, which makes it a
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promising biomarker and/or therapeutic target for PCa (8,10).
The potential role of STEAPI in cancer progression has been
studied extensively and its oncogenic role emphasized (11-13).
However, the physiological role of STEAP1 and the specific
actions driven the carcinogenic process remain to be eluci-
dated. Nevertheless, the STEAP1 protein seems to act as a
channel for small molecules, being involved in intercellular
communication (14). In addition, there is evidence for forma-
tion of STEAP1-STEAP?2 heterotrimers, which seem to be
associated with the activity of metal reductase and superoxide
synthase enzymes (15). This is in accordance with a previous
study demonstrating that STEAP1 actions, favoring cancer
progression, are associated with oxidative stress (16).

Several research groups have demonstrated the contribution
of STEAPI to tumor progression, namely, by its involvement
in promoting cell proliferation, migration and invasion (17-21).
Regarding PCa, it was shown that silencing the STEAP1
gene reduces androgen-dependent PCa cell viability and
proliferation and increases the apoptosis rate. In addition,
the anti-proliferative and pro-apoptotic effects triggered by
STEAPI1 knockdown are not abrogated by the treatment with
dihydrotestosterone (DHT), suggesting that STEAPI inhibi-
tion might be a good option of treatment to prevent the effects
of DHT in PCa (17). The effect of androgens in regulating
STEAPI expression has also been studied, with contradictory
results. Some studies found STEAPI1 as androgen-stimulated,
as androgen-inhibited, or as androgen-independent in cell lines
of PCa (8,22-24). Concerning LNCaP cells, DHT downregu-
lates STEAPI expression, but this effect should not directly
involve the AR because no androgen response elements are
found in promoter region of the STEAPI gene (23,25). This
indirect action of AR in downregulating STEAP1 means that
de novo protein synthesis should be required (23). In human
PCa biopsies, an association between STEAP1 overexpression
and metastasis was found, with the presence of more aggres-
sive tumors and the majority of patients becoming resistant to
treatment with anti-androgens (26). In addition, a marginally
positive significant association between STEAP1 overexpres-
sion and presurgical prostate specific antigen (PSA) levels was
detected, indicating a potential crosstalk between STEAP
and AR (26). Considering the use of anti-androgens in PCa
treatment and the potential of STEAP1 as therapeutic target,
associated with the putative relationship between STEAP1
and AR, it was hypothesized that STEAP1 expression may
be regulated by anti-androgens. Also, it was hypothesized
that blocking the action of STEAP1 may sensitizes PCa
cells to treatment with anti-androgens drugs. Therefore, the
main goal of the present study was to investigate the effect of
several types of anti-androgens, bicalutamide, enzalutamide
and apalutamide, in LNCaP wild-type (LNCaP-WT) and
LNCaP-STEAP1 knockdown cells.

Materials and methods

Cell culture. Human prostate adenocarcinoma cell line
(LNCaP) was purchased from the European Collection of
Authenticated Cell Cultures and maintained in Roswell Park
Memorial Institute medium (RPMI)-1640 (MilliporeSigma)
supplemented with 10% fetal bovine serum (FBS; Biochrom
AG) and 1% penicillin/streptomycin (Gibco; Thermo Fisher

Scientific, Inc.), in a humidified chamber at 37°C and a 5%
CO, atmosphere.

STEAPI knockdown and experimental design. LNCaP cells at
50% confluence in T-flasks or multiwell plates were transfected
with 20 nM of a small interfering RNA (siRNA) targeting the
STEAPI (cat. no. s226093; Ambion; Thermo Fisher Scientific,
Inc.) using Lipofectamine® 3000 (Invitrogen; Thermo Fisher
Scientific, Inc.) for 24 h at 37°C in Opti-Minimum Essential
Medium (MEM) (Invitrogen; Thermo Fisher Scientific,
Inc.) as recommended by the manufacturer. These cells are
referred to as LNCaP-STEAP1 knockdown. As a control
for STEAPI1-knockdown, a scrambled siRNA sequence
(cat. no. 4390846, Ambion; Thermo Fisher Scientific, Inc.) was
used and these control cells are designated as LNCaP-wild type
(WT) cells. The sequences of STEAPI and scramble siRNA
were not provided by the manufacturer. Then, 24 h following
transfection, the cells were stimulated with anti-androgens,
100 M bicalutamide (MilliporeSigma), 10 uM enzalutamide
(MilliporeSigma) and 10 xM apalutamide (Alfa Aesar) for 24 h
at 37°C. All drugs stock solutions were prepared in dimethyl
sulfoxide (DMSO). Cells were harvested at 24 h after drugs
treatment and the efficiency of STEAP1 knockdown expres-
sion was analyzed by reverse transcription-quantitative (RT-q)
PCR and western blotting.

MTT assay. In order to determine the viability of LNCaP cells
silenced for STEAPI and exposed to the three anti-androgenic
drugs, 3-(4,5-dimethylthiazol-2-thiazolyl)-2,5-diphenyltet-
razolium bromide (MTT) assay (MilliporeSigma) was used
according to the manufacturer's instructions. Briefly, 100 ul of
MTT solution at 0.5 mg/ml concentration was added to cells.
After 1 h of incubation at 37°C, the MTT solution was removed
and 100 1 DMSO was added for solubilization of the formazan
crystals. Next, the optical density was measured at 570 nm
using the xMark Microplate Absorbance Spectrophotometer
(Bio-Rad Laboratories, Inc.).

