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Abstract: The efficacy of cisplatin-based chemotherapy in patients with bladder cancer is often limited due to the 
development of therapeutic resistance. Our recent findings in bladder cancer suggested that activation of prosta-
glandin receptors (e.g. EP2, EP4) or cyclooxygenase (COX)-2 induced cisplatin resistance. Meanwhile, emerging 
evidence indicates the involvement of estrogen receptor-β (ERβ) signals in urothelial cancer progression. In this 
study, we aimed to investigate whether ERβ activity was associated with cisplatin sensitivity in bladder cancer. 
Immunohistochemistry in muscle-invasive bladder cancer specimens from 55 patients who had subsequently re-
ceived at least 3 cycles of cisplatin + gemcitabine neoadjuvant chemotherapy showed that ERβ was positive in 
38% of responders vs. 71% of non-responders (P = 0.016), including 42% of male responders vs. 65% of male 
non-responders (P = 0.142) and 20% of female responders vs. 100% of female non-responders (P = 0.048). Then, 
cisplatin cytotoxicity was compared in human bladder cancer cell lines. Control sublines endogenously expressing 
ERβ were significantly more resistant to cisplatin treatment at its pharmacological concentrations, compared with 
ERβ knockdown sublines via short hairpin RNA virus infection. An ER modulator tamoxifen increased sensitivity to 
cisplatin in ERα-negative/ERβ-positive cell lines, while, in an estrogen-depleted condition, 17β-estradiol reduced 
it. Additionally, western blot showed considerable elevation in ERβ expression in cisplatin-resistant bladder cancer 
sublines, compared with respective controls. Moreover, treatment with tamoxifen or a COX-2 inhibitor celecoxib 
increased cisplatin sensitivity even in resistant cells, while COX-2/EP2/EP4 inhibitor treatment resulted in reduced 
expression of ERβ. The expression and activity of β-catenin known to involve cisplatin resistance was also up-regu-
lated in cisplatin-resistant cells, which was further induced by 17β-estradiol treatment. The present results suggest 
that estrogen-mediated ERβ signaling plays an important role in modulating cisplatin sensitivity in bladder cancer 
cells. Targeting ERβ during chemotherapy may thus be a useful strategy to overcome cisplatin resistance especially 
in female patients with ERβ-positive bladder cancer.
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Introduction

Bladder cancer is one of the most commonly 
diagnosed malignancies worldwide [1]. Clini- 
cally, there are two distinct forms: non-muscle-
invasive and muscle-invasive diseases. Muscle-
invasive bladder cancer is often associated 
with metastatic disease which still has a poor 
prognosis with a relative 5-year overall survival 
rate of 5.5% [2]. While several immune check-

point agents have recently been approved for 
clinical use, cisplatin (CDDP)-based combina-
tion chemotherapy remains the first-line treat-
ment for advanced bladder cancer [3, 4]. How- 
ever, the response rate to CDDP-containing reg-
imen has been reported to be 40-60% in pa- 
tients who underwent neoadjuvant chemother-
apy followed by radical cystectomy [5, 6]. In 
addition, the underlying mechanisms for CDDP 
resistance in bladder cancer remain poorly 
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understood. Therefore, the development of 
strategies for not only overcoming chemoresis-
tance but also predicting chemosensitivity is 
urgently required. Indeed, we have recently 
demonstrated preclinical findings in bladder 
cancer suggesting that activation of prosta-
glandin receptors (e.g. EP2, EP4) and cyclooxy-
genase (COX)-2 [7], as well as androgen recep-
tor (AR) [8], is associated with induction of 
CDDP resistance.

