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ABSTRACT
◥

To study the progression of bladder cancer from non–muscle-
invasive to muscle-invasive disease, we have developed a novel
toolkit that uses complementary approaches to achieve gene
recombination in specific cell populations in the bladder urothe-
lium in vivo, thereby allowing us to generate a new series of
genetically engineered mouse models (GEMM) of bladder can-
cer. One method is based on the delivery of adenoviruses that
express Cre recombinase in selected cell types in the urothelium,
and a second uses transgenic drivers in which activation of
inducible Cre alleles can be limited to the bladder urothelium
by intravesicular delivery of tamoxifen. Using both approaches,
targeted deletion of the Pten and p53 tumor suppressor genes
specifically in basal urothelial cells gave rise to muscle-invasive
bladder tumors. Furthermore, preinvasive lesions arising in basal
cells displayed upregulation of molecular pathways related to

bladder tumorigenesis, including proinflammatory pathways.
Cross-species analyses comparing a mouse gene signature of
early bladder cancer with a human signature of bladder cancer
progression identified a conserved 28-gene signature of early
bladder cancer that is associated with poor prognosis for
human bladder cancer and that outperforms comparable gene
signatures. These findings demonstrate the relevance of these
GEMMs for studying the biology of human bladder cancer and
introduce a prognostic gene signature that may help to stratify
patients at risk for progression to potentially lethal muscle-
invasive disease.

Significance: Analyses of bladder cancer progression in a new
series of genetically engineered mouse models has identified a gene
signature of poor prognosis in human bladder cancer.

Introduction
Bladder cancer is a major health problem with an estimated

approximately 18,000 deaths each year in the United States alone (1).
Most bladder cancers are urothelial carcinomas that can be broadly
classified into non–muscle-invasive bladder cancer (NMIBC) and
muscle-invasive bladder cancer (MIBC; refs. 2–5). The vast majority
of bladder tumors (�75%) are NMIBC and, although they frequently
recur, their five-year survival is nearly 90%. Although MIBC accounts
for only approximately 25% of bladder tumors, patients with muscle-
invasive disease have a much worse prognosis with a 5-year survival of
approximately 50% for those with regionally invasive disease and
approximately 15% for those with metastatic bladder cancer (3, 4).

Until recently, it was believed that NMIBC and MIBC were essen-
tially distinct disease entities (6, 7). However, it is now appreciated that
the genetic alterations present in NMIBC and MIBC are more similar
than previously thought (8), suggesting that bladder cancer can best be
considered as a continuum of disease states. Most notably, approx-
imately 10% to 15%of patients withNMIBCwill progress toMIBC (4);
however, it is unclear what distinguishes these “at-risk” patients, or
what mechanisms underlie their disease progression. Given the pro-
found differences in clinical outcome for patients with NMIBC versus
MIBC, improved methods for identifying those with NMIBC who are
at risk of progression may facilitate early intervention, thereby leading
to improved outcome.

One of the barriers to investigating the biologic differences between
NMIBC to MIBC has been the relative paucity of in vivo models that
recapitulate progression fromnon–muscle invasive tomuscle-invasive
disease (9, 10). A key challenge in developing such models has been
difficulties in identifying and targeting for gene recombination the
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specific cell populations in bladder urothelium that give rise to bladder
cancer. The urothelium is comprised of three basic cell types, corre-
sponding to basal cells, which are small cuboidal cells adjacent to the
lamina propria that are located immediately above the basement
membrane; intermediate cells; and superficial cells, also called umbrel-
la cells, which are highly differentiated cells that line the bladder
lumen (11–13). While the precise relationships of these cell types to
bladder tumorigenesis have not been fully resolved, studies in both
humans andmice have implicated basal cells as potential cells of origin
for MIBC (14–20). Furthermore, gene expression profiling analyses of
human bladder tumors have revealed basal-like subtypes, which have
more aggressive phenotypes, and luminal-like subtypes, which have
less aggressive phenotypes (21–26).

Previously, we described a genetically engineered mouse model
(GEMM) that progresses fromNMIBC toMIBC (27, 28). This GEMM
is based on surgical delivery of an adenovirus expressing Cre recom-
binase under the control of the CMVpromoter (AdenoCMV-Cre) into
the bladder lumen of mice with conditional floxed alleles for the Pten
andTrp53 (hereafter p53) tumor suppressor genes, thereby resulting in
coinactivation of Pten and p53 in the bladder. Coclinical analyses of
chemotherapy response in this GEMM provided the rationale for an
informative clinical trial that is beneficial for patients with high-risk
NMIBC (29, 30), demonstrating the relevance of this GEMM as a
preclinical model of bladder cancer. However, a significant disadvan-
tage of this first-generation bladder cancer GEMM is that the CMV
promoter is expressed in many cell types; therefore, delivery of
AdenoCMV-Cre into the bladder lumen can result in gene recombi-
nation in multiple cell types within the urothelium and potentially
even non–bladder urothelial cells.

In this study, we describe second-generation GEMMs of bladder
cancer with improved specificity of Cre-mediated recombination in
bladder urothelium. In particular, we use two independent approaches
to target gene recombination to specific cell types in the bladder
urothelium. Using both approaches, we find that inactivation of Pten
and p53 in basal, but not nonbasal, cells is sufficient for progression
from NMIBC to MIBC. Cross-species analysis comparing the mouse
gene signature of early bladder cancer with a corresponding human
bladder cancer signature has identified a conserved prognostic signa-
ture for MIBC, supporting the relevance of these GEMMs for studying
human bladder cancer and introducing a robust gene signature that
may help to stratify patients at risk for developing MIBC.

Materials and Methods
Description of mouse alleles

All experiments using animals were performed according to pro-
tocols approved by the Institutional Animal Care and Use Committee
(IACUC) at Columbia University Irving Medical Center (New York,
NY). The Ptenflox/flox; p53flox/flox mice were described previously (27);
the Ptenflox/flox and p53flox/flox alleles were originally obtained from the
MouseModels ofHumanCancerConsortiumMouseRepository (Pten
stock no. 006440; p53 stock no. 008462). For evaluating specificity of
gene recombination in the whole organism, mice were crossed with a
b-galactosidase reporter allele (ROSA bgeo 26), which was obtained
from The Jackson laboratory (stock no. 009427; ref. 31) to generate
Ptenþ/þ; p53þ/þ; lacZ/lacZ or Ptenflox/flox; p53flox/flox; lacZ/lacZ mice.
For lineage tracing, Ptenþ/þ; p53þ/þ or Ptenflox/flox; p53flox/flox mice
were crossedwith theRosa-CAG-LSL-EYFP-WPRE reporter allele (32)
to obtain the Ptenþ/þ; p53þ/þ; R26R-CAGLSL-EYFP/þ (Ptenþ/þ; p53þ/þ;
YFP) or Ptenflox/flox; p53flox/flox; R26R-CAGLSL-EYFP/þ (Ptenflox/flox;
p53flox/flox; YFP) mice. The Rosa-CAG-LSL-EYFP-WPRE allele was

