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ELK1 promotes urothelial tumorigenesis
in the presence of an activated androgen receptor
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Abstract: We have recently demonstrated that ELK1, a transcription factor that triggers downstream targets includ-
ing c-Fos proto-oncogene, promotes the growth of bladder cancer cells possessing a functional androgen receptor
(AR). We here assessed the function of ELK1, as well as the efficacy of a selective alA-adrenergic blocker silo-
dosin that has been shown to inhibit ELK1 activity in bladder cancer cells, in urothelial tumorigenesis. The level
of ELK1 expression in an immortalized normal urothelial cell line SVHUC stably expressing wild-type AR (SVHUC-
AR) was considerably higher than that in AR-negative SVHUC-vector cells, which was induced further or reduced
by dihydrotestosterone or silodosin treatment, respectively. In SVHUC-AR cells exposed to a chemical carcinogen
3-methylcholanthrene, silodosin significantly reduced the expression levels of oncogenes (e.g. c-Fos, Jun, Myc), as
well as phospho-p38 MAPK and phospho-ERK proteins, and increased those of tumor suppressor genes (e.g. p53,
PTEN, UGT1A). ELK1 suppression via ELK1-short hairpin RNA virus infection or silodosin treatment also resulted
in significant inhibition in 3-methylcholanthrene-induced neoplastic transformation of SVHUC-AR cells, but not that
of SVHUC-vector cells. In N-butyl-N-(4-hydroxybutyl)nitrosamine-treated male C57BL/6 mice, the incidence rate of
bladder tumors was significantly (P = 0.007) lower in the silodosin group than in the control group. ELK1 thus ap-
pears to play a critical role in urothelial tumorigenesis, and silodosin prevents it presumably via down-regulation of
ELK1. Moreover, ELK1 may require an activated AR for inducing neoplastic transformation of urothelial cells. Our
findings may therefore offer a novel chemopreventive approach, via ELK1 inactivation using silodosin treatment,
for bladder cancer.
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Introduction motherapy, are often required. Consequently,
identifying key molecules/pathways responsi-
ble for urothelial tumorigenesis may offer novel

targeted therapy that more effectively prevents

Urinary bladder cancer, generally urothelial car-
cinoma, has been one of most frequently diag-

nosed malignancies predominantly affecting
males throughout the world [1]. Non-muscle-
invasive bladder tumors account for approxi-
mately three-fourth of all newly diagnosed
cases and are typically managed with a conser-
vative approach. However, patients with non-
muscle-invasive bladder tumor following trans-
urethral resection and currently available
intravesical pharmacotherapy still carry a life-
long risk of tumor recurrence occasionally with
more invasive disease for which aggressive
treatment modalities, such as radical cystecto-
my with or without neoadjuvant/adjuvant che-

the recurrence of superficial bladder cancer.

Emerging preclinical evidence indicates an
essential role of androgen-mediated androgen
receptor (AR) signaling in the development and
progression of bladder cancer, while precise
mechanisms for the functions of AR and related
signals in urothelial cells remain poorly under-
stood (reviewed in [2]). We have demonstrated
that androgens induce the expression and
activity of ELK1, a transcription factor whose
phosphorylation via the MAPK/ERK pathways is
known to lead to activation of downstream tar-
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gets, such as a proto-oncogene c-Fos [3, 4], in
AR-positive bladder cancer cells [5]. In prostate
cancer cells, AR was also found to function as a
co-activator of ELK1 [6]. We have additionally
demonstrated that silodosin, a selective a1A-
adrenergic receptor antagonist that has been
prescribed for urinary symptomatic relief from
benign prostatic hyperplasia [7] and has also
been shown to reduce the expression of ELK1
in human prostate smooth muscle cells [8] as
well as that of c-Fos in the rat spinal cord [9],
inhibits ELK1 activity in bladder [10] and pros-
tate [11] cancer cells.

By contrast, little is known about the role of
ELK1 signaling in urothelial tumorigenesis. In
the current study, we aimed to determine it, in
relation to AR signaling, and found that ELK1
knockdown or silodosin treatment resulted in
inhibition of neoplastic transformation of AR-
positive urothelial cells, but not AR-negative
cells.

