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ABSTRACT

Urinary bladder cancer (UBC) is largely caused by exposure to toxic chemicals
including those in cigarette smoke (i.e. BBN). An activating SNP in RGS6 is associated
with a pronounced reduction in UBC risk, especially among smokers. However, the
mechanism underlying this reduction remains unknown. Here we demonstrate that
RGS6 is robustly expressed in human urothelium, where urothelial cell carcinoma
originates, and is downregulated in human UBC. Utilizing RGS6/- mice we interrogated
a possible role for RGS6 as a tumor suppressor using the BBN-induced bladder
carcinogenesis model that closely recapitulates human disease. As in humans, RGS6
is robustly expressed in mouse urothelium. RGS6 loss dramatically accelerates BBN-
induced bladder carcinogenesis, with RGS6/- mice consistently displaying more
advanced pathological lesions than RGS6*/* mice. Furthermore, BBN treatment
promotes urothelial RGS6 mMRNA and protein downregulation. RGS6 loss impairs
p53 activation and promotes aberrant accumulation of oncogenic protein DNMT1 in
urothelium. Tumor suppressor RASSF1A, a DNMT1-regulated gene, is also silenced,
likely via methylation of its promoter during BBN exposure. We hypothesize that this
BBN-induced RGS6 loss represents a critical hit in UBC as it irrevocably impairs the
anti-proliferative actions of the ATM/p53 and RASSF1A pathways. Consistent with
these findings, RGS6/- mice treated with CP-31398, a p53-stablizing agent, and/or
5-Aza, a DNMT1 inhibitor, are protected from BBN-induced tumorigenesis. Together,
our data identify RGS6 as a master tumor suppressor modulating two critical signaling
pathways that are often dysregulated in UBC; therefore, RGS6 represents a potential
novel biomarker for UBC diagnosis/prognosis and an appealing new target in its
treatment.

Published: October 04, 2016

for UBC, contributing to as many as two-thirds of all cases
[4]. More than 90% of UBCs are urothelial cell carcinomas
(also known as transitional cell carcinoma) [5], which can
be classified into non-invasive and invasive subtypes, with
the latter posing greater risk of metastases and lethality

INTRODUCTION

Urinary bladder cancer (UBC), the fifth most
common cancer in the U.S., is one of the deadliest
malignancies worldwide [1]. In 2015 there were ~74,000

new cases of UBC and ~16,000 deaths caused by UBC
in the U.S.. Due to its high recurrence and lifelong
surveillance, UBC is the most costly cancer to treat on a
per patient basis [2, 3]. Smoking is the primary risk factor

[6]. Studies in both human bladder tumor specimens
and mouse models have implicated multiple signaling
pathways in UBC carcinogenesis and progression [7].
First, mice lacking one allele of p53 [8] or that are
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deficient in both pRB/p53 [9] are highly susceptible to
UBC induced by the carcinogen 4-Hydroxybutyl(butyl)
nitrosamine (BBN), a chemical found in cigarette smoke.
Second, hyperactivation of the H-Ras oncogene triggers
bladder tumorigenesis [10] and aberrant upregulation of
DNA methyltransferase 1 (DNMT1) is associated with
increasing clinical stages of human UBC [11]. Finally,
comprehensive molecular characterization of high-grade
muscle-invasive urothelial bladder carcinomas in humans
revealed that signaling through four pathways: 1) p53/
Rb, 2) histone modification, 3) RTK/Ras/PI(3)K, and
4) SWI/SNF complex pathways, was altered via loss of
tumor suppressor function or gain of oncogene function
in tumors [12]. Despite this, our understanding of the
pathogenic mechanisms underlying UBC initiation and
progression remains insufficient and represents a critical
barrier to UBC detection and treatment.