Ki-67 fluorescence immunocytochemistry. Fluorescent immu-
nocytochemistry of the proliferation marker Ki67 was used to
estimate the proliferation index between LNCaP cells knocked
down for STEAP1 and LNCaP-WT, both treated with the three
drugs. LNCaP cells were fixed with 4% paraformaldehyde
(PFA) for 10 min at room temperature and permeabilized with
0.1% Triton X-100 for 5 min also at RT. A blocking step was
performed by incubating cells with 20% FBS in phosphate
buffer saline (PBS) containing 0.1% Tween-20 (PBST) for
1 h at RT and then cells were incubated with rabbit anti-Ki-67
(1:50; cat. no. 16667, Abcam) for 90 min at RT. The Alexa
Fluor 546 goat anti-rabbit IgG (1:1,000; Invitrogen; Thermo
Fisher Scientific, Inc.) was used as a secondary antibody. This
incubation was performed at RT for 60 min. The specificity
of the staining was assessed by omission of the primary anti-
body. Cell nuclei were stained with Hoechst 33342 (5 pg/ml;
Invitrogen; Thermo Fisher Scientific, Inc.) for 5 min at RT.
Coverslips were washed and mounted onto microscope slides
with Dako fluorescent mounting medium (Dako; Agilent
Technologies, Inc.). Images were acquired using a Axiolmager
72 optical microscope (Carl Zeiss AG). Proliferation was
determined by the percentage of Ki-67-positive cells out of
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the total number of Hoechst-stained nuclei in eight randomly
selected fields per microscope cover glass.

Terminal deoxynucleotidyl transferase dUTP Nick End
Labeling (TUNEL) assay. Cells were fixed with 4% PFA for
10 min at RT, and then, permeabilized in 1% Triton X-100
with PBST for 5 min also at RT. TUNEL reaction mixture
(40 pl; Roche Applied Science) was added to each sample for
1 h at room temperature in the dark. Cells were washed in PBS
and incubated for 5 min at RT with Hoechst-33342 (5 pg/ml,
Invitrogen, Thermo Fisher Scientific, Inc.). Coverslips were
then mounted using Dako fluorescent mounting medium
(Dako; Agilent Technologies, Inc.) and analyzed by fluo-
rescence microscopy using the Axiolmager Z2 Optical
Microscopy (Carl Zeiss AG). The percentage of apoptotic cells
was estimated by counting the number of TUNEL-positive
cells and Hoechst-stained nuclei in eight randomly selected
x40 magnification fields in each coverslip. The ratio between
the number of TUNEL-positive cells and total number was
calculated.

RNA extraction and RT-gPCR. Total RNA from 3x10° LNCaP
cells was obtained using TRI reagent (Grisp, Lda.) according
to the manufacturer's instructions. The RNA pellet was dried,
resuspended in 20 ul of diethylpyrocarbonate treated-water
and maintained at -80°C. In order to assess the quantity of total
RNA, its optical density was determined by measuring absor-
bance at 260 and 280 nm on a nanospectrometer (Ultrospec
3000; GE Healthcare). Total RNA integrity was verified by
agarose gel electrophoresis. RT-qPCR was used to determine
expression levels of STEAPI, p21 and kallikrein-related pepti-
dase 3 (KLK3; encodes the PSA protein) genes, using Power
SYBR Green RNA-to-CT, 1-Step kit (Applied Biosystems;
Thermo Fisher Scientific, Inc.) on the CFX connect
real-time system (Bio-Rad Laboratories, Inc.) according to
the manufacturer's instructions. RT-qPCR was performed
with 0.2 ug of RNA in 10 ul of total reaction with specific
primers for STEAPI (sense: SSGGCGATCCTACAGATACA
AGTTGC3' and anti-sense: SCCAATCCCACAATTCCCA
GAGAC3'), p21 (sense: STCCAGCGACCTTCCTCATC3'
and anti-sense: SSAGCCTCTACTGCCACCATC3'"), KLK3
(sense: SSACCAGAGGAGTTCTTGACCCC3' and anti-sense
5'CCCCAGAATCACCCGAGCAG3') and B-2-microglobulin
housekeeping (p2M, sense: SATGAGTATGCCTGCCGTG
TG3' and anti-sense: 5SSCAAACCTCCATGCTGCTTAC3").
All primers were synthesized by the services of STAB VIDA
and were previously characterized with qPCRs optimized by
our research group in previous papers (17,23). After cDNA
synthesis at 48°C for 30 min, qPCR was performed with the
following steps: Initial denaturation at 95°C for 5 min, 35 cycles
of denaturation at 95°C for 30 sec, annealing temperature at
60°C for 30 sec and extension at 72°C for 20 sec. The ampli-
fied PCR fragments were analyzed by melting curves. f2M
housekeeping was used as internal control to normalize gene
expression. Fold differences were calculated following the
mathematical model proposed by Pfaffl (27).

