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Although bladder cancer represents a serious health
problem worldwide, relevant mouse models for in-
vestigating disease progression or therapeutic targets have
been lacking. We show that combined deletion of p53 and
Pten in bladder epithelium leads to invasive cancer in
a novel mouse model. Inactivation of p53 and PTEN
promotes tumorigenesis in human bladder cells and is
correlated with poor survival in human tumors. Further-
more, the synergistic effects of p53 and Pten deletion are
mediated by deregulation of mammalian target of rapa-
mycin (mTOR) signaling, consistent with the ability of
rapamycin to block bladder tumorigenesis in preclinical
studies. Our integrated analyses of mouse and human
bladder cancer provide a rationale for investigating mTOR
inhibition for treatment of patients with invasive disease.

Supplemental material is available at http://www.genesdev.org.
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Bladder cancer is the fifth most common malignancy
occurring worldwide and a major cause of cancer morbid-
ity and mortality (Jemal et al. 2005). Approximately 90%
of bladder tumors are of epithelial origin, the majority
corresponding to transitional cell carcinomas (Dinney
et al. 2004; Eble et al. 2004; Reuter 2006). Early stage
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bladder tumors comprise two groups: low-grade, which are
always papillary and usually superficial, and high-grade
carcinoma in situ (CIS), which is the precursor of invasive
bladder cancer. Superficial tumors, which account for the
large majority (~75%-85%), typically have a favorable
prognosis, while the 5-yr survival for patients with in-
vasive bladder cancer (~25% of all bladder tumors) can be
less than 10% (Jemal et al. 2005). Notably, superficial and
invasive bladder cancers are associated with distinct
genotypic and phenotypic patterns (Wu 2005; Cordon-
Cardo 2008; Knowles 2008). In particular, chromosome 9
deletions and mutations of RAS and FGFR3 occur in most,
if not all, superficial papillary noninvasive tumors, but
only in a small subset of invasive bladder tumors. In
contrast, deletions of 3p, 5q, 10q (PTEN locus), 11p, 13q
(RB locus), 17p (TP53 locus), and 18q (DCC locus) are
absent or at least rare in superficial tumors, but occur
frequently in invasive bladder carcinomas.

Until now, there has been a paucity of model systems
that recapitulate invasive bladder cancer and thereby
facilitate analyses of pathways of disease progression or
identification and evaluation of targets for therapeutic
intervention. Here, we describe a new mouse model of
invasive bladder cancer that recapitulates many aspects
of human bladder cancer. By integrating analyses from
this new mouse model with correlative and functional
data from human bladder cancer, we show that combina-
torial inactivation of p53 and Pten are major causal
factors that predict poor outcome of invasive bladder
cancer. We further demonstrate that inactivation of p53
and Pten leads to deregulation of the mammalian target
of rapamycin (mTOR) signaling pathway, and, conse-
quently, that inhibition of this signaling pathway blocks
bladder tumor growth. Our findings provide a relevant
preclinical model for therapeutic investigations, as well
as a strong rationale for targeting the mTOR signaling
pathway in patients with invasive bladder cancer.

Results and Discussion

A new mouse model of invasive bladder cancer

The bladder epithelium is comprised of several different
cell types, including umbrella cells that line the bladder
lumen, intermediate cells, and basal cells, which are
adjacent to the lamina propria (Fig. 1A). Since the
relationships of these cell types for bladder tumorigenesis
has not yet been resolved, we utilized an approach for
gene deletion that is not targeted to a particular cell type
and/or differentiation status in the bladder epithelium.
Specifically, we surgically delivered an adenovirus ex-
pressing Cre recombinase (hereafter referred to as Adeno-
Cre) into the bladder lumen of adult male mice to induce
conditional gene deletion in the epithelium (Fig. 1A).
Using an R26R reporter allele to evaluate targeting
efficiency and specificity, we found that Adeno-Cre
resulted in sporadic (<10%) gene deletion exclusively in
the epithelium and not in the underlying lamina propria
or muscle layers (n = 10) (Fig. 1B,C).

