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Abstract

Purpose Androgen receptors (ARs) are expressed on a variety of cell types, and AR signaling plays an important role in
tumor development and progression in several cancers. This in vitro study evaluated the effect of dihydrotestosterone (DHT)
on the proliferation of renal cell carcinoma (RCC) cells in relation to AR status.

Methods Steroid hormone receptor expression was evaluated using RT-PCR and Western blotting. The effect of DHT on
cell proliferation and STATS phosphorylation was evaluated in RCC cell lines (Caki-2, A498, and SN12C) and primary
RCC cells using cell viability assays and Western blotting. ARs and glucocorticoid receptors (GRs) were knocked down
with small interfering RNAs before assessing changes in cell proliferation and STATS activation.

Results DHT treatment promoted cell proliferation and increased STATS phosphorylation regardless of AR status. The AR
antagonist bicalutamide reduced kidney cancer cell proliferation, regardless of AR status. AR and GR knockdown blocked
STATS activation and reduced cell proliferation in all RCC cell lines. In patient-derived primary cells, DHT enhanced cell
proliferation and this effect was diminished by treatment with the AR antagonists bicalutamide and enzalutamide and the
GR antagonist mifepristone.

Conclusion DHT promotes cell proliferation through STATS activation in RCC cells, regardless of AR status. DHT appears
to utilize the AR and GR pathways to activate STATS, and the inhibition of AR and GR showed antitumor activity in RCC
cells. These data suggest that targeting AR and GR may be a promising new approach to the treatment of RCC.
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Introduction
Sahyun Pak and Wansuk Kim contributed equally to this work. Kidney cancer is among the ten most frequently diagnosed
cancers in the USA in both males and females, with an esti-
Electronic supplementary material The online version of this mated 64,000 new cases in 2017 (Siegel et al. 2017). Renal

article (https://doi.org/10.1007/s00432-019-02993-1) contains

supplementary material, which is available to authorized users. cell carcinoma (RCC) accounts for 90% of kidney cancer

cases, which is associated with a 5 year survival rate of 74%.
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prognosis of metastatic RCC remains poor, with a 5 year
survival rate of just 8%. Therefore, new therapeutic targets
for RCC are urgently required (Choueiri and Motzer 2017,
Jonasch et al. 2014).

As the incidence of RCC is approximately 1.7 times
higher in men than in women (Bray et al. 2018; Siegel et al.
2017), the role of sex hormones and their receptors in the
pathogenesis of RCC has been investigated (Lucca et al.
2015; Stone 2014). Steroid hormone receptors are nuclear
hormone receptors of the NR3 class, with endogenous
agonists that are either 3-hydroxysteroids or 3-ketoster-
oids (Alexander et al. 2015). The hormonal ligand-binding
domains of these receptors share a similar tertiary struc-
ture (Whitfield et al. 1999). Androgen receptors (ARs) are
expressed in various cell types, and AR signaling plays an
important role in tumor development and progression in
many cancers (Chang et al. 2014). Although several studies
report an association between AR activity and the devel-
opment and progression of RCC, the role of AR in RCC
remains the subject of some debate (He et al. 2014a, b;
Langner et al. 2004; Lee et al. 2017; Wang et al. 2017; Zhao
et al. 2016; Zhu et al. 2014).

The Janus kinase (JAK) signal transducer and activator of
transcription (STAT) pathway is associated with interferon-a
(IFNa), IFNy, and interleukin-6 (IL-6)-mediated signaling
(Yu et al. 2014). STATS, along with STAT?3, is an onco-
genic downstream mediator of the JAK-STAT pathway and
is involved in the pathogenesis of various cancers, particu-
larly hematopoietic cancers (Wingelhofer et al. 2018; Yu
et al. 2014). Previous studies showed that the activation of
STATS signaling promotes cancer cell proliferation and
survival in conjunction with other core cancer pathways
(Vogelstein and Kinzler 2004; Wingelhofer et al. 2018).
In addition, cross communication between STATS and AR
signaling has been documented (Song et al. 2014; Tan et al.
2008). The nuclear localization and transcriptional activity
of STATS is increased by synergism with the AR (Ferbeyre
and Moriggl 2011).