Regulator of G protein signaling 6 (RGS6) is a
member of the RGS protein family, whose prototypic
role is to negatively regulate heterotrimeric G protein
signaling [13-17]. In addition, RGS6 also plays a
critical role in cancer biology through G protein-
independent mechanisms [18-21]. A SNP in the RGS6
gene, which increases RGS6 expression, is associated
with a significant reduction in the risk of human bladder
cancer. In particular, this polymorphism in RGS6 was
associated with a 34% reduction in bladder cancer
incidence with stratified analyses revealing a 40% and
58% cancer reduction in smokers and in those who began
smoking at young age, respectively [20]. However, the
mechanism underlying this reduction in bladder cancer
incidence is unknown. Recently, we showed that RGS6
loss 1) abolished doxorubicin-induced p53 activation by
more than 90% in isolated cells and heart [22, 23] and
2) diminished DNMT1 degradation during Ras-induced
transformation [18]. Given that both p53 loss and DNMT1
accumulation may promote bladder carcinogenesis [8, 11],
we hypothesized that RGS6 functions as a master tumor
suppressor in UBC by promoting both p53 activation and
DNMT1 degradation. Using RGS6™ mice, we provide the
first evidence that RGS6 loss accelerates BBN-induced
UBC progression; and that pS3 activation with CP-31398
[24], and/or DNMT1 inhibition with 5-Aza prevents tumor
formation.

RESULTS

Given that an activating SNP in the human RGS6
gene is associated with a reduced risk of bladder cancer
[20], we examined the possibility that RGS6 functions as
a tumor suppressor by examining its expression in UBC.
Figures 1A and S1A show that while RGS6 is highly
expressed within the urothelium of benign bladder, there
is a marked loss of urothelial RGS6 expression, over 80%
loss by H-score immunohistochemical analysis, in human
UBC. This human patient data demonstrates that there is

a reciprocal relationship between RGS6 expression and
the presence/risk of UBC as might be expected if RGS6
functions as a tumor suppressor.

To determine whether RGS6” mice could be used
to interrogate the tumor suppressor role of RGS6 in
bladder, we first characterized RGS6 expression in the
mouse bladder. As in humans, RGS6 is highly expressed
in mouse urothelium and is absent in bladders derived
from RGS67mice, as shown by immunohistochemical
and immunofluorescence staining (Figure 1B). These
results were corroborated by western blot (WB) analysis
which revealed that RGS6 is expressed in bladders derived
from RGS6"* mice but not RGS6” mice and there is a
gene dosage effect on RGS6 expression (Figure 1C).
Consistent with the observed expression of RGS6 in
mouse urothelium by immunostaining, when bladder
urothelium was microscopically dissected and analyzed
by immunoblotting we found strong expression of RGS6
in the urothelium of RGS6™* but not RGS6”- mice (Figure
1D). Successful dissection of the urothelium from the
bladder muscle wall was confirmed by blotting for actin,
whose expression is high in the muscle wall but low in
the urothelium. Notably, we found that loss of RGS6 in
bladder was associated with a comparable loss of G5
(Figure 1C), which is degraded when it is not in complex
with a member of the R7 subfamily of RGS proteins that
include RGS6, RGS7, RGS9 and RGS11[25]. This finding
suggested that RGS6 is the primary if not only member
of the R7 subfamily in mouse bladder and that its loss
is not compensated for by upregulation of other R7 RGS
members. Indeed, aside from RGS6, all other R7 family
members were undetectable in mouse bladders of all RGS6
genotypes (Figure S1B). These findings demonstrate that
RGS6, a protein previously linked to reduced UBC risk, is
highly expressed in the urothelium where approximately
90% of UBCs arise and that RGS67 mice can be employed
to study its tumor suppressor role in bladder.

To interrogate the role(s) of RGS6 in the pathology
of bladder carcinogenesis, we exposed mice to BBN,
a carcinogen that induces UBC that has been shown to
mimic human invasive bladder cancer[26]. RGS6"" and
RGS6™ mice were given water or water containing 0.05%
BBN for 4, 8, or 12 wks. As expected, no bladder tumors
were detected in water-fed controls (not shown). However,
in BBN-fed mice, RGS6 loss was associated with a
significant acceleration in bladder cancer progression. This
acceleration in bladder cancer progression can be seen in
Figures 2A-2B, as RGS6”" mice consistently displayed
more advanced pathological changes/lesions compared to
RGS6™" mice at each time point analyzed. In particular,
while 50% of BBN-treated RGS6” mice had invasive
tumors by 12 wks, no invasive tumors were detected in
RGS6"" mice. In addition, while 100% of RGS6™ mice
displayed carcinoma in situ by 12 wks of BBN treatment,
only 33% of RGS6"* had lesions at that time (Figures
2A, S2). Additional cohorts of mice (in each cohort n=3
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-5 mice per time point per treatment), BBN induced the
same pathological changes in bladders; and these bladders
were collected for biochemical analyses. During BBN
treatment, water intake and body-weight were monitored.
RGS67 mice consumed a similar, if not smaller, amount
of BBN-containing water and had a similar weight gain
as RGS6™" mice (Figure 3), excluding the possibility
that observed accelerated carcinogenesis in RGS6” mice
was due to excess consumption of BBN. These findings
provide the first in vivo evidence that RGS6 is a bona
fide tumor suppressor whose loss accelerates bladder
carcinogenesis.