Protein extraction and western blotting. LNCaP cells were
lysed in an appropriate volume of Radioimmunoprecipitation
assay (150 mM NacCl, 1% Nonidet-P40 substitute, 0.5% sodium
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deoxycholate, 0.1% sodium dodecyl sulfate and 50 mM Tris)
supplemented with 10% phenylmethylsulfonyl fluoride and
1% protease cocktail (A7779, PanReac AppliChem, ITW
Reagents, Ottoweg 2, Darmstadt, Germany). The total protein
extract was obtained after centrifugation of the cell lysate for
20 min at 18 620 g at 4°C. Quantification of the total protein
was measured using the Pierce 660 nm Protein assay reagent
(Thermo Fisher Scientific, Inc.). Then, ~20 ug of total protein
were resolved on 10% TGX Stain-Free polyacrylamide gels
(Bio-Rad Laboratories, Inc.), scanned in the ChemiDoc MP
Imaging System (Bio-Rad Laboratories, Inc.) with one minute
of exposure time and then, transferred into a polyvinylidene
difluoride membrane (Bio-Rad Laboratories, Inc.). After
blocking with 5% milk solution for 1 h at room temperature,
membranes were incubated overnight at 4°C with following
antibodies: Rabbit anti-STEAP1 (1:1,000; cat. no. D8B2V;
Lot 1; Cell Signaling Technology, Inc.), rabbit anti-p-AKT
(1:500; cat. no. 9271S; Lot 14; Cell Signaling Technology, Inc.),
rabbit anti-AKT (1:500; cat. no. 9272S; Lot 27; Cell Signaling
Technology, Inc.), rabbit anti-p-ERK (1:500; cat. no. 9101S;
Lot 12; Cell Signaling Technology, Inc.), rabbit anti-ERK
(1:500; cat. no. 9102S; Lot 27; Cell Signaling Technology,
Inc.), rabbit anti-p-c-myc (1:500; cat. no. 13748S; Lot 4;
Cell Signaling Technology, Inc.), rabbit anti-c-myc (1:500;
A-14; cat. no. sc-789; Santa Cruz Biotechnology, Inc.), rabbit
anti-Bcl-2 (1:1,000; cat. no. 2876S; Lot 6; Cell Signaling
Technology, Inc.), rabbit anti-Bax (1:1,000; cat. no. 2772S;
Lot 11; Cell Signaling Technology, Inc.) and rabbit anti-p53
(1:1,000; FL-393; cat. no. sc-6243; Lot L2713, Santa Cruz
Biotechnology, Inc.). Membranes were incubated for 1 h at
room temperature with secondary anti-rabbit IgG-horseradish
peroxidase (1:15,000; cat. no. 9003-99-0; MilliporeSigma).
After this, immunoreactivity was visualized using the
ChemiDoc MP Imaging System (Bio-Rad Laboratories,
Inc.) after the incubation with enhanced chemiluminescence
substrate (Bio-Rad Laboratories, Inc.). Total protein normal-
ization was carried out using the Image Lab 5.1 software
(Bio-Rad Laboratories, Inc.), by opening a multichannel
image, configure two channels: channel 1, target protein blot
and channel 2, stain-free gel image. Normalization icon from
the Analysis Toolbox was used to detect bands and lanes and
after were adjusted if needed. Stain-free image was selected
as normalization channel and the normalized volumes are
indicated in the Analysis Table on the tool bar. The target
protein band intensity value is adjusted for variation in the
protein total load on the gel, following other studies (28,29).

Caspase-3-like activity assay. The caspase-3-like activity
was determined after the cleavage of the labeled substrate
by the detection of the chromophore p-nitroaniline (pNA),
measured spectrophotometrically at 405 nm. Total protein
extract (25 pg) was incubated with a reaction buffer
[25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid, 0.1% 3-[(3-cholamidopropyl) dimethylammonio]-1-
propanesulfonate, 10% sucrose and supplemented with 10 mM
dithiothreitol (pH 7.5)] and 2 mM of caspase-3 substrate
(N-Acetyl-Asp-Glu-Val-Asp pNA and Ac-DEVD-pNA,
Sigma-Aldrich) for 2 h at 37°C. The amount of generated
pNA was calculated by extrapolation with a standard curve
of free pNA.


https://www.spandidos-publications.com/10.3892/mmr.2023.12939

4
A m— [ NCaP-WT B
25+ == LNCaP-STEAP1 knockdown
S sk i
é 2.0 - ok
o
ac
5815+
< .8
Z s
€ 5104
— 2 £33
Te o5
5 054
0.0 -
w/o drug BIC ENZ APA
C D
= | NCaP-WT
154 = LNCaP-STEAP1 knockdown
c
k<]
[}
B~
E—E 1.0+
33
3¢
o
E 8 0.5-
[sp]
¥
-
<
0.0-

BIC APA

ENZA

w/o drug

STEAP1 protein expression

ROCHA et al: REGULATION OF STEAP1 EXPRESSION IN LNCAP CELLS BY ANTI-ANDROGEN DRUGS

=== | NCaP-WT
2.5+ == LNCaP-STEAP1 knockdown
seskskok
2.0 1
=
S 1.5+
]
[
2 1.0
g $5$
0.5 sk 355 9553
0.0 -

w/o drug BIC ENZ APA

STEAP1

okt o dde

Stain-free gel
(total protein)

Figure 1. Effect of bicalutamide, enzalutamide and apalutamide on the expression of STEAP1 and KLK3 in LNCaP-WT and LNCaP-STEAP1 knockdown
prostate cancer cells. STEAP1 and KLK3 expression levels in LNCaP cells following transfection with siRNA for 24 h following treatment with 100 M of
BIC, or 10 uM of ENZA or 10 uM of APA for 24 h. Relative (A) STEAP1 mRNA, (B) STEAPI1 protein and (C) KLK3 mRNA expression were determined
by reverse transcription-quantitative PCR following normalization with the 32M housekeeping gene and western blot after normalization with total protein
as represented in (D). Representative immunoblots are also showed in (D). Results are expressed as fold-variation relative to LNCaP-WT (control group).
Error bars indicate mean + standard error of the mean (n=3). “P<0.01 and “*“P<0.0001 vs. the LNCaP-WT condition; **P<0.01, **P<0.001 and 3%**P<0.0001
vs. LNCaP-WT plus respective drug. STEAPI, six transmembrane epithelial antigen of the prostate 1; KLK3, kallikrein related peptidase 3; WT, wild type;
siRNA, small interfering RNA; BIC, bicalutamide; ENZA, enzalutamide; APA, apalutamide; $2M, 3-2-microglobulin.