This study was designed to evaluate the effect of dihy-
drotestosterone (DHT) on the proliferation of RCC cells in
relation to AR status.

Materials and methods
Cell culture, reagents, and antibodies

RCC cell lines were used in this in vitro study; Caki-2 and
A498 were obtained from the American Type Culture Col-
lection, and SN12C cells were obtained from the Korean
Cell Line Bank. The cells were maintained in DMEM or
RPMI 1640 (Invitrogen, Carlsbad, CA) with 10% fetal
bovine serum (FBS; GIBCO, Grand Island, NY), 100 units/
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ml penicillin, and 100 pg/ml streptomycin in a 5% CO,
atmosphere at 37 °C. For androgen-induced proximity stud-
ies, the cells were cultured in phenol red-free medium con-
taining 10% charcoal-stripped serum (Invitrogen) for 24 h.
The charcoal-stripped serum has reduced hormone levels
and is ideally suited for androgen signaling studies.

After obtaining informed consent, clear cell RCC tissue
was obtained from ten patients who underwent radical or
partial nephrectomy at the Asan Medical Center. Prior to
obtaining the tissue samples, patients had received no ther-
apy for RCC (additional patient information is provided in
Supplementary Table 1). All procedures were approved by
the Institutional Review Board of the Asan Medical Center
(no. 2014-0957). Tumor specimens were prepared by minc-
ing and digestion in RPMI containing 1 mg/ml type I col-
lagenase (Sigma Aldrich, St. Louis, MO) for 1 h at 37 °C.
Cells were washed with medium containing 10% FBS to
inactivate the collagenase and then with PBS to remove the
FBS. The cells were plated and maintained in RPMI con-
taining 10% FBS in a 5% CO, atmosphere at 37 °C. Only
low-passage-number cells (< passage 3—5) were used in the
experiments. Mycoplasma testing was performed using a
PCR-based e-mycoplasma test kit (iNtRON Biotechnology,
Seongnam, Korea).

Anti-phosphoSTATS (Cell Signaling, Danvers, MA),
anti-AR (Cell Signaling), and anti-ACTB (Santa Cruz Bio-
technology, Santa Cruz, CA) antibodies were used for West-
ern blot analysis; 5-a-DHT and the AR antagonist bicalu-
tamide (Casodex, CDX) were purchased from Sigma (St.
Louis, MO) and dissolved in ethanol to prepare 10% stock
solutions.

Cell viability assay

Cell viability was determined using the CellTiter-Glo Lumi-
nescent Cell Viability assay (Promega, Madison, WI). In
brief, 2000 cells were seeded in 96-well plates and cultured
at 37 °C overnight prior to drug treatment. After 72 or 96 h,
the plates were incubated with the reagent at room tempera-
ture for 10 min to stabilize the luminescence signal; results
were assessed using a MicroLumatPlus LB luminometer
microplate reader (Berthold Technologies, Bad Wildbad,
Germany). All plates included control wells containing
cell-free medium to determine background luminescence.
Data represent the percentage of untreated cells [(treatment
value — blank)/vehicle value — blank)] and are expressed
as the mean =+ standard error of the mean (SEM) of at least
three experiments.

Cell viability was determined by trypan blue staining;
20 pl of the cell suspension was mixed with 20 pl of trypan
blue solution and transferred to a hemocytometer twin cham-
ber. Viable cells (trypan blue-positive) were counted, and the
percentage of viable cells was calculated as the number of
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trypan blue-positive cells in the treatment group divided by
that in the untreated control group. Results were analyzed
using GraphPad Prism® version 5.00 (GraphPad Software,
San Diego, CA).

