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Prostaglandin receptors induce urothelial
tumourigenesis as well as bladder cancer
progression and cisplatin resistance
presumably via modulating PTEN expression
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Background: We investigated the role of prostaglandin receptors (e.g. prostaglandin E2 receptor 2 (EP2), EP4) and the efficacy of
celecoxib in urothelial tumourigenesis and cancer progression.

Methods: We performed immunohistochemistry in bladder cancer (BC) tissue microarrays, in vitro transformation assay in a
normal urothelial SVHUC line, and western blot/reverse transcription—polymerase chain reaction/cell growth assays in BC lines.

Results: EP2/EP4 expression was elevated in BCs compared with non-neoplastic urothelial tissues and in BCs from those who
were resistant to cisplatin-based neoadjuvant chemotherapy. Strong positivity of EP2/EP4 in non-muscle-invasive tumours or
positivity of EP2/EP4 in muscle-invasive tumours strongly correlated with disease progression or disease-specific mortality,
respectively. In SVHUC cells, exposure to a chemical carcinogen 3-methylcholanthrene considerably increased and decreased the
expression of EP2/EP4 and phosphatase and tensin homologue (PTEN), respectively. Treatment with selective EP2/EP4 antagonist
or celecoxib also resulted in prevention in 3-methylcholanthrene-induced neoplastic transformation of SVHUC cells. In BC lines,
EP2/EP4 antagonists and celecoxib effectively inhibited cell viability and migration, as well as augmented PTEN expression.
Furthermore, these drugs enhanced the cytotoxic activity of cisplatin in BC cells. EP2/EP4 and PTEN were also elevated and
reduced, respectively, in cisplatin-resistant BC sublines.

Conclusions: EP2/EP4 activation correlates with induction of urothelial cancer initiation and outgrowth, as well as
chemoresistance, presumably via downregulating PTEN expression.

Urinary bladder cancer (BC), mostly urothelial carcinoma, is one  invasive diseases. Patients with the former carry a life-long risk of
of the most frequently diagnosed neoplasms (Siegel et al, 2017).  disease recurrence following transurethral tumour resection and
There are two distinct forms of BCs: non-muscle- and muscle- currently available intravesical pharmacotherapy, whereas those
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with the latter are at a high risk of developing disease progression
and metastasis even following more aggressive treatment including
radical cystectomy with or without cisplatin (cis-diamminedichlor-
oplatinum(II); CDDP)-based neoadjuvant/adjuvant systemic che-
motherapy. Accordingly, identification of key molecules or
pathways responsible for the development and/or progression of
BC, as well as drug resistance, may offer targeted therapy to
improve patient outcomes.

Prolonged inflammation is known to associate with the
development of various malignancies including BC (Coussens
and Werb, 2002). It has been documented that the expression of
cyclooxygenase-2 (COX-2), an inducible enzyme that converts
arachidonic acid into prostaglandins, specifically prostaglandin E2
(PGE2), is elevated in urothelial carcinomas of the bladder
(Mohammed et al, 1999) and upper urinary tract (Jeon et al,
2010). Prostaglandin E2 has indeed been shown to play a central
role in not only inflammation but also cell proliferation as an
antiapoptotic molecule (Lin et al, 2001). Therefore, inhibition of
PGE2 is considered a possible anticancer strategy.

Prostaglandin E2 exerts its effects via G-protein-coupled
receptors (GPCRs), including PGE2 receptor 2 (EP2), EP3, and
EP4. EP2 and EP4 are coupled with G protein and increase the
intracellular cyclic adenosine monophosphate, whereas EP3 is
coupled with an inhibitory G protein and decreases it (Dorsam and
Gutkind, 2007). EP2 and EP4 are also known to be activated by
other prostaglandins, such as PGEl, PGF2«, PGI2, and PGD2
(Narumiya et al, 1999). Meanwhile, non-steroidal anti-inflamma-
tory drugs (NSAIDs) inhibit COXs, which is the primary
mechanism of antitumour activity, although their COX-indepen-
dent effects are documented (Gurpinar et al, 2014). For instance, in
prostate cancer lines, NSAIDs, including COX-2-selective cele-
coxib, have been shown to inhibit cell growth via modulation of
EP2 or EP3 signals (Kashiwagi et al, 2013, 2014). Nonetheless, it
remains to be resolved whether and how GPCR signalling is
involved in BC initiation and outgrowth. In the present study, we
aimed to investigate the functional role of prostaglandin receptors,
as well as the efficacy of celecoxib, in urothelial tumourigenesis and
cancer progression.

MATERIALS AND METHODS

Chemicals. AH6809 (EP2 antagonist), butaprost (EP2 agonist), and
CAY10598 (EP4 agonist) were purchased from Cayman Chemical
(Ann Arbor, MI, USA). Celecoxib and ONO-AE3-208 (EP4
antagonist) were purchased from ChemScene (Monmouth Junction,
NJ, USA) and BioVision (Milpitas, CA, USA), respectively. CDDP
was obtained from Sigma-Aldrich (St Louis, MO, USA).