Materials and methods
Antibodies and chemicals

We purchased anti-ELK1 (I-20), anti-AR (N-20),
and anti-GAPDH (6¢5) antibodies, and anti-
phospho-p38 MAPK (Thr180/Tyr182) (p-p38)
and anti-phospho-p44/42 MAPK (Thr202/
Tyr204) (p-ERK) antibodies from Santa Cruz
Biotechnology and Cell Signaling Technology,
respectively. We obtained dihydrotestosterone
(DHT) and hydroxyflutamide (HF) from Sigma-
Aldrich. Silodosin was from Cayman Chemical.

Cell lines

An immortalized human normal urothelial cell
line (SVHUC) was originally obtained from the
American Type Culture Collection and recently
authenticated, using GenePrint 10 System
(Promega), by the institutional core facility.
Stable sublines, including SVHUC-vector and
SVHUC-AR expressing a full-length wild-type
human AR, were established in our previous
studies [12-14]. Similarly, a short hairpin RNA
(shRNA) plasmid targeting human ELK1 (sc-
35290-SH, Santa Cruz Biotechnology) or a non-
silencing control shRNA plasmid (sc-108060,
Santa Cruz Biotechnology) was stably
expressed in SVHUC-vector or SVHUC-AR cells,
as we described previously [5, 10, 11]. All these
parental cells and stable sublines were main-
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tained in Ham’'s F-12K (Kaighn's) medium
(Mediatech) supplemented with 10% fetal
bovine serum (FBS) in a humidified atmos-
phere of 5% CO, at 37°C and routinely tested
for Mycoplasma contamination, using PCR
Mycoplasma Detection Kit (Applied Biological
Materials). Cells were then cultured in phenol
red-free medium supplemented with either 5%
regular FBS or 5% charcoal-stripped FBS (for
DHT treatment) at least 24 hours before experi-
mental treatment.

In vitro transformation

An in vitro neoplastic/malignant transforma-
tion system was employed, using SVHUC line
upon exposure to a carcinogen 3-methylcho-
lanthrene (MCA), as established in a previous
study [15], with minor modifications. In brief,
cells (2 x 108/10-cm culture dish incubated for
24 hours) were cultured in FBS-free F-12K con-
taining 5 pg/ml MCA (Sigma-Aldrich). After the
first 24 hours of MCA exposure, 1% FBS was
added to the medium. After additional 24 hours
of MCA exposure, the cells were cultured in
medium containing 5% FBS (without MCA) until
near confluence. Subcultured cells (1:3 split
ratio) were again incubated with MCA for two
48-hour exposure periods, using the above pro-
tocol. These MCA-exposed cells were subcul-
tured for 6 weeks in the presence or absence of
silodosin (without MCA) and then utilized for
subsequent assays.

Cell proliferation assay

We used the methylthiazolyldiphenyl-tetrazoli-
um bromide (MTT) assay to assess cell viability.
Cells (500-1000/well) seeded in 96-well tissue
culture plates were cultured for up to 96 hours,
and then incubated with 0.5 mg/mL of MTT
(Sigma-Aldrich) in 100 uL of medium for 3 hours
at 37°C. MTT was dissolved by DMSO, and the
absorbance was measured at a wavelength of
570 nm with background subtraction at 630
nm.

Plate colony formation assay

Cells (500/well) seeded in 12-well tissue cul-
ture plates were allowed to grow until colonies
in the control well were certainly detectable.
The cells were then fixed with methanol and
stained with 0.1% crystal violet. The number
of colonies in photographed pictures was qu-
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Table 1. Sequences of PCR primers

Mouse models

Gene  Sense

Anti-sense

ELK1  5-CAGCCAGAGGTGTCTGTTACC-3" 5-GAGCGCATGTACTCGTTCC-3’
c-Fos  5-CGAGATGGAGATCGGTATGGT-3  5-GGGTCTTCTTACCCGGCTTG-3’
JUN 5’-TGTACCGACTGAGAGTTCTTGA-3’  5’-ACAGAGCGAGTGAAAATGTGTAT-3’
Myc 5’-ACCAGATCCCGGAGTTGGAA-3"  5’-CGTCGTTTCCGCAACAAGTC-3’
5’-AACTGTAACTCCTCAGGCAGGC-3’
5’-CCCCCACTTTAGTGCACAGT-3’
UGT1A 5-TGGGTGGAGTTTGTGATGAGGC-3' 5-CAATGGGTCTTGGATTTGTGGG-3’
GAPDH 5’-AAGGTGAAGGTCGGAGTCAAC-3' 5-GGGGTCATTGATGGCAACAATA-3’

