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Activation of oncogenes or inactivation of tumor suppressors
in urothelium is considered critical for development of urothe-
lial cancer. Here we report cloning of the urothelium-specific
promoter uroplakin-II (UPK II) and generation of transgenic
mice in which expression of SV40 large T antigen is driven by
UPK II promoter. Inactivation of tumor suppressor p53 andpRb
in urothelium by SV40 T antigen resulted in urothelial carci-
noma, resembling humanhigh-grade carcinoma in situ. Specific
deletion of p53 in urothelial cells using the newly generated
UPK II-Cre mice results in normal bladders without any evi-
dence of cancer. The high-grade carcinoma in situ in the UPK
II-SV40 mice is associated with significant activation of angio-
genic signals consisting of hypoxia-inducible factor-1� (HIF-
1�) and VEGF and a down-regulation of thrombospondin-1.
Interestingly, such pro-angiogenic activity was not associatedwith
progression to invasive cancer. Analysis of bladder-associated
microRNAs in carcinoma in situ lesions reveals a pro-angiogenic
profile, with specific overexpression of miR-18a and miR-19a and
down-regulation ofmiR-107. A group ofmicroRNAs (miRs) iden-
tified as associated with invasive human urothelial cancer re-
mained unchanged in this mouse model. Collectively, our results
support the notion that activation of angiogenesis and loss of p53
are not sufficient for progression to invasive cancer. Our studies
identify a newmousemodel for bladder cancer that can be used to
study factors that determine progression to an invasive phenotype
of bladder cancer.

Urothelial carcinomas of the bladder are among the most
frequent human cancers and account for more than 14,000
deaths annually in the United States (1). Most cases of urothe-
lial cancer are superficial bladder tumors, but around 20% of

them are invasive carcinomas that can generate metastasis at
the initial presentation or later in the evolution of the disease.
Two groups of superficial bladder tumors have been described
(2). Low grade papillary neoplasms are the most frequent, with
a low potential of transformation into invasive cancer. Con-
versely, carcinomas in situ (CIS)3 are biologically more aggres-
sive and carry a high probability of turning into an invasive
carcinoma. The molecular basis of urothelial bladder cancer is
being progressively unveiled, and the generation of transgenic
mouse models of bladder cancer obtained through the urothe-
lial expression of oncogenes (SV40) (3) or deletion of tumor
suppressor genes remains a viable strategy for unraveling this
mechanism. It is acknowledged that there are at least two
different pathways driving the malignant transformation of
urothelium, each of them corresponding to one of the two types
of urothelial tumors. The pathway leading toCIS,which is spec-
ulated to involve a loss of function of p53 (4), is particularly
important due to its role as precursor of invasive disease. How-
ever, p53 deletion does not seem to be sufficient for urothelial
tumorigenesis unless there is either a concurrent deletion of
pRb (5, 6) or Pten (7) or a concurrent H-ras activation (8).
Bladder urothelial carcinoma in situ poses a difficult conun-

drum in the clinical setting. Its high recurrence rate (90% of
cases) and its frequent evolution to invasive disease make it a
target for aggressive treatment regimens, such as bladder bacil-
lus Calmette-Guerin therapy or cystectomy as in cases of exten-
sive or persistent disease presentation (9). Angiogenesis is
among the biological factors that have been studied as potential
predictors of progression to invasive tumors in superficial blad-
der carcinoma and is considered by some groups as a useful
biomarker (10). In this regard, some clinical studies have sug-
gested that elevated microvessel density, an indicator of angio-
genic phenotype, is associatedwith progression of carcinoma in
situ to invasive cancer, but some other clinical observations did
not confirm these results (11, 12). Similar conflicting results
have been reported for VEGF levels in urine or plasma (13) or
for VEGF and HIF-1� expression in the tumor, which some
authors suggest as important for progression to invasive cancer
(14–16). Most studies include both CIS and pT1a types of
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tumors, thus making their interpretation confounding. Conse-
quently, the emergence of angiogenic phenotype and its rele-
vance for progression toward invasive bladder carcinoma are
still controversial and need experimental validation.
The goal of our study was to determine the role of p53 and

angiogenic phenotype in the initiation and progression of blad-
der cancer. SV40 T antigen expression is able to inactivate both
p53 and pRb tumor suppression pathways, and its urothelial
conditional expression driven by uroplakin II (UPK II) has been
previously shown to generate urothelial bladder carcinoma in
situ, with late muscle invasion and metastasis in a few mice (3).
We generated a new transgenic mouse, UPK II-SV40, and
observed that the development of high-grade urothelial carci-
noma in situ was associated with a significant activation of
angiogenic signals. This pro-angiogenic phenotype was inde-
pendent of invasion and associated with specific changes in the
profile of microRNAs regulating angiogenesis, without any
effect on urothelial expression of invasion-related microRNA
(miR). Lastly, loss of p53 alone in the urothelium did not result
in initiation of cancer or angiogenic activation, and mice were
normal. Collectively, these results suggest that progression to
invasive bladder cancer is not solely dependent on angiogene-
sis, and therefore, the notion that markers of angiogenesis or
angiogenesis-related miRs may serve as useful markers to pre-
dict invasive bladder cancer needs to be carefully evaluated.