Cell lines. An immortalised human normal urothelial cell line
(SVHUC) and human urothelial carcinoma cell lines (5637,
UMUCS3) were originally obtained from the American Type Culture
Collection (Manassas, VA, USA). Another human urothelial
carcinoma cell line (647V) was used in our previous studies
(Zheng et al, 2011; Li et al, 2014; Kashiwagi et al, 2016). All these
lines were recently authenticated, using GenePrint 10 System
(Promega, Madison, WI, USA). SVHUC and 5637/UMUC3/647V
were maintained in Kaighn’s modification of Ham’s F-12K
(Mediatech, Manassas, VA, USA) and Dulbecco’s modified Eagle’s
medium (Mediatech), respectively, supplemented with 10% foetal
bovine serum (FBS) at 37 °C in a humidified atmosphere of 5% CO.,.

In vitro transformation. We used a method for neoplastic
transformation in SVHUC with exposure to a carcinogen 3-
methylcholanthrene (MCA), as described in a previous study
(Reznikoff et al, 1988), with minor modifications. Briefly, cells
(2 x 10%/10-cm culture dish incubated for 24h) were cultured in
serum-free F-12K containing 5ugml~' MCA (Sigma-Aldrich).

After the first 24 h of MCA exposure, FBS (1%) was added to the
medium. After additional 24h, the cells were cultured in medium
containing 5% FBS without MCA until near confluence. Sub-
cultured cells (1/3 split) were again cultured in the presence of
MCA for a 48-h exposure period, using the above protocol. MCA
exposure was repeated one more time. These cells were then
subcultured for 6 weeks in the presence or absence of AH6809,
ONO-AE3-208, or celecoxib, and thereafter used for further assays.

Tumour formation in vivo. The animal protocol in accordance
with National Institutes of Health Guidelines for the Care and Use
of Experimental Animals was approved by the Institutional Animal
Care and Use Committee. SVHUC cells (1 x 10°) exposed to MCA
and subcultured with celecoxib, as described above, were
suspended, mixed with 100 pul Matrigel (BD Biosciences, San Jose,
CA, USA), and subcutaneously injected into the flank of 6-week-
old male NOD-SCID mice (Johns Hopkins University Research
Animal Resources), as described previously (Kawahara et al, 2016).
Tumour formation was then monitored every day.

Western blot. Equal amounts of proteins (30 pug) obtained from cell
extracts were subjected to sodium dodecyl sulphate-polyacrylamide
gel electrophoresis, transferred to polyvinylidene difluoride mem-
brane electronically, blocked, and incubated with a specific primary
antibody (i.e. COX-2 (no. 160107; Cayman Chemical), EP2 (no.
101750; Cayman Chemical), EP3 (no. 101760; Cayman Chemical),
EP4 (no. 101775; Cayman Chemical), GAPDH (6¢5; Santa Cruz
Biotechnology, Dallas, TX, USA), NF-kB (sc-109; Santa Cruz
Biotechnology), p-NF-xB (Ser536; Cell Signalling Technology,
Danvers, MA, USA), phosphatase and tensin homologue (PTEN)
(D4.3; Cell Signalling Technology), Y-box binding protein-1 (YB-1)
(EP2708Y; Epitomics, Burlingame, CA, USA), phospho-YB-1
(Ser102, Epitomics)). The membrane was then incubated with a
secondary antibody, and specific signals were detected, using a LI-
COR Imaging System (LI-COR, Lincoln, NE, USA).

MTT assay. Cells (2-6 x 10°) seeded in 96-well plates were
cultured for 72h and then incubated with 0.5mgml~"' of MTT
(Sigma-Aldrich) in 100 pl of medium for 3h 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 (5 x 10%) seeded in 12-well
plates were allowed to grow until colonies in the control well were
easily distinguishable. The cells were then fixed with methanol,
stained with 0.1% crystal violet, and photographed. The numbers
of colonies were quantitated using the ImageJ software (National
Institutes of Health, Bethesda, MD, USA).

Scratch wound-healing assay. Cells at a density of 90-100%
confluence in 12-well plates were scratched manually with a sterile
200 pl plastic pipette tip, cultured for 24 h, fixed with methanol,
and stained with 0.1% crystal violet. The width of the wound area
was quantitated, using the Image].

Reverse transcription and real-time polymerase chain reaction.
Total RNA isolated from cultured cells by TRIzol (Invitrogen,
Carlsbad, CA, USA) was reverse transcribed, using 1pmoll ™'
oligo (dT) primers and four units of Ominiscript reverse
transcriptase (Qiagen, Valencia, CA, USA). Real-time polymerase
chain reaction (PCR) was then performed, using RT2 SYBR Green
FAST Mastermix (Qiagen). The primer sequences are: 5'-GA
CTAATGCGTTCAGTCCTCTG-3'  (forward) and 5-GGT
CAGCCTGTTTACTGGCA-3" (reverse) for EP2; 5-CATCA
TCTGCGCCATGAGTGT-3' (forward) and 5'-GCTTGTCCACG
TAGTGGCT-3' (reverse) for EP4; 5'-GTTTACCGGCAGCATC
AAAT-3' (forward) and 5-CCCCCACTTTAGTGCACAGT-3
(reverse) for PTEN; and 5-TGTGGGCATCAATGGATTTGG-3
(forward) and 5-ACACCATGTATTCCGGGTCAAT-3' (reverse)
for GAPDH.
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Small interfering RNAs. EP2 was silenced, using specific small
interfering RNA (siRNAs), as described previously (Kashiwagi
et al, 2014). Each siRNA (EP2-siRNA no. 1, 5-UUCCUUUCGG-
GAAGAGGUUUCAUUC-3'; EP2-siRNA no. 2, 5-AAUCCGA-
CAACAGAGGACUGAACGC-3; or negative control siRNA)
purchased from Invitrogen was transfected into 647V and 5637
cells at various amounts, using Lipofectamine 2000 (Invitrogen),
according to the manufacturer’s protocol.