obtained from The Jackson Laboratories on a C57BL/6 background
(stock no. 007903). To generate mice having tamoxifen inducible Cre
recombinase (CreERT2) under the control of the cytokeratin 5 or
cytokeratin 8 promoter, the Ptenflox/flox; p53flox/flox; YFP mice were
crossed with transgenic Cre alleles based on the bovine cytokeratin 5
promoter (33) or themouse cytokeratin 8 promoter (34) to obtainCk5-
CreERT2; Ptenflox/flox; p53flox/flox; YFP (Ck5CreERT2; DKO) or Ck8-
CreERT2; Ptenflox/flox; p53flox/flox; YFP (Ck8CreERT2; DKO) mice, respec-
tively. To generate mice having tamoxifen-inducible Cre recombinase
under control of the uroplakin II promoter, we crossed the Ptenflox/flox;
p53flox/flox; YFP mice with the UpkII-iCreERT2 allele (35) to obtain
UpkII-iCreERT2; Ptenflox/flox; p53flox/flox; YFP mice. Alternatively, we
crossed the Rosa-CAG-LSL-EYFP-WPRE reporter allele with the
Ptenþ/þ; p53þ/þ mice to obtain the Ck5-CreERT2; Ptenþ/þ; p53þ/þ;
YFP (Ck5CreERT2; WT), Ck8-CreERT2; Ptenþ/þ; p53þ/þ; YFP
(Ck8CreERT2; WT) or UpkII-iCreERT2; Ptenþ/þ; p53þ/þ; YFP (UpkII-
iCreERT2; WT) mice. The following Cre transgenic alleles were
obtained from Jackson Laboratories: KRT5-Cre-ERT2 mice on a FVB
background (stock no. 018394); KRT8-Cre-ER mice on a C57BL/6
background (stock no. 017947); and UpkII-iCreERT2 on a C57BL/6 x
CBA background (stock no. 024768). Mice have been maintained in
our laboratory on a predominantly C57BL/6 background. All studies
were done using littermates that were genotyped prior to tumor
induction; both male and female mice were used.

Methods for gene recombination in bladder urothelium
Procedures for gene recombination and associated videos were

performed under the guidance and approval of the IACUC and a
veterinarian (R.L. Shoulson); detailed procedures are provided in
Supplementary Videos S1–S4 and Supplementary Procedures. For
gene recombination in the bladder urothelium by administration of
adenoviruses expressing Cre recombinase (Adeno-Cre), we used
viruses in which Cre recombinase is expressed under the control of
the bovine cytokeratin 5 promoter (AdenoCk5-Cre), the mouse
cytokeratin 8 promoter (AdenoCk8-Cre), or the human cytokeratin
14 promoter (AdenoCk14-Cre), as described previously (36), or a
control adenovirus lacking Cre (AdenoCMV-empty; ref. 27). Adeno-
Cre viruses were obtained from the University of Iowa Viral Vector
Core Facility at a concentration of 7�1010 to 1�1011 plaque-forming
units (bk5-Cre, #VVC-Berns-1547; mk8-nlsCre, #VVC-Li-535;
hk14Bgi-Cre, #VVC-Berns-1548; empty virus, #VVC-U of Iowa-
272). We used two alternative procedures to deliver Adeno-Cre into
the bladder lumen to achieve gene recombination. For thefirstmethod,
we introduced Adeno-Cre via surgical delivery into the bladder lumen
following our published protocol (27). In particular, virus (25 mL) was
diluted 1:1 (v/v) with DMEM (Thermo Fisher) containing polybrene
(final concentration 10 mg/mL, Sigma-Aldrich) and Evans Blue dye
(final concentration 0.05%, Sigma-Aldrich). The diluted virus (5 mL)
was injected into the bladder lumen using a 10 mL Hamilton syringe
(catalog no. 1701, Hamilton). Quantification of cellular specificity is
shown in Supplementary Table S1. A full description of the method
and associated video is provided in Supplementary Videos S1 and S3
and Supplementary Procedures.

For the second method, we have developed a new procedure for
transurethral delivery into the bladder lumen. In this approach, the
bladder was first isolated from the body cavity under anesthesia, which
enables confirmation of accurate entry of the catherer into the bladder
lumen. Using an Olympus SZ51 microscope for visualization, a
polyethene tubing (outer diameter: 0.024 inches, 2.5 inches in length)
was inserted into the urethra. After placement of the tubing, 10 mL of
virus diluted 1:3 with media as above was introduced into the bladder
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lumen using a Hamilton syringe attached to the polyethene tubing.
After injection, the lower part of the bladder (close to the urethra) was
compressed for 10 seconds using forceps as the catheter was being
removed. A full description of the method and associated video is
provided in Supplementary Videos S2 and S3 and Supplementary
Procedures.

For gene recombination in the bladder urothelium using the
transgenic Ck5-CreERT2, Ck8-CreERT2 alleles or UpkII-iCreERT2

alleles, Cre activity was induced systemically or via intravesical deliv-
ery. For systemic induction, tamoxifen (100 mg/kg in corn oil; Sigma-
Aldrich) was administered via oral gavage once daily for 4 consecutive
days. For intravesical delivery, 4-hydroxy-tamoxifen (final concentra-
tion 40 mg/mL, 2 mg in 50 mL DMEM containing 1:40 v/v Tween-80;
Sigma-Aldrich) was delivered by ultrasound (US)-guided injection
into the bladder lumen using a VEVO 3100 Imaging System (Visual
Sonics). Quantification of cellular specificity is shown in Supplemen-
tary Table S1. A full description of the method and associated video is
provided in Supplementary Video S4 and Supplementary Procedures.

Analysis of bladder cancer phenotypes
Following tumor induction, mice were monitored every 4 weeks by

US imaging to detect tumor growth. Mice were euthanized when their
tumors reached 20 mm, when their body condition score was <1.5, or
when themice reached 14months of age. To study disease progression,
a cohort of mice were sacrificed at 3 months (early) or 9 months (late)
following tumor induction, rather than at their endpoint. At the time of
sacrifice, the bladder was dissected and fixed in 10% formalin, followed
by embedding in paraffin for histopathologic and IHC analyses. For
b-galactosidase staining, tissues were fixed in 4% paraformaldehyde
for 1 hour at 4�C, followed by 30% sucrose in PBS overnight, and
embedded in Tissue-Tek O.C.T Compound (Sakura Finetek USA).
Alternatively, fresh bladder tissue was collected for cell sorting as
described below.