Statistical analysis. All experimental data are shown as
mean + standard error of the mean. Statistical significance
of differences among experimental groups were evaluated by
two-way analysis of variance followed by Tukey's multiple
comparisons test, using GraphPad Prism v7.01 (GraphPad
Software, Inc.). P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Effect of bicalutamide, enzalutamide and apalutamide on
STEAPI expression in LNCaP-WT and LNCaP-STEAPI
knockdown cells. The effect of anti-androgens in regulating
STEAPI gene expression was evaluated in LNCaP-WT and
LNCaP-STEAPI knockdown cells. After stimulation with
bicalutamide (100 #M), enzalutamide (10 xM) or apalutamide
(10 uM) for 24 h, the STEAP1 mRNA and protein expression
was evaluated by qPCR and western blotting, respectively.
As can be seen in Fig. 1, using a siRNA targeting STEAP1
silenced STEAPI1 gene was confirmed at mRNA (87+0.008%

compared with scramble siRNA; Fig. 1A) and protein
(80+0.053% compared with scramble siRNA; Fig. 1B) levels.
The efficiency and validation of the anti-androgen treatment
was shown by analysing the expression levels of an AR target
gene, the KLK3 gene that encodes the PSA protein. Fig. 1C
showed that suppressing androgen actions with bicalutamide,
enzalutamide or apalutamide significantly reduced the KLK3
gene expression (0.15+0.01-, 0.16+0.03- and 0.16+0.01-fold
variation, respectively). It was also verified that STEAP1
knockdown decreased the KLK3 gene levels (0.573+0.04-
compared with 0.964+0.06-fold variation; Fig. 1C).

When LNCaP-WT cells were treated with bicalutamide,
there was a significant decrease in STEAPI mRNA expres-
sion (0.59+0.23-fold variation; Fig. 1A), but no significant
effect was observed at STEAPI protein level (0.73+0.020-fold
variation; P=0.108; Fig. 1B). On the other hand, enzalutamide
and apalutamide increased the expression of STEAP1 mRNA
(1.79+0.018 and 1.77+0.275-fold variation, respectively;
Fig. 1A). Concerning the STEAP1 protein levels, the increase of
STEAPI in LNCaP-WT cells was observed with the treatment
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Figure 2. Effect of bicalutamide, enzalutamide and apalutamide in cell viability and proliferation of LNCaP-WT and LNCaP-STEAPI knockdown cells.
Cell viability and proliferation of LNCaP cells following transfection with siRNA for 24 h following treatment with BIC (100 xM), ENZA (10 uM) and APA
(10 uM) for 24 h. (A) Percentage of viable cells was determined by the MTT assay. (B) Ki-67 positive cells relative to the total cell number after different
conditions were obtained by the immunofluorescence analysis of Ki-67 assay; eight randomly selected fields per microscope cover glass were assessed.
(C) Representative fluorescent immunocytochemistry images of Ki-67 labelled cells (red staining) and Hoechst 33342 stained nuclei (blue) were obtained with
the Axiolmager Z2 fluorescence microscope (magnification, x400). Results are expressed as percentage of control and fold-variation relative to the LNCaP-WT
condition. Error bars indicate mean + standard error of the mean (n=2). ““P<0.001 and “*"P<0.0001 vs. the LNCaP-WT condition. WT, wild type; STEAPI, six
transmembrane epithelial antigen of the prostate 1; siRNA, small interfering RNA; BIC, bicalutamide; ENZA, enzalutamide; APA, apalutamide.

of apalutamide (1.89+0.177-fold variation; Fig. 1B), but not with
enzalutamide (1.47+0.167-fold variation; P=0.108; Fig. 1B).
Regarding the effect of anti-androgens in LNCaP-STEAP1
knockdown, no significant differences in STEAP1 mRNA and
protein expression were verified in comparison with LNCaP
STEAPI-knockdown without treatment with anti-androgens.

Cell viability and proliferation of LNCaP-STEAPI knock-
down cells in response to anti-androgenic drugs. The effect of
bicalutamide, enzalutamide and apalutamide anti-androgenic
drugs on viability and proliferation of LNCaP-STEAPI1
knockdown cells were determined by the MTT assay and
immunofluorescent labelling of Ki-67, respectively. At 24 h
after knockdown of STEAP1, LNCaP cells were exposed
to bicalutamide, enzalutamide and apalutamide drugs.
Viability of LNCaP cells markedly decreased upon STEAP1
silencing (47.2+11.8% reduction compared with scramble
siRNA; Fig. 2A). Bicalutamide (100 yM), enzalutamide