EXPERIMENTAL PROCEDURES

GeneConstructs andGeneration of TransgenicMice—For the
specific urothelial expression of SV40 large T antigen, a con-
struct containing the urothelium-specific promoter uroplakin
II (3.6 kb) and the SV40Tantigenwas designed. First, we cloned
mouse UPK II promoter (accession number: EF467361) from
bacterial artificial chromosome clone RP24-308H8with a PCR-
based approach. During the cloning process, we found that
about 1500 bp of theUPK II promoter region, whichwas depos-
ited inGenBankTM (accession numberU14421), was oppositely
inserted between the two SacI restriction enzyme sites (from
�1262 to �2805 from exon 1) in UPK II promoter. SV40 early
sequence DNA was obtained from the Rip-TAG vector (kindly
provided byDr.DouglasHanahan). The chimeric gene contain-
ing (5� to 3�) the UPK II promoter (3.6 kb), the SV40 T antigen
sequence (3.0 kb), and a 250-bp poly(A) signal was excised from
the vector with EcoRI and BamHI digestion and purified with
the Illustra GFX PCR DNA and gel band purification kit (GE
Healthcare). Additionally, we also generated a transgenic
mouse that expresses the Cre recombinase enzyme in bladder
uroepithelium by utilizing the same UPK II promoter. Micro-
injection of the purified constructs in the pronuclei of fertilized
eggs from C57/BLmice was performed for generation of trans-
genic mice (UPK II-SV40 and UPK II-Cre) at the Beth Israel
Deaconess Medical Center transgenic facility.
For specific urothelial knock-out of p53, the UPK II-Cre

mouse strain described before was interbred to p53 floxedmice
(National Institutes of Health, NCI, Mouse Repository) in
which LoxP sites have been inserted in introns 1 and 10 of the
p53 gene. To confirm urothelium-restricted expression of UPK
II, a reporter strain was generated by interbreeding the UPK
II-Cre with Rosa-R26R-YFP floxed mice (17).

Genotyping and Animal Experiments—Genotyping of trans-
genic mice was determined by PCR in genomic DNA isolated
from mice tails. The term “controls” refers to littermates of
mice with a negative UPK II-SV40, UPK II-Cre;p53 f/f, or UPK
II-Cre;YFP genotype. Mice were sacrificed at different time
points, and bladders were obtained, weighted, and processed for
histological analysis and molecular biology techniques. Thirty
minutes before sacrifice, pimonidazole (HypoxyprobeTM-1, HPI
Inc.) was intraperitoneally administered at a dose of 60
mg/kg. Mice were maintained at the Beth Israel Deaconess
Medical Center animal facility under standard conditions.
All animal studies were reviewed and approved by the Insti-
tutional Animal Care and Use Committee of Beth Israel Dea-
coness Medical Center.
Histological Techniques—Paraformaldehyde-fixed, paraffin-

embedded 5-�m sections were treated with 10 mM citrate
buffer for antigen retrieval, and standard immunohistochemi-
cal techniques were applied. The following primary antibodies
and dilutions were used: anti-SV40 T antigen (1:50; Santa Cruz
Biotechnology), anti-VEGF Ab-1 (10 �g/ml; Thermo Fisher
Scientific), anti-HIF-1� (1:50; Santa Cruz Biotechnology), anti-
Glut-1 (1:50; Abcam), anti-p53 (1:50; Santa Cruz Biotechnol-
ogy), and anti-CD34 (1:50; Abcam). Biotinylated secondary
antibodies (1:200) and VECTASTAIN ABC kit were used
according to the manufacturer’s instructions (Vector Labora-
tories). For hypoxia staining, the HypoxyprobeTM-1 Kit (HPI,
Inc.) was used according to the manufacturer’s instructions
(primary antibody: 1:50 dilution).
For immunofluorescence, 5-�m frozen sections were

fixed in 100% acetone at �20 °C for 10 min. Primary anti-
bodies were anti-CD31 (1:50; BD Biosciences Pharmingen),
anti-CD34 (1:50; Abcam), anti-VEGF Ab-1 (10 �g/ml;
Thermo Fisher Scientific), and anti-NG2 (1:100; Santa Cruz
Biotechnology). Sections were subsequently labeled with
fluorescein- or rhodamine-conjugated secondary antibodies
(Jackson ImmunoResearch Laboratories), and DAPI was
used for nuclear counterstaining.
For blood vessel evaluation, a sufficient number of sections to