To elucidate the molecular mechanism underlying
the ability of RGS6 to suppress bladder carcinogenesis,
RGS6™* mice were treated with 0.05% BBN acutely for
1,2, 3,7, 14 days or chronically for 12 wks. Following
treatment, the animals were sacrificed and the urothelium
microdissected for WB analysis of RGS6 expression.
Figures 4A and 4B show that acute BBN treatment
leads to a rapid and time-dependent downregulation of
urothelial RGS6 and its binding partner GBS. By day 14
of BBN exposure, RGS6 protein expression was reduced
by 88%, when compared to untreated RGS6"" mice. This

downregulation of RGS6 mirrors a fast loss of urothelial
RGS6 mRNA (Figure 4C). Interestingly, BBN exposure
does not completely ablate urothelial RGS6 expression
in RGS6"" mice, which could be the reason that tumor
development is delayed for up to 8 wks in RGS6"* mice
as compared to RGS6™ mice. Together, these findings
demonstrate that BBN carcinogen exposure results in rapid
RGS6 mRNA and protein loss within mouse urothelium.
Human bladder tumor progression is often
associated with loss-of-function mutations in the tumor
suppressor p53 [12]. Previously, we demonstrated that
RGS6 is essential for doxorubicin- and DMBA-induced
p53 activation as well as ROS generation in both isolated
cells [21, 22] and in hearts from treated mice [23].
Similarly, we found that RGS6 is required for urothelial
BBN-induced p53 activation and caspase 3 cleavage as
the transient peak in p53 activation (phosphorylation of
S15) and in caspase 3 cleavage in RGS6™" mice at 2-3
days following BBN exposure was significantly blunted
in RGS6” mice (Figures 4A-4B). In addition, RGS6
loss was associated with a reduction in ROS generation
within the mouse bladder, similar to what we had seen
in the heart (Figure S3). By 12wks of BBN treatment,
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Figure 1: RGS6 is robustly expressed in human and mouse bladder and lost in human bladder tumors. A. Expression of
RGS6 in benign (7 = 8) and UBC (n = 23) human bladder tissues. Scale bar, 100 um. * p < 0.001. B. Detection of RGS6 in mouse bladder

using immunohistochemical (IHC) and immunofluorescent (IF) staining

. Scale bar, 50 pm. C. RGS6L is expressed in mouse bladder

and stabilizes GB5. WB image are representative of three or more blots. Values of RGS6"" mice were arbitrarily set as 1. D. RGS6 was

measured using WB in bladder wall and urothelium.
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phospho-p53 (S15) was undetectable in both RGS6**
and RGS6™ urothelium (not shown). Taken together,
these data indicate that BBN-induced activation of p53 is
RGS6-dependent. We hypothesize that it is this lack of pS3
activation in RGS6” mice following BBN treatment that is
partially responsible for their vulnerability to carcinogen
assault.

pS3  loss-of-function is only one signaling
abnormality associated with human bladder tumor
progression. Aberrant signaling vie DNMT1 and its
direct downstream target RASSF1A is also associated

with bladder carcinogenesis [11, 27, 28]. We recently
demonstrated that RGS6 facilitates Tip60-mediated
DNMTI1 degradation during Ras-induced cellular
transformation [18]. Therefore, we measured urothelial
DNMTI1 and RASSF1A expression in BBN-treated
RGS6"* and RGS67- mice. BBN treatment was associated
with a time-dependent increase in DNMTI1 and a
concomitant decrease in RASSF1A in RGS6™ urothelium
(Figures 4A-4B). As expected, both of these changes
in DNMT1 and RASSF1A expression were greatly
exaggerated in RGS67 mice (Figures 4A-4B). These
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Figure 2: RGS6 inhibits BBN-induced bladder carcinogenesis. A. Carcinogenesis was assessed by the pathological incidences
(n = 3-6 mice/condition). B. Representative images of the most advanced pathological incidences at each time point. Scale bar, 100 um.
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changes were further exaggerated in animals chronically
treated with BBN for 12 wks (Figure 5). We hypothesize
that, together with the loss of p53 activation, the alteration
in DNMT1 and RASSF1A levels, and presumably
signaling, in BBN treated RGS6™ mice further contribute
to their carcinogen vulnerability.