Histopathologic and IHC analyses were performed as described
previously (37). Histopathologic scoring of GEMM phenotypes
was assessed by a pathologist (H.A. Al-Ahmadie) based on blinded
analyses of hematoxylin and eosin (H&E)-stained sections, and is
reported in Supplementary Table S2. For IHC analyses, 3-mm
paraffin sections were deparaffinized and rehydrated, followed by
antigen retrieval in citrate-based antigen unmasking solution (Vec-
tor Laboratories). Slides were blocked in 10% normal goat serum,
then incubated with primary antibody overnight at 4�C, followed by
incubation with secondary antibody for 1 hour. For IHC, the signal
was enhanced using the VECTASTAIN ABC system and visualized
with NovaRED Substrate Kit (both from Vector Laboratories).
Slides were counterstained with hematoxylin and mounted with
Permount (Thermo Fisher Scientific). Images were captured using
an Olympus VS120 whole-slide scanning microscope. For immu-
nofluorescence staining, sections were counterstained with DAPI
solution (BD Biosciences) and mounted with VECTASHIELD
mounting medium (Vector Laboratories) for fluorescence. Images
were captured using a Leica TCS SP5 confocal microscope. For
quantification of IHC and immunofluorescence staining, images
from a minimum of five sections from a minimum of four inde-
pendent mice were counted as described previously (37). All anti-
bodies used in this study, as well as antibody dilutions, are described
in Supplementary Table S3. For b-galactosidase staining, 8-mm–
thick sections were postfixed with 4% paraformaldehyde, followed
by incubation in staining solution [1 mg/mL X-gal dissolved in N,
N-dimethylformamide, 5 mmol/L K4Fe(CN)6 * 3H20, 5 mmol/L
K3Fe(CN)6, 2 mmol/L MgCl2, 0.02% NP40, 0.01% sodium deox-

ycholate in PBS] overnight at 37�C. Sections were counterstained in
Nuclear Fast Red (Vector Laboratories) and mounted with Per-
mount (Fisher Scientific). Images were captured using an Olympus
VS120 whole-slide scanning microscope.

Isolation of lineage-marked cells
For isolation of yellow fluorescence protein (YFP)-lineage–

marked cells, the bladder urothelium was manually dissected from
the underlying connective tissue and the isolated urothelial tissue
was digested at 37oC for 3 hours in 1� collagenase/hyaluronidase
(10� stock, Stem Cell Technologies, #7912) in DMEM-F12 and 5%
FBS. Samples were pelleted at 350 � g for 5 minutes at 4oC in an
Eppendorf 5810R tabletop centrifuge, resuspended in 0.25% tryp-
sin/EDTA (Stem Cell Technologies), and incubated for 30 minutes
on ice. Cells were collected by centrifugation as above, and incu-
bated in a cocktail of prewarmed dispase (5 U/mL) plus DNase I
(1 mg/mL stock, final concentration 0.1 mg/mL; Stem Cell Tech-
nologies) for 1–2 minutes with vigorous pipetting. Following
which, cells were filtered using Corning Falcon test tube with cell
strainer snap cap (#08–771–23), pelleted and resuspended in Hank
Balanced Salt Solution (Stem Cell Technologies) plus 2% FBS
(Gibco Laboratories) for sorting using a BD FACS Aria II sorter.
The YFP-expressing cells were isolated using PE/FITC (R-phyco-
erythrin/fluorescein isothiocyanate) channels to gate the YFP-
positive (YFPþ) population.

Generation of organoids and allograft models
To generate organoids, the YFP-sorted cells (as above) were

collected in hepatocyte media (Corning Hepatocyte Culture Media
Kit, #355056) containing 10 mmol/L ROCK inhibitor as described
previously (38, 39). Cells (1,000–5,000 in 100 mL media) were plated
in 96-well low-attachment plate (catalog no. 3474, Corning) in
organoid media containing hepatocyte medium with 10 ng/mL EGF
(Corning), 5% charcoal-stripped FBS, 1� Glutamax (Gibco Labo-
ratories), 5% Matrigel (Corning), 10 mmol/L ROCK inhibitor, and
1� antibiotic–antimycotic (Gibco Laboratories). After 14 days in
culture, organoid-forming efficiency was estimated by counting the
number of YFPþ organoids divided by the number of cells initially
plated. For histologic analysis, organoids were collected by
centrifuging for 5 minutes at 350 � g at 4oC, fixed in 10% formalin,
and embedded in Richard-Allan Scientific HistoGel Specimen
Processing Gel (#HG-4000–012, Thermo Fisher). Histologic and
IHC analyses were performed as above.

Allograft models were generated by implantation of YFP-lineage–
marked urothelial cells obtained by FACS (as above) into the submu-
cosal layer of the bladder of adultmaleNCr/Nudemice (6–8weeks old;
Taconic) using US guidance as described previously (38). Briefly, the
lamina propria was delaminated from the detrusor muscle by US-
guided delivery of PBS (about 100 mL) using a 1mL syringe with a 30G
0.5-inch needle to create a submucosal pocket, followed by US-guided
delivery of the cell suspension (1�104 cells suspended in 20 mL
organoid media containing 50% Matrigel) into the resulting submu-
cosal pocket.Micewere euthanizedwhen their tumors reached 20mm,
when their body condition score was <1.5, or when the mice reached
14 months of age. At the time of sacrifice, bladders were collected and
histologic and IHC analyses were performed as above.

Transcriptomic analyses
For RNA sequencing (RNA-seq), RNA was prepared from YFP-

sorted cells (as above) from four independentmice (twomales and two
females) per group. RNA was made using theMagMAX-96 total RNA
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Isolation Kit (Thermo Fisher), and amplified using SMART-Seq v4
Ultra Low Input RNA Kit (Takara #634891). Total RNA was enriched
for mRNA using poly-A pull-down; only RNA samples having a quan-
tity of 200–1,000 ng and with an RNA integrity number (RIN) > 8 were
used. Libraries were made using an Illumina TruSeq RNA prep-kit and
sequenced using an Illumina HiSeq2500 by multiplexing samples in
each lane, which yields a targeted number of single-end/100-bp reads
for each sample, as a fraction of 180 million reads for the whole lane.
Reads were aligned to mouse genome build M4 using the STAR aligner
(version STAR_2.4.2a_modified, RRID:SCR_004463), and raw gene
counts were determined using the Subread (Bioconductor) package
using R-studio 1.3.1073, R v4.0.2 (The R Foundation for Statistical
Computing, ISBN 3–900051–07–0). Mouse RNA-seq raw counts ex-
periments were normalized, variance stabilized, and differential gene
expression analysis was defined using DESeq2 (Bioconductor, RRID:
SCR_006442, RRID:SCR_000154). Fold changes were corrected
using the apeglm package. Genes with Benjamini–Hochberg adjusted
P values <0.001 were defined as differentially expressed. A list of differ-
entially expressed genes is provided in Supplementary Dataset S1.