(10 uM) and apalutamide (10 yM) significantly decreased
the viability of LNCaP-WT cells (59.55+5.5%, 50.68+3.7%
and 46.1+6.7% of reduction, respectively; Fig. 2A). The
silencing of STEAPI in LNCaP cells did not significantly
change cell viability when treated with anti-androgenic drugs
(Fig. 2A). The results of Ki-67 fluorescent immunocyto-
chemistry were similar to the results observed for the MTT
assay, also showing that the number of Ki-67-positive cells
relative to total cells (Hoechst-positive) was significantly
decreased in the LNCaP-STEAP1 knockdown cells when
compared with LNCaP-WT cells (0.553+0.03-compared with
1.01+£0.003-fold variation; Fig. 2B). Administration of bicalu-
tamide, enzalutamide and apalutamide drugs in LNCaP-WT
cells significantly decreased the number of Ki-67 positive
cells compared with LNCaP-WT without drug (0.630+0.06-,
0.511+£0.01- and 0.500+0.01-fold variation, respectively;
Fig. 2B). However, the STEAP1 gene silencing in LNCaP cells
did not significantly change the Ki-67-positive cells number
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Figure 3. Effect of BIC, ENZA and APA on the expression of p-AKT, AKT, p-ERK, ERK, p-c-myc and c-myc in LNCaP-WT and LNCaP-STEAP1 knockdown
cells. LNCaP cells transfected with siRNA targeting STEAP1 or scramble siRNA. 24 h after tranfection, LNCaP cells were treated with 100 uM of BIC, or
10 uM of ENZA or 10 uM of APA for 24 h. Ratio of phospohorylated forms and total protein of (A) AKT, (B) ERK and (C) c-myc were determined by western
blotting after independent normalization with total protein load on gel as represented in (D) together with representative immunoblots. Results are expressed
as fold-variation relative to LNCaP-WT (control group). Error bars indicate mean + standard error of the mean (n>2). ‘P<0.05, “P<0.01 and "“"P<0.001 vs. the
LNCaP-WT condition; *P<0.05 and **P<0.01 vs. LNCaP-WT plus respective drug. BIC, bicalutamide; ENZA, enzalutamide; APA, apalutamide; p-, phosphory-
lated; WT, wild type; STEAPL, six transmembrane epithelial antigen of the prostate 1; siRNA, small interfering RNA.

obtained when treated with anti-androgenic drugs (Fig. 2B).
Representative fluorescent immunocytochemistry images of
Ki-67-labelled LNCaP cells in all experimental conditions
were represented in Fig. 2C.

Analysis of survival pathways in LNCaP-STEAPI knockdown
cells in response to anti-androgenic drugs. To understand the
decreased viability and proliferative activity of LNCaP cells
in response STEAPI knockdown associated with anti-andro-
genic action, the expression of proteins related with cell
survival pathways was evaluated. Fig. 3 shows the western blot
analysis for the expression of the active phosphorylated (p-)
AKT, ERK and c-myc isoforms, respectively to the expression
of total proteins. The results showed that p-AKT/AKT and
p-ERK/ERK ratio decreased in LNCaP-STEAPI knockdown
cells when compared with LNCaP-WT (0.487+0.04-compared
with 0.989+0.01-fold variation and 0.701+0.02-compared

with 1.02+0.024-fold variation, respectively; Fig. 3A and B).
Treatment of LNCaP-WT cells with 100 M of bicalutamide,
10 uM of enzalutamide and 10 uM of apalutamide also
decreased the p-AKT/AKT ratio relatively to LNCaP-WT
group without drug (0.748+0.003-compared with
0.989+0.01-, 0.402+0.058-compared with 0.989+0.01- and
0.676+0.05-compared with 0.989+0.01-fold variation, respec-
tively; Fig. 3A). The silencing of STEAP1 did not alter the
p-AKT/AKT ratio of LNCaP cells treated with anti-androgens
(Fig. 3A). No statistically significant differences were found
in the p-ERK/ERK ratio in LNCaP-WT or LNCaP-STEAPI1
knockdown cells, both treated with bicalutamide, enzalutamide
or apalutamide (Fig. 3B).

Regarding the levels of p-c-myc and c-myc, an increased
of p-c-myc/c-myc ratio was observed in LNCaP-STEAP1
knockdown when compared with the LNCaP-WT
cells (1.978+0.16-compared with 1.002+0.01-fold
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variation; Fig. 3C). Bicalutamide-, enzalutamide- and
apalutamide-treated group in LNCaP-WT cells, high
levels of p-c-myc/c-myc ratio was found in comparison
with scramble siRNA group (1.659+0.02-compared with
1.002+0.01-, 1.883+0.003-compared with 1.002+0.01- and
1.668+0.03-compared with 1.002+0.01-fold variation, respec-
tively; Fig. 3C). The p-c-myc/c-myc ratio in response to
bicalutamide, enzalutamide and apalutamide drugs was higher
in LNCaP-STEAPI1 knockdown cells than in LNCaP-WT
cells (2.315+0.04-compared with 1.659+0.02-fold variation
to bicalutamide, 2.320+0.01-compared with 1.883+0.003-fold
variation to enzalutamide, 2.451+0.12-compared with
1.668+0.03-fold variation to apalutamide; Fig. 3C).

In brief, anti-androgen treatment significantly decreased
p-AKT/AKT and increased p-c-myc/c-myc ratio expres-
sion levels in LNCaP-WT cells. Moreover, a slight additive
effect was observed in p-c-myc/c-myc ratio in LNCaP cells
knocked-down for STEAPI treated with bicalutamide and
apalutamide.