Various epidemiological and clinical studies 
have indicated that bladder cancer incidence is 
three- to four-fold higher in men than in women, 
while women tend to be diagnosed with more 
advanced stage tumors and have higher mor-
tality from bladder cancer [9]. To understand 
these sex-related differences, steroid hormone 
receptors, such as AR and estrogen receptor 
(ER), have been investigated if they contribute 
to urothelial carcinogenesis and cancer pro-
gression [10, 11]. The ER has two major iso-
forms, ERα and ERβ. Of the two, ERβ has been 
shown to be physiologically expressed in a vari-
ety of organs, including the bladder [12]. It has 
also been documented that ERβ is expressed, 
as a favorable prognosticator, in neoplastic 
conditions, such as cancers of the breast [13], 
colon [14], ovary [15], prostate [16], and stom-
ach [17], while its prognostic significance 
remains controversial in some other malignan-
cies, such as esophageal cancer, non-small cell 
lung cancer, and endometrial cancer [18-21]. 
ERβ expression has also been associated with 
worse prognosis in patients with pancreatic 
cancer [22] as well as bladder cancer [23]. 
Specifically, in bladder cancer, a meta-analysis 
showed that ERβ expression was significantly 
up-regulated in high-grade or muscle-invasive 
tumors, compared with low-grade or non-mus-
cle-invasive tumors, respectively, and was sig-
nificantly associated with a higher risk of recur-
rence of non-muscle-invasive tumors (hazard 
ratio = 1.573; 95% confidence interval = 1.102-
2.247; P = 0.013) [24]. Meanwhile, ERα is unde-
tectable in most of urothelial tumors [23, 24], 
and its role in bladder cancer may thus be 
limited.

In preclinical models for bladder cancer, ERβ 
has been shown to promote tumor progression 
[25-28]. In particular, 17β-estradiol (E2) pro-
motes the proliferation of ERα-negative and 
ERβ-positive bladder cancer cells via, for in- 
stance, inducing the expression of BCL2 and 

cyclin D1 genes [29] or inactivating a potential 
tumor suppressor FOXO1 [30]. However, the 
impact of ERβ signaling on modulating CDDP 
sensitivity is not fully understood. In the pres-
ent study, we aimed to investigate whether ERβ 
activation could be associated with CDDP 
resistance in bladder cancer.

Material and methods

Antibodies and chemicals

Anti-ERβ (H-150 or B-3) and anti-GAPDH (6C5) 
antibodies, and an anti-β-catenin antibody were 
purchased from Santa Cruz Biotechnology and 
BD Biosciences, respectively. CDDP, E2, and 
tamoxifen (TAM) were obtained from Sigma-
Aldrich, celecoxib and ONO-AE3-208 (EP4 an- 
tagonist) were from ChemScene, and AH6809 
(EP2 antagonist) was from Cayman Chemical.

Cell lines

Human urothelial carcinoma cell lines (UMUC3, 
5637) were originally obtained from the Ame- 
rican Type Culture Collection. Another human 
urothelial carcinoma cell line (647V) was used 
in our previous studies [7, 8, 30-32]. All these 
lines were recently authenticated, using Gene- 
Print 10 System (Promega). In these cell lines, 
ERβ-shRNA lentiviral particles (sc-35325-V; 
Santa Cruz Biotechnology) or control shRNA 
lentiviral particles (sc-108080; Santa Cruz 
Biotechnology) were stably expressed. Addi- 
tionally, as previously described [7, 8], CDDP-
resistant sublines were established by step-
wise, continuous treatment with CDDP (e.g. 
0.2-2.0 μM) for at least 12 weeks. UMUC3/ 
647V- and 5637-derived cells were maintained 
in Dulbecco’s modified Eagle’s medium (Gibco) 
and RPMI 1640 (Mediatech), respectively, sup-
plemented with 10% fetal bovine serum (FBS), 
penicillin (50 U/mL), and streptomycin (50 μg/
mL) at 37°C in a humidified atmosphere of 5% 
CO2. Cells were cultured in phenol red-free 
medium supplemented with 10% charcoal-
stripped FBS for E2 treatment at least 24 hours 
before experimental treatment.

Western blot

Equal amounts of proteins (30 µg) obtained 
from cell extracts were separated in 10% sodi-
um dodecyl sulfate-polyacrylamide gel electro-
phoresis, transferred to polyvinylidene difluo-
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ride membrane electronically, blocked, and 
incubated with a specific antibody and a sec-
ondary antibody (anti-mouse or anti-rabbit IgG 
HRP-linked antibody; Cell Signaling Technology), 
followed by scanning with an imaging system 
(ChemiDoc™ MP, Bio-Rad).

MTT assay

Cells (5-8 × 103) seeded in 96-well plates were 
cultured for 72 h in the absence or presence 
(0.1-20 µM) of CDDP and then incubated with 
0.5 mg/mL of MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5diphenyltetrazolium bromide) (Sigma-Aldri- 
ch) in 100 μL of medium for 4 h at 37°C. MTT 
was solved by 150 μL of DMSO, and the absor-
bance was measured at a wavelength of 570 
nm with background subtraction at 630 nm. 
Fifty percent inhibitory concentration (IC50) is 
calculated using the web-based tool (https://
www.aatbio.com/tools/ic50-calculator).