Tissue microarray and immunohistochemistry. Two sets of
tissue microarrays (TMAs) consisting of retrieved bladder tissue
specimens obtained by transurethral resection performed at the
Johns Hopkins Hospital were constructed previously upon
appropriate approval from the institutional review board
(Miyamoto et al, 2012). The first set consisted of 129 cases of
urothelial neoplasm from 98 men and 31 women with a mean/
median age of 65.7/69 years (range: 26-89), including 11 papillary
urothelial neoplasms of low malignant potential, 40 non-invasive
(pTa) low-grade urothelial carcinomas, 27 non-muscle-invasive
(pTa/pT1) high-grade urothelial carcinomas, and 51 muscle-
invasive (>pT2) high-grade urothelial carcinomas. All 51 patients
with muscle-invasive tumour ultimately underwent radical
cystectomy. Follow-up typically included repeat cystoscopy and
urine cytology in those with non-muscle-invasive tumour, as well
as imaging studies in those with muscle-invasive tumour after
radical cystectomy, at standard intervals. A subset of patients
underwent intravesical pharmacotherapy and/or neoadjuvant/
adjuvant chemotherapy. The second set consisted of 37 cases of
high-grade muscle-invasive urothelial carcinoma that received
CDDP-based neoadjuvant chemotherapy (three cycles without
dose deduction or >4 cycles) before cystectomy, including 16
responders and 21 non-responders to the neoadjuvant therapy, as
defined previously (Miyamoto et al, 2012; Baras et al, 2015). None
of the patients had received therapy with radiation or anticancer
drugs before the collection of the tissues included in the TMAs.

Immunohistochemistry was performed on the sections (5pm
thick) from the bladder TMAs, using a primary antibody to EP2
(dilution 1:200), EP3 (dilution 1:200), or EP4 (dilution 1:200),
and a broad-spectrum secondary antibody (Invitrogen), as
described previously (Miyamoto et al, 2012; Kashiwagi et al,
2016). All stains were manually quantified by a single pathologist
(H.M.) blinded to sample identify. The German immunoreactive
scores calculated by multiplying 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; 0-1), weakly positive
(1435 2-4), moderately positive (2 +; 6-8), and strongly positive
(3+;9-12).

Statistical analysis. Student’s ¢-test was used to analyse differences
in variables with a continuous distribution. The Fisher’s exact test
or y” test was used to evaluate the associations between categorised
variables. Correlations between variables were determined by the
Spearman’s correlation coefficient (CC). Survival rates in patients
with non-muscle-invasive tumour with a mean (range) follow-up
of 42.3 (4-173) months or those with muscle-invasive tumour with
a mean (range) follow-up of 53.2 (3-268) months were calculated
by the Kaplan-Meier method and comparison was made by log-
rank test. In addition, the COX proportional hazards model
(stepwise regression) was used to assess the prognostic indicators.
P-values <0.05 were considered statistically significant.

RESULTS

Expression of prostaglandin receptors in BC specimens. We
first stained immunohistochemically for EP2, EP3, and EP4 in the
bladder TMAs, consisting of 129 urothelial neoplasms and

corresponding 87 non-neoplastic bladder tissues. Positive signals
of respective receptors were detected predominantly in the
cytoplasm of benign/malignant urothelial cells (Figure 1A).

Table 1 summarises the status of receptor expression in non-
neoplastic urothelium vs urothelial tumour tissues. Overall, the
positive rates of EP2, EP3, and EP4 expression and their levels were
significantly elevated in tumours, compared with benign urothelial
tissues. In tumours, there were signiﬁcant associations in the
expression of EP2 vs EP4 (CC=0.209, P=0.017) and EP3 vs EP4
(CC=0.488, P<0.001), but not that of EP2 vs EP3 (CC=0.097,
P=0.273). We next analysed the correlations of EP2/EP3/EP4
expression with the histopathological profile available for our
patient cohort (Table 2). The positive rate of EP2 expression was
significantly higher in high-grade (70.5%) or muscle-invasive
(70.6%) tumours than in lower grade (31.4%) or non-muscle-
invasive (44.9%) tumours, respectively. The positive rate of EP3
expression was also significantly elevated in muscle-invasive
tumours (98.0%), compared with non-muscle-invasive tumours
(79.5%). There were no significant correlations between EP4
expression and tumour grade or pT stage as well as between each
receptor expression and the status of lymph node involvement.

We then performed Kaplan-Meier analysis coupled with the
log-rank test to assess possible associations between each receptor
expression and patient outcomes. There were no significant
differences in recurrence- or progression-free survival rate between
EP2/EP3/EP4-positve vs EP2/EP3/EP4-negative non-muscle-inva-
sive tumours. However, patients with EP2(2+) (P=0.002) or
EP4(2+4/3+) (P=0.049) non-muscle-invasive tumour had sig-
nificantly higher risks of disease progression (Figure 1B). In
patients with muscle-invasive tumour, there were significant
associations between positivity of EP2 (P=0.035) or EP4
(P=0.027) and lower cancer-specific survival rates (Figure 1C).
To determine whether EP2 or EP4 expression was an independent
prognosticator, multivariate analysis was performed with Cox
model (Supplementary Table S1). In non-muscle-invasive tumours,
strong (2+/3+) EP2 or EP4 expression was not significantly
(P>0.1) associated with disease progression. In muscle-invasive
tumours, however, EP2 positivity (hazard ration (HR)=6.452,
P=0.069) and EP4 positivity (HR =5.604, P=0.022) showed a
trend towards significance and statistical significance, respectively,
for cancer-specific mortality. These findings in our immunohis-
tochemistry, including significant differences in their expression
levels between non-neoplastic urothelium and urothelial neoplasm,
suggested that activation of at least EP2 and EP4 might involve
bladder tumourigenesis and cancer progression.