Western blot analysis

RCC cells were cultured in DMEM or RPMI 1640 with-
out phenol red containing 1% charcoal-stripped FBS for
18-24 h. The cells were treated with sodium meta-arsenite
at various concentrations for different periods and subse-
quently lysed. Protein concentrations were measured using
the Bradford protein assay (Bio-Rad, Hercules, CA). Equal
amounts of proteins were subjected to SDS-PAGE and
electrophoretically transferred to a PVDF membrane. The
membranes were incubated with the primary antibodies and
subsequently with the secondary antibody conjugated with
peroxidase. Signals were detected using the chemilumines-
cent detection system (Millipore, Bedford, MA). Membranes
were stripped and re-probed with ACTB antibody to confirm
equal protein loading.

RNA interference experiments

Cells were cultured to 60% confluency 24 h prior to trans-
fection with small interfering RNA (siRNA). The cells were
transiently transfected with AR-specific siRNA and non-
specific control siRNA using HiPerfect transfection reagent
(Qiagen, Valencia, CA). After 72 h, the cells were harvested
and cell extracts were screened for AR expression by West-
ern blot analysis and real-time reverse transcription-PCR
(qRT-PCR). The cells showing the most efficient AR knock-
down were used for further experiments, including AR and
p-STATS localization by immunofluorescence, as previously
described.

Real-time reverse transcription-PCR analysis

Total RNA was extracted from samples using TRIzol rea-
gent (Invitrogen). Total RNA (2 pg) from each sample was
subjected to reverse transcription using the SuperScript
II First-Strand cDNA Synthesis Kit (Invitrogen), and the
cDNAs were subjected to real-time PCR analysis for AR
and PSA expression. Real-time PCR reactions were carried
out using the ABI 7000 sequence detector system (Applied
Biosystems, Foster City, CA). Primers were designed as fol-
lows: androgen receptor forward, 5'-CAGTGGATGGGC
TGAAAAAT-3'; reverse, 5'- AGCGTCTTGAGCAGGATG
T-3'"; glucocorticoid receptor (GR) forward, 5'-GCGATG
G TCTCAGAAACCAAAC-3'; reverse, 5'-GCAGAGGAT
AACTTCCTCTGTAAT CTC-3'; ERa forward, 5'-CCGGCA
TTCTACAGGCCAAA-3'; reverse, 5'-GCGAGTCTCCTT
GGCAGATTC-3'; ACTB forward, 5'-CACCACCATGTA

C CCTGGCA-3'"; reverse, 5'-9 ACATCTGCTGGAAGG
TGGAC-3'. The cycler was programmed with the follow-
ing conditions: (a) initial denaturation at 94 °C for 2 min,
followed by 35 cycles of (b) 94 °C for 40 s, (c) annealing of
the primer template at 58 °C for 40 s, and (d) extension at
72 °C for 40 s. PCR amplification efficiency and linearity for
each gene including targeted and control genes were tested.

Results

DHT increases kidney cancer cell proliferation
and antiandrogen treatment reduce
the proliferation, regardless of AR status

The level of endogenous expression of steroid hormone
receptors, including ARs, GRs, estrogen receptors, and pro-
gesterone receptors, was assessed in RCC cell lines (Caki-
2, A498, and SN12C). Western blotting showed that ARs
were strongly expressed in Caki-2 and A498 cells, while
GRs were strongly expressed in SN12C cells (Fig. 1a). To
determine the relative steroid hormone receptor mRNA
expression levels, real-time RT-PCR analysis was performed
in RCC cells. Endogenous AR mRINA expression was mark-
edly higher in Caki-2 cells than in A498 or SN12C cells,
while GR mRNA levels were higher in SN12C cells than in
Caki-2 or A498 cells (Fig. 1b).

Cell viability assays showed that DHT treatment
increased cell proliferation in both AR-positive (Caki-2 and
A498) and AR-negative (SN12C) RCC cells in a concentra-
tion-dependent manner (Fig. 1c). The interaction between
STATS, AR, and GR has been well documented (Bianchi
et al. 2000; Stocklin et al. 1996; Tan et al. 2008). In the
current study, a concentration-dependent increase in phos-
phorylated STATS was seen in all RCC cells treated with
DHT (Fig. 1d).