Analysis of apoptotic pathways in LNCaP-WT and
LNCaP-STEAPI knockdown cells treated with anti-andro-
genic drugs. To determine whether the diminished
viability/proliferation of LNCaP-STEAP1 knockdown cells
in response to anti-androgens treatment was a consequence
of increased apoptosis, the expression levels and activity of
several apoptotic markers were evaluated. The knockdown
of STEAPI significantly increased the expression of several
regulators involved in the apoptosis pathway, Bax/Bcl-2 ratio
was increased 1.7-fold (Fig. 4A) and the expression of p53
protein and p21 mRNA were also increased (2.004+0.08- and
2.161+0.16-fold variation, respectively; Fig. 4B and C). A
notable end-point of apoptosis is the activation of caspase-3
and the results showed an increased activity of caspase-3 in
LNCaP-STEAP1 knockdown (1.944+0.27-fold variation;
Fig. 4D) when compared with LNCaP-WT cells. Also, the
number of TUNEL-positive cells relative to total cells was
significantly increased in the LNCaP-STEAP1 knockdown
cells when compared with the scramble siRNA group
(1.951£0.12- compared with 1.002+0.004-fold variation;
Fig. 4E). Treatment with 100 uM of bicalutamide, 10 yuM
of enzalutamide and 10 M of apalutamide triggered an
increased expression of apoptotic regulators (Fig. 4). The
expression levels of pro- and anti-apoptotic members (Bax
and Bcl-2 respectively) led to enhanced Bax/Bcl-2 ratio
in response to anti-androgen drugs in LNCaP-WT cells
(1.6+0.08- to bicalutamide, 1.3+0.07- to enzalutamide and
1.6+0.08-fold variation to apalutamide; Fig. 4A). However,
in LNCaP-STEAPI1 knockdown cells, there appeared to be
a potentiating effect of Bax/Bcl-2 ratio with apalutamide
treatment (1.9+0.04-compared with 1.6+0.08-fold variation;
Fig. 4A), but not with bicalutamide and enzalutamide.

The treatment of LNCaP-WT cells with anti-androgenic
drugs significantly increased the expression of p53 protein
(1.615+0.05- to bicalutamide, 1.689+0.16- to enzalutamide
and 1.720+0.12-fold variation to apalutamide) and p21 mRNA
(2.11940.12- to bicalutamide, 2.396+0.001- to enzalutamide
and 1.810+0.09-fold variation to apalutamide), as observed in
Fig.4B and C, respectively. The knockdown of STEAP1 did not
alter the effect of bicalutamide and enzalutamide in expression

of p53 protein (1.559+0.14-compared with 1.615+0.05- and
1.813+0.16 compared with 1.720+0.12-fold variation,
respectively) and p21 mRNA (1.738+0.23-compared with
2.1194£0.12- and 1.902+0.05 compared with 1.810+0.09-fold
variation, respectively). However, the enzalutamide treatment
seems to have less effect in LNCaP-STEAP1 knockdown
compared with LNCaP-WT cells (1.366+0.02-compared
with 1.689+0.16-fold variation to p53 levels and 1.605+0.23
compared with 2.396+0.001-fold variation to p21 levels;
Fig. 4B and C).

The activity of caspase-3 significantly increased in
LNCaP-STEAPI knockdown cells treated with bicalutamide,
enzalutamide and apalutamide (2.11+0.27-, 1.849+0.24- and
1.836+0.07-fold variation, respectively, compared with
0.999+0.002-fold variation; Fig. 4D); this effect did not
significantly alter with silencing of STEAPI1 (Fig. 4D).

The results of TUNEL fluorescent immunocytochemistry
assay showed that the number of TUNEL-positive
LNCaP-STEAP1 knockdown cells were significantly
increased with the treatment of bicalutamide, enzalutamide
and apalutamide when compared with LNCaP-WT cells
(2.154+0.13-, 1.801+£0.32- and 1.809+0.22-fold variation,
respectively, compared with1.002+0.004-fold variation;
Fig. 4E). No significant effect was observed in response to
anti-androgen drugs in LNCaP-STEAP1 knockdown cells in
comparison with LNCaP-WT cells (Fig. 4E).

In summary, anti-androgen treatment in LNCaP-WT
cells increased the expression and activity of several apop-
tosis regulators. Silencing of STEAP1 did not significantly
change the effect observed by bicalutamide, enzalutamide and
apalutamide treatment.

Discussion

In the recent decades, the use of ADT to treat PCa patients
has notably increased (30,31). However, ADT treatment alone
becomes insufficient for the management of PCa, since most
patients with this pathology progress to the castration-resistant
disease within a few years (32,33). A way of improving PCa
treatment is to evaluate combined action with other puta-
tive therapeutic targets. There are several proteins that are
dysregulated in PCa, including STEAPI1 (8). This transmem-
brane protein has been implicated in several forms of cancer
due to its overexpression in malignant tissue compared with
their non-malignant counterparts (11,13,34). Considering
the oncogenic role of STEAPI in PCa, associated with a
lack of studies focusing on impact of ADT treatment in PCa
cells overexpressing STEAPI1, the main goals of the present
study were to evaluate the effect of anti-androgens on expres-
sion of STEAPI1 and to investigate if the sensitivity of PCa
cells to anti-androgen drugs can be improved in response
to STEAP1 knockdown. Thus, the effect of bicalutamide,
enzalutamide and apalutamide was evaluated in LNCaP-WT
and LNCaP-STEAP1 knockdown cells.