Effects of prostaglandin receptor inhibitors on neoplastic
transformation of urothelial cells. To assess the effects of
celecoxib on urothelial tumourigenesis as well as the expression
of prostaglandin receptors in urothelial cells, we used an in vitro
transformation model in which non-neoplastic SHVUC cells could
undergo stepwise transformation upon exposure to a chemical
carcinogen MCA (Reznikoff et al, 1988). MCA-exposed SVHUC
cells were treated with 1 pm celecoxib only during the process of
neoplastic transformation (for 6 weeks). This dose of celecoxib did
not affect the growth of SVHUC cells (Supplementary Figure S1).
Tumourigenicity was then assessed, using a mouse xenograft
model. SVHUC cells with MCA exposure and subsequent mock/
celecoxib treatment were inoculated subcutaneously into immu-
nocompromised mice, and tumour formation was monitored
without further drug treatment. As expected, celecoxib treatment
strikingly delayed or prevented the formation of xenograft tumours
compared with mock treatment (Figure 2A).

After 6 weeks of celecoxib treatment in SVHUC cells with the
carcinogen challenge, we also compared the protein levels of EP2,
EP4, and COX-2, as well as a tumour suppressor PTEN
known to function as a central regulator of BC outgrowth
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Figure 1. Immunohistochemistry of EP2, EP3, and EP4 in BC specimens. (A) Expression of EP2, EP3, and EP4 in BC (original magnification: x 200).
Kaplan-Meier analyses for (B) progression-free survival in 78 patients with non-muscle-invasive tumour and (C) cancer-specific survival in 51
patients with muscle-invasive tumour, according to the levels of EP2/EP3/EP4 expression.

Table 1. Expression of EP2, EP3, and EP4 in bladder tissue microarrays

| Expression levels N P-value
Negative Positive
Ovs1+/ 0/1+ vs 0/1+/2+ vs

n 0 1+ 2+ 3+ 2+/3+ 2+/3+ 3+
EP2
Non-neoplastic urothelium 87 76 (87.4%) 11 (12.6%) 0 (0%) 0 (0%) <0.001 <0.001 NA
Urothelial neoplasm 129 58 (45.0%) 57 (44.2%) 14 (10.9%) 0 (0%)
EP3
Non-neoplastic urothelium 87 26 (29.9%) 23 (26.4%) 22 (25.3%) 16 (18.4%) 0.003 0.039 0.401
Urothelial neoplasm 129 17 (13.2%) 37 (28.7%) 44 (34.1%) 31 (24.0%)
EP4
Non-neoplastic urothelium 87 49 (56.3%) 31 (35.6%) 7 (8.0%) 0 (0%) <0.001 <0.001 0.043
Urothelial neoplasm 129 34 (26.4%) 59 (45.7%) 29 (22.5%) 7 (5.4%)
Abbreviation: EP2 = prostaglandin E2 receptor 2.
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Table 2. Correlations between EP2/EP3/EP4 and histopathologic profile of the patients

| EP2 expression I EP3 expression I EP4 expression
Negative Positive Negative Positive Negative Positive
n 0 1+/2+ P-value 0 1+/2+/3+ | P-value 0 14/2+/3+ | P-value
Tumour grade <0.001® 0.289* 0.8407
PUNLMP " 10 (90.9%) 1(9.1%) 2 (18.2%) 9 (81.8%) 5 (45.5%) 6 (54.5%)
Low-grade carcinoma 40 25 (62.5%) 15 (37.5%) 7 (17.5%) 33 (82.5%) 9 (22.5%) 31 (77.5%)
PUNLMP + Low-grade 51 35 (68.6%) 16 (31.4%) 9 (17.6%) 42 (82.4%) 14 (27.5%)| 37 (72.5%)
High-grade carcinoma 78 23 (29.5%) 55 (70.5%) 8 (10.3%) 70 (89.7%) 20 (25.6%)| 58 (74.4%)
Pathologic stage 0.006° 0.002° 0.683°
pTa 75 43 (57.3%) 32 (42.7%) 16 (21.3%) 59 (78.7%) 22 (29.3%)| 53 (70.7%)
pT1 3 0 (0%) 3 (100%) 0 (0%) 3 (100%) 0 (0%) 3 (100%)
Non-muscle-invasive 78 43 (55.1%) 35 (44.9%) 16 (20.5%) 62 (79.5%) 22 (28.2%)| 56 (71.8%)
pT2 19 5 (26.3%) 14 (73.7%) 0 (0%) 19 (100%) 5 (26.3%) 14 (73.7%)
pT3 24 9 (37.5%) 15 (62.5%) 0 (0%) 24 (100%) 6 (25.0%) 18 (75.0%)
pT4 8 1(12.5%) 7 (87.5%) 1(12.5%) 7 (87.5%) 1(12.5%) 7 (87.5%)
Muscle-invasive 51 15 (29.4%) 36 (70.6%) 1(2.0%) 50 (98.0%) 12 (23.5%)| 39 (76.5%)
LN involvement 0.728 1.000 0.702
pNO 35 11 (31.4%) 24 (68.6%) 1(2.9%) 34 (97.1%) 9 (25.7%) 26 (74.3%)
pN + 13 3 (23.1%) 10 (76.9%) 0 (0%) 13 (100%) 2 (15.4%) 11 (84.6%)
Abbreviations: EP2 = prostaglandin E2 receptor 2; LN =lymph node; PUNLMP = papillary urothelial neoplasm of low malignant potential.
@PUNLMP + low- grade vs high-grade.
Non-muscle-invasive vs muscle-invasive.