Evaluation of cells treated with DHT (0, 0.1, 1 nM) in
the presence or absence of 1 nM CDX showed that CDX
reduced the proliferation of Caki-2, A498, and SN12C
cells (Fig. 2a). Western blotting showed that CDX treat-
ment induced a decrease in STATS phosphorylation and
AR expression in Caki-2, A498, and SN12C cells (Fig. 2b).

Knockdown of AR and GR blocks the growth of RCC
cells treated with DHT

We investigated whether knockdown of AR and GR with
siRNA affects the growth of RCC cells treated with or with-
out DHT. RCC cells were transfected with 2 pM siRNA
control, siRNA AR, siRNA GR, and a combination of
siRNA AR and siRNA GR for 72 h, followed by 1 nM DHT.
Cell viability assays showed that knockdown of AR or GR
reduced cell proliferation in AR-positive cells (Caki-2 and
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A498; Fig. 3a). In SN12C cells, siRNA GR reduced cell pro-
liferation; however, siRNA AR did not significantly decrease
cell proliferation. Simultaneous knockdown of AR and GR
resulted in a significant reduction in cell viability versus the
knockdown of AR or GR alone.

Western blotting showed that AR and GR expression was
effectively knocked down by siRNAs (Fig. 3b). Consistent
with the results of the cell viability assay, STATS phospho-
rylation was markedly decreased after AR or GR knockdown
(Fig. 3b and Supplementary Fig. 2). Taken together, these
results suggest that DHT enhances RCC cell proliferation
through STATS activation via the AR and GR pathways.

AR and GR expression is also associated
with primary RCC cell proliferation

The relative mRNA expression of AR and GR in pri-
mary RCC cell cultures was determined using qRT-PCR
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(Fig. 4a). Western blot analysis was performed in four cell
samples treated with 0.1-10 nM DHT for 24 h (Fig. 4b).
In primary cells from patients 2, 3, and 4, AR and phos-
phorylated STATS expression increased after DHT treat-
ment in a concentration-dependent manner. Similarly,
DHT treatment increased GR and phosphorylated STATS
expression in primary cells from patients 1, 2, and 4.
Optical microscopy showed that DHT induced cell pro-
liferation in a primary RCC cell line. The effects of CDX,
the AR signaling inhibitor enzalutamide (MDV3100), and
the GR antagonist mifepristone (RU486) were determined
in one primary cell sample that showed expression of both
AR and GR (patient 4). Cells were treated with 10 nM
DHT for 24 h in the presence or absence of 1 pM CDX,
10 pM MDV3100, and 10 pM RU486 (Fig. 4d). Cell via-
bility assays showed that CDX, MDV3100, and RU486
had antitumor activity against primary RCC cells.



Journal of Cancer Research and Clinical Oncology (2019) 145:2293-2301 2297
Fig.2 The effect of DHT (after B3 Caki-2
AR blocking) on cell growth, - Em A498
STATS phosphorylation, and A ko B3 SN12C
L ek
AR expression in human 160 - l_
RCC cell lines. a RCC cell x ¥
lines were treated with DHT 3 140+
(0, 0.1, 1 nM) in the pres- < 120- T
ence or absence of 1 nM CDX _g s =
(bicalutamide, AR antagonist). ® 100+ R :E:f £ B3 BRI E:E:
Cell viability was determined g o0 R B35 B B s s
by trypan blue staining. Results e T RSt BRSod s s o S
are expressed + SEM of three a 604 K1 Bt B5s] B 5l XS
independent experiments. b o bt Bt B Bl B K
: : 11 B BT KXY B R
RCC cell lines were treated with © 404 o] B B Bl Ry 1
DHT (0, 0.1, 1, 10 nM) in the 20 whsbsbssbs
presence or absence of 1 nM | RS B3S1 B B s s
CDX. Western blot analysis was ppa=i=i=i=i=is : el Bl e B el B s <y Becs] Besel sl K
performed using the antibodies o e g N E O N T a N ¥ © T e B =
X o + o X o + o X o F o X
specified x * X x & X x * X
o X 0O o x 0 o x o
o o o o o © o o o
o o o
B Caki-2 A498 SN12C
CDX CDX CDX
00.1110 001 110 001110001110 001110001 110 (nM)DHT
-——— - - —— - —— p-STATS
-l —mwo omT e e e STATS
- - TR e T T R
—_—— - ————pe—— -0 B88 R
Actin
Discussion STAT proteins are transcription factors that are crucial