Reporter gene assay

Cells at a density of 80% confluence in 96-well 
plates were co-transfected with 100 ng Topflash 
reporter plasmid DNA (plasmid 12456 M50 
Super 8x TOPFlash containing seven TCF/ 
LEF binding sites; Addgene) or control Fopflash 
reporter plasmid DNA (plasmid 12457 M51 
Super 8x FOPFlash containing six mutated  
TCF/LEF binding sites; Addgene), along with 1 
ng pRL-CMV renilla luciferase plasmid DNA, 
using Lipofectamine 3000 transfection reagent 
(Thermo Fisher Scientific). After 24 h of trans-
fection, the cells were cultured in the presence 
or absence of ligands (E2/TAM) for 24 h. Cell 
lysates were then assayed for luciferase activi-
ty determined, using a Dual-Luciferase Reporter 
Assay kit (Promega) and a luminometer (Sy- 
nergy 2; BioTek Instruments). The ratio of 
Topflash: Fopflash values normalized by renilla 
activity was used as an indicator of Wnt/β-
catenin activity.

Immunohistochemistry

Upon appropriate approval from the Institutional 
Review Board including the request to waive 
the documentation of patient consent, we pre-
viously constructed a set of tissue microarray 
(TMA) consisting of retrieved bladder cancer 
tissue specimens obtained by transurethral 
resection [7, 8, 23, 33]. All these specimens 
were high-grade muscle-invasive urothelial car-

cinomas from patients who had subsequently 
received neoadjuvant chemotherapy (i.e. at 
least 3 cycles of CDDP + gemcitabine therapy). 
Responders (n = 24) and non-responders (n = 
31) to the neoadjuvant therapy were pathologi-
cally defined as the absence (≤ pT1N0M0) and 
presence (≥ pT2, pN1-3, and/or M1), respec-
tively, of muscle-invasive, extravesical, or meta-
static disease at the time of radical cystectomy 
[33].

Immunohistochemistry was performed on the 
sections (5 μm thick) from the bladder TMA, 
using a primary antibody to ERβ (dilution 1:200) 
and a broad spectrum secondary antibody 
(Invitrogen), as described previously [23, 34]. 
All stains were manually quantified by a single 
pathologist (H.M.) blinded to sample identify. 
The immunoreactive scores calculated by mul-
tiplying the percentage of immunoreactive cells 
(0% = 0; 1-10% = 1; 11-50% = 2; 51-80% = 3; 
81-100% = 4) by staining intensity (negative = 
0; weak = 1; moderate = 2; strong = 3) were 
considered negative (0; score < 2), weakly po- 
sitive (1+; 2 ≤ score ≤ 4), moderately positive 
(2+; 4 < score ≤ 8), and strongly positive (3+; 
score > 8).

Statistical analysis

Student’s t-test or one-way analysis of variance 
(ANOVA) was used to assess differences in vari-
ables with a continuous distribution. The Fisher 
exact test or chi-square test was used to evalu-
ate the associations between categorized vari-
ables. P values less than 0.05 was considered 
statistically significant. All statistical analyses 
were performed, using EZR software (Jichi 
Medical University Saitama Medical Center) 
[35], a graphical user interface for R version 
3.2.2 (The R Foundation for Statistical Com- 
puting).

Results

Associations of ERβ expression in surgical 
specimens with chemosensitivity

We first immunohistochemically stained for 
ERβ in transurethral resection specimens from 
bladder cancer patients who had subsequently 
received CDDP-based neoadjuvant chemother-
apy. ERβ signals were predominantly detected 
in the nuclei of tumor cells (Figure 1). Overall, 
ERβ was positive in 31 (56%; 21 1+, 7 2+, 3 3+) 
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Figure 1. Immunohistochemistry of ERβ in bladder cancer specimens. The staining is scored by a combination of the 
intensity [i.e. negative (A), weak (B), moderate (C), strong (D)] and distribution (i.e. percentage of immunoreactive 
cells). Original magnification: ×200.

of 55 cases (Table 1). ERβ-positive cases con-
sisted of 38% of responders vs. 71% of non-
responders (P = 0.016). These included 42% of 
male responders vs. 65% of male non-respond-
ers (P = 0.142) as well as 20% of female 
responders vs. 100% of female non-respond-
ers (P = 0.048). ERβ immunoreactivity was thus 
associated with chemoresistance, especially in 
female patients.