Deregulated cell proliferation and apoptosis are a
well-established cancer hallmarks and of the first deregulated
mechanisms underlying cancer progression (35). The silencing
of STEAP1 was confirmed 24 h following transfection
(Fig. 1), decreasing the viability and proliferation of LNCaP
cells (Fig. 2 and 3) and accompanied by an increasing of
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apoptosis (Fig. 4). These results are in accordance with those
previously described by our research group (17). Treatment of
PCa cells with an antibody against the STEAP1 protein was
associated with inhibition of cell growth (36), supporting the
present results herein described and the role of STEAPI as
an oncoprotein. The high activity of caspase-3, an effector
caspase activated by intrinsic and extrinsic pathway (37) and
the high number of TUNEL-positive cells, an established
marker of apoptosis by detection of free 3'-OH termini in
single-stranded breaks in high-molecular-weight nuclear DNA
fragments (38), highlighted the enhanced apoptosis of LNCaP
cells in response to STEAPI knockdown. The intrinsic apop-
totic pathway should be involved considering the up- and
downregulation of pro- and anti-apoptotic Bax and Bcl-2
proteins, respectively (Fig. 4). Furthermore, the inhibition
of cell proliferation and the apoptotic effect triggered by the
knockdown of STEAPI was also supported by the upregula-
tion of p53 and p21 levels (Fig. 4), which are involved in cell
cycle arrest at G, and S phase (39); p53 is also an important
inducer of the apoptosis intrinsic pathway (40). The dimin-
ished viability and proliferation of LNCaP cells in response
to STEAPI knockdown was corroborated by the downregula-
tion of p-AKT/total AKT and p-ERK/total ERK ratios, two
oncogenic survival pathways associated with cancer progres-
sion (41,42). These results also supported the hypothesis that
reduced activity of AKT may induce the expression of p53. In
fact, AKT interacts with the ubiquitin E3 ligase Mdm?2, which
controls the expression levels and activity of p53 (43,44). AKT
enhances Mdm?2-mediated p53 ubiquitination and degrada-
tion, leading to cell survival (45). Therefore, it is likely to
assume that silencing of STEAP1 in LNCaP cells decreased
AKT activity, with increased levels of p53, which is associ-
ated with the suppression of cell proliferation and activation
of apoptosis (40). The precise mechanism underlying the
role of STEAPI in the activation of AKT and ERK pathways
remains to be elucidated, though it is possible that AKT
and ERK activation may be mediated by increased levels of
oxidative stress induced by STEAP1 overexpression (16). This
hypothesis is supported by reports demonstrating AKT and
ERK activation in response to the increased levels of reactive
oxygen species in LNCaP cells (46). However, and in order to
overcome the limitation of this study, additional studies should
be carried out to clarify the relationship between STEAP1 and
AKT/ERK using specific inhibitors, as well as its association
with oxidative stress.

The transcription factor c-myc is a master regulator of
the transcriptional program that controls cell survival and
proliferation (47). Increasing evidence demonstrates that
c-myc signaling has a tumor-promoting role and is able
to significantly increase proliferation and metastasis of
tumors (47-49). lijima et al (21) showed that the knockdown
of STEAPI leads to cell-growth inhibition in liver cancer
by targeting the suppression of c-myc. Unexpectedly, it was
observed that silencing of STEAPI increased c-myc expres-
sion in LNCaP PCa cells. Although c-myc is associated with
PCa progression, there are several studies showing that it is
among the most robust inducers of apoptosis in hematologic
diseases, as well as in solid tumors such as breast and lung
cancer (50-54). Murphy et al (55) showed that activation of
the p53-mediated apoptotic intrinsic pathway requires high
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levels of c-myc. Thus, the knockdown of STEAP1 in LNCaP
cells increased the p-c-myc/total c-myc ratio, which may
activate mechanisms of surveillance, such as p53 induction.
These changes ultimately culminate in apoptosis, as a way
to eliminate cancer cells. On the other hand, the increased
levels of c-myc may also be a strategy of cancer cells to over-
come the inhibitory effect triggered by STEAP1 knockdown.
This possibility cannot be ignored, and more studies should
be addressed in the future to clarify the relationship between
STEAPI and c-myec.

It is well documented that the treatment of PCa with
anti-androgens, such as bicalutamide, enzalutamide and
apalutamide, result in blockage of PCa cell growth due to
antagonistic effects on AR transactivation (30,56). At present,
it is being evaluated the use of anti-androgens in combina-
tion with other therapeutic targets. To date, no studies have
focused on effect of anti-androgens on expression of STEAP1
or the effect of combined action between anti-androgens and
STEAPI inhibition in PCa treatment. Therefore, the present
study intended to determine the effect of anti-androgens in
STEAPI expression, as well as to evaluate the hypothesis
that silencing STEAP1 may improve the effectiveness of
anti-androgen therapy.

The present study observed that AR inhibition in
LNCaP-WT cells affected STEAP1 expression (Fig. 1).
Overall, bicalutamide decreased STEAPI1 expression,
but enzalutamide and apalutamide increased the levels of
STEAPI. Using microarray analysis, Carter et al (57) also
showed that STEAPI is downregulated in LNCaP cells treated
with bicalutamide. In contrast to the findings of the present
study, Doran et al (25) showed that treatment of CWR22 PCa
cells with enzalutamide and apalutamide represses STEAP1
mRNA and protein expression. Beyond the slightly different
concentrations used in that Doran study and the present study,
the effect may differ between cell lines. Although the precise
explanation for different effects between bicalutamide and
enzalutamide/apalutamide in STEAPI expression is unclear,
the differences observed might be due to different affinities
of these drugs to AR. In fact, it the conformational dynamics
of AR with bicalutamide, enzalutamide and apalutamide was
evaluated and it was shown that enzalutamide and apalutamide
induce different conformational changes in AR compared with
bicalutamide (58). In addition, point mutations in AR, namely
F877L and T878A, are associated with resistance to enzalu-
tamide and apalutamide, but not to bicalutamide (59-61).
Considering that T§78 A mutation in AR is found in LNCaP
cells, one could hypothesize that upregulation of STEAPI in
response to enzalutamide and apalutamide may occur as a
mechanism of resistance (62). However, further studies should
be performed to clarify the role of STEAPI in resistance to
these drugs.