Concurrent mutations in the coding and regulatory
regions of HRAS in urinary bladder tumors are associated
with increased Ras expression [29], and constitutively
active HRAS triggers bladder carcinogenesis in mouse
urothelium [10]. Therefore, we measured RAS expression
in the mouse bladder following 12 wks of BBN treatment
in RGS6"" and RGS6” mice. RAS levels remained
unaltered in both RGS6"" and RGS6” mouse urothelium.
Instead, RAS expression was induced in the bladder

>

wall in a RGS6-independent manner (Figures 6A-6C).
Thus while BBN-induced increases in Ras expression in
bladder wall may contribute to UBC development, the
tumor suppressor actions of RGS6 are not involved in this
signaling pathway.

We further interrogated the link between RGS6
loss and the concurrent upregulation of DNMT! and
downregulation of RASSFIA. Based upon our prior
finding that RGS6 promotes DNMT]1 protein degradation
[18] we hypothesized that loss of RGS6 during BBN
induced carcinogenesis would promote stabilization of
DNMT1 protein which would transcriptionally silence the
tumor suppressor RASSF1A. Consistent with this idea, we
found that DNMT1 mRNA levels were not significantly
altered during BBN treatment while RASSFIA mRNA
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Figure 3: RGS6 loss does not alter BBN-water intake or body weight gain in mice. RGS6"* and RGS6” mice consumed
a comparable amount of BBN-containing water A., and had a similar rate of weight gain B. over 12 wks of BBN treatment. #, p values
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levels decreased in parallel with RASSF1A protein
levels (Figures 4B-4C). As expected, we did not see a
correlation between p53 induction, known to be controlled
by phosphorylation induced protein stabilization [30],
and its mRNA levels (Figures 4B-4C). Consistent with
the increase in DNMT1 protein levels and loss of both
RASSF1A proteins and mRNA, bisulfite analysis revealed
a significant increase in the methylation status of the
RASSF1A promoter in the bladder urothelium 7 days
following BBN treatment of RGS6"* mice (Figure 7).
Lastly, to test whether RGS6 loss is directly responsible
for the upregulation of urothelial DNMT1 and in turn
the silencing of RASSF1A expression, RGS6L was
overexpressed in RGS6”7 mouse bladder urothelial cell
primary cultures. While RGS6 loss was associated with
increases in DNMTT protein expression and a repression
of RASSF1A protein and mRNA level in urothelium of
BBN-treated mice (Figure 4), overexpression of RGS6
(GFP-RGS6La2) completely reversed those changes
(Figures 8A and 8B). Consistently, treating RGS6” mice
with the DNMTT1 inhibitor 5-Aza also rescued RASSF1A
expression (Figure 8C). Together, these findings
demonstrate that RGS6 is essential for BBN-induced
changes in urothelial DNMT1 and RASSF1A expression
and that it directly modulates the DNMT1/RASSF1A
pathway in urothelial cells.
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Figure 7: BBN induces methylation of a CpG island
within the mouse Rassf1A4 gene promoter. A. Schematic
illustration of the CpG island in mouse RassfIA gene promoter
(drawing is in scale). B. Methylation rate (percentage of
methylated CpG sites) of Rassf14 gene promoter was determined
using bisulfite sequencing in mouse urothelium (n =3 - 4), * p
<0.05.

Based on our findings, we hypothesize that
acceleration of UBC development in RGS67 mice was
due to a combined action of insufficient activation of
tumor suppressor p53 and aberrant accumulation of
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Figure 8: Expression of RGS6 in RGS6™ urothelial cells
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primary cultures were infected with or without (-) adenoviruses
expressing GFP or RGS6La2-GFP. Levels of DNMT1 and
phosphorylated p53 A. and RassfIA mRNA B. were measured
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** p <0.002. WB image are representative of three blots. C.
5-Aza treatment rescues RASSF1A expression in RGS6™ mice.
Mice were treated with 5-Aza for two weeks. RASSF1A was
measured via WB.
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Table 1: Activation of p53 and/or inhibition of DNMT1
protects RGS6"- mice from BBN-induced bladder
tumorigenesis