P53 5-GGAGGGGCGATAAATACC-3’
PTEN  5-GTTTACCGGCAGCATCAAAT-3’

The animal protocols in
accordance with the Na-
tional Institutes of He-
alth Guidelines for the
Care and Use of Ex-
perimental Animals we-
re approved by the In-
stitutional Animal Care
and Use Committee. Six-

antitated, using ImageJ) software (National In-
stitutes of Health).

Reverse transcription (RT) and real-time poly-
merase chain reaction (PCR)

Total RNA isolated from cultured cells by TRIzol
(Invitrogen) was subject to RT, using oligo-dT
primers and Ominiscript reverse transcripta-
se (Qiagen). Real-time PCR was then conduct-
ed, using RT2 SYBR Green FAST Mastermix
(Qiagen). The primer sequences are given in
Table 1.

Western blot

Proteins (30-50 pg) obtained from cell extracts
were separated in 10% sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis, trans-
ferred to polyvinylidene difluoride membrane
electronically, blocked, and incubated with an
appropriate dilution of each specific antibody
and then a secondary antibody (anti-mouse IgG
HRP-linked antibody or anti-rabbit 1gG HRP-
linked antibody; Cell Signaling Technology),
which was followed by scanning with an imag-
ing system (ChemiDOC™ MP, Bio-Rad).

Reporter gene assay

Cells at a density of 50-70% confluence in
24-well tissue culture plates were co-trans-
fected with 250 ng of pELK-Luc reporter plas-
mid DNA (LR-2061, Signosis) and 2.5 ng of a
control reporter plasmid (pRL-CMV), using Li-
pofectamine® 3000 transfection reagent (Li-
fe Technologies). After transfection, the cells
were cultured in the presence or absence of
silodosin for 24 hours. Cell lysates were then
assayed for luciferase activity measured us-
ing a Dual-Luciferase Reporter Assay kit
(Promega).
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week-old male NOD-
SCID mice and 5-week-
old male C57BL/6 mice were obtained from
Johns Hopkins University Research Animal
Resources.

SVHUC-derived cells (1 x 108) were suspended,
mixed with 100 pyL Matrigel (BD Biosciences),
and subcutaneously injected into the flank of
the NOD-SCID mice, as we described previously
[5, 14]. Tumor formation was monitored every
other day.

The C57BL/6 mice at age of 6 weeks were
supplied ad libitum with tap water containing
0.1% N-butyl-N-(4-hydroxybutyl) nitrosamine
(BBN) (Sigma-Aldrich) for 12 weeks and there-
after with tap water without BBN, as we
described previously [16, 17]. These mice also
received daily subcutaneous injections of vehi-
cle (1/1000 ethanol in 0.2 mL sterile distilled
water) or silodosin (40 mg/Kg). At 27 weeks of
their age, all the animals were euthanized for
macroscopic and microscopic analyses of the
bladder and other major organs.

Statistical analysis

Fisher's exact test and Student’s t-test were
used to assess statistical significance for ca-
tegorized variables and those with ordered dis-
tribution, respectively. The rates of tumor de-
velopment in animals were calculated by the
Kaplan-Meier method, and comparison was
made by log-rank test. P values less than 0.05
were considered statistically significant.

Results

Expression of ELK1 in AR-positive versus AR-
negative urothelial cells

We first compared the expression levels of
ELK1 in normal urothelial cells with versus with-
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Figure 1. Relationship between ELK1 and AR expression in urothelial cells.
A. Quantitative real-time RT-PCR for ELK1 in SVHUC-vector/control-shRNA,
SVHUC-AR/control-shRNA, and SVHUC-AR/ELK1-shRNA cells. A house-
keeping gene GAPDH was used to normalize ELK1 gene expression that is
presented relative to that in SVHUC-AR/control-shRNA (mean + standard
deviation of three independent experiments). *P < 0.05 (vs. SVHUC-AR/con-
trol-shRNA). B. Western blot analysis of ELK1 and AR, using protein extracts
from SVHUC-vector/control-shRNA, SVHUC-AR/control-shRNA, and SVHUC-
AR/ELK1-shRNA. C. Western blot analysis of ELK1, using protein extracts
from SVHUC-AR cells treated with ethanol (mock), DHT (10 nM), and/or HF