(Abbosh et al, 2015) (Figure 2B). MCA exposure resulted in
considerable increases in the expression of EP2, EP4, and COX-2.
In addition, compared with mock treatment in MCA-SVHUC
cells, celecoxib reduced their expression. Moreover, PTEN
expression was downregulated by MCA-induced neoplastic
transformation, which was reversed by celecoxib treatment.
Correspondingly, using a quantitative reverse transcription (RT)-
PCR analysis, increases in EP2/EP4 expression and a decrease in
PTEN expression by MCA, as well as decreases in EP2/EP4
expression and an increase in PTEN expression by celecoxib, were
confirmed at their mRNA levels (Figure 2C). Thus, celecoxib
inhibited neoplastic transformation of urothelial cells as well as
decreased and increased the expression levels of EP2/EP4 and
PTEN, respectively, in these cells.

We also assessed the effects of selective EP2/EP4 antagonists on
neoplastic transformation of urothelial cells, using the in vitro
transformation model. MCA-exposed SVHUC cells were cultured
in the presence of each antagonist for 6 weeks, and oncogenic
activity was monitored by cell viability (MTT assay; Figure 2D) and
colony formation (clonogenic assay; Figure 2E) without further
drug treatment that could directly affect cell proliferation or colony
formation. Thus, we compared the degree of neoplastic transfor-
mation in urothelial cells exposed to a carcinogen and subsequently
cultured with EP2/EP4 antagonist or celecoxib, but did not intend
to simply assess their effects on the growth of transformed cells.
Both EP2 and EP4 antagonists, as well as celecoxib, could strongly
inhibit neoplastic transformation of urothelial cells. In addition,
western blotting in SVHUC cells undergoing neoplastic transfor-
mation showed increases in PTEN expression by EP2/EP4
antagonists (Figure 2F).

Effects of prostaglandin receptor inhibitors on BC cell
proliferation and migration. To investigate whether celecoxib
and EP2/EP4 antagonists have an antitumour activity in BC lines,
we next compared cell viability in those cultured with each
compound. After 72-h treatment, 10 M celecoxib significantly
inhibited the growth of 647V (27% decrease) and 5637 (32%
decrease) cells, compared with mock treatment, whereas AH6809
(4-24% decrease at 10 um) or ONO-AE3-208 (15-26% decrease at
10 pum) only marginally inhibited it (Figure 3A). We also performed
a scratch would healing assay to assess the effects of celecoxib and

EP2/EP4 antagonists on cell migration. AH6809 (24-34%
decrease), ONO-AE3-208 (19-31% decrease), and celecoxib (20—
23% decrease) significantly inhibited wound closure of 647V and
5637 cells 24h after wound generation (Figure 3B). By contrast,
celecoxib and EP2/EP4 antagonists did not show significant
inhibitory effects on the viability and migration of PTEN-negative
UMUCS3 cells.

We explored underlying mechanisms of the antitumour activity
of celecoxib as well as EP2/EP4 antagonists in BC cells. Using
western blotting, celecoxib was found to downregulate and
upregulate the expression of EP2/EP4 and EP3, respectively, in
dose- (Figure 3C) and time- (Figure 3D) dependent manners. In
addition, celecoxib treatment resulted in increases in PTEN
expression (peak at 48h) in 647V and 5637 cells. Similarly, EP2
(Figure 3E) and EP4 (Figure 3F) antagonists at 1 or 10 pm induced
PTEN expression in these cells.

Effects of EP2 modulation on BC cell migration and PTEN
expression. To further study the functional role of prostaglandin
receptors in the growth of BC, EP2-siRNAs were expressed in
647V and 5637 cells. As expected, the levels of EP2 expression were
substantially lower in EP2-siRNA-expressing lines than in a
control line (Supplementary Figure S2A). Moreover, transfection
of each EP2-siRNA resulted in the upregulation of PTEN
expression. In the wound healing assay, the migration of EP2-
siRNA cells was significantly inhibited, compared with control cells
(Supplementary Figure S2B). On the other hand, treatment with a
selective EP2 agonist dose-dependently reduced PTEN expression
in 5637 cells (Supplementary Figure S2C).