Gene-set enrichment analysis (GSEA, RRID:SCR_003199) was
performed as described previously (40); normalized enrichment scores
(NES) and P values were estimated using 1,000 gene permutations
using the fgsea (Bioconductor) package; visualization of GSEA curves
was performed using enrichplot (Bioconductor). For pathway enrich-
ment analyses, reference signatures were ranked by their log2fold
change X -log10 (P value). Pathway enrichment was performed using
GSEA to query the Molecular Signatures Database (MSigDB), includ-
ing the C2 [Kyoto Encyclopedia of Genes and Genomes (KEGG),
RRID:SCR_012773 and BIOCARTA RRID:SCR_006917] and Hall-
mark pathway dataset (41). A list of differentially expressed pathways
is provided in Supplementary Dataset S2.

For cross-species analyses, mouse genes were first mapped to
their corresponding human orthologs based on the HomoloGene
database (NCBI, RRID:SCR_002924). The analyses described herein
used the following published human bladder cancer cohorts: (i) the
Hedegaard cohort (42); (ii) the Kim cohort (43); (iii) the Lund
cohort (44); and (iv) The Cancer Genome Atlas (TCGA) bladder
cancer cohort (45); available clinical details for these cohorts are
provided in Supplementary Table S4. For cross-species analyses
using the Kim cohort as a reference signature, a differential gene
expression signature was defined using a two-tailed Student t test,
and genes were ranked by their t-statistic X -log10 (P value).

For Kaplan–Meier survival analysis, we first performed single-
sample GSEA (ssGSEA) using gsva (Bioconductor) to rank patient
samples based on the combined expression levels of the specified gene
signature from highest to lowest expression. Kaplan–Meier survival
analysis was done to compare the top 25% of patients with highest
expression levels with the top 25% of patients with lowest expression
levels. Statistical significance was estimated using a log-rank test using
the survminer (Bioconductor) package.

Statistical analysis
For in vivo studies, the number of mice needed to achieve statistical

significance was determined using standard power analysis. Statistical
analyses were performed using nonparametric unpaired t test (Mann–
Whitney test). GraphPad Prism software (Version 8.4.3, RRID:
SCR_002798) was used for statistical calculations and data visualiza-
tion. Log-rank (Mantel–Cox) test and Kaplan–Meier survival analysis
were done using GraphPad Prism software. The value of n reported
within figure legends represent number of samples. Unless otherwise
indicated, data are expressed as mean � SD.

Data availability
Raw and normalized RNA-sequencing data are publicly available

(GSE110694 and GSE89823) through Gene Expression Omnibus
(GEO, RRID:SCR_005012) database.

Results
Strategies for cell type–specific gene recombination in bladder
urothelium

To generate enhanced GEMMs of bladder cancer, we sought to
develop approaches to achieve gene recombination in specific cell
populations of the bladder urothelium with improved efficiency and
specificity. Toward this end, we refined our adenovirus approach for
gene recombination in the bladder in two key respects (Fig. 1A). First,
rather than using the CMV promoter, which is expressed in many cell
types, we used adenoviruses expressing Cre under the control of
promoters that are expressed selectively in specific cell types, as
reported previously, for analyses of cell type specificity in lung cancer
models (36). Second, we complemented our original method of
surgical delivery of adenoviruses into the bladder lumen (Supplemen-
tary Fig. S1A and S1B; SupplementaryVideos S1 and S3) by developing
an alternative approach using transurethral delivery of AdenoCre
(Supplementary Fig. S1A and S1B; Supplementary Videos S2 and
S3). Notably, while the surgical deliverymethod is rapid and efficient, it
can yield off-target Cre-mediated recombination and potentially off-
target tumors if there is leakage of the virus outside of the bladder
lumen (Supplementary Fig. S1A). In contrast, transurethral delivery is
technically more challenging and inherently less efficient for tumor
induction, but Cre activity is highly specific to bladder (Supplementary
Fig. S1A).

As an independent approach to target specific cell populations in the
bladder urothelium, we have utilized tamoxifen-inducible Cre trans-
genic alleles (Fig. 1B). To confine Cre-mediated recombination to
bladder, we developed a procedure for intravesical delivery of
4-hydroxy-tamoxifen into the bladder lumen using US-guided imag-
ing (Supplementary Fig. S2A and S2B; Supplementary Video S4).
Notably, while systemic delivery of tamoxifen is more efficient for
activation of Cre, intravesical delivery is bladder-specific (Supplemen-
tary Fig. S2A and S2B); therefore, intravesical delivery enables the use
of Cre alleles that are expressed in tissues other than bladder, because
few Cre alleles are expressed exclusively in bladder (9).

As a proof of concept, we considered that specific cell populations in
bladder urothelium differentially express high molecular-weight cyto-
keratins, such as cytokeratin 5, and lowmolecular-weight cytokeratins,
such as cytokeratin 8. In particular, basal cells express high levels of
cytokeratin 5 and low levels of cytokeratin 8 (Ck5high; Ck8low);
intermediate cells express low levels of cytokeratin 5 and medium
levels of cytokeratin 8 (Ck5low; Ck8med); and superficial cells express
low levels of cytokeratin 5 and high levels of cytokeratin 8 (Ck5low;
Ck8high; Fig. 1C; ref. 12).We reasoned that the cytokeratin 5 promoter
should preferentially target gene recombination to basal cells, while the
cytokeratin 8 promoter should primarily target intermediate and
superficial cells.

Therefore, we used adenoviruses in which Cre recombinase is
expressed under the control of a cytokeratin 5 promoter (Ade-
noCk5-Cre) or a cytokeratin 8 promoter (AdenoCk8-Cre) to target
basal or intermediate/superficial cells, respectively (Fig. 1D). To
evaluate the specificity and efficiency of the AdenoCk5-Cre and
AdenoCk8-Cre viruses, we performed lineage marking using a con-
ditionally activatable reporter allele with enhanced YFP fluorescence,
R26R-EYFP (32). Delivery of AdenoCk5-Cre into the bladder lumen
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led tomarking predominantly of basal cells, as evident by colabeling of
the YFP-marked cells with cytokeratin 5, but not cytokeratin 8 (P ¼
0.0286; n ¼ 105 Ck5highCk8low cells/109 total cells counted; 95.2% �
3.1%; Fig. 1D; Supplementary Table S1A). Conversely, following
delivery of AdenoCk8-Cre, the YFP-marked cells were primarily
coexpressed with cytokeratin 8 but not cytokeratin 5, corresponding
to intermediate and superficial cells (P¼ 0.0286; for intermediate: n¼
14 Ck5lowCK8med cells/29 total cells counted; 46.3% � 11.5%; for
superficial: n¼ 14 Ck5lowCK8high cells/29 total cells counted; 51.5%�
14.2%; Fig. 1D; Supplementary Table S1A). Notably, AdenoCk8-Cre
results in an underrepresentation of superficial cells, which we attri-
bute to inefficient infectivity and gene recombination in superficial
cells likely because they are highly differentiated, large, and multinu-
cleated cells (13).