Treatments
BBN (0.05%,12 wks) + + + +
5-Aza (inhibits DNMT1) - + - +
CP31398 (stabilizes / activates| ) + +
p53)
(f bldders amined) __|909[ 16| 0@ |05

BBN-fed RGS6™ mice were treated with CP-31398 and/
or 5-Aza as described under Methods. At 12 wks of
BBN treatment, mouse bladders were examined for solid
tumors.

oncogenic protein DNMT]1 in urothelium. To test this
hypothesis, CP-31398 (p53-stablizing agent) and 5-Aza-
2’-deoxycytidine (DNMT1 inhibitor) were administered
to BBN-treated RGS6” mice. Either drug alone or in
combination protected RGS6” mice from BBN-induced
tumor formation (Table 1).

DISCUSSION

This study identifies RGS6, a protein linked
to reduced UBC risk among smokers, as a novel and
critically important tumor suppressor in bladder using
a smoke carcinogen model of UBC in mice that closely
recapitulates human disease. We found that RGS6 is
dramatically lost in human UBC and that loss of RGS6
in mice leads to downregulation of downstream tumor
suppressors p53 and RASSFIA and upregulation of

Normal Tissue

Umbrella .|.|.|.|.|. | I

oncogenic DNMT1. Therefore we propose a model of
carcinogen-induced bladder carcinogenesis in which
RGS6 suppresses UBC by functioning as a critical
upstream modulator of the ATM/p53 and DNMTI-
RASSFI1A signaling axes (Figure 9). We propose that
RGS6 promotes both urothelial DNA repair via ATM/p53
activation and apoptosis following severe DNA damage
in the early phase of carcinogen (BBN) exposure, thereby
preventing genotoxic stress-induced oncogene activation.
This is suggested by the loss of BBN-induced p53-S15
phosphorylation and p53 upregulation in RGS6™ vs
RGS6"* bladders as well as our previous evidence that
RGS6 is required for ATM activation and subsequent
pS3 induction and DNA repair induced by DMBA or
doxorubicin [21, 22].

Our findings further show, however, that as
BBN exposure of mice continues, urothelial RGS6
is downregulated transcriptionally. Downregulation
of RGS6 not only impairs its function as a barrier to
genotoxic stress, but leads directly to the accumulation
of DNMT1 and silencing of the tumor suppressor
RASSF1A, a known target for transcriptional silencing by
DNMT1 [31, 32]. These findings are entirely consistent
with our previous evidence that RGS6 functions as a
scaffold protein to promote Tip60-mediated acetylation
of DNMTI, followed by DNMT1 ubiquitylation and
degradation[18]. In support of this latter mechanism, we
showed that loss of RGS6 in bladders of BBN treated
mice was associated with upregulation of DNMT1 by
a transcriptionally-independent mechanism as well as

Bladder

Tumor Tissue

55

28 JT.T.

:933 Intermediate k== 243
Basal || *|* | * o
RGS6 ]

}Degradatnon

@.

CARCINOGENESIS

(Carcmogens)

CoNMT

N

ROS

MM

DNA DAMAGE
M
Q

/ AJ

Figure 9: Schematic outlining the critical tumor suppressor role of RGS6 in bladder. RGS6 loss impairs the ATM/p53
pathway while promoting increased DNMT1 expression and silencing of RASSF1A (see text for details). The proper regulation of these
pathways is critical for the inhibition of bladder cancer development and progression.
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transcriptional silencing of Rassf1A4 gene and methylation
of its promoter. The fact that RGS6 is a key modulator
of multiple signaling pathways associated with UBC
initiation and progression [12, 33] further highlights the
importance of this study as these synergistic effects have
remained underappreciated.