cover the whole area of bladder stroma and urothelium were
analyzed at 200�, and the relative area of CD31 staining was
quantified with the ImageJ software (National Institutes of
Health, Bethesda,MD). For evaluation of pericyte coverage, the
proportion of CD31 vessels with perivascular NG2 staining was
calculated.
SDS-PAGE and Western Blot Studies—Samples (purified

protein from whole bladder) were denatured with SDS sample
buffer. Primary antibodies were anti-VEGF (1:500; Oncogene),
anti-SV40 (1:100; Santa Cruz Biotechnology), and anti-actin
(1:1000; Sigma). After incubation with horseradish peroxide-
conjugated secondary antibodies (Sigma), an enhanced chemi-
luminescence (ECL) detection system (Pierce Biotechnology)
was used.
Real Time RT-PCR and MicroRNA Analysis—Total RNA

was isolated from whole bladder tissues using TRIzol� accord-
ing to themanufacturer’s recommendations (Invitrogen). After
DNase I treatment (Invitrogen), reverse transcription for
mRNA was carried out using the High Capacity cDNA reverse
transcription kit (Applied Biosystems). For microRNA studies,
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RNA reverse transcription was performed with the ABI
TaqMan microRNA reverse transcription kit (Applied Biosys-
tems) using specific stem-loop primers, as described previously
(18). Quantification of expression levels of VEGF, throm-
bospondin-1 (TSP-1), HIF-1�, HIF-1�, Dicer, Drosha, and
microRNAs was determined by quantitative real time-PCR
using SYBR Green (Applied Biosystems) and an Applied Bio-
systems 7300 detection system. GAPDH and RNU6B (for
microRNA)were used for normalization, and all reactions were
run in triplicate. Relative quantification of genes expression
was analyzed with the comparative cycle threshold method
(2���CT). Sequences of miR, stem-loop primers, and primers
for real time RT-PCR are shown in supplemental Table 1. Other
primers for real timeRT-PCR are shown in supplemental Table 2.
Statistical Analysis—Data are expressed as mean � S.E. Sta-

tistical analysis was performed using SPSS version 15.0 (SPSS
Inc.). Tests used were non-parametric Mann-Whitney
(unpaired, two-tailed), and when appropriate, Student’s t test.
Statistical significance was established as p � 0.05.

RESULTS

Urothelium-specific Expression of SV40 T Antigen Leads to
Development of Bladder Carcinoma in Situ—SV40T large anti-
gen expression is able to inactivate both p53 and pRb, and its
uroplakin II conditional expression has been previously shown
to induce the development of bladder CIS (3). We generated a
transgenic mouse model in which the newly cloned UPK II
promoter drives the expression of the SV40 T antigen (Fig. 1A).
UPK II-SV40 (�) mice developed bladder urothelial carcinoma
in situ with a 100% (39/39) penetrance starting from the first
week of their life (Fig. 1, B–D and F–O). Although both males
and females developed bladder carcinomas with similar disease
progression kinetics, the bladder weight was higher in males,
reflecting a higher tumor burden, as reported previously (19)
(Fig. 1E). Immunohistochemistry evaluation of paraffin-em-
bedded bladder tissue revealed specific expression of SV40 in
urothelial cells from UPK II-SV40 mice (Fig. 1, P–Q). Bladder
transitional carcinomas developed with characteristics of
human CIS or high-grade intraurothelial neoplasia (20), exhib-
iting a flat growth, with large and pleomorphic nuclei and
frequent mitoses (Fig. 1R). A papillary high-grade pattern
appeared later butwas infrequent. Althoughprevious reports of
similar models showed muscle invasion and occasional metas-
tasis (3, 4), this was an infrequent and late event; accordingly, in
our UPK II-SV40 lines, we observed one incidence (1 out of 39)
of lamina propria invasion but without muscle involvement or
distant metastases (4–6 months). The development of urothe-
lial carcinomas in renal pelvis and ureter followed a similar, but
slower, progression (Fig. 1, S–V).
Analysis of Pro-angiogenic Phenotype ofUPK II-SV40Bladder

Carcinoma—The expression of VEGF, the main pro-angio-
genic factor in cancer, has been considered a critical factor in
SV40-induced tumor progression (21). To analyze the angio-
genic pattern in our model of bladder carcinoma in situ, we
performed immunofluorescence for CD31 and CD34. Staining
for both markers was considerably increased in the bladder of
UPK II-SV40mice when compared with controls (Fig. 2,A–D).
Tumor growthwas associatedwith the development of a prom-

inent vasculature, as shownby a statistically significant increase
in the CD31 area (p � 0.017) (Fig. 2G). To evaluate the matu-
ration status of carcinoma-associated bladder vessels, we dou-
ble-labeled the bladder for CD31 and NG2, a pericyte marker
(Fig. 2, E and F). Pericyte coverage of vessels was similar in both
groups, thus suggesting a normal maturation and function of
bladder tumor-associated vasculature in this stage (Fig. 2H).
Differences in CD31 or NG2 staining (corrected by bladder
area) were not observed between males and females.
To provide further evidence of a pro-angiogenic phenotype