Role of prostaglandin receptors in chemosensitivity in BC
cells. In our previous study (Kashiwagi et al, 2016), we used a
CDDP-resistant 647V subline (647V-CR). Similarly, we established
the 5637-CR subline by long-term (i.e. >12 weeks) culture with
low/increasing doses of CDDP. Using these sublines, we investi-
gated the expression of EP2/EP3/EP4 as well as YB-1 whose
activation has been implicated in acquisition of CDDP resistance in
BC cells (Shiota et al, 2011). Compared with respective control
sublines, the expression levels of EP2, EP4, YB-1, and its
phosphorylated form (p-YB-1) were elevated in 647V-CR
and 5637-CR (Supplementary Figure S3). On the other hand,
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Figure 2. Effects of EP2/EP4 antagonists and celecoxib on neoplastic transformation of urothelial cells. (A) SVHUC cells exposed to MCA,
subsequently cultured for 6 weeks with ethanol (mock) or celecoxib (1 um), suspended, and mixed with Matrigel (1 x 10° cells/100 pl) were
subcutaneously implanted into the flank of 6-week-old male NOD-SCID mice (=11 in each group). The end point for this study was tumour
formation without further drug treatment (exceeding 10mm? in its estimated volume (by the following formula: (short diameter)? x (longest
diameter) x 0.5) or 4 mm in greatest dimension). (B) Western blotting of EP2, EP4, COX-2, and PTEN using proteins extracted from SVHUC cells
without MCA exposure and MCA-exposed SVHUC cells subsequently cultured for 6 weeks with ethanol or celecoxib (1 pm). Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) served as a loading control. Densitometry values for specific bands standardised by GAPDH that are relative
to the value of mock treatment are included below the lanes. (C) Quantitative RT-PCR of EP2, EP4, and PTEN in SVHUC cells without MCA
exposure and MCA-exposed SVHUC cells subsequently cultured for 6 weeks with ethanol or celecoxib (1 um) were subjected to RNA extraction
and subsequent real-time RT-PCR. Expression of EP2, EP4, or PTEN gene was normalised to that of GAPDH. Transcription amount is presented
relative to that of control cells without MCA. SVHUC cells exposed to MCA and subsequently treated with ethanol (mock), AH6809 (1 m), ONO-
AE3-208 (1 pum), or celecoxib (1 pm) for 6 weeks were seeded for MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay (D;
cultured for 72 h) or colony formation assay (E; cultured for 2 weeks). During these assays, AH6809, ONO-AE3-208, or celecoxib was not treated.
Cell viability or the number of the colonies (=20 cells) is presented relative to that in mock-treated cells. Each value represents the mean (£s.d.)
from at least three independent determinations. *P<0.05 (vs control without MCA). #P<0.05 (vs control with MCA). (F) Western blotting of PTEN
using proteins extracted from MCA-exposed SVHUC cells subsequently cultured for 6 weeks with ethanol (mock) or celecoxib (1 um). GAPDH
served as a loading control. Densitometry values for PTEN standardised by GAPDH that are relative to the value of mock treatment are included
below the lanes.

EP3 (only in 5637-CR) and PTEN expression were reduced in MTT assay was then performed to assess the effects of EP2/EP4
CDDP-resistant cells. These findings suggested that EP2 and EP4  antagonists and agonists on the cytotoxic activity of CDDP in BC
signals were involved in chemosensitivity in BC cells. cells. Treatment with EP2 antagonist (Figure 4A), EP4 antagonist
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(Figure 4B), or celecoxib (Figure 4C) each at 1pm resulted in
considerable increases in CDDP sensitivity. By contrast, EP2
(Figure 4D) or EP4 (Figure 4E) agonist-treated cells were resistant
to CDDP. In these experiments, the effects of the drugs on cell
viability, irrespective of CDDP, was excluded by comparing with
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respective controls without CDDP treatment. Western blotting
further showed that EP2 antagonist (Supplementary Figure S4A),
EP4 antagonist (Supplementary Figure S4B), and/or celecoxib
(Supplementary Figure S4C) could reduce the expression of YB-1
and p-YB-1 as well as NF-xB and p-NF-kB that were known to
play a critical role in chemoresistance in BC cells (Ito et al, 2015;
Kashiwagi et al, 2016).

Correlations of EP2/EP4 expression with chemoresistance in BC
patients. Finally, we immunohistochemically stained again for
EP2 and EP4 in our TMA consisting of muscle-invasive BC
specimens from patients who subsequently received CDDP-based
neoadjuvant chemotherapy. We then compared their expression
levels between responders vs non-responders to chemotherapy
(Supplementary Table S2). Overall, EP2 was positive in 31 (83.8%)
of 37 cases, including 11 (68.8%) of 16 responders vs 20 (95.2%) of
21 non-responders. Similarly, EP4 was positive in 30 (81.1%) of 37
cases, including 11 (68.8%) of 16 responders vs 19 (90.5%) of 21
non-responders. Thus, positivity of EP2 (P=0.030) or EP4
(P=0.095) was significantly or marginally, respectively, associated
with chemoresistance.

DISCUSSION

The relationship between inflammation and cancer has been
extensively explored, and it is now well known that persistent
inflammation can induce tumourigenesis in various organs,
including the bladder (Coussens and Werb, 2002). Celecoxib has
also been found to downregulate antiapoptotic proteins
(Jendrossek, 2013), such as survivin and Bcl-2, and inhibit cell
cycle progression by upregulating p21 and p27 (Liu et al, 2009).
Correspondingly, in animal models, celecoxib has been shown to
prevent gastric (Hu et al, 2004) and pancreatic (Arjona-Sanchez
et al, 2010) carcinogenesis. In a prospective study involving 6729
men undergoing prostate biopsy, the use of aspirin and/or NSAIDs
was also associated with significantly lower risks of cancer
detection (Vidal et al, 2015). Meanwhile, knockdown of EP2 in
mice resulted in significant decreases in lung (Keith et al, 2006) or
colon (Ma et al, 2015) tumour formation, whereas treatment with
selective EP2 (Ma et al, 2015) or EP4 (Mutoh et al, 2002) inhibitor
prevented colon tumourigenesis. We here found that chemical
carcinogen exposure to non-neoplastic urothelial cells induced