culture [15]. The degree of
neoplastic transformation in
SVHUC-vector/control-shRNA,
SVHUC-AR/control-shRNA,
and SVHUC-AR/ELK1-shRNA
cells with the carcinogen chal-
lenge was then assessed by
cell viability (via MTT assay;
Figure 2A) and colony forma-
tion (via clonogenic assay;
Figure 2B). In accordance
with our previous observa-
tions [12, 13], AR overexpres-
sion induced neoplastic trans-
formation of SVHUC cells.
ELK1 knockdown in SVHUC-
AR cells demonstrated signifi-
cant inhibition of their neo-
plastic transformation to the
levels similar to those in
SVHUC-vector/control-shRNA

(5 uM) for 24 hours.

out AR overexpression. A quantitative RT-PCR
(Figure 1A) and western blotting (Figure 1B)
showed considerable up-regulation of ELK1
expression in SVHUC-AR cells, compared with
AR-negative control SVHUC cells. To investiga-
te the functional role of ELK1 in urothelial
tumorigenesis, an ELK1-shRNA was stably
expressed in SVHUC-AR cells. As expected,
the levels of ELK1 mRNA (Figure 1A) and pro-
tein (Figure 1B) were substantially lower in
SVHUC-AR/ELK1-shRNA than in SVHUC-AR/co-
ntrol-shRNA. However, AR protein expression
was only marginally down-regulated in SVHUC-
AR/ELK1-shRNA, compared with SVHUC-AR/
control-shRNA.

We then assessed the effect of androgen on
ELK1 expression in normal urothelial cells. As
we demonstrated in bladder cancer cells [5],
DHT treatment increased the expression of
ELK1 in SVHUC-AR cells, which was antago-
nized by an anti-androgen HF (Figure 1C).

Suppression of neoplastic/malignant transfor-
mation of urothelial cells by ELK1 knockdown

To determine the impact of ELK1 expression on
urothelial tumorigenesis, we made use of an in
vitro transformation model. Following exposure
to chemical carcinogens, such as MCA, non-
neoplastic SVHUC cells could undergo stepwi-
se transformation during subsequent 6-week
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cells.

By using a quantitative RT-PCR method, we
compared the expression levels of oncogenic
molecules, including c-Fos, Jun, and Myc
(Figure 2C), as well as other molecules having
suppressive functions in bladder tumorigene-
sis, such as p53, PTEN, and UGT1A (Figure 2D),
in SVHUC-derived sublines with the carcino-
gen challenge. Consistent with data on cell via-
bility and colony formation, AR overexpression
resulted in considerable increases and de-
creases in the expression levels of oncogenes
and tumor suppressors, respectively. Similarly,
ELK1 knockdown in SVHUC-AR demonstrated
considerable decreases and increases in their
expression levels, respectively.