and to explore the potential mechanism/s of vessel prolifera-
tion, Western blot of VEGF was performed using SV40 as a
control for the presence of transformed urothelium. The anal-
ysis of Western blot revealed higher VEGF levels in UPK
II-SV40 (�)mice (Fig. 3A). VEGF expression in SV40 urothelial
tumors, as evaluated by immunofluorescence, was detected in
stroma (Fig. 3, B–G) but was stronger in the urothelium, where
it co-localized with UPK II (Fig. 3, H–M).
Because hypoxia-related pathways have a role in the genera-

tion of a tumor-associated angiogenic phenotype, hypoxia was
next assessed in bladder tissues. When compared with control,
UPK II-SV40 mice exhibited a higher level of hypoxia as evalu-
ated by Hypoxyprobe labeling (Fig. 4, A and B). HIF-1� partic-
ipates in angiogenesis, and it is expressed in humanCIS (16, 22).
We found an intense expression of HIF-1� both in the trans-
formed urothelium and in the tumor stroma (Fig. 4, C and D),
thus highlighting the participation of the hypoxia response
pathway in VEGF production and neoplastic progression of
bladder CIS. Staining for Glut-1, a glucose transporter whose
up-regulation is usually dependent on HIF-1� (23), was also
increased in bladder tumoral epithelium when compared with
normal urothelium and with tumor stroma (supplemental
Fig. 1, A–D).
Analysis of the expression of angiogenic growth factors and

hypoxia markers, as evaluated by real time RT-PCR, showed an
increase in VEGF and HIF-1� and down-regulation of throm-
bospondin-1 (TSP-1), a well known inhibitor of angiogenesis
(19) (Fig. 4E). We did not find any difference between females
and males in the expression of VEGF, HIF-1�, or TSP-1 (sup-
plemental Table 3).
Bladder Carcinoma in Situ Is Associated with Modulation of

Angiogenesis-related MicroRNA—Dysregulation in the expres-
sion of miRs, a group of small non-coding molecules of RNA
with an important role in post-transcriptional gene regulation,
is a frequent phenomenon in cancer (24). Thus, we next sought
to identify modifications in the profile of miRs related to the
regulation of angiogenesis (25), such as the miR-17-92 cluster
(26). Whole bladder from UPK II-SV40 mice revealed an
increase in the expression of miR-18a and miR-19a, which are
considered responsible for pro-angiogenic effects (27), whereas
miR-17/20 and miR-92a were unchanged (Fig. 5A). These
results, taken together with TSP-1 down-regulation (Fig. 4E),
are consistent with a pro-angiogenic effect of miR-17-92 in this
model. Additionally, miR-107, another angiogenesis-related
miRwhose expression is thought to be dependent on p53 status
(28), was significantly decreased in bladder carcinoma in situ
when compared with normal bladder (Fig. 5B). A similar pat-
tern of angiogenesis-related miR was found in both males and
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females, although there was a trend toward increased pro-an-
giogenicmicroRNAs, such asmiR-18a,miR-19, andmiR-20a in
the females (supplemental Table 3).
Because expression of Dicer and Drosha, two enzymes

participating in miR processing, may be up-regulated in the
setting of increased angiogenesis (29–31), we next analyzed
their expression in bladder CIS. As shown in Fig. 5C, both of
them exhibit significant increase in expression, consistent

with their potential role in the generation of a pro-angio-
genic profile.
Uncoupling of Pro-invasive and Pro-angiogenic MicroRNA

Profiles in UPK II-SV40 Urothelial Carcinoma in Situ—To
determine whether differences inmiR regulationmight explain
the uncoupling of invasion and angiogenesis in UPK II-SV40
bladder CIS, we analyzed the expression of other miRs previ-
ously reported as important for the progression or invasion of

FIGURE 1. Urothelial carcinoma in situ in UPK II-SV40 mice. Transgenic mice expressing the SV40 T antigen under the control of urothelium-specific UPK II
promoter spontaneously developed urothelial carcinoma in situ. A, chimeric gene consisting in the UPK II promoter, the SV40 T antigen, and a polyadenylation
signal. B–D, macroscopic aspect of a tumor involving the whole bladder (white arrow) in a 5-month-old UPK II-SV40 mouse (B) when compared with normal
bladder in a wild-type (WT) littermate (C, white arrow). E, evolution of bladder weight (in mg) in transgenic and WT mice, significantly increased in males.
F–O, bladder urothelial CIS was evident since 1 week of age and grew progressively without muscle invasion or metastasis. P and Q, immunohistochemistry for
SV40 antigen showing the urothelium-specific expression of SV40 in UPK II-SV40 mice. R, high-power H&E-stained sections showing an area of urothelial CIS
with large and pleomorphic nuclei and loss of cell polarity. S–V, CIS in the renal pelvis (S and T) and ureter (U and V) of UPK II-SV40 mice when compared with
normal urothelium in littermate controls.
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urothelial bladder cancer: miR-21 (32), miR-205 (32, 33), miR-
34a (34), miR-222 (35), miR-129 (36), miR-200c (37), and miR-
145 (36, 38, 39). As shown in Fig. 5D, their relative expression in
bladder carcinoma in situ did not significantly change when
compared with the normal bladder. Only miR-145 expression,
related to urothelial transformation versusmuscle invasion (38,
39), was down-regulated in UPK II-SV40 CIS. miR-21:miR-205