We utilized this approach to evaluate the functional
consequences of deleting tumor suppressor genes using
the appropriate conditional alleles. Since inactivation of
p53 leads to bladder tumors in transgenic mice (Zhang
et al. 1999), and Pten deletion results in hyperplasia of
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Figure 1. Targeted gene deletion in bladder epithelium via Adeno-
Cre delivery. (A) Schematic of bladder anatomy showing the layers
of the epithelium. Adeno-Cre (1X10'° PFU) was delivered into the
bladder lumen of R26R reporter mice and the location and extent of
recombination was analyzed 3 d later by visualization of B-galacto-
sidase staining (B) or by immunofluorescence with colabeling by
cytokeratin 7 to mark epithelial cells (C).

bladder epithelium (Tsuruta et al. 2006; Yoo et al. 2006),
we focused on their conditional inactivation alone or
together. We observed bladder tumors only in mice having
conditional alleles for both p53 and Pten (p530%/fox,
Pten/*/°%) which were strictly dependent on delivery of
Adeno-Cre (Fig. 2A,B; Table 1; Supplemental Fig. 1). In
particular, delivery of Adeno-Cre to the bladder lumen of
p53M1ox/fox. prepflox/flox mice produced large tumors (up to
2.4 g) with 100% penetrance by 6 mo (Fig. 2A,B; Table 1).
These bladder tumors displayed histological features of
CIS, as well as high-grade invasive carcinoma with areas of
transitional cell, squamous, and sarcomatoid carcinoma
(Fig. 2C-H; Supplemental Fig. 2). Notably, the histological
phenotype of the mouse tumors was highly reminiscent
of CIS and high-grade invasive carcinoma in humans (Fig.
2I-N). Furthermore, these mouse bladder tumors were
cytokeratin-positive, confirming their epithelial nature
(Supplemental Fig. 3A,B), and those carrying the R26R-
lacZ reporter allele were strongly positive for 3-galactosi-
dase (Supplemental Fig. 1). These mice also displayed
frequent visible metastases to local lymph nodes as well
as to distant sites, including spleen, liver, and diaphragm
(60% occurrence by 4-6 mo), which were evident macro-
scopically and confirmed by immunohistochemical anal-
yses (Table 1; Supplemental Fig. 3 E-G). Both p53 and Pten
were efficiently recombined in the bladder tumors from
Adeno-Cre-infected mutant mice (Supplemental Fig. 4).
Notably, while loss of p53 was nearly complete, Pten was
reduced but not eliminated (Supplemental Fig. 4). Immu-
nohistochemical staining revealed residual Pten protein
expression in endothelial cells, where it should not be
eliminated by the targeting strategy, as well as in sporadic
tumor cells, where, interestingly, it was predominantly
nuclear (Supplemental Fig. 3C,D).

Notably, we failed to detect any bladder tumors in the
P53 or Pten single mutants (p537°X/°%, pten** or p53+/*;
Pten/*M%) or various combinations of compound hetero-
zygotes 53flox/+; Ptenflox/+, p53ﬂox/ﬂ0X; Ptenflox/+, or p53flox/+;
Pten/™M°%) for up to 1 yr following delivery of Adeno-
Cre, while the histology of their bladder epithelium
was within normal limits (Fig. 2A; Table 1; Supple-
mental Fig. 5). Furthermore, the p53; Pten compound
mice contrast with mice harboring mutations of Rb,
which has been implicated in bladder tumorigenesis
(Cordon-Cardo 2008; Knowles 2008), since deletion of
RD in bladder epithelium alone or in combination with
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either p53 or Pten (p5370x/fex; Rpflex/flox, op prep/lox/flox,
Rb*/Mox) did not produce bladder tumors or result in
grossly abnormal bladder histology (Table 1; Supplemen-
tal Fig. 6). We conclude that this Adeno-Cre delivery
approach demonstrates a specific requirement for dele-
tion of p53 and Pten for invasive bladder tumors in mice.

Altered p53 and PTEN are associated with poor
survival in human bladder cancer

Next, we investigated the relevance of p53 and PTEN
status in human invasive bladder cancer. While previous
studies have reported frequent alterations of p53 in
invasive bladder cancer that are associated with poor
outcome (Esrig et al. 1994; Lianes et al. 1994; Sarkis et al.
1994) and have examined PTEN status (Cairns et al. 1998;
Aveyard et al. 1999; Tsuruta et al. 2006), we are not aware
of any that have investigated the association of PTEN
inactivation with outcome or the coordinated alteration
of p53 and PTEN in human bladder cancer. Therefore, we
examined p53 and PTEN expression in tissue microarrays
(TMAs) from two independent cohorts of human bladder
tumors. The first had a total of 165 cases, including 135
cases of transitional cell carcinomas representative of all
histological grades and stages, while the second included
85 cases from patients with muscle-invasive bladder
cancer with extensive clinical follow-up data.