This study demonstrates that DHT promotes the growth of
RCC cells by activating the STATS5 pathway, regardless of
AR status. DHT appears to utilize the AR and GR pathways
to activate STATS. These data demonstrate the potential
antitumor activity of AR and GR inhibition in the treatment
of RCC.

Androgens and their receptors are considered to play an
important role in RCC development as the incidence of RCC
is approximately 1.7 times higher in men than in women
(Chang et al. 2014; He et al. 2014a, b; Langner et al. 2004;
Lee et al. 2017; Lucca et al. 2015; Stone 2014; Wang et al.
2017; Zhao et al. 2016; Zhu et al. 2014). However, RCC is
not considered to be a sex hormone-dependent cancer and
smoking, obesity, hypertension, end-stage renal disease, and
alcohol intake are key risk factors. Among these, cigarette
smoking and end-stage renal disease are more common in
men than in women (Lucca et al. 2015). Several studies
report that AR expression is associated with tumor stage,
grade, and prognosis (Ha et al. 2015; He et al. 2014b). ARs
are expressed in the proximal and distal tubules of normal
human kidneys (Zhao et al. 2016), and immunohistochemi-
cal studies have also found 15-40% of RCC tissues to be
AR-positive (Ha et al. 2015; Langner et al. 2004; Zhu et al.
2014).

in mediating nearly all cytokine-driven signaling. Of the
STAT protein family, STATS is the most important for can-
cer progression, along with STAT3 (Yu et al. 2014). STATS
is involved in promoting cell cycle progression and cellular
transformation, and preventing apoptosis (Bromberg and
Darnell 2000). In addition, the STAT pathway has been
shown to have an oncogenic role in various hematologic
and solid tumors, including RCC (Buettner et al. 2002;
Horiguchi et al. 2002; Li et al. 2013; Song et al. 2007; Xin
et al. 2009). The interaction between activated STATS and
liganded AR has been well documented (Hoang et al. 2015;
Song et al. 2014; Tan et al. 2008). Consistent with this, the
current study found that DHT treatment increased STATS
phosphorylation and AR knockdown decreased STATS acti-
vation in AR-positive RCC cell lines and primary RCC cells.
Interestingly, we found that DHT promotes RCC cell growth
not only in AR-positive cells, but also in AR-negative cells.
Increased STATS phosphorylation and cell proliferation was
observed in AR-negative SN12C cells after DHT treatment
in a concentration-dependent manner, indicating that STATS
activation by DHT may play a role in the progression of
RCC.