ratio, which has been recently reported as a sensitive marker of
bladder tumor invasion, was unaltered (32).
Specific Loss of p53 in the Bladder Uroepithelium Does Not

Result in Bladder Carcinoma or Acquisition of a Pro-angiogenic
Phenotype—p53 allelic loss or mutations usually coexist in
SV40 T-induced carcinomas and high-grade human urothelial
tumors and are associated with poor prognosis. Because the
precise cellular origin of bladder carcinomas is still unclear, a
mouse model in which p53 deletion involves all layers of the
urothelium was generated. In the UPK II-Cre;p53 f/f mouse
model (Fig. 6A), deletion of p53 in the urothelium was not
associated with formation of bladder carcinomas or other

FIGURE 2. Angiogenesis in UPK II-SV40 induced bladder carcinoma in situ.
Angiogenesis was evaluated in UPK II-SV40 bladder after immunofluores-
cence labeling of frozen sections with CD31 or CD34 (green) and UPK II
(red); the nuclei were stained with DAPI (blue). Representative microscopic
images are shown (original magnification of 200�). A–D, increased vessels
in SV40-derived bladder carcinoma in situ as shown by CD31 (A and C) and
CD34 (B and D) immunofluorescence. E and F, immunofluorescence of
frozen bladder samples from UPK II-SV40 and control mice showed a sim-
ilar pericyte coverage (labeling for NG2, red) of tumor-associated vessels
(labeling for CD31, green). G, quantification of CD31 immunofluorescence
area, related to bladder area and normalized to control values, showed a
statistically significant increase of vasculature in bladder from UPK
II-SV40. *, p � 0.017. H, pericyte coverage was quantified as the proportion
of CD31� vessels showing perivascular NG2 staining and was similar for
both groups (0.17 in controls versus 0.15 in tumors; p � 0.511), thus reflect-
ing a normal maturation of peritumoral vasculature in this stage of tumor
development.

FIGURE 3. VEGF in UPK II-SV40 bladder carcinoma. A, total protein lysates
from whole bladder were analyzed by Western blot for VEGF showing an
increased expression of the main pro-angiogenic factor in UPK II-SV40 carci-
noma in situ; expression of SV40 was used as a control for the presence of
transformed urothelium proteins in the sample. B–G, the expression of VEGF
was assessed by immunofluorescence for VEGF (red) and �-smooth muscle
actin (�-SMA) (green), and nuclei were stained with DAPI (blue). Representa-
tive images (original magnification, 200�) are displayed, showing an increase
in VEGF staining in UPK II-SV40 bladder carcinomas (asterisks) in comparison
with control individuals. Although VEGF was occasionally co-localized (white
arrows) with the fibroblast marker �-smooth muscle actin (B–G), double
immunofluorescence for VEGF (green) and UPK II (red) showed that VEGF was
mainly expressed by urothelial cells as demonstrated by its wider co-localiza-
tion with uroplakin-II (H–M).
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morphological alterations (Fig. 6, B–E). Immunolabeling
confirmed the lack of p53 expression in all cell layers of
urothelium (Fig. 6, G–H).
Further confirmation of urothelium-restricted expression of

the Cre was obtained using reporter mice generated after
breeding ofUPK-II-Crewith Rosa-R26R-YFP floxedmice (sup-
plemental Fig. 2A). When compared with control mice, YFP
expression was specifically detected in the urothelial cells of
bladder (supplemental Fig. 2, B and C) and ureter (supplemen-
tal Fig. 2, D and E) of UPK II-Cre; Rosa-Stop-YFP�/� mice.
Cre-mediated excision of the STOP cassette was also demon-
strated by PCR for the recombinant YFP in the bladder DNA

from UPK II-Cre; Rosa-Stop-YFP�/� mice (supplemental Fig.
2F).
To determine whether the pro-angiogenic profile observed

in the UPK II-SV40mice was related to p53 deletion, we exam-
ined the vasculature of bladders from UPK II-Cre;p53 f/f mice.
As shown in Fig. 7, A and B, increased vascularization was not
observed in UPK II-Cre;p53 f/f mice, when evaluated using
immunofluorescence for CD31 (Fig. 7C). Pericyte coverage of
blood vessels was also similar in both groups. We did not
observe any difference in hypoxia response as evaluated using
HIF-1� staining (Fig. 7, D and E) and VEGF staining (data not
shown) Finally, analysis of the expression of angiogenic factors