Associations of ERβ expression in cell lines 
with CDDP sensitivity

We previously demonstrated that human blad-
der cancer cell lines, including UMUC3, 647V, 
and 5637, expressed ERβ, but not ERα [30, 
36]. To assess the impact of the expression or 
activity of ERβ on CDDP sensitivity, we first 
established knockdown sublines by stably 
expressing ERβ-shRNA (Figure 2A). We then 
compared the cytotoxic effects of CDDP be- 
tween ERβ-positive and ERβ-negative sublines, 
using MTT assay. CDDP inhibited the cell viabil-
ity in a dose-dependent manner, and ERβ 
knockdown cells were more sensitive to CDDP 
treatment at its pharmacological concentra-
tions (e.g. 1.3-8.4 μM [37]), compared with 
respective control sublines (Figure 2B). In 

these experiments, the impact of ERβ knock-
down on cell growth, irrespective of CDDP, was 
excluded by comparing with that of mock treat-
ment (without CDDP) in each subline. We also 
compared ERβ-positive lines with versus with-
out treatment of an anti-estrogen TAM (Figure 
2C) or an estrogen E2 (Figure 2D). TAM increa- 
sed sensitivity to CDDP in ERα-negative/ERβ-
positive cell lines, while, in an estrogen-deplet-
ed condition, E2 reduced it. Again, the effects 
of TAM or E2 on cell growth were excluded by 
comparing with versus without CDDP treatment 
in each line/treatment.

In our previous study, inhibition of COX-2, EP2, 
or EP4 was found to increase CDDP sensitivity 
in bladder cancer cells [7]. We further investi-
gated the effect of a COX-2 inhibitor, an EP2 
antagonist, and an EP4 antagonist on ERβ. 
Western blot showed that these inhibitors 
reduced ERβ expression in a dose-dependent 
manner (Figure 3).

ERβ expression in CDDP-resistant cells

To further investigate the involvement of ERβ 
signals in CDDP resistance in bladder cancer 
cells, we established CDDP-resistant sublines 

Table 1. The expression of ERβ in bladder cancer and response to chemotherapy

n
ERβ expression P value

0 (%) 1+ (%) 2+ (%) 3+ (%) 0 vs. 1+/2+/3+
All patients 55 0.016
    Non-Responders 31 9 (29) 16 (52) 4 (13) 2 (6)
    Responders 24 15 (63) 5 (21) 3 (13) 1 (4)
Male patients 45 0.142
    Non-Responders 26 9 (35) 13 (50) 3 (12) 1 (4)
    Responders 19 11 (58) 5 (26) 2 (11) 1 (5)
Female patients 10 0.048
    Non-Responders 5 0 (0) 3 (60) 1 (20) 1 (20)
    Responders 5 4 (80) 0 (0) 1 (20) 0 (0)
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Figure 2. Effects of ERβ inactivation on CDDP cytotoxicity in bladder cancer cells. A. Western blotting of ERβ in 
UMUC3/647V/5637-control-shRNA vs. UMUC3/647V/5637-ERβ-shRNA cells. GAPDH served as an internal  
control. B. MTT assay in UMUC3/647V/5637-control-shRNA vs. UMUC3/647V/5637-ERβ-shRNA cells cultured with  
various concentrations (0-20 μM) of CDDP for 72 h. IC50s of CDDP are: 3.14 μM (UMUC3-control-shRNA) vs. 2.01 
μM (UMUC3-ERβ-shRNA); 2.25 μM (647V-control-shRNA) vs. 1.78 μM (647V-ERβ-shRNA); and 1.80 μM (5637- 
control-shRNA) vs. 1.22 μM (5637-ERβ-shRNA). C. MTT assay in UMUC3/647V/5637 cells treated with ethanol 
(mock) vs. 1 μM TAM and various concentrations (0-20 μM) of CDDP for 72 h. IC50s of CDDP are: 4.02 μM (mock) 
vs. 0.91 μM (TAM) in UMUC3; 2.36 μM (mock) vs. 2.07 μM (TAM) in 647V; and 3.74 μM (mock) vs. 2.95 μM (TAM) 
in 5637. D. MTT assay in UMUC3/647V/5637 cells cultured in phenol red-free medium supplemented with 10% 
charcoal-stripped FBS containing ethanol (mock) vs. 10 nM E2 and various concentrations (0-20 μM) of CDDP for 
72 h. IC50s of CDDP are: 3.63 μM (mock) vs. 4.78 μM (E2) in UMUC3; 3.60 μM (mock) vs. 9.66 μM (E2) in 647V; 
and 5.12 μM (mock) vs. 6.07 μM (E2) in 5637. In MTT assays, cell viability is presented relative to that of each line/
treatment without CDDP, and data are expressed as mean ± SE from at least 4 replicates. *P < 0.05 (vs. control-
shRNA subline or mock treatment).