Inactivation of ELK1 by silodosin in non-neo-
plastic urothelial cells

We assessed the efficacy of silodosin in ELK1
expression, using a quantitative PCR and west-
ern blotting, in SVHUC-derived sublines. Si-
lodosin at 1-10 pyM significantly reduced the
levels of ELK1 gene expression in SVHUC-AR/
control-shRNA cells, but not in SVHUC-vector/
control-shRNA and SVHUC-AR/ELK1-shRNA
cells (Figure 3A). Similarly, silodosin diminish-
ed ELK1 protein expression in SVHUC-AR ce-
lls (Figure 3B). We also determined ELK1-
mediated transcriptional activity in the extra-
cts of cells transfected with an ELK1 lucifera-
se reporter plasmid and subsequently treated
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Figure 2. Effects of ELK1 knockdown on neoplastic transformation of urothelial cells. SVHUC-vector/control-shRNA,
SVHUC-AR/control-shRNA, and SVHUC-AR/ELK1-shRNA cells first exposed to MCA and subsequently cultured for 6
weeks were seeded for MTT assay (A; additional 96-hour culture) or clonogenic assay (B; additional 2-week culture).
The cell viability or colony number (= 20 cells) is presented relative to that in SVHUC-AR/control-shRNA (mean
+ standard deviation of three independent experiments). SVHUC-vector/control-shRNA, SVHUC-AR/control-shRNA,
and SVHUC-AR/ELK1-shRNA cells with MCA expose and subsequent 6-week culture were subjected to RNA extrac-
tion, RT, and real-time PCR. GAPDH was used to normalize the expression of c-Fos, Jun, or Myc (C), as well as p53,
PTEN, or UGT1A (D), which is presented relative to that in SYHUC-AR/control-shRNA (mean + standard deviation of
three independent experiments). *P < 0.05 (vs. SVHUC-AR/control-shRNA).
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Figure 3. Effects of silodosin on the expression and transcriptional activity of ELK1 in urothelial cells. A. Quantitative
real-time RT-PCR for ELK1 in SVHUC-vector/control-shRNA, SVHUC-AR/control-shRNA, and SVHUC-AR/ELK1-shRNA
cells treated with 0-10 uM silodosin for 24 hours. GAPDH was used to normalize the expression of each gene that
is presented relative to that of mock-treated cells in each subline (mean + standard deviation of three independent
experiments). *P < 0.05 (vs. mock treatment). B. Western blot analysis of ELK1, using protein extracts from SVHUC-
AR cells cultured with 0-10 uM silodosin for 24 hours. C. The luciferase reporter activity of ELK1 was determined in
SVHUC-vector and SVHUC-AR cells cultured with 0-10 pM silodosin for 24 hours. The luciferase activity is presented
relative to that of mock treatment in each subline (mean + standard deviation of three independent experiments).
*P < 0.05 (vs. mock treatment).
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Figure 4. Effects of silodosin on neoplastic transformation of urothelial cells. SVHUC-vector/control-shRNA, SVHUC-
AR/control-shRNA, and SVHUC-AR/ELK1-shRNA cells first exposed to MCA and subsequently cultured with 0-10 uM
silodosin for 6 weeks were seeded for MTT assay (A; additional 96-hour culture) or clonogenic assay (B; additional
2-week culture) without silodosin treatment during actual assays. The viability or colony number (= 20 cells) is
presented relative to that of mock-treated cells in each subline (mean + standard deviation of three independent
experiments). SVHUC-AR/control-shRNA cells with MCA expose and subsequent 6-week culture were subjected to
RNA extraction, RT, and real-time PCR. GAPDH was used to normalize the expression of c-Fos, Jun, or Myc (C), as
well as p53, PTEN, or UGT1A (D), which is presented relative to that in mock-treated cells (mean + standard devia-
tion of three independent experiments). *P < 0.05 (vs. mock treatment).

with silodosin. Compared with mock treatment, activity of ELK1 in SVHUC-AR cells, but not in
silodosin significantly reduced the luciferase AR-negative control SVHUC cells (Figure 3C).
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Figure 5. Effects of silodosin on the growth of urothelial cells. MTT assay in SVHUC-vector/control-shRNA, SVHUC-
AR/control-shRNA, and SVHUC-AR/ELK1-shRNA cells cultured with 0-10 uM silodosin. Cell viability is presented
relative to that of each subline with mock treatment (mean + standard deviation of three independent experiments).

Suppression of neoplastic/malignant transfor-
mation of urothelial cells by silodosin

We next assessed the efficacy of long-term
treatment with silodosin in urothelial tumori-
genesis. SVHUC-derived sublines exposed to
MCA were cultured in the presence of various
concentrations of silodosin for 6 weeks dur-
ing the process of neoplastic transformation.
Oncogenic activity in transformed cells was
again monitored by cell viability (Figure 4A) and
colony formation (Figure 4B) with no further
drug treatment that could directly have an
impact on cell proliferation or colony formation,
although short-term (96 hours) treatment with
silodosin did not significantly inhibit the growth
of SVHUC-vector/control-shRNA, SVHUC-AR/
control-shRNA, and SVHUC-AR/ELK1-shRNA
cells (Figure 5). Thus, we compared the prog-
ress of carcinogen-induced neoplastic transfor-
mation in urothelial cells, which might be inhib-
ited by silodosin treatment, but did not intend
to simply assess the effects of silodosin on the
growth of transformed cells. Similar to in vitro
transformation data in MCA-exposed SVHUC
sublines with or without ELK1 knockdown
described above, silodosin treatment at 1-10
UM resulted in significant inhibition of neo-
plastic transformation of SVHUC-AR/control-
shRNA cells in both assays, but not that of
SVHUC-vector/control-shRNA  or SVHUC-AR/
ELK1-shRNA cells.