We obtained similar results using transgenic alleles having an
inducible Cre recombinase expressed under the control of the cyto-
keratin 5 promoter (Ck5-CreERT2) or a cytokeratin 8 promoter (Ck8-
CreERT2), which were crossed to the R26R-EYFP reporter allele
(Fig. 1E). We found that the majority of YFPþ-lineage marked
cells in bladders from the Ck5-CreERT2 mice corresponded to basal

cells (P ¼ 0.0006; n ¼ 3887 Ck5highCk8low cells/4,289 total cells
counted, 89.1% � 4.6%; Fig. 1E; Supplementary Table S1B),
whereas in bladders from the Ck8-CreERT2 mice, most of the YFPþ-
lineage marked cells were intermediate cells (P ¼ 0.0079; n ¼ 1250
Ck5lowCk8med cells/1,582 total cells counted; 78.5% � 4.1%; Fig. 1E;
Supplementary Table S1B). In summary, we have developed a toolkit
of complementary approaches to achieve Cre-mediated recombina-
tion selectively in basal and nonbasal (i.e., intermediate and superfi-
cial) cell populations of the bladder urothelium.

Targeted inactivation of Pten and p53 in basal cells is sufficient
to induce MIBC

To evaluate the relative contribution of basal and nonbasal cells for
bladder tumorigenesis, we induced gene recombination using either
the AdenoCre or transgenic Cre approach in mice harboring condi-
tional alleles for Pten and p53, because we have previously shown that
co-inactivation ofPten and p53, but not other tumor suppressor alleles,
leads to bladder tumors following delivery of AdenoCMV-Cre (27).
For lineage-marking, mice were further crossed with the conditionally
activatable R26R-EYFP reporter allele to generate the experimental

Figure 1.

Strategies for cell type–specific gene recombination in bladder urothelium. A, Strategy for tumor induction using adenoviruses expressing Cre recombinase
(AdenoCre). AdenoCre was delivered to bladder lumen of mice of the indicated genotypes via surgical or transurethral delivery. B, Strategy for tumor induction of
tamoxifen-inducible CreERT2 transgenic alleles. Induction of Cre in the bladder was achieved by systemic administration of tamoxifen or by intravesical delivery of
4-hydroxy-tamoxifen directly into the bladder lumen. C, Schematic showing the cell types in the urothelium and their relationship to the bladder lumen and lamina
propria. D and E, Subtypes of urothelial cells are distinguished by high, medium, or low expression levels of cytokeratin 5 (Ck5) or cytokeratin 8 (Ck8), as indicated.
Lineagemarking to evaluate the cell-type specificity of gene recombination in bladder urothelium using AdenoCk5-Cre or AdenoCk8-Cre (D) or Ck5-CreERT2 or Ck8-
CreERT2 transgenic alleles (E). InD, AdenoCk5-Cre orAdenoCk8-Crewere delivered via the surgicalmethod into the bladder lumenofmice of the indicated genotypes
at 2months of age and analyzed 7 days later. In E, tamoxifenwas delivered systemically on 4 consecutive days tomice of the indicated genotypes at 2months of age
and analyzed 10 days later.D and E show representative images of bladder costained for YFP (green) and Ck5 (red) or Ck8 (red), as indicated; nuclei were visualized
with DAPI staining. Scale bars, 25 mm. Data represent the summary of 5 or more sections from 3 to 7 mice/group; quantification of cell counting is shown in
Supplementary Table S1. See also Supplementary Figs. S1 and S2, Supplementary Videos S1–S4, and Supplementary procedures.
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Ptenflox/flox; p53flox/flox; YFP mice. To induce bladder tumors with
AdenoCre, we introduced the AdenoCk5-Cre or AdenoCk8-Cre
viruses (or a control adenovirus) into the bladder lumen of adult male
or female Ptenflox/flox; p53flox/flox; YFP mice using the surgical delivery
approach (Fig. 2A–D; Supplementary Fig. S3A; Table 1; Supplemen-
tary Table S2). To evaluate the consequences of conditional inactiva-
tion of Pten and p53 using the transgenic Cre drivers, we first crossed
the Ptenflox/flox; p53 flox/flox; YFP mice with the Ck5-CreERT2 or Ck8-
CreERT2 alleles to generate the corresponding Ck5-CreERT2 or Ck8-
CreERT2; Ptenflox/flox; p53flox/flox; YFPmice (or the control mice without
the transgene). We then induced Cre-mediated recombination by
intravesical delivery of 4-hydroxy-tamoxifen into the bladder lumen
of adult male or female mice to restrict gene recombination to the
bladder urothelium (Fig. 2E–H; Supplementary Fig. S3B; Table 1;
Supplementary Table S2). Cohorts of the AdenoCre or transgene Cre
mice were induced to form tumors at 2 months of age and monitored
for up to one year using ultrasound imaging to detect bladder tumor
growth (Fig. 2A, B, E, and F).

Notably, for both the AdenoCre and the transgenic Cre
cohorts, activation of Cre via the cytokeratin 5 promoter result-
ed in MIBC in Ptenflox/flox; p53flox/flox; YFP mice, whereas Cre
activation via the cytokeratin 8 promoter did not (Fig. 2B and
F; Supplementary Fig. S3A and S3B; Table 1; Supplementary
Table S2). In particular, in the AdenoCre cohort, delivery of
AdenoCk5-Cre into the bladder lumen of Ptenflox/flox; p53flox/flox;
YFP mice resulted in invasive urothelial carcinomas (T3 or

greater), some with prominent squamous differentiation or poorly
differentiated sarcomatoid neoplasia without metastasis; in con-
trast, mice that received AdenoCk8-Cre displayed moderate to
marked urothelial atypia without overt carcinoma (Fig. 2B; Sup-
plementary Fig. S3A; Table 1; Supplementary Table S2). As we
have reported previously (27), inactivation of either Pten or p53
alone did not result in abnormal histopathological or tumor
phenotypes (Supplementary Fig. S3C).