These findings suggest a unique and multifarious
role for RGS6 in bladder cancer pathogenesis. The striking
loss of RGS6 in human UBC, together with our finding
that an activating SNP in RGS6 is associated with a
reduced risk of bladder cancer [20], strongly support the
tumor suppressor role of RGS6 described here. Our studies
in mice show that carcinogen-induced RGS6 loss in the
bladder urothelium, where RGS6 is robustly expressed,
appears to represent a crucial hit that drives carcinogenesis
by impairing the anti-proliferative actions of p53 and
RASSFI1A. Consistent with a role of RGS6 as a critical
upstream modulator of proteins that either suppress or
promote (i.e. DNMT1) bladder carcinogenesis, we found
that BBN-induced loss in urothelial RGS6 expression
was temporally linked to alterations in expression of
activated p53, RASSF1A and DNMT1. A recent molecular
characterization of human invasive UBCs showed that
pS3 was impaired in 76% of bladder cancers [12]. The
observed requirement for RGS6 in BBN-induced p53
activation in urothelium and the ability of the p53 activator
CP-13398 to protect against bladder carcinogenesis due
to RGS6 loss demonstrates the critical role of RGS6 in
carcinogen-induced p53 activation in UBC. Further,
though aberrant upregulation of DNMT1 has been linked
to human invasive UBC [11], our findings provide critical
new insights into the mechanisms underlying DNMT1
upregulation and its role in UBC. Our results are fully
supportive of a key role for RGS6 loss in upregulation of
DNMTT1 in UBC and that DNMTT is a key driver of UBC
carcinogenesis as we found that 5-Aza prevents BBN-
induced UBC in RGS6” mice. In fact, RGS6 loss explains
the aberrant expression of DNMT1 in UBC. The dramatic
loss of urothelial RGS6 expression we found in human
UBC would thus be expected to lead to dysregulation of
p53 and the DNMTI1/RASSF1A pathways, which our
studies show independently contribute to accelerated UBC
in RGS67 mice.

The tumor suppressor actions of RGS6 described
here are not likely due to alterations in Ras expression or
signaling in the bladder urothelium. Though mutations in
HRAS in urinary bladder tumors have been linked with
increased Ras expression [29], their frequency is low (5%
[12]). Moreover, over-expression of constitutively active
HRAS in mouse urothelium induces superficial papillary
tumors but not invasive UBC [10]. Here we found that
BBN induces Ras expression in the bladder wall but not
urothelium, where invasive UBC primarily originates,
and that RGS6 loss did not alter Ras expression at either
site. Therefore, BBN-induced upregulation of Ras in the
bladder wall likely does not contribute to the increased

incidence of bladder tumors in RGS67 mice.

UBC is a deadly malignancy worldwide for which
radical cystectomy and pelvic lymphadenectomy is the
standard treatment for muscle invasive UBC. Though the
Advanced Bladder Cancer Meta Analysis Collaboration
showed that neoadjuvant platinum-based combination
chemotherapy showed a significant benefit to survival and
risk of death, the 5 yr overall survival increased only from
45% to 50% [34]. One of the barriers to better treatment
of this disease remains insufficient understanding of
the underlying mechanisms of UBC. Here we show a
critical role of RGS6 in invasive UBC induced by a
smoke carcinogen, responsible for the majority of UBC
in humans. Given our evidence that RGS6 functions
as a master tumor suppressor modulating two critical
signaling pathways that are often dysregulated in UBC,
RGS6 represents a potential novel biomarker for UBC
diagnosis/prognosis as well as an appealing new target
in its treatment. As such, it seems imperative that future
work focus on identifying compounds that are capable of
modulating RGS6 expression.

MATERIALS AND METHODS

Animals

We previously described the generation and
genotyping of RGS6” mice [35]. RGS6™ mice were
backcrossed onto the C57BL6 background for five
generations. Age-matched RGS6”* and RGS6” mice
were used for all experiments. All animal procedures were
approved by the University of lowa Institute for Animal
Care and Use Committee.

Treatment of mice

BBN (TCI America, B8061) was administered to
mice via drinking water following the protocol described
by Ohtani et al. [36]. Briefly, BBN was dissolved in
tap water at a concentration of 0.05%. Mice were given
BBN-containing water or tap water (controls) ad libitum.
BBN-containing water was prepared every 2-3 days
to achieve its maximal potency. Animal’s body weight
and water intake were recorded weekly. When needed,
CP-31398 (A gift from Dr. Levy Kopelovich) was
administered to mice daily via I.P. injection at a dose of
45 mg/kg for the first 7 days of BBN-treatment; 5-Aza-
2’-deoxycytidine (5-Aza;Sigma, A3656) was administered
to mice at a dose of 0.5 mg/kg three times per week (on
Monday, Wednesday, and Friday) for the duration of BBN
treatment.
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Isolation of mouse bladder urothelium

We developed a micro-dissection procedure to
isolate bladder urothelium. Briefly, mouse bladders were
cut into four pieces with sterile scissors and bladder pieces
placed in one drop of 1 x PBS in a 60-mm tissue culture
plate. Under the dissection microscope, the bladder muscle
wall was separated from the urothelium at the edge of the
tissue using two fine tweezers; the urothelium was then
gently pulled away with one tweezer while the bladder
muscle wall was held with another tweezer.