The GR mediates the action of glucocorticoids, which
regulates cellular differentiation, growth, immune responses,
inflammation, and metabolism. However, the association
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between RCC and GRs is largely unknown. A previous
immunohistochemical study showed GR expression to be
present in the glomeruli and proximal tubules of the normal
kidney cortex and in 66% of clear cell RCC cases (Yaki-
revich et al. 2011). In addition, GR expression has been
associated with the aggressiveness of RCC (Yakirevich
et al. 2011). AR and GR share structural and functional
properties as members of the steroid receptor superfamily
of ligand-regulated transcription factors (Song et al. 2014;
Yakirevich et al. 2011), leading to the hypothesis that DHT
can cross-bind to GR. The GR bypass model of AR path-
way blockade was proposed by Arora et al. to explain the
mechanism of acquired resistance to AR-targeted therapy in
patients with castration-resistant prostate cancer (Arora et al.
2013). They found that GR binds to, and regulates, a subset
of AR targets. In addition, we previously reported that DHT
enhances cell proliferation through STATS activation via
the GR pathway in castration-resistant prostate cancer cells
devoid of ARs (Song et al. 2014). The results of the current
study are consistent with the previous observations in pros-
tate cancer cells, showing that DHT appears to utilize the
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GR pathway in RCC cells to activate the STATS pathway.
In this study, GR was increased in AR-negative SN12C cell
and primary RCC cells treated with DHT. We presume that
excessive DHT drives GR activation (Nikoli¢ et al. 2015;
Song et al. 2014). The increase in GR was accompanied
by an increase in the level of phosphorylated STATS, sug-
gesting that DHT-bound GR induced STATS activation. We
observed that, while growth stimulation by DHT through
GRs was less effective than through ARs, it was sufficient to
significantly increase the cell population (34.3% in Caki-2,
25.0% in A498, and 15.7% in SN12C).

The results obtained in the current study showed that the
knockdown of AR or GR with siRNAs decreased cell pro-
liferation and attenuated the effects of DHT in RCC cell
lines. AR and GR antagonists also blocked the growth of
primary cells from clear cell RCC patients. These results
suggest that targeting AR and GR expression may represent
a promising new treatment approach for patients with RCC.
Currently, radical or partial nephrectomy is the only cura-
tive treatment for localized RCC. However, medical treat-
ment is required in approximately one-third of patients who
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Fig.4 DHT induces STATS activation in human primary renal cell
carcinoma cells. a Relative mRNA expression levels of AR and GR
in primary renal cell carcinoma cells, which were normalized to the
expression levels in one primary cell sample from a female patient
(patient 1). b Human primary renal cell carcinoma cells from patients
treated with 0.1-10 nM DHT for 24 h. Western blot analysis was car-

are initially diagnosed with RCC and a quarter of patients
who have undergone surgical resection of RCC. In the past,
nonspecific immunotherapy with the cytokines IFNa and
IL-2 was used as a standard treatment option for patients
with RCC (Choueiri and Motzer 2017). The availability of
VEGF- and mTOR-targeted therapies expanded the range of
treatment options and prolonged progression-free survival
and overall survival. However, almost all patients will even-
tually develop resistance to these therapies. While new tar-
geted agents and immune checkpoint inhibitors have shown
promising efficacy (Choueiri et al. 2016; Motzer et al. 2015),

ried out using the antibodies indicated. ¢ Cells from a patient (P4)
treated with 1 nM DHT for 24 h; images were obtained using an opti-
cal microscope. d Cells were treated with 10 nM DHT for 24 h in the

presence or absence of 1 uM CDX, 10 pM MDV3100, and 10 pM
RU486

alternative therapeutic targets are required. The clinical eval-
uation of JAK-STAT signaling inhibitors has been initiated
in ongoing trials in a range of other cancers (Johnson et al.
2018), and the results presented here highlight the potential
importance of also targeting the JAK-STATS pathway in
RCC. In addition, a growing number of studies have dem-
onstrated that inhibition of JAK-STAT signaling downregu-
lates programmed cell death protein 1 (PD-1) and/or PD-L1
expression, suggesting that JAK-STAT signaling modulation
may have therapeutic potential in combination with immune
checkpoint inhibitors (nivolumab or pembrolizumab) to
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improve efficacy (Atsaves et al. 2017; Austin et al. 2014;
Johnson et al. 2018; Zhang et al. 2016).

In summary, our findings indicate that DHT promotes
cell proliferation through STATS activation in RCC cells.
This stimulatory effect was seen regardless of the AR status
of RCC cells. DHT appears to utilize the AR and GR path-
ways to activate STATS, and inhibition of ARs and GRs
shows antitumor activity in RCC cell lines and primary cells.
Together, these results suggest that targeting AR and GR
may represent a promising new approach to the treatment
of RCC.
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