As expected, p53 was wild-type (undetectable) in non-
invasive papillary tumors (n = 23), while p53 alterations
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Figure 2. p53 and Pten collaborate in suppression of invasive
bladder cancer in mutant mice. (A) Survival curve for mice of the
indicated genotypes injected with Adeno-Cre and monitored for the
length of time indicated. (B) Gross bladder phenotype following
injection of Adeno-Cre into the bladder of p53*/*; Pten*’* or p53/1°¥/
fox. pren/™¥/Mox mice. (C-H) Representative hematoxylin and eosin
(H&E)-stained sections from bladders of normal (p53**; Pten**;
C,D) or mutant (p5310%/M1°%, penflox/flox. E_H) mice injected with
Adeno-Cre. Arrows and inset in panels F and H show mitotic figures.
(I-N) H&E-stained sections of human bladder, showing representa-
tive histology for comparison with the mouse bladder tumors. Bars,
100 pm.
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Table 1: Summary of the phenoctype of the mutant mouse model

Genotype' Mths post | N? Bladder weight | Mets® | Bladder
adeno (mgs) phenotype
p53™; Pten™ Upto14 | 21 38.072+0.427 None | Normal
(N=18)
p53"™"; Pten* Upto14 | 29 37.806:0.590 None | Normal
(N=22)
p53""; Pten"™* Upto14 | 31 43.234:0.535 None | Normal
(N=25)
p53"*;Pten Upto8 9 44.644:0.567 None | Normal
(N=9)
p53 ™" ;Pten """ Upto8 9 70.843:5.698 None | Normal
(N=7)
p53 ™ ™" Pen™*" Uptlo8 7 38.86+1.044 None | Normal
(N=7)
Oto25 15 139.75= 21.079 None | Small tumors; In
(N=10) situCIS
p53™™* Plen"™™ | 251040 | 15 | 1578.592-186.15 | 210 | Large tumors; CIS
(N=15) (20%) | and invasion
40106 14 | 2403.43= 236.517 6/10 | Large tumors; CIS
(N=10) (80%) | and invasion;
Visible metastasis
p53 " pren Upto6 5 527421372141 3/4 Large tumors; CIS
(females) (N=4) (75%) | and invasion
p53™ . R ™= Upto 12 13 28.634=1.001 None | Normal
(N=13)
Pten™™™% Rp™ ™= | Upio12 | 4 33.400-2.037 Nene | Normal
(N=4)

1. At least 50% of the mice in each group had the R26R reporter allele for verification of
targeting to bladder epithelium.

2. The total number (N) in each group includes mice found dead and/or otherwise not subject
to complete phenotypic and histological analysis.

3. Refers to visible metastases (Mets) to lymph nodes, spleen, liver, and diaphragm.

(p53 nuclear overexpression and/or TP53 gene mutations)
were frequently observed in invasive bladder tumors (n =
54) (Fig. 3A-D). Conversely, while PTEN was uniformly
expressed in the epithelium of noninvasive papillary
tumors (pTA, n = 23), it was frequently down-regulated
in invasive bladder tumors (thee out of 53 pT1-pT2, 17
out of 78 pT3-4 lesions; P < 0.05) (Fig. 3E,F). Importantly,
a high percentage of human bladder tumors with altered
p53 also had deregulated expression of PTEN (41%, n =
67) (see Fig. 3D,F).

Multivariate analyses revealed that altered expression
of PTEN was associated with adverse patient outcome
(Fig. 3G,H). In particular, Kaplan-Meier analyses based on
PTEN immunoreactivity revealed a median survival of
3 yr for PTEN-positive cases compared with 9.5 mo for
patients with PTEN-negative tumors (P = 0.005) (Fig. 3G).
Moreover, patients with tumors classified as having
alterations of both p53 and PTEN had a median survival
of 6 mo versus those having p53 mutations but normal
PTEN expression, who had a median survival 6 yr (P <
0.001) (Fig. 3H). Therefore, combined alterations of p53
and PTEN occur frequently in invasive bladder cancer
and are associated with poor patient outcome.