by long-term culture with low/increasing doses 
of CDDP. The growth rates of the CDDP-resis- 
tant sublines were similar to those of control 
sublines cultured for the same period without 
CDDP (figure not shown). We then confirmed 
significantly lower sensitivity to CDDP in resis-
tant sublines, compared with respective con-
trols (Figure 4A). In these CDDP-resistant sub-
lines, treatment with TAM or celecoxib did not 
significantly change the cell viability in the 
absence of CDDP (Figure 4B). However, TAM or 

celecoxib increased CDDP sensitivity, while no 
synergistic effects of TAM and celecoxib on 
CDDP cytotoxicity were seen (Figure 4C). Wes- 
tern blot further showed enhanced ERβ expres-
sion in CDDP-resistant cells, compared with 
respective controls (Figure 4D).

Modulation of β-catenin by ERβ

β-Catenin has been implicated in CDDP resis-
tance in several types of malignancies, such as 
lung and ovarian cancers [38, 39]. We there-

Figure 3. Effects of COX-2/EP2/EP4 inhibitors on ERβ expression in bladder cancer cells. Western blotting of ERβ in 
647V/5637 cells cultured with celecoxib (0-1 μM) (A), AH6809 (0-10 μM) (B), or ONO-AE3-208 (0-10 μM) (C) for 24 
h. GAPDH served as an internal control.
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Figure 4. Effects of TAM and celecoxib on CDDP cytotoxicity in CDDP-resistant bladder cancer cells. (A) MTT assay in 
647V/5637-control vs. 647V/5637-CDDP-resistant (R) cells cultured with CDDP (0-20 μM) for 72 h. IC50s of CDDP 
are: 2.85 μM (647V-control) vs. 8.78 μM (647V-CDDP-R); and 5.16 μM (5637-control) vs. 6.67 μM (5637-CDDP-R). 
(B) MTT assay in 647V/5637-CDDP-R cells cultured with ethanol (mock), TAM (1 μM), and/or celecoxib (1 μM) for 72 
h. (C) MTT assay in 647V/5637-CDDP-R cells cultured with ethanol (mock), TAM (1 μM), and/or celecoxib (1 μM) in 
the presence of CDDP (0-20 μM) for 72 h. IC50s of CDDP are: 8.57 μM (mock) vs. 5.96 μM (TAM), 9.18 μM (mock) 
vs. 7.58 μM (celecoxib), and 9.18 μM (mock) vs. 7.41 μM (celecoxib + TAM) in 647V-CDDP-R; and 5.68 μM (mock) 
vs. 4.96 μM (TAM), 5.61 μM (mock) vs. 5.15 μM (celecoxib), and 5.61 μM (mock) vs. 3.62 μM (celecoxib + TAM) in 
5637-CDDP-R. Cell viability is presented relative to that of each subline without CDDP (A, C) or with mock treatment 
(B). Data are expressed as mean ± SE of at least 4 replicates (A, C) or 3 independent experiments (B). *P<0.05 (vs 
control subline or mock treatment). (D) Western blotting of ERβ in 647V-control vs. 647V-CDDP-R and 5637-control 
vs. 5637-CDDP-R cells. GAPDH served as an internal control.