«
Figure 3. Effects of EP2/EP4 antagonists and celecoxib on BC cell

viability and migration. (A) MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay in 647V, 5637, and UMUC3 cells
cultured with ethanol (mock), AH6809 (10 um), ONO-AE3-208 (10 um),
or celecoxib (10 um) for 72 h. Cell viability is presented relative to that of
mock treatment in each line. (B) Wound healing assay in 647V, 5637,
and UMUCS3 cells. The cells grown to confluence were gently scratched
and the wound area was measured after 24-h culture with ethanol
(mock), AH6809 (10 um), ONO-AE3-208 (10 um), or celecoxib (10 pm).
The migration determined by the rate of cells filling the wound area is
presented relative to that of mock treatment in each line. Each value
represents the mean (+£s.d.) from at least three independent
determinations. *P<0.05 (vs mock treatment). Western blotting of EP2,
EP3, EP4, and PTEN using proteins extracted from 647V and 5637 cells
cultured with (C) 0-10 um of celecoxib for 48 h, (D) 1 um of celecoxib for
0-72h, (E) 0-10 um of AH6809 for 48 h, or (F) 0-10 um of ONO-AE3-
208, as indicated. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) served as a loading control. Densitometry values for specific
bands standardised by GAPDH that are relative to those of mock
treatment are included below the lanes.
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Figure 4. Effects of EP2/EP4 antagonists/agonists and celecoxib on the cytotoxicity of CDDP in BC cells. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay in 647V and 5637 cells cultured with ethanol (mock) vs AH6809 (1 um; A), ONO-AE3-208 (1 um; B), celecoxib
(1 um; C), butaprost (1 pm; D), or CAY10598 (1 pm; E), and different concentrations (0-50 pm) of CDDP for 72 h. Cell viability is presented relative to
that of each line/treatment without CDDP. Each value represents the mean (+5s.d.) from at least three independent determinations. *P<0.05 (vs
mock treatment).
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EP2/EP4 expression and that celecoxib as well as EP2/EP4
inhibitors similarly prevented their neoplastic transformation via
monitoring cell viability, colony formation, and tumour formation
in mice (celecoxib only). Again, we did not assess the effects of
these drugs on the growth of MCA-exposed cells, which rather
represented the degree of neoplastic transformation. These
observations suggest that EP2 and EP4 contribute to induction of
urothelial cancer initiation. Indeed, in a murine model, a chemical
carcinogen, N-butyl-N-(4-hydroxybutyl)-nitrosamine, induced
EP2/EP4 gene expression in the bladder before the development
of invasive cancer (Taylor et al, 2009). Moreover, a pilot study in
124 patients with non-muscle-invasive BC showed marginally
better effects of oral celecoxib on tumour recurrence, compared
with intravesical mitomycin C therapy (median disease-free
interval: 67 vs 41 months; P=0.25) currently used as a
chemopreventive option (Pagliarulo et al, 2015). Further studies
are still required to determine how EP2/EP4 signals regulate
urothelial carcinogenesis.

EP2 and EP4 signals have also been implicated in cell
proliferation/migration and metastasis in several types of malig-
nancies (Castellone et al, 2005; Ma et al, 2006; Kim et al, 2010;
Kashiwagi et al, 2014). Specifically, in non-urothelial cancer cells,
EP2 and EP4 could modulate E-cadherin (Brouxhon et al, 2007)/
hypoxia-inducible factor-1a (Fernandez-Martinez and Lucio-
Cazafa, 2015), and PI3K-AKT/NF-«kB (Majumder et al, 2015),
respectively, up- or downregulation of whose expression in
urothelial cancer has indeed been linked to the prognosis of the
patients (Fromont et al, 2005; Nakanishi et al, 2005; Yeh et al,
2010; Zheng et al, 2011). In BC cell lines including UMUCS3,
celecoxib also exhibited antitumour effects (Dhawan et al, 2008). A
pilot study in 26 patients with muscle-invasive BC further showed
that short-term neoadjuvant celecoxib therapy contributed to the
achievement of pTO status in radical cystectomy specimens (3 of 13
cases vs 0 of 13 controls) as well as significant induction/reduction
in apoptosis/vascular endothelial growth factor expression, respec-
tively, in residual tumours, compared with the control cohort
(Dhawan et al, 2010). In the current study, we found that celecoxib
considerably reduced EP2/EP4 expression in BC cells in dose- and
time-dependent manners. We further demonstrated that celecoxib
and EP2/EP4 inhibitors similarly suppressed cell migration of
PTEN-positive BC lines, while EP2 silencing resulted in its
significant reduction. These results suggest that EP2 and EP4
promote urothelial cancer progression.