We next investigated potential causal roles of p53 and
PTEN for human bladder tumorigenesis using an in vivo
cell recombination/renal grafting approach (Fig. 3I-P; Sup-
plemental Fig. 7). We knocked down p53 and/or PTEN using
four different combinations of two lentiviral-RNAi vectors
for each gene in human bladder cells (Supplemental Table
1), followed by recombination of the cells with embryonic
bladder mesenchyme and growth under the renal capsule of
nude mouse hosts for up to 3 mo (Supplemental Fig. 7). We
used the RT4 cell line, which was derived from a transitional
cell papilloma (Rigby and Franks 1970) and is one of the few
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bladder epithelial cell lines that have both p53 and PTEN
intact (Sanchez-Carbayo et al. 2002).

While the control RT4 cell recombinants formed low-
grade uroepithelial tumor lesions (n = 4), cell recombi-
nants made with RT4 cells in which both p53 and PTEN
had been knocked down displayed the typical morphol-
ogy of a high-grade transitional cell carcinoma, including
invasion into the surrounding mesenchyme and host
kidney (n = 9) (Fig. 3]-P; Supplemental Table 1). In
contrast, cell recombinants made with RT4 cells in which
either p53 or PTEN alone was knocked down resembled
the control RT4 cell recombinants (n = 8 per group)
(Supplemental Fig. 7; Supplemental Table 1). Together
with the correlative data in human bladder tumors and
analyses of the mutant mice, these data demonstrate that
p53 and PTEN functionally cooperate in suppression of
bladder cancer and suggest that their combinatorial
alteration in human bladder tumors defines a subgroup
of patients with a particularly aggressive clinical course.

Preclinical analyses of targeted pathways for invasive
bladder cancer

In other tissue contexts, cooperativity of Pten and p53 has
been shown to reflect their cross-talk on convergent
signaling pathways, particularly involving mTOR signal-
ing (Feng et al. 2005; Cully et al. 2006). We found that this
pathway was also deregulated in mouse and human
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Figure 3. Altered p53 and PTEN are associated with poor survival
in human bladder cancer. (A-F) Tissue microarray analyses of p53
and PTEN showing immunohistochemical staining of human blad-
der tumors. (G,H) Multivariate survival analyses. Kaplan-Meier plot
for patients with clinical outcome data for Pten immunostaining in
all patient samples (G) and showing Pten-positive and Pten-negative
tumors in patients harboring p53 mutations (H). (I-P) Functional
analyses of p53 and PTEN inactivation in human bladder cells.
Strategy: RT4 human bladder cancer cells were infected with
lentiviral RNAi (MOI = 5) for p53 and/or PTEN, recombined with
rat embryonic bladder mesenchyme, and grown under the renal
capsule of a nude mouse for 3 mo. (I, M) Gross morphology of the
renal grafts. (J,N) H&E-stained sections. (K,L,O,P) Immunostained
sections. Bars, 100 wm.
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Figure 4. Preclinical analyses in the mutant mouse models. (A-)
Activation of mTORCI in mouse and human bladder cancer. (A)
Western blot analyses showing the expression/activation of the
indicated components of the mTORCI pathway in normal bladder
(p53*"*; Pten*™) or bladder tumors (p537°%/M1°%; pren¥/fo%) mice.
Shown are representative data from analyses of five or more in-
dependent tumors. (B-E) Immunostaining for activated p-Akt and
p-S6 kinase in sections from control mice (p53*/*; Pten*’*) or bladder
tumors from p537°¥/M0%, prenlox/flox mice. (F-O) Inhibition of
mTORCI inhibits bladder tumor growth in preclinical studies.
One week following delivery of Adeno-Cre to the p53™°*//°%, pten-
flox/flox mice, mice were randomly enrolled into the vehicle (Veh) and
rapamycin (Rap) groups and delivered rapamycin (or vehicle) via
daily i.p. injection for up to 5 mo. (FG) Gross morphology. (H,I)
H&E-stained sections. (J-M) Immunostained sections. (N) Summary
of bladder weights. (O) Summary of proliferation rates.