In the transgenic Cre cohort, the tamoxifen-induced Ck5-CreERT2;
Ptenflox/flox; p53flox/flox; YFP mice developed invasive and noninvasive
high-grade urothelial carcinoma (Tis to T2) with rare squamous
differentiation without metastasis, whereas the Ck8-CreERT2; Pten-
flox/flox; p53flox/flox; YFP mice displayed urothelial atypia and dysplasia
but no evidence of carcinoma (Fig. 2F; Supplementary
Fig. S3B; Table 1; Supplementary Table S2). Consistent with the more
aggressive histopathologic phenotype of the AdenoCk5-Cre mice,
bladder tumors arising following AdenoCk5-Cre compared with
Ck5-CreERT2 had with a shorter latency (median time of 7.6 vs.
10.3 months) and were on average considerably larger, albeit more
variable in size (748.0 � 1,331.1 mg vs. 95.6 � 72.2 mg; Fig. 2B, C, F,
andG;Table 1). In both the AdenoCre and the transgenic Cre cohorts,
the bladder cancer phenotypes were similar in the male and female
mice, as we have reported previously for tumors induced by delivery of
AdenoCre-CMV (27).

In both the AdenoCre and the transgenic Cre cohorts, the bladder
phenotype of mice that have activation of Cre via the cytokeratin 5

Figure 2.

Targeted inactivation of Pten and p53 in basal cells is sufficient for muscle invasive bladder cancer. A–D, Tumor induction with AdenoCre. A, Experimental design.
AdenoCrewasdelivered into thebladder lumenofmice of the indicated genotypes at 2months of agevia the surgicalmethod.Miceweremonitored for tumor growth
by US imaging for up to 14 months of age. B, Phenotypic analyses. C, Kaplan–Meier survival analysis. D, IHC. E–H, Tumor induction based on transgenic Cre.
E, Experimental design. 4-Hydroxy-tamoxifen was delivered into the bladder lumen of mice of the indicated genotypes at 2 months of age using the
ultrasound guidance method. Mice were monitored for tumor growth by US imaging for up to 14 months of age. F, Phenotypic analyses. G, Kaplan–Meier
survival analysis. H, IHC. B and F show representative brightfield images of whole bladder, US images of tumor monitoring, H&E images at low and high power,
and confocal images of YFP lineage–marked cells (green) costained with cytokeratin 5 (red) or cytokeratin 8 (red). Scale bar for H&E images, 100 mm (low
magnification) and 20 mm (high magnification); for confocal images, scale bars represent 50 mm. C and G, Kaplan–Meier survival analysis based on detection of
bladder tumors by US imaging. P values were calculated using a log-rank (Mantel–Cox) test. D and H show immunostaining for Ki67, cytokeratin 14 (Ck14), and
vimentin. Scale bars, 20 mm. See also Supplementary Figs. S3 and S4, Table 1, and Supplementary Table S2.
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promoter, but not the cytokeratin 8 promoter, displayed extensive
cellular proliferation, as evidenced by Ki67 expression, increased
expression of cytokeratin 14, and irregular expression of vimentin,
which are characteristic of invasion (Fig. 2D andH). Furthermore, in
bladder tumors from both the AdenoCk5-Cre and Ck5-CreERT2;
Ptenflox/flox; p53flox/flox; YFP mice, the YFP-marked cells coexpressed
cytokeratin 5, confirming that the tumors consist of basal cells (Fig. 2B
and F). Together, these findings suggest that basal, but not nonbasal,
cells give rise to tumors in the context of coactivation of Pten and p53.

To further verify these findings, we used alternative Cre drivers to
target gene recombination to basal or nonbasal cells using an Ade-
novirus expressing the cytokeratin 14 promoter (AdenoCk14-Cre;
ref. 36) or a Uroplakin II promoter transgenic allele (UpkII-iCreERT2;
ref. 35), respectively. In particular, targeting basal cells by delivery of
AdenoCk14-Cre into the bladder lumen of Ptenflox/flox; p53flox/flox; YFP
mice resulted in invasive urothelial carcinomas (T3 or greater),
similar to that of AdenoCk5-Cre although with a shorter latency to
tumor development (Supplementary Fig. S4A–S4C; Supplementary
Table S2). Conversely, targeting nonbasal cells via induction of
gene recombination using the UpkII-iCreERT2 transgene leads to
noninvasive high-grade (Tis or Tis/a) phenotypes that are more
prominent than in the cytokeratin 8 Cre cohort, but did not result
in progression to overt tumors (Supplementary Fig. S4D–S4F, Sup-
plementary Table S2). Therefore, using two independent appro-
aches to achieve gene recombination, namely the AdenoCre and
transgenic Cre approaches, we have found that coinactivation of
Pten and p53 in basal, but not nonbasal, bladder urothelial cells is
sufficient to induce MIBC.

Progression from preinvasive to invasive bladder cancer
We next sought to leverage these GEMMs to investigate pro-

gression from noninvasive to muscle-invasive disease. For these
studies, we used the transgenic Cre approach to coinactivate Pten
and p53, because phenotypes arising in these mice displayed a more
consistent time-course of tumorigenesis than those induced by
AdenoCre (see Fig. 2C and G; Table 1). In particular, we analyzed
the bladder phenotypes of Ck5-CreERT2 or Ck8-CreERT2; Ptenflox/flox;
p53flox/flox; YFP mice (hereafter, Ck5-CreERT2 or Ck8-CreERT2; DKO
for “double knockout”) or transgene-negative control mice at

3 months following tumor induction (i.e., in 5-month-old mice),
which is prior to the occurrence of overt tumors, and at 9 months
following tumor induction (i.e., in 12-month-old mice), which is
near the median time-course of tumor development (Fig. 3A).

Histopathologic analysis confirmed that theCk5-CreERT2; DKO, but
not theCk8-CreERT2; DKO, mice displayed invasive bladder carcinoma
at the late time point (i.e., at 12 months; Fig. 3B), consistent with the
findings described above (see Fig. 2), whereas at the early time point
(i.e., at 5 months), neither theCk5-CreERT2; DKO nor theCk8-CreERT2;
DKOmice displayed evidence of invasion (Fig. 3B). Correspondingly,
only bladder tumors from the Ck5-CreERT2; DKOmice at the late time
point were highly proliferative, as evident by robust staining for Ki67
(25%; P ¼ 0.0159; Fig. 3B and C). At the early and late time points,
bladders from both the Ck5-CreERT2; DKO and Ck8-CreERT2; DKO
mice, but not the control mice, displayed activation of PI3K signaling,
as evident by immunostaining with phospho-S6 (Fig. 3B), consistent
with our previous observations in bladder tumors from Ptenflox/flox;
p53flox/flox mice that had been induced with AdenoCMV-Cre (27, 28).
Interestingly, MAPK signaling was upregulated in the bladders of early
but not lateCk5-CreERT2; DKOmice, aswell as in both the early and late
Ck8-CreERT2; DKOmice, as evident by immunostainingwith phospho-
Erk (Fig. 3B), also consistent with our previous observations in
Ptenflox/flox; p53flox/flox bladder tumors induced with AdenoCMV-
Cre (27). In addition, cytokeratin 14 was upregulated in basal cells
of Ck5-CreERT2; DKO bladders at the early time point, and expressed
widely in the invasive tumors of the late stage Ck5-CreERT2; DKOmice,
but was not expressed in bladders from either the early- or late-stage
Ck8-CreERT2; DKO mice (Fig. 3B).