Isolation and culture of mouse primary urothelial
cells

Mouse primary urothelial cells were isolated from
mouse bladder following a modified protocol described
by Southgate et al. [37]. Briefly, mouse bladder urothelia
were dissected and then incubated at 37°C for 2-4h in
stripping solution (10 mM Hepes, 2 mM EDTA, 400 mg/L
KCl, 60mg/L KH,PO,, 350 mg/L NaHCO,, 8000 mg/L
NaCl, 48 mg/L Na,HPO,, and 1000 mg/L D-glucose).
Following incubation, tissue was transferred to a new
tube containing 0.1-0.5ml digestion solution (90 U/ml
collagenase (Sigma, C5138), 0.2 mg/ml of DNase I, 10
mM Hepes, 140 mg/L CaCl,, 100 mg/L MgCL-6H,0, 100
mg/L MgSO,-7H,0, 400 mg/L KCl, 60mg/L KH,PO,,
350 mg/L NaHCO,, 8000 mg/L NaCl, 48 mg/L Na,HPO,,
and 1000 mg/L D-glucose) and was incubated at 37°C
for 20 min with gentle shaking. To collect cells, digestion
solution was mixed with 0.4 ml of culture medium
(DMEM/F12 - 1:1;Invitrogen, 11320) supplemented with
100 U/ml of penicillin, 100 pg/ml of Streptomycin, and
10% FBS and centrifuged at 300 x g for 1 min. Urothelial
cell pellets were then re-suspended in culture medium for
plating. To promote urothelial cell attachment the culture
dish was coated with type IV collagen (Sigma, C7521) at
a density of 0.5 ug/cm? three hours prior to the isolation.
Prior to plating, urothelial cells were mixed with Ad-GFP
or Ad-GFP-RGS6L02 .
immuno-

H&E, immunohistochemical, and

fluorescence staining

Female RGS6"* and RGS6” mice were treated with
0.05% BBN water for 4, 8, and 12 wks. After animals
were sacrificed, their bladders were rinsed with 0.1-0.2 ml
of cold 1x PBS via a catheter inserted into the bladder
transurethrally, and then inflated by 0.1 ml of 4% PFA via
the same catheter. The neck of the bladder was ligated to
keep PFA fixative inside. After fixation, bladders were
processed at the University of lowa Central Microscopy
core. Each bladder was cut in two halves sagittally,
embedded in paraffin, and stained with hematoxylin

and eosin (H&E staining) for examining pathological
changes/lesions. Some paraffin sections were used for
immunohistochemical (IHC) staining using antibodies
specific for RGS6 (home-made). RGS6 expression level
was determined by immunohistochemical staining as
we previously described [21]. A histo-score (H-score)
was calculated by multiplying the percentage of positive
cells by the average intensity. Additionally, bladders from
three RGS6™* and three RGS6” mice were also fixed
as described above and embedded in optimum cutting
temperature (OCT) medium for preparation of frozen
sections to be used for immunofluorescence staining of
RGS6. Formalin-fixed, paraffin-embedded human bladder
sections were obtained from both the University of lowa
Department of Pathology and MD Anderson Cancer
Center.