bladder tumors (Fig. 4A-E; Supplemental Fig. 8A-D).
Thus, Akt was activated in mouse bladder tumors (Fig.
4A-C), presumably as a consequence of Pten inactivation,
as well as in a subset of human bladder tumors, where it
was significantly correlated with tumor stage (P < 0.0001)
(Supplemental Fig. 8A,B). Furthermore, the mouse and
human bladder tumors displayed deregulation of several
components of the mTORC1 complex (Guertin and
Sabatini 2007; Manning and Cantley 2007). In particular,
Western blot analyses of the mouse tumors revealed that
mTOR, phospho-mTOR, Raptor, and phospho-S6 (p-S6)
expression were strongly increased relative to normal
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bladder epithelium (Fig. 4A). The activation of mTOR
signaling was further supported by immunohistochemi-
cal analyses, which revealed robust staining for p-S6 in
the mouse tumors (Fig. 4D,E). Similarly, p70 S6 kinase (p-
S6K) was robustly activated in the subset of human
bladder tumors displaying altered p53 and PTEN expres-
sion (25% of invasive tumors), as well as in the cell
recombination model (Fig. 3L,P; Supplemental Fig. 8C,D).
Cumulatively, these findings show that the inactivation
of p53 and Pten leads to deregulation of the mTOR
signaling pathway in invasive bladder tumors.

To investigate the consequences of therapeutic target-
ing of the mTOR signaling pathway for bladder tumori-
genesis, we performed preclinical studies in vivo using
the mutant mouse model using both a prevention and
treatment paradigm (Fig. 4F-O, Supplemental Fig. SE-N).
For the prevention paradigm, beginning 1 wk following
Adeno-Cre injection, we delivered vehicle or rapamycin
(10 mg/kg), an inhibitor of mTORCI (Bjornsti and
Houghton 2004; Guertin and Sabatini 2007), for up to 5
mo and examined the consequences for bladder tumori-
genesis. While the vehicle-treated mutant mice developed
large bladder tumors as expected (2241.55 = 257mg), the
bladders from the rapamycin-treated mice appeared grossly
normal, having normal bladder weights (28.7 + 0.782 mg)
and no obvious histological abnormalities (n = 5 per group)
(Fig. 4F-I)N). Furthermore, the bladder epithelium from
rapamycin-treated mice displayed 16-fold reduced cellular
proliferation relative to vehicle-treated counterparts (P <
0.0001) and little or no expression of p-S6, a read-out of the
mTOR signaling pathway (Fig. 4]-M,O). Therefore, rapa-
mycin was highly effective for prevention of bladder tumor
growth in the p537°%/1°%, pren/™¥/f°% mutant mice.

To complement these analyses, we investigated the
consequences of rapamycin in a treatment paradigm,
namely, the effect on growth of established tumors in
a tissue recombination/renal grafting model. Specifically,
cells from dissociated mouse bladder tumors were recom-
bined with embryonic bladder mesenchymal cells, fol-
lowed by growth for three months as renal grafts in vivo,
during which time the tumor-bearing mice were treated
daily with rapamycin or vehicle via i.p. injection (Sup-
plemental Fig. 8E-N). The rapamycin-treated grafts dis-
played a significant reduction in tumor size (28 * 5mg; n
= 17) relative to vehicle-treated grafts (151 * 16mg; n =
20), coincident with a significant reduction in cellular
proliferation (P < 0.0001) and reduced expression of p-S6
(Supplemental Fig. 8E-N). Thus, these preclinical studies
demonstrate the efficacy of rapamycin as an inhibitor of
bladder tumor growth in vivo.

Conclusions

Mutations of p53 or PTEN are among the most frequent
causal events in many cancers, and their combined
inactivation has profound consequences for tumorigene-
sis in numerous contexts, including lymphoma, prostate
cancer, glioblastoma, and medulloblastoma (Mao et al.
2003; Chen et al. 2005; Cully et al. 2006; Hambard-
zumyan et al. 2008; Kwon et al. 2008; Zheng et al.
2008). Our current findings establish the relevance of
combinatorial inactivation of p53 and PTEN for invasive
bladder cancer and provide new insights regarding their
context-dependent functions in tumor progression. In-
deed, while a primary role for p53 in invasive bladder
cancer has been well established (Cordon-Cardo 2008;
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Knowles 2008), our findings in mouse and human bladder
cancer establish that loss of function of PTEN in combi-
nation with altered p53 has deleterious consequences for
invasive bladder cancer and identify a subgroup of
patients with particularly aggressive disease.