A quantitative RT-PCR method was again per-
formed to compare the expression levels of
oncogenes and tumor suppressors in urothelial
cells undergoing malignant transformation in
the presence of various concentrations of silo-
dosin during its process. In SVHUC-AR/control-
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shRNA cells with MCA exposure, 6-week silodo-
sin treatment (1-10 uM) resulted in down- or
up-regulation of the expression of c-Fos/Jun/
Myc (Figure 4C) or p53/PTEN/UGT1A (Figure
4D), respectively. By contrast, silodosin even at
10 pM did not significantly alter the expression
levels of these 6 genes in SVHUC-vector/con-
trol-shRNA (Figure 6A and 6B) and SVHUC-AR/
ELK1-shRNA (Figure 6C and 6D).

The inhibitory effects of ELK1 knockdown and
silodosin treatment on urothelial tumorigene-
sis were confirmed in mouse xenograft mod-
els. SVHUC-AR/control-shRNA or SVHUC-AR/
ELK1-shRNA cells with the carcinogen chal-
lenge and subsequent 6-week culture with or
without silodosin were inoculated subcutane-
ously into immunocompromised mice that
received no additional treatment, and tumor
formation was monitored as an endpoint. Co-
mpared with control-shRNA/mock, silodosin
treatment (P = 0.002), ELK1 knockdown (P <
0.001), or both (P < 0.001) remarkably delayed
or even prevented the development of SVHUC-
AR xenograft tumors (Figure 7). There was no
statistically significant difference in tumor for-
mation between control-shRNA/silodosin vs.
ELK1-shRNA/mock (P = 0.596), control-shRNA/
silodosin vs. ELK1-shRNA/silodosin (P = 0.922),
or ELK1-shRNA/mock vs. ELK1-shRNA/silodo-
sin (P = 0.634).

Expression of upstream proteins of ELK1 in
urothelial cells treated with silodosin

To determine if silodosin treatment has an
impact on the expression of upstream proteins
of ELK1, western blotting for p-p38 and p-ERK
was performed in SVHUC-AR sublines. In SV-
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Figure 6. Effects of silodosin on the expression of oncogenes and tumor suppressor genes in urothelial cells un-
dergoing neoplastic transformation. SVHUC-vector/control-shRNA (A, B) and SVHUC-AR/ELK1-shRNA (C, D) cells
exposed to MCA and subsequently cultured with 0-10 uM silodosin for 6 weeks were subjected to RNA extraction,
RT, and real-time PCR. GAPDH was used to normalize the expression of c-Fos, Jun, or Myc (A, C), as well as p53,
PTEN, or UGT1A (B, D), which is presented relative to that in mock-treated cells (mean + standard deviation of three
independent experiments).

HUC-AR/control-shRNA and SVHUC/ELK1-shR- modest decreases in the expression of p-p38
NA cells without the carcinogen challenge, only and p-ERK by short-term (24 hours) silodosin
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Figure 7. Effects of ELK1 knockdown or silodosin treatment on urothelial
tumor formation in mouse xenograft models. SVHUC-AR/control-shRNA or
SVHUC-AR/ELK1-shRNA cells exposed to MCA and subsequently cultured for
6 weeks in the presence of ethanol (mock) or silodosin (1 uM) was suspend-
ed and subcutaneously implanted into the flank of 6-week-old male NOD-
SCID mice (n = 10 in each group). The endpoint for this study was tumor for-
mation (exceeding 30 mm? in its estimated volume [by the following formula:
(short diameter)? x (longest diameter) x 0.5] or 5 mm in greatest dimension).
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Figure 8. Effects of silodosin on the expression of upstream proteins of ELK1
in urothelial cells. Western blotting of p-p38 and p-ERK, using proteins ex-
tracted from SVHUC-AR cells treated with ethanol (mock) or silodosin (1 uM)
for 24 hours (A) or SVHUC-AR cells first exposed to MCA and subsequently
cultured with ethanol (mock) or silodosin (1 uM) for 6 weeks (B).