fore assessed the expression and activity of 
β-catenin in CDDP-resistant bladder cancer 
cells. Western blot showed a higher level of 
β-catenin expression in 5637-CDDP-resistant 
cells than in control cells (Figure 5A). E2 treat-
ment resulted in an increase in β-catenin ex- 
pression in CDDP-resistant cells, which was at 
least partially restored by TAM (Figure 5B). To 
further confirm whether Wnt/β-catenin signal-

ing could be activated by ERβ, a luciferase 
reporter assay was performed in the extracts of 
cells transfected with plasmids harboring opti-
mal TCF/LEF binding sites (Topflash) or mutat-
ed TCF/LEF binding sites (Fopflash). E2 increa- 
sed Topflash/Fopflash activity and TAM reduced 
it in both control and CDDP-resistant sublines 
(Figure 5C), while the changes were not statisti-
cally significant. These results suggest that 
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in non-urothelial cancers 
[42]. In addition, the cana-
licular multispecific organ-
ic anion transporter/MR- 
P2 pump which efflux- 
es CDDP, metallothionein 
which detoxifies heavy 
metal ions, glutathione 
which forms conjugates 
and detoxifies CDDP, and 
excision repair cross-com-
plementing group 1 pro-
tein and the XPF protein 
both of which are involved 
in the nucleotide excision 
repair pathway have been 
implicated in CDDP resis-
tance in bladder cancer 
[42]. The involvement of 
miRNA, lncRNA, and cir-
cRNA in CDDP resistance 
has also been documen- 
ted [43-45]. This study 
provides another poten-
tial mechanism responsi-
ble for CDDP resistance 
by demonstrating that 
ERβ knockdown or ERβ 
blockade improved CDDP 
sensitivity in bladder can-

Figure 5. The expression and activity of β-catenin and CDDP resistance in blad-
der cancer cell. Western blotting of β-catenin in 5637-control vs. 5637-CDDP-
resistant (R) sublines (A) or 5637-CDDP-R cells treated with ethanol (mock), E2 
(10 nM), and/or TAM (1 μM) for 24 h (B). GAPDH served as an internal control. 
(C) Luciferase assay in 5637-control or 5637-CDDP-R cells treated with ethanol 
(mock), E2 (10 nM), or TAM (1 μM) for 24 h. Each value presented relative to that 
in mock-treated 5637-control represents the mean ± SE of 3 independent experi-
ments. *P < 0.05 (vs. mock treatment in 5637-control).

ERβ modulates the activity of Wnt/β-catenin 
signaling in bladder cancer cells.

Discussion

CDDP is one of the most commonly used drugs 
for the treatment of a variety of malignancies. 
However, due to acquired resistance, tumors 
often progress even if combination therapy 
with other anti-cancer agent(s) is performed. 
Several pathways related to CDDP resistance 
are known. For example, extracellular-signal 
regulated kinase (ERK1/2), phosphatidylinosit-
ide-3-kinase/protein kinase B (PI3K/Akt) or 
p38 mitogen-activated protein kinases (MAPK), 
and a tumor suppressor p53 have been shown 
to involve the cellular reaction to CDDP in sev-
eral types of malignancies including bladder 
cancer [40, 41]. CDDP efflux induced by two 
copper transporting p-type adenosine triphos-
phatases (ATP7A and ATP7B), p-glycoprotein 
which is a product of the MDR1, and multidrug 
resistance protein (MRP) have also been sug-
gested as mechanisms for CDDP resistance  

cer cells, while estrogen treatment reduced it. 
Even in CDDP-resistant cells, anti-estrogen 
treatment restored the sensitivity. Thus, ERβ 
blockade has the potential of being an option 
for enhancing the efficacy of CDDP therapy. 
Moreover, ERβ expression in CDDP-resistant 
sublines was found to be considerably elevat-
ed, compared with respective control sublines. 
ERβ positivity in surgical specimens was also 
associated with resistance to CDDP-based 
neoadjuvant chemotherapy, suggesting that 
ERβ immunohistochemistry in transurethral 
resection specimens could serve as a predictor 
of chemosensitivity in bladder cancer patients. 
This may otherwise prompt early use of immune 
checkpoint inhibitors besides potential combi-
nation therapy with anti-estrogen and CDDP, 
especially in patients with ERβ-positive tumor.