Immunoblotting

Mouse tissues/cells were homogenized in ice-cold
RIPA buffer (Santa Cruz, sc-24948) freshly supplemented
with 1x protease inhibitor (Roche, 77836170001) and 1x
phosphatase inhibitor (Sigma, P5726). Homogenates were
centrifuged at 12,000 x g for 10 min at 4°C, and resulting
supernatants were used for protein analyses. Western
blot analysis was performed as previously described
[22]. Briefly, 5-20 pg of protein were subjected to SDS
PAGE electrophoresis and transferred to a nitrocellulose
membrane. The resultant membrane was then incubated
in blocking buffer (5% nonfat dried milk in 24.8 mM
Tris, 137 mM NaCl, 2.7 mM KCI, and 0.1% Tween 20,
pH 7.4) for 1h at room temperature, in primary antibody
solution (diluted in blocking buffer) overnight at 4°C, and
in secondary antibody solution (diluted in blocking buffer)
for 1 h at room temperature. For phosphorylated protein
immunoblotting, 5% nonfat milk in the blocking buffer
was replaced with 3% BSA. Secondary antibodies were
labeled with IRDye 800CW (Li-Cor Biosciences, 926-
3211). Immunoreactive proteins were detected with the
Odyssey infrared imaging system (Li-Cor Biosciences).
Primary antibodies used for blotting were as follows:
RGS6 (anti-RGS6L, home-made [23], 1:1000 dilution),
GBS (a gift from Dr. William F Simonds, 1:1000 dilution),
RGS7 (a gift from Dr Vladlen Z Slepak, 1:2000 dilution),
RGS9-1 (a gift from Dr Jason Chen, 1:4000 dilution),
RGS11 (a gift from Dr Jason Chen, 1:1000 dilution),
GAPDH (Sigma, G9545, 1:1000 dilution), Actin (Sigma
A2066, 1:5000 dilution), p53 (Millipore CBL404, 1:700
dilution), phosphorylated p53(S15) (Cell signaling
92848, 1:2000 dilution), DNMTT1 (Santa Cruz, sc-20701,
1:1000 dilution), RASSF1A (eBioscience, 14-6888, 1:500
dilution), and a-tubulin (CalBiochem, CP06-100UG,
1:5000 dilution).

www.impactjournals.com/oncotarget

69169

Oncotarget



Quantitive real-time PCR

Levels of mRNA were measured as we described
previously [35]. Briefly, total RNA was extracted from
mouse tissues or mouse primary urothelial cells infected
with virus for 4 days, using a Qiagen RNeasy kit (Qiagen,
74104). First strand cDNA was synthesized from 100 ng
of total RNA using SuperScriptlll First Strand Synthesis
system (Invitrogen, 18080051). Real-Time PCR was
carried out using iQ™ SYBR® Green Supermix (Bio-Rad,
1708880), and the manufacturer’s protocol. The following
primers were used:

ATG GAG GGA GAT ACA CAT TTG AAG ATG CC

Rgs6 forward

Rgs6 reverse CAG CGACTTTCC CTT CTT CTT GGC C

Trp53 forward CCT TCT CAAAAAACT TAC CAG GGC AAC TAT G

Trp53 reverse GGG GAG GAG AGT ACG TGC ACA TAA CAG

Dnmt] forward GAG GAG AGA GAC CAG GAT AAG AAA CGC AGA

Dnmtl reverse TTG TCATCT TCC TGT TCA CAT GGC TCT TCC

RassflA forward | TGC GAC CTC TGT GGA GAC TTC ATC
RassflA reverse ACA GGA CGC ACT AGT TTC AGC TGA
Gapdh forward GCA TGG CCT TCC GTG TTC CTAC
Gapdh reverse GAT GCC TGC TTCACCACCTTC TTG

Bisulfite sequencing

Genomic DNA was extracted from mouse
urothelium and processed for bisulfite conversion using
Zymo research EZ DNA methylation-lightning Kit
(Zymo Research Corp, D5031), using the manufacturer’s
protocol. Rassf1A4 gene promoter was amplified from the
bisulfite-converted genomic DNA using two primers:
Methy-RassflA forward, GAA GGG GTT TTT TGA
AAG GGT TTATTT TTG TGT; Methy-RassflA reverse,
CTC AAA CAC TCT CCC TAA TAA AAC AAA ACC
AAA AAA TC. Resultant PCR products were analyzed
with 1.0% DNA-agarose gels, purified using QIAquick
gel extraction kit (Qiagen, 28704), and then subcloned
into pCRII TOPO vector, using TOPO TA cloning kit
(Invitrogen, 451641). For each urothelium, 9-15 colonies
were picked, plasmids were extracted and sequenced at the
University of lowa Genomics Division. The sequence of
each plasmid DNA was then aligned to WT Rassf14 gene
promoter sequence. Methylation rate was calculated as a
percentage of total number of methylated CpG sites over
total CpQG sites in the sequenced promoter region.

Statistics

Significance was calculated using an unpaired
Student’s t-test. When multiple time points were assessed,
a Bonferroni adjustment for multiple hypotheses was
applied. p < 0.05 was considered statistically significant.

Data was expressed as means + SEM (standard error of
the mean).
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