treated with BBN as well as
either mock or silodosin for
12 weeks. These animals
were sacrificed at 27 weeks
of age to detect urothelial
tumors macroscopically and
microscopically (Table 2). Bl-
adder tumors were grossly
identified in 5 mock-treated
and 2 silodosin-treated mice
and were histologically con-
firmed as high-grade carcino-
mas. In addition, in situ lesion
was histologically seen in 3
mock-treated mice with no
gross tumor. Thus, there was
a significant difference in the
incidence of bladder tumors
between mock [8 (100%) of
8] versus silodosin [2 (25%)
of 8] treatment (P = 0.007).
None of the mice in either
group developed upper uri-
nary tract or metastatic
tumors.

Discussion

Cancer initiation/malignant
transformation and tumor gr-
owth/progression are distinct
steps. In the present study,
we have focused on investi-
gating the functional role of
ELK1, as well as the efficacy
of silodosin, in the former.

treatment were seen (Figure 8A). By contra-
st, in SVHUC-AR/control-shRNA and SVHUC-
AR/ELK1-shRNA cells undergoing neoplastic
transformation induced by MCA exposure,
6-week silodosin treatment during the course
of neoplastic transformation resulted in sub-
stantial decreases in their expression (Figure
8B).

Prevention of the development of BBN-induced
bladder cancer by silodosin

We finally utilized a chemical carcinogen BBN
that was known to reliably induce the develop-
ment of bladder tumor in male rodents to fur-
ther assess the effects of silodosin on urothe-
lial carcinogenesis. Male C57BL/6 mice were
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Indeed, we previously demon-
strated that ELK1 silencing resulted in signifi-
cant delay (P = 0.013) in the formation of xeno-
graft tumors when human bladder cancer
UMUCS3 cells stably expressing either a control-
shRNA or an ELK1-shRNA were implanted into
immunocompromised mice [5]. In addition, our
immunohistochemistry data in surgical speci-
mens showed significant up-regulation of the
expression of phosho-ELK1 (p-ELK1), an active
form of ELK1, in bladder [5] and upper urinary
tract [18] urothelial cancers, compared with
normal urothelial tissues, and a strong associa-
tion of p-ELK1 positivity in non-muscle-invasive
bladder tumors with the risk of recurrence after
transurethral resection. These findings implied
the involvement of ELK1 signals in the develop-
ment of urothelial cancer.
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Table 2. Effects of silodosin on bladder can-
cer incidence in a BBN-induced mouse model

Mock Silodosin
Gross tumor 5 2
In situ lesion 3 0
All malignancy 8 2
No malignancy 0 6

We have demonstrated preclinical data indi-
cating that ELK1, as a transcriptional activa-
tor involving the MAPK/ERK pathway, induces
the proliferation and/or migration/invasion of
bladder [5] and prostate [11] cancer cells as
well as resistance to the cytotoxic effects of
a chemotherapeutic agent cisplatin in bladd-
er cancer cells [10]. We have additionally sh-
own that silodosin inhibits the expression and
activity of ELK1 and thereby exhibits the sup-
pressive effects similar to those of ELK1 knock-
down in both types of cells, especially those
possessing a functional AR [10, 11]. Thus, the
function of ELK1 in bladder cancer progres-
sion, but not tumor development, has been well
documented.

As aforementioned, ELK1 is known to be a reg-
ulator of c-Fos [3, 4]. c-Fos has been further
shown to form a heterodimer with Jun, leading
to the formation of the AP-1 complex and regu-
lation of target gene expression, and thereby
involve tumorigenesis [19]. Indeed, ELK1 has
been implicated in colon carcinogenesis [20].
Direct regulation of BRCA1, variations of which
are linked to increased risks of breast and
ovarian cancers, by ELK1/c-Fos/Jun has also
been documented [21, 22]. We here demon-
strated further evidence, using an in vitro tr-
ansformation model, suggesting that ELK1
could promote urothelial tumorigenesis. ELK1
knockdown in MCA-exposed SVHUC-AR cells
resulted in significant decreases in the expres-
sion of oncogenes, including c-Fos, Jun, and
Myc, and significant increases in that of tumor
suppressors, such as p53, PTEN, and UGT1A.
Nonetheless, further studies are necessary to
determine precisely how ELK1 signals regulate
urothelial cancer initiation.