β-Catenin is a multifunctional protein which 
plays an important role in regulating cadherin-
mediated cell adhesion and other cellular func-
tions, such as proliferation, apoptosis, differen-
tiation, motility, and survival, through the Wnt 
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pathway [46, 47]. Activated β-catenin translo-
cates to the nucleus to form complexes with 
TCF/LEF and thereby activates Wnt target ge- 
nes [48]. It has been documented that β-catenin 
induces the development and progression of 
several types of malignancies, such as colon, 
liver, pancreatic, lung, and ovarian cancers 
[49]. In bladder cancer, several agents and mi- 
RNAs have been shown to inhibit or promote 
tumor growth through the Wnt/β-catenin path-
way [50]. Meanwhile, we have previously dem-
onstrated that androgens activate β-catenin 
via the AR pathway in bladder cancer cells and 
thereby promote their growth [51]. Overexpre- 
ssion of β-catenin has also been known to cor-
relate with CDDP resistance in lung cancer 
[38], ovarian cancer [39], and oral [52] or head 
and neck [53] squamous cell carcinoma. More- 
over, lncRNA and miRNA could modulate CDDP 
sensitivity through β-catenin signals in colorec-
tal and prostate cancers [54, 55]. Similar to our 
observations in CDDP-resistant bladder can- 
cer sublines, β-catenin was highly expressed in 
lung adenocarcinoma and ovarian cancer cell 
lines resistant to CDDP [38, 39]. Additionally, in 
bladder cancer cells, miR-374a inhibited β-ca- 
tenin while increased CDDP sensitivity [56]. 
Indeed, in bladder cancer patients, activated 
Wnt/β-catenin signaling could predict resis-
tance to chemoradiation with CDDP [57]. Thus, 
our present data showing higher expression/
activity of β-catenin in CDDP-resistant cells 
support its crucial role in CDDP resistance in 
bladder cancer.

Associations between ERβ and β-catenin sig-
nals have been reported in several types of 
malignancies. In breast cancer, ERβ overex-
pression or E2 treatment inhibited Wnt/β-ca- 
tenin signaling [58]. In colorectal cancer [59] 
and osteosarcoma [60], ERβ acted as a tumor 
suppressor through inhibiting Wnt/β-catenin. 
Additionally, in prostate cancer, both activation 
and inhibition of β-catenin by ERβ signals have 
been demonstrated [61-63]. Although physical 
interactions between ERβ and β-catenin have 
not been documented in bladder cancer, we 
found that estrogen/ERβ considerably induced 
the expression and activity of β-catenin in 
CDDP-resistant bladder cancer cells.

It is well known that persistent inflammation 
can induce tumorigenesis in various organs 
[64]. The expression of COX-2, an enzyme 
responsible for inflammation, has been shown 

to be elevated in bladder cancer [65]. We have 
previously demonstrated not only that a COX-2 
inhibitor celecoxib, as well as antagonists of 
prostaglandin receptors EP2 and EP4 that are 
downstream mediators of COX-2 [66], could 
inhibit urothelial carcinogenesis and bladder 
cancer cell viability/migration, but also that 
these COX-2/EP2/EP4 inhibitors could enhance 
the cytotoxic effects of CDDP in bladder cancer 
cells [7]. Functional interplay between ERβ  
and COX-2 signals has also been reported. 
Specifically, E2 significantly induced or reduced 
COX-2 expression in lung epithelial cells [67]  
or colonic epithelial cells [68], respectively. In 
colon cancer cells, E2 inhibited COX-2 by inacti-
vating the Akt and ERK1/2 signaling pathway 
[69]. Additionally, in prostate cancer cells, over-
expression of COX-2 resulted in suppression of 
ERβ activity and thereby increased cell motility 
[70]. In the present study, a COX-2 inhibitor or 
an EP2 or EP4 antagonist was found to reduce 
ERβ expression in bladder cancer lines. Mo- 
reover, celecoxib alone (or TAM alone) induced 
CDDP cytotoxicity in CDDP-resistant bladder 
cancer cells, while no synergistic effect of TAM 
and celecoxib on CDDP sensitivity was obser- 
ved.

In conclusion, the present study provides evi-
dence suggesting that estrogen-mediated ERβ 
signaling plays an important role in modulating 
CDDP sensitivity in bladder cancer. Targeting 
ERβ via, for instance, anti-estrogen treatment 
during CDDP therapy may thus be a useful che-
mosensitization strategy especially in female 
patients with ERβ-positive bladder cancer. 
Furthermore, ERβ expression in bladder cancer 
specimens may precisely predict chemore- 
sponse.
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