Interestingly, we observed a striking increase in Cd45-positive cells
in invasive tumors from late stage Ck5-CreERT2; DKOmice, but not in
early-stage Ck5-CreERT2; DKO mice or either the early or late stage
Ck8-CreERT2; DKO mice (Fig. 3B), consistent with an increased
proinflammatory phenotype in disease progression. Similarly, higher
levels of Cd45-positive cells were also observed in invasive tumors
from the AdenoCk5 and AdenoCk14 Ptenflox/flox; p53flox/flox mice but
not the noninvasive phenotypes from the corresponding AdenoCk8 or
the UpkII-iCreERT2 transgenic mice (Supplementary Fig. S5). Taken
together, these findings suggest that Ck5-CreERT2; DKOmice display a
preinvasive phenotype at early time-points after tumor induction,

Table 1. Summary of bladder cancer phenotype in GEMMs.

Tumor incidence

Genotype N Weight (mg) % Tumor
Latency
(months) Histopathological phenotype

Adenovirus Cre cohort
AdenoCMV-Empty 6 28.9 � 5.4 0 > 14 Within normal limits
AdenoCk5-Cre 21 748.0 � 1333.1 38.1 4.5–12.7 Urothelial carcinoma, invasive

with squamous or sarcomatoid
differentiation; no evident
metastasis

PtenFlox/Flox; p53Flox/Flox; YFP Median 7.6

AdenoCk8-Cre 12 30.1 � 5.7 0 > 14 Urothelial atypia with hyperplasia

Transgenic Cre cohort
Transgene negative 7 35.8 � 7.4 0 > 14 Within normal limits
Ck5-CreERT2 23 95.6 � 72.2 34.8 8.9–12.0 Urothelial carcinoma, high grade

noninvasive to invasive; no
evident metastasis

PtenFlox/Flox; p53Flox/Flox; YFP Median 10.3

Ck8-CreERT2 19 41.2 � 23.5 0 > 14 Urothelial atypia

Note: For all cohorts, equivalent numbers of male and female mice were analyzed. For the AdenoCre cohort, virus was delivered using the surgical injection method.
For the transgenic Cre cohort, 4-hydroxy-tamoxifen was delivered via the intravesical delivery method.
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which at later stages can progress to invasive carcinoma that is
associated with a proinflammatory phenotype.

Cell-intrinsic mechanisms of progression from preinvasive to
invasive bladder cancer

To investigate the cell-intrinsic features of the preinvasive bladder
cells, we isolated YFP lineage-marked cells from the bladder urothelium
of Ck5-CreERT2; DKO or Ck8-CreERT2; DKO mice or the corresponding
Ck5-CreERT2orCk8-CreERT2; Ptenþ/þ; p53þ/þ; YFPmice (hereafter called
Ck5-CreERT2; WT or Ck8-CreERT2; WT mice for “wild type” mice) at
3 months postinduction (Fig. 4A). We generated bladder organoids
based on a protocol we had established previously for mouse prostate
cells and human bladder organoids (Supplementary Fig. S6A and S6B;
refs. 38, 39). These analyses revealed that YFP-lineage marked cells
from theCk5-CreERT2mice, andparticularly theCk5-CreERT2;DKOmice,
were significantlymore efficient at generating organoids than those from
the Ck8-CreERT2 mice (P ¼ 0.0075; Supplementary Fig. S6A and S6B).

We next evaluated the ability of the YFP-marked urothelial cells to
grow and/or form tumors when implanted orthotopically into the
lamina propria of host mice in vivo (Supplementary Fig. S6C and S6D;

ref. 38). We found that the Ck5-CreERT2; DKO urothelial cells devel-
oped invasive bladder tumors (P ¼ 0.0205; n ¼ 10), whereas the Ck8-
CreERT2; DKO urothelial cells displayed noninvasive growth (n ¼ 8;
Supplementary Fig. S6C and S6D).No tumor incidencewas detected in
the Ck5-CreERT2;WT cells, whereas the Ck8-CreERT2;WT cells did not
exhibit any growth in vivo (n¼ 8/group; Supplementary Fig. S6C and
S6D). These findings demonstrate that, by 3 months following tumor
induction, basal urothelial cells of Ck5-CreERT2; DKO mice have
acquired a cell-intrinsic preinvasive cancer phenotype that is capable
of progressing to overt carcinoma.

To identify molecular pathways that are activated in the preinvasive
bladder cells, we performed RNA-seq analyses on YFP-marked
urothelial cells isolated from Ck5-CreERT2; WT, Ck5-CreERT2; DKO,
Ck8-CreERT2;WT, andCk8-CreERT2;DKOmice (Fig. 4B–D). Principal
component analysis showed that expression profiles from the Ck5-
CreERT2; DKO and Ck8-CreERT2; DKO urothelial cells clustered more
closely together than those of the correspondingCk5-CreERT2;WT and
Ck8-CreERT2; WT samples (Fig. 4B). To identify biological pathways
associated with the preinvasive phenotype in the urothelial cells from
these GEMMs, we performed pathway-based GSEA using a signature

Figure 3.

Progression from preinvasive to invasive bladder
cancer.A,Experimental design.Mice of the indicated
genotypeswere inducedwith tamoxifen at 2months
of age and analyzed at 5months (early) or 12months
(late) B. Phenotypic analyses. Representative
images showing histologic staining (H&E) and
immunostaining for Ki67, phosphorylated S6 (pS6),
phosphorylated ERK (pERK), cytokeratin 14 (Ck14),
and Cd45. Scale bars, 50 mm for Cd45, and 20 mm for
all other images. C, Quantification of Ki67-positive
cells. The percentages shown were calculated by
counting the number of cells stained by Ki67 divided
by number of cells counterstained by hematoxylin.
Data represent the summary of five sections from
4 to 5 mice/group. The P value was calculated using
a nonparametric unpaired t test (Mann–Whitney).
See also Supplementary Fig. S5. ns, nonsignificant.
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of differential gene expression comparing the Ck5-CreERT2; DKO
versus Ck8-CreERT2; DKO expression profiles to query the Hallmark,
KEGG and Biocarta datasets (Fig. 4C and D; Supplementary Dataset
S2; ref. 41). Among the significantly enriched pathways were those
associatedwith cell adhesion or cell signaling (e.g., KEGGcell adhesion
molecules, Biocarta integrin pathway, Hallmark hedgehog signaling),

epithelial-to-mesenchymal transition (Hallmark epithelial-mesenchy-
mal transition), tumorigenicity (Hallmark p53 pathway, Hallmark
hypoxia), and immune regulation (KEGG cytokine cytokine receptor
interaction, Hallmark TNFa signaling via NF-kB; Fig. 4C and D;
Supplementary Dataset S2). Pathway activation was further evident by
the differential expression of relevant leading-edge genes (Fig. 4D).