As expected, anti-androgen drugs efficiently reduced the
expression of the KLK3 gene, which is an AR target gene. It
suggested that the effect of anti-androgen on STEAP1 expres-
sion was dependent on other factors besides the expression
of AR. Nevertheless, it should be highlighted that in LNCaP
cells, the knockdown of STEAPI inhibited the expression of
the KLK3 gene. This result is in accordance with the results
previously described by our research group, demonstrating that
the proliferative effect of DHT is abrogated in LNCaP cells
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knocked down for STEAP1 (17). Moreover, these findings are
also supported by Ihlaseh-Catalano et al (26), who describe a
positive strong trend between STEAP1 and PSA levels. The
present study explored the cellular pathways of proliferation
and apoptosis of anti-androgen treatment in LNCaP cells. Data
obtained from LNCaP-WT cells treated with bicalutamide,
enzalutamide and apalutamide showed a reduction on cell
viability, determined by MTT assay, and cell proliferation, as
indicated by the estimated cell proliferation index assessed
by the Ki-67 fluorescent immunocytochemistry (Fig. 2).
Anti-androgen effects modulating PCa cells behavior has been
underpinned by alterations on key protein targets associated
with cell proliferation, survival and oncogenic pathways,
namely the AKT and ERK signaling pathway (41,42,63). The
results of the present study showed a significant decreased of
p-AKT/AKT ratio in response to bicalutamide, enzalutamide
and apalutamide treatment in LNCaP-WT cells (Fig. 3), but
no significant differences in p-ERK/ERK ratio were observed.
Altogether, these results suggested that treatment of LNCaP
cells with anti-androgen drugs inhibited the signaling
pathways associated with cell proliferation and survival in an
independent manner of their effect in expression of STEAPI,
at least in early treatment phase.

Considering the coordinated action of c-myc and AR in
PCa development (64,65), the effect of anti-androgens was
evaluated. The results showed an increased expression of
p-c-myc with bicalutamide, enzalutamide and apalutamide
exposure of LNCaP-WT cells (Fig. 3). These findings are in
line with a recent study showing that androgen deprivation
in vitro and castration in vivo leads to rapid and persistent
increases in c-myc expression (66). This observation suggests
that decreased AR activity can be compensated by increased
levels of c-myc, contributing to progression to castrate-resistant
PCa following ADT.

Anti-androgen treatment in LNCaP-WT cells was also
characterized by the increased expression and activity of
several apoptosis regulators (Fig. 4). These results are in
agreement with other studies describing the apoptotic effect of
anti-androgens in PCa cells (67-69). Furthermore, a few reports
have shown that administration of anti-androgens in combi-
nation with other anti-cancer drugs trigger cytotoxic effects
in PCa (70-72). The co-administration of enzalutamide and
abiraterone (an inhibitor of the steroidal enzyme CYP17A1)
inhibits the proliferation and promotes the apoptosis of LNCaP
cells (70) and enzalutamide combined with AS602801 (an
inhibitor of c-Jun N-terminal kinase) synergistically kills PCa
cells, decreasing their migration and invasion capacity (71).
In addition, apalutamide, in combination with autophagy
inhibitors, provides a significantly elevated anti-tumor effect
in LNCaP cells (72). However, the present study is the first, to
the best of the authors' knowledge, to evaluate the combined
effect of STEAPI1 knockdown with anti-androgen therapy on
PCa cells. LNCaP-STEAP1 knockdown cells treated with
bicalutamide, enzalutamide and apalutamide exhibited a
decrease on cell viability and proliferation, but no significant
differences were observed in comparison with the effect of
these anti-androgens in LNCaP-WT cells (Fig. 2). Similar
data was observed regarding the effect of bicalutamide
and enzalutamide in p-AKT/AKT and p-ERK/ERK ratios
(Fig. 3). These observations are in accordance with increased

expression and activity of regulators/effectors of apoptosis in
response to anti-androgen treatment and no significant differ-
ences between LNCaP-WT and LNCaP-STEAP1 knockdown
cells were detected (Fig. 4). Thus, the results suggested that
there is no synergistic effect between the silencing of STEAP1
and anti-androgens treatment, at least in LNCaP cells treated
for 24 h with anti-androgen drugs.

Unexpectedly, an additive effect of c-myc expression levels
in LNCaP cells knocked-down for STEAPI and treated with
bicalutamide, enzalutamide and apalutamide was observed
(Fig. 3). To the best of the authors' knowledge, there are no
studies corroborating these discoveries and further studies
are needed to improve understanding of the role of c-myc
in response to combined action between anti-androgen and
STEAP1 knockdown in PCa cells.

In conclusion, the present findings showed that
anti-androgen drugs affected the regulation of STEAPI1
expression, but inhibition of STEAP1 did not alter the
response of LNCaP cells to anti-androgen treatment.
Although the levels of STEAP1 in LNCaP cells did not seem
to change the effect of anti-androgens in cell proliferation
and apoptosis, the synergic effect in p-c-myc levels deserves
attention in future studies. Despite the limitations concerning
the use of only one PCa cell line and the unique concentra-
tion and time of exposure tested for the anti-androgen drugs,
the present study strengthened the potential use of STEAP1
knockdown in PCa therapy, as well as opening new avenues
of research aimed at exploring the mechanisms underlying
the role of STEAPI in human PCa. Further studies deepening
the role of STEAPI1 in response to anti-androgen drugs and
investigating its actions in the development of PCa resistance
to treatments would be fundamental for improved manage-
ment of the disease.
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