As we previously showed in bladder [10] and
prostate [11] cancer cells, silodosin was found
to inhibit the expression of ELK1 and its tran-
scriptional activity in non-neoplastic urothelial
cells. We could then show the preventive

2334

effects of silodosin on MCA-induced neoplas-
tic transformation of urothelial cells similar to
those of ELK1 knockdown. Importantly, silodo-
sin was most likely to function via the ELK1
pathway, because no significant additional
inhibitory effects of silodosin were seen in
ELK1 knockdown cells. Our western blotting
further showed that long-term treatment of silo-
dosin considerably reduced the expression of
upstream proteins of ELK1, p-p38 and p-ERK,
in both control and ELKZ1-silenced urothelial
cells undergoing malignant transformation,
whereas its short-term (i.e. 24 hours) treatment
only modestly reduced it. In addition, the pre-
vention of tumor development by silodosin
treatment was confirmed in a BBN-induced
bladder cancer model. Silodosin was thus
found to inhibit urothelial tumorigenesis via
inactivating ELK1 and its upstream signals,
suggesting the possibility of clinical application
of silodosin therapy to the patients with non-
muscle-invasive bladder tumor following trans-
urethral surgery to efficiently prevent tumor
recurrence. Indeed, selective alA-adrenergic
receptor antagonists, including silodosin, have
been widely used for the symptomatic treat-
ment in men with benign prostatic hyperplasia
[7]. Meanwhile, al-adrenergic receptors have
been shown to activate p38 and ERK in the
human prostate [23, 24]. Of note, silodosin at
1-10 uM showing the significant effects in our
in vitro studies is tolerable, as its plasma levels,
without acute toxicity or marked histological
changes in the major organs in rodents [25],
while plasma levels of silodosin in healthy men
after receiving pharmacological doses (e.g. oral
dose of 8 mg) are up to approximately 0.1 uM
[26]. Mice that received BBN in our bladder
cancer model were also tolerable to a higher
dose (i.e. 40 mg/Kg) of daily subcutaneous
injections of silodosin, aiming for a C__ of 1
UM, for 12 weeks.

Functional interplay between ELK1 and AR sig-
nals has been documented in prostate cancer
cells [6]. We also previously demonstrated that
the expression levels of ELK1 or p-ELK1 versus
AR in bladder cancer tissue specimens were
significantly associated and that androgens
activated ELK1 in AR-positive bladder cancer
cells [5]. Interestingly, ELK1 knockdown or silo-
dosin treatment could inhibit the cell growth of
bladder or prostate cancer lines only in the
presence of an activated AR (and ELK1) but the
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cell migration of both AR-positive and AR-
negative lines [5, 10, 11]. We here found that
AR overexpression or DHT treatment aug-
mented ELK1 expression in non-neoplastic uro-
thelial cells. Silodosin was also found to inacti-
vate ELK1 signals only in AR-positive urotheli-
al cells. Moreover, the significant inhibitory
effects of ELK1 knockdown and silodosin treat-
ment on MCA-induced neoplastic transforma-
tion were seen in AR-positive urothelial cells,
but not in AR-negative cells. These findings sug-
gest that ELK1 requires AR for inducing urothe-
lial tumorigenesis. While androgens and AR are
known to play a vital role in the development of
urothelial cancer [2, 12, 14, 16, 17], it needs to
be determined if an activated AR is necessary
for the involvement of ELK1 in malignant trans-
formation of non-urothelial cells especially
where AR-related signals are unlikely to be of
importance for their tumorigenesis.

In conclusion, our results indicate that ELK1
contributes to inducing urothelial tumorigene-
sis via cooperation with a functional AR.
Accordingly, ELK1 inactivation via treatment
with tolerable doses of silodosin has the poten-
tial of being an effective chemopreventive
approach against bladder cancer.
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