Furthermore, our study highlights the value of in-
tegrating analyses of a relevant mouse model with
correlative and functional human tumor and cell line
data for delineating pathways of tumorigenesis, identi-
fying rational targets for therapeutic intervention, and
evaluating the efficacy of such targets in preclinical
studies. In particular, our new model of invasive bladder
cancer complements existing models based on forced
expression of an SV40 large T transgene in the bladder
epithelium, whose phenotype is attributed to inactiva-
tion of p53 (Zhang et al. 1999), or on inactivation of Pten
throughout the bladder epithelium, resulting in wide-
spread hyperplasia (Tsuruta et al. 2006; Yoo et al. 2006).
Notably, the phenotypic differences between these pre-
vious models and the one described herein reveal the
relevance of combined alteration of Pten and p53 for
bladder tumorigenesis and underscore the stochastic
rather than widespread gene deletion in bladder epithe-
lium in our model.

Finally, our findings provide a strong rationale for thera-
peutic targeting of the mTOR signaling pathway in invasive
bladder cancer, particularly in patients having deregulated
p53 and PTEN, as well as a preclinical model for effective
assessment of appropriate therapies. Notably, clinical suc-
cesses with rapamycin analogs as single agents have been
limited (Sawyers 2003; Guertin and Sabatini 2007),
with some notable exceptions (Cloughesy et al. 2008; Le
Tourneau et al. 2008). In contrast, rapamycin analogs have
been shown to be more promising in combination with
standard chemotherapy or agents that target other signaling
pathways, particularly the RAS/MEK/MAP kinase pathway
(Wang et al. 2006; Wendel et al. 2006; Fan et al. 2007; Legrier
et al. 2007; Carracedo et al. 2008; Kinkade et al. 2008).
Therefore, while rapamycin analogs represent a promising
strategy in the treatment of invasive bladder cancer, it will
also be important to investigate their efficacy in combina-
tion with other targeted therapies and/or chemotherapy
(Shah and McKiernan 2004; Sonpavde et al. 2008; Wallerand
et al. 2008). Notably, our study provides a relevant pre-
clinical model for investigating targeted therapies for in-
vasive bladder cancer, particularly those based on
perturbation of mTOR signaling.

Materials and methods

Mouse alleles were obtained from the NCI Mouse models
repository or the Jackson Laboratories. Adenovirus expressing
Cre recombinase was obtained from University of Iowa’s Vector
Core Facility (http://www.uiowa.edu/~gene) and surgically de-
livered to the bladder lumen. At the time of sacrifice, tissues
were collected and processed for histological, immunohisto-
chemical, immunofluorescence, or Western blot analyses, as
detailed in the Supplemental Material. Details of all antibodies
are provided in the Supplemental Material.

Cell recombination assays were done by combining RT4 cells
with rat embryonic mesenchyme and grown under the renal
capsule of nude male mice. Tissue recombinants were made using
normal bladder epithelium or tumors from mouse, recombined
with rat embryonic mesenchyme and grown in culture or in the
renal capsule of nude male mice. Knockdown studies were done
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with lentiviral RNAi from Sigma-Aldrich’s Mission shRNA library
(Sigma-Aldrich). Details of all lentiviral constructs are provided in
the Supplemental Material. Rapamycin (from LC Laboratories) was
provided once daily via i.p. at 10 mg/kg in vivo for up to 5 mo.

Human bladder cancer TMAs were made from a patient cohort
of 165 tumors, with 136 transitional cell carcinomas and a second
cohort of 86 muscle-invasive bladder cancers with clinical
follow-up data. Scoring of the TMAs took into account the
percentage of immunopositive tumor cells and intensity of
staining. Statistical analyses were done using Mann-Whitney
U-test, the x° test, or Fisher’s exact test, and the Spearman
correlation. Survival analysis was conducted by the log rank test
and the Cox proportional hazard model.
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