FIGURE 4. Hypoxia and HIF-1� in UPK II-SV40 bladder carcinoma in situ.
A and B, hypoxia was evaluated in paraffin-embedded formalin-fixed bladder
tissues obtained from UPK II-SV40 and control mice previously injected with
pimonidazole (HypoxyprobeTM-1). Representative images (original magnifi-
cation 100�) show that intense immunostaining for Hypoxyprobe in bladder
was limited to the urothelium in carcinoma in situ of UPK II-SV40 mice (A),
whereas only scarce areas of hypoxia were detected in stroma of WT mice (B).
C and D, strong expression of HIF-1�, as shown by immunohistochemistry,
was also present in the transformed urothelial cells (C), with a nuclear location
(yellow arrows), but not in normal urothelium from WT mice (D); some peritu-
moral stromal areas also exhibited accumulation of HIF-1� (red arrowheads)
(original magnification, 200�). E, real time RT-PCR analysis of bladder sam-
ples from UPK II-SV40 mice and controls showed a statistically significant
increased expression of VEGF and HIF-1�, whereas TSP-1 was significantly
down-regulated. *, p � 0.02.

FIGURE 5. MicroRNA regulation of angiogenesis and invasion in UPK
II-SV40 bladder carcinoma in situ. Analysis of microRNA expression in blad-
der tissues was performed after stem-loop cDNA synthesis and real time RT-
PCR. RNU6B was used as housekeeping gene, and the control group was the
reference for quantification of relative expression. All experiments were done
by triplicate, and samples from 4 –5 mice were analyzed in each group.
A, analysis of miR corresponding to cluster 17-92 showed a significantly
increased expression of miR-18a (*, p � 0.03) and mir-19a (*, p � 0.03) without
up-regulation of miR-20, miR-17, or miR-92a. B, a significant decrease in
expression of miR-107 (p � 0.04). C, significant up-regulation of the RNA proc-
essing enzymes Dicer (*, p � 0.01) and Drosha (*, p � 0.02), the two main miR
processing enzymes, was shown by real time RT-PCR. D, real time RT-PCR
analysis of miR potentially related to bladder cancer progression to invasive
disease did not show any statistically significant difference, except for miR-
145 (*, p � 0.02), which was down-regulated in UPK II-SV40 bladder samples,
probably reflecting urothelial transformation.
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and hypoxia mediators revealed insignificant differences
between controls and UPK II-Cre;p53 f/f mice (Fig. 7F). In par-
ticular, TSP-1 levels were not decreased in UPK II-Cre;p53 f/f
urothelium. Taken together, these data demonstrate that iso-
lated p53 deletion is not sufficient in inducing an angiogenic
phenotype in the urothelium.
Finally, we also analyzed the microRNA profile of bladders

from UPK II-Cre;p53 f/f and found that neither miR-107 nor
the miR-17-92 cluster was up-regulated. Invasion-related miR
(miR-21,miR-205,miR-222, andmiR-34a) also revealed similar
expression levels in both groups (Fig. 7,G andH). These results
differ from those observed in the UPK II-SV40 model and sug-
gest that the development of an angiogenesis-related miR pro-
file is not dependent on just p53 inactivation alone. Thus, addi-
tional oncogenic events, besides p53 deletion, are necessary for
generating both a pro-angiogenic profile and development of
urothelial carcinoma in situ.

DISCUSSION

Angiogenesis is a key process in the growth and malignant
progression of human cancer. The tightly regulated physiolog-
ical balance between pro- and anti-angiogenic signals is influ-
enced by cancer cells and the tumor stromal cells, leading to the
development of a vascular network that is able to support the
growth and invasion of the tumor (40). Although much has
been unraveled in the last several years about the mechanisms
by which tumor angiogenesis increases and participates in can-
cer progression, the role of microRNA in its regulation is only
beginning to be understood. MicroRNAs are small non-coding
molecules of RNA important in post-transcriptional gene reg-
ulation via either inhibition of translation or degradation of
mRNA (41). After a complex processing step, mature single
strand miRs are able to target a wide range of partially comple-
mentary specific sequences, thus participating in the regulation
of many biological functions (42). As it has been recently
shown, modifications in the miR expression profile can be

observed in most human diseases, and specifically, dysregula-
tion ofmiR is a frequent occurrence in cancer (24).miRs are key
steps of cancer progression including angiogenesis (25), inva-
sion (43), and metastasis (37, 44). In the setting of urothelial
bladder cancer, altered regulation in a number of miRs and
specific miR patterns have also been reported for urothelial
carcinogenesis (38, 39), high histological grade (34), invasive
phenotype (32, 33), and metastatic phenotype (35, 45).
Also, the significance of angiogenesis for progression of