Celecoxib has been assessed in clinical trials whether it increases
sensitivity to chemotherapy (Altorki et al, 2003). Using preclinical
models for gastric cancer, celecoxib has also been shown to
enhance the cytotoxic effects of CDDP by modulating P-glyco-
protein expression (Xu et al, 2016). Similarly, celecoxib treatment
in BC cell line and mouse models has been suggested to contribute
to overcoming resistance to CDDP-based chemotherapy (Kurtova
et al, 2015). We then found increases in the expression levels of
EP2 and EP4, along with those of YB-1/p-YB-1 and NF-xB/p-NF-
kB that were known to involve chemoresistance in BC cells (Shiota
et al, 2011; Tto et al, 2015; Kashiwagi et al, 2016), in CDDP-
resistant sublines, compared with respective control sublines. EP2/
EP4 inhibitors and agonists were additionally found to significantly
increase and decrease, respectively, the cytotoxic activity of CDDP
at its pharmacological concentrations (e.g. 1.3-8.4 pm; Kashiwagi
et al, 2016)). Thus, EP2/EP4 inhibitors may function as sensitisers
of CDDP treatment in BC cells.

PTEN is a tumour suppressor and its mutations are often seen
in various types of malignancies, including BC (Aveyard et al,
1999). Interestingly, loss of its function has been shown to correlate
with induction of not only urothelial tumourigenesis but also the
growth and chemoresistance in BC cells (Tanaka et al, 2000; Puzio-
Kuter et al, 2009). In particular, PTEN inactivation resulted in
activation of the mTOR/AKT pathways in BC cells. We

demonstrated that celecoxib and EP2/EP4 inhibitors augmented
PTEN expression in urothelial cells undergoing neoplastic
transformation as well as in BC cells. An EP2 agonist also reduced
PTEN expression in BC cells. In addition, PTEN expression was
downregulated in CDDP-resistant sublines, compared with
respective control sublines. These observations imply that PTEN
has a central role in celecoxib- and selective EP2/EP4 inhibitor-
mediated prevention of urothelial carcinogenesis, BC cell growth,
and chemoresistance in BC cells. Remarkably, in contrast to the
previous findings with celecoxib (Dhawan et al, 2008), celecoxib as
well as EP2/EP4 inhibitors failed to significantly inhibit
cell proliferation and migration of PTEN-null UMUCS3, further
suggesting the necessity of PTEN in EP2/EP4-mediated cell
growth. In lung and thyroid cancer cells, PTEN expression has
been shown to be downregulated by NF-«xB (Vasudevan et al,
2004). A positive feedback loop consisting of COX-2-PGE2-EP2-
NF-kB is also documented (Aoki et al, 2011). Thus, EP2 and
EP4 may downregulate PTEN expression via the NF-xB
pathway. It will still need to be determined how EP2/EP4
modulate PTEN signalling in non-neoplastic and neoplastic
urothelial cells.

The levels of EP2/EP4 expression have been shown
to be elevated in several types of malignancies, such as colorectal
(Gustafsson et al, 2007) and endometrial (Jabbour et al, 2001)
carcinomas, compared with corresponding normal tissues. By
contrast, a recent study showed downregulation of EP expression
in BC specimens, compared with normal urothelial tissues (von der
Emde et al, 2014). We here found significant upregulation of EP2/
EP3/EP4 expression in bladder tumours, supporting the promoting
role of EP2/EP4 in tumourigenesis, as shown using the in vitro
transformation system. Our immunohistochemistry in muscle-
invasive tumours further revealed strong associations between EP2/
EP4 expression, as independent prognosticators, and cancer-
specific mortality. These results also support our preclinical data
indicating that EP2/EP4 activation correlates with the promotion
of BC progression. However, EP2 expression was shown to
correlate (P=10.08) with better outcomes in patients with upper
urinary tract urothelial carcinoma (Miyata et al, 2006), although
EP4 expression was strongly (P=0.002) associated with worse
prognosis in the same cohort of patients (Miyata et al, 2005). Our
results also indicated a potential discrepancy between EP2 and EP4
expression in relation to tumour grade and invasiveness, which
might imply their divergent upstream pathways in BC. Meanwhile,
the positive rates of EP2/EP4 expression in muscle-invasive BCs
from patients who failed to respond to CDDP-based neoadjuvant
chemotherapy were higher than those from responders, suggesting
that EP2/EP4 expression may predict responses to CDDP therapy.
Correspondingly, increased levels of plasma PGE2 have been
reported in patients with gynaecologic malignancies, compared
with healthy women, which are further elevated during che-
motherapy (Suzuki et al, 1987). Considerable increases in the levels
of plasma PGE2 have also been documented in dogs with BC,
compared with normal controls (Knapp et al, 1994). These findings
may need to be confirmed in patients with urothelial cancer.

It must be acknowledged that the pharmacologic agonists/
antagonists we used could show ‘off-target’ effects on various
signalling pathways. For instance, an EP2 antagonist AH6809 has
been shown to function as a weak antagonist for other
prostaglandin receptors, such as EP1 and EP3 (Abramovitz et al,
2000). Similarly, an EP4 antagonist ONO-AE3-208 has an affinity
for EP3 (Mutoh et al, 2002). These, as well as other undiscovered
effects of EP2/EP4 antagonists and agonists on intracellular
signalling, imply that the interpretation of our current data using
such antagonists/agonists must be done carefully.

In conclusion, our results suggest that EP2 and EP4 have an
important role in inducing urothelial tumourigenesis, bladder
tumour progression, and chemoresistance in BC cells, presumably
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via downregulating PTEN expression. Thus, EP2/EP4 inactivation,
using available inhibitors, has the potential of being not only a
chemopreventive and therapeutic option for urothelial cancer but
also a means of chemosensitisation particularly in patients with
EP2/EP4-positive tumour.
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