superficial bladder carcinoma, and specifically, carcinoma in
situ is yet unexplored. In clinical studies, an increased angio-
genesis seems to be related to superficial bladder carcinoma of
histological grade, but its prognostic relevance for recurrence
or progression tomuscle-invasive disease, which is a significant
concern in the clinical management of patients with bladder
CIS presentation, remains unclear (10–12). To provide further
insights into the functional role of angiogenesis in urothelial
carcinoma in situ, we generated transgenic mice in which the
urothelium-specific expression of SV40 large T antigen leads to
malignant transformation and induces bladder carcinoma in
situ. In thismodel, wewere able to demonstrate development of
bladder carcinoma in situ and increased angiogenesis, but pro-
gression to invasive disease was not identified. Therefore, our
results suggest that inactivation of p53 and pRb, an increase in
angiogenesis, and angiogenesis-related microRNA pattern are
not sufficient for emergence of invasive bladder carcinoma.
The inactivation of p53, a consequence of SV40 T antigen

expression (3) and a speculated fundamental step in the origin
of urothelial carcinoma in situ (4), has been linked to a pro-
angiogenic response in bladder cancer (46, 47). In contrary, our
experiments suggest that specific loss of p53 in the bladder
urothelium is not sufficient to induce angiogenesis or bladder
cancer.
In the UPK II-SV40 model of urothelial CIS, a higher VEGF

expression was observed, and as shown by co-localization with

FIGURE 6. Absence of urothelium defects in the UPK II-Cre;p53 mice. A, urothelial-restricted Cre-mediated deletion of p53 (exons 1–10). B–E, H&E-stained
cross-sections of 4-week-old (B and C) and 12-week-old (D and E) bladder showed a normal urothelium in both UPK II-Cre;p53 and WT individuals. F, no
differences in urothelium cell count between both groups (n � 6) were observed (p � 0.89); bars indicate S.E. G and H, staining for p53 confirmed deletion in
UPK II-Cre;p53 mice. IHC, immunohistochemistry.
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UPK II, it presents in the transformed epithelium (20). Addi-
tionally, bladder CIS also exhibits significant down-regulation
of TSP-1 expression, previously reported as critical in the
acquisition of angiogenic phenotype in an androgenic-depen-
dent model of bladder carcinoma (19). In this model, a general
pattern of increased vascularization and pro-angiogenic signals
was associated with hypoxia and HIF-1� and HIF-1� up-regu-

lation (16, 22). Despite the higher rate of tumor growth in
males, we did not detect a difference in the angiogenic factors
between males and females, suggesting that angiogenic activa-
tion is not merely dependent on tumor size.
Our results suggest that pro-angiogenic profile may be par-

tially explained by differences in microRNA regulation. Previ-
ous reports have shown that themiR-17-92 cluster (also known

FIGURE 7. Angiogenic factors in bladders of UPK II-Cre;p53 f/f. Vascularization was evaluated in UPK II-Cre;p53 f/f bladder with immunofluorescence of
frozen sections for CD31 (green) and NG2 (red); the nuclei were stained with DAPI (blue). Representative microscopic images are shown (original magnification
of 200�). A and B, no increased vessels or changes in pericyte coverage were observed in UPK II-Cre;p53 f/f when compared with controls. C, quantification of
CD31 immunofluorescence area, related to bladder area and normalized to control values, showed similar values in both groups (p � 0.72). D and E, immu-
nohistochemistry for HIF-1� in bladder urothelial cells was also similar in controls and UPK II-Cre;p53 f/f mice. F, real time RT-PCR analysis of bladder samples
from UPK II-Cre;p53 f/f mice and controls did not show statistically significant differences in expression of VEGF, TSP-1, HIF-1�, and HIF-1�, although decrease
in VEGF and HIF-1� in the UPK II-Cre;p53 f/f bladder bordered on significance (p � 0.08). G and H, analysis of microRNA expression in bladder tissues was
performed using the control group as the reference for quantification of relative expression. All experiments were done by triplicate, and samples from three
mice were analyzed in each group. G, in UPK II-Cre;p53 f/f bladder, we found an increase in the expression of both miR-107 and members of the cluster
miR-17-92, which was not statistically significant (p 	 0.40 for all of them, except for miR-17 and miR-92, p � 0.12). H, analysis of miR potentially related to
bladder cancer invasion (miR-21, miR-205, miR-222, and miR-34a) did not show any statistically significant differences between controls and UPK II-Cre;p53 f/f.
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as OncomiR-1), which includes miR-17, miR-18, miR-19a,
miR-20a, and miR-92, may promote tumor angiogenesis by
inhibition of TSP-1 and other factors (26), although some of its
members, such as miR-17, might also exhibit anti-angiogenic
activity under certain conditions (27). The increased expres-
sion of pro-angiogenic miR-18a and miR-19a in UPK2-SV40
mice, taken together with normal levels of miR-17/20, suggests
a potential pro-angiogenic role for miR-17-92 in bladder CIS.
Recent data show that the p53-dependent miR-107 up-regu-

lation is able to inhibit HIF-1� and hypoxic signaling in cancer
cells, consequently limiting tumor angiogenesis (27). SV40
large T antigen functionally inactivates p53. Therefore, we
hypothesized that in UPK II-SV40 bladder tumors, mir-107
may be down-regulated. This possibility was supported by
observing a striking decrease in miR-107 levels in bladder CIS,
which could also explain in part the enhanced hypoxic response
observed in our model. Additionally, regulation of miR expres-
sion in general is also dependent on the activity of two miR
processing enzymes: Dicer and Drosha. Down-regulation or
loss of Dicer impairs angiogenesis in vitro (29, 30) and in vivo
(31) via up-regulation of TSP-1. We observed exactly the
reverse pattern in the UPK II-SV40 bladder CIS. Moreover, we
did not observe up-regulation of angiogenic factors and angio-
genesis-related miRs in the UPK II-Cre;p53 f/f mice. miR-107
levels were not altered. These results question the contribution
of isolated p53 deletion in the urothelium for the emergence of
angiogenesis phenotype.
Apredominant feature of ourmodel of urothelial CISwas the

absence of invasion, even in large tumors. Several clinical stud-
ies and experimental studies using in vitro and in vivo models
have identified a number of miRs as important for progression
and invasion associated with urothelial cancer. Some of them,
such as miR-145 (36, 38, 39) or miR-34a (34, 48), are character-
istically down-regulated in bladder carcinomas and may act as
tumor suppressors, but their relation to invasive disease is
unclear. Others, likemiR-21 (32, 34, 36) ormiR-222 (35), can be
up-regulated in carcinomas and are frequently regarded as
markers for invasive cancer. Down-regulation or silencing of
miR-205 has been proposed as a predictor of invasive urothelial
tumors (32, 33, 36). The ratio miR-21:miR-205 was recently
proposed as a marker of muscle-invasive disease (32). In our
model, no significant changes in the expression levels of those
invasion-related miRs or in the miR-21:miR-205 ratio were
observed. Similarly, miR-129, whose up-regulation is related to
progression, poor prognosis, and T2–4 stages (36), was not
significantly increased in UPK II-SV40 bladder CIS. Finally, we
did not find changes in miR-200c, down-regulation of which in
bladder cancer is associated with epithelial to mesenchymal
transition (33, 49), a process by which cancer cells acquire inva-
sive or metastatic capabilities (50).
In conclusion, our UPK II-SV40 model of bladder CIS pro-

vides some insights on the natural history of this neoplasia.
Althoughwe observed a rapid emergence of tumors in the blad-
der, we did not find an evolution to muscle-invasive tumors or
metastasis, which were reported as infrequent events in previ-
ous publications (3, 4) and may be related to the accumulation
of other mutations or tumor suppressor inactivations (51). In
this particularmodel, the induction of a strong angiogenic phe-

notype was not sufficient for the development of muscle inva-
sion or metastasis. Analysis of miR expression exhibited a pat-
tern of change consistent with pro-angiogenic phenotype, but
miRs related to invasion were essentially unmodified in our
UPK II-SV40 urothelial tumors. These data should be consid-
ered in the context of the controversial reports for the role of
angiogenesis markers in predicting recurrence or invasion in
clinical studieswith superficial bladder carcinomas (11–13, 52).
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31. Suárez, Y., Fernández-Hernando, C., Yu, J., Gerber, S. A., Harrison, K. D.,
Pober, J. S., Iruela-Arispe, M. L., Merkenschlager, M., and Sessa, W. C.
(2008) Proc. Natl. Acad. Sci. U.S.A. 105, 14082–14087

32. Neely, L. A., Rieger-Christ, K.M.,Neto, B. S., Eroshkin, A., Garver, J., Patel,
S., Phung, N. A., McLaughlin, S., Libertino, J. A., Whitney, D., and Sum-
merhayes, I. C. (2010) Urol. Oncol. 28, 39–48

33. Wiklund, E. D., Bramsen, J. B., Hulf, T., Dyrskjøt, L., Ramanathan, R.,
Hansen, T. B., Villadsen, S. B., Gao, S., Ostenfeld, M. S., Borre, M., Peter,
M. E., Ørntoft, T. F., Kjems, J., and Clark, S. J. (2011) Int. J. Cancer 128,
1327–1334

34. Catto, J. W., Miah, S., Owen, H. C., Bryant, H., Myers, K., Dudziec, E.,
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