Figure 4.

Mechanisms of progression from preinvasive to invasive bladder cancer. A, Experimental design. Mice of the indicated genotypes were induced with tamoxifen at
2 months of age and sacrificed 3 months later. YFP-marked urothelial cells were isolated by FACS and used to generate organoids or allograft models that were
phenotypically analyzed in culture and in vivo, respectively (Supplementary Fig. S6), or were subjected to RNA-seq analyses (B–D). B, Principal component analysis
based on gene expression profiles from urothelial cells isolated frommice of the indicated genotypes. C andD, Pathway-based GSEA based on expression profiles of
Ck5-CreERT2; DKO versus Ck8-CreERT2; DKO urothelial cells. C,Abar graph showing the NES scores and P values for the positively enriched pathways.D,Heatmaps of
the leading-edge genes from selected pathways as indicated. See also Supplementary Fig. S6 and Supplementary Datasets S1 and S2.
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Overall, these findings showing that preinvasive basal cells are primed
to develop organoids in culture and tumors in vivo and that they
express pathways associated with tumorigenesis, suggest that these
cells are predisposed to progress to invasive bladder cancer.

A conserved gene signature associated with poor prognosis for
bladder cancer

On the basis of these findings, we sought to identify a gene signature
associated with bladder cancer progression in the GEMMs that is

conserved with human bladder cancer (Fig. 5). Toward this end, we
first identified a mouse gene signature of early bladder cancer by
comparing the preinvasive signature from the Ck5-CreERT2; DKO
versus Ck8-CreERT2; DKO expression profiles with an invasive gene
signature based on differential gene expression analysis of lethalMIBC
from AdenoCMV-Cre-induced Ptenflox/flox; p53flox/flox as described
previously (Fig. 5A) (46). We reasoned that genes common to the
preinvasive and lethal gene signatures would be enriched for those
associated with disease progression.

Figure 5.

A conserved gene signature of early bladder cancer associated with poor prognosis. A and B. Identification of a conserved gene signature of early bladder cancer.
A, Step 1: first, we identified amouse gene signature of early bladder cancer by comparing the preinvasive signature from the Ck5-CreERT2; DKO versus Ck8-CreERT2;
DKO urothelial cells with a signature of lethal bladder cancer based on comparing AdenoCMV-Cre–induced Ptenflox/flox; p53flox/flox tumors versus noninduced
urothelium as described previously (46). The Venn diagram shows the number of genes that are upregulated when comparing the preinvasive and lethal gene
signatures (log2-fold change >0 and adjusted P < 0.001). This identified 63 genes that comprise the mouse gene signature of early bladder cancer. B, Step 2: to
identify a conserved gene signature of early bladder cancer, we performed GSEA using the mouse gene signature (63 genes) to query a human gene signature
comparing MIBC versus NMIBC based on the Kim cohort (43). This analysis identified 28 leading-edge genes that comprise the conserved gene signature of early
bladder cancer.C,Heatmap representation of individual expression levels of the 28 genes from the conserved gene signature of early bladder cancer signature based
on the Hedegaard cohort, which is comprised of patient samples with tumor stages from Ta to T4b (n ¼ 476; ref. 42). Kaplan–Meier survival analyses comparing
patients with low (low 25%) and high (high 25%) combined expression of 28 gene signatures in Lund cohort (D; ref. 44) and TCGA cohort (E; ref. 45). P values were
estimated using a log-rank test. See also Table 2, Supplementary Tables S4 and S5, Supplementary Figs. S7–S11, and Supplementary Dataset S3.
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Indeed, the intersection of these mouse signatures identified
63 genes that are upregulated in both the pre-invasive urothelial cells
and the lethal bladder tumors, which we designated as the mouse early
bladder cancer signature (Fig. 5A; Supplementary Dataset S3). Nota-
bly, this mouse signature was upregulated in a subset of human
NMIBC from the Hedegaard cohort, which is comprised mainly of
NMIBC (n¼ 460 NMIBC and n¼ 16MIBC; Supplementary Table S4;
Supplementary Fig. S7A; ref. 42). Furthermore, expression of the
63-gene mouse signature was significantly associated with adverse
outcome in two independent datasets, namely the Lund cohort,
which is comprised mostly of NMIBC but has a significant number
of MIBC (stages Ta and T1, n ¼ 213; stages >T1, n ¼ 93;
Supplementary Table S4; ref. 44), and TCGA bladder cancer cohort,
which is comprised primarily of MIBC (n ¼ 412; Supplementary
Table S4; ref. 45). In particular, Kaplan–Meier survival analyses
revealed that a high level of expression of the 63-gene mouse
signature was associated with reduced overall survival in both the
Lund cohort (P ¼ 1.76� 10�5; Supplementary Fig. S7B) and the
TCGA cohort (P ¼ 3 � 10�4; Supplementary Fig. S7C).

To further refine this signature of early bladder cancer, we sought to
identify the sub-set of genes in the mouse signature that are conserved
with human bladder cancer progression (Fig. 5B). Toward this end, we
performed GSEA to compare the 63-gene mouse signature with a
human bladder cancer signature based on the Kim cohort, which
includes both NMIBC andMIBC (n¼ 103 NMIBC and n¼ 62MIBC;
Supplementary Table S4; ref. 43). This analysis identified 28 genes in
the positive leading edge that are both conserved and upregulated,
which we have designated the conserved gene signature of early
bladder cancer (Table 2). These genes include several that are asso-
ciated with molecular pathways of bladder tumorigenesis, such as cell
adhesion (e.g., NRCAM, SERPINE1, TGFB1, SDC3), cellular signaling
(e.g., AK1, IMPA2, GAS7), gene regulation (e.g., FOSL1, RALY, SRF),
and inflammation (e.g., MFHA1, SRXN1; Table 2).

Heatmap representation based on patients in the Hedegaard cohort
revealed that a subset with varying grade and tumor stage have
upregulation of the 28-gene signature of early bladder cancer
(Fig. 5C). To further validate this 28-gene signature, we first verified
that the genes were upregulated during bladder cancer progression

Table 2. Description of 28-gene signature of early bladder cancer.

Genes
Expression

score
Mouse Human Full name Functional category Mouse Human

Nrcam NRCAM Neuronal cell adhesion molecule Cell adhesion molecule 28.93 4.90
Fosl1 FOSL1 FOS like 1, AP-1 transcription factor subunit DNA binding 7.65 2.83
Ak1 AK1 Adenylate kinase 1 Adenylate kinase activity 7.12 5.32
Serpine1 SERPINE1 Serpin family E member 1 Cell adhesion, spreading, and migration 6.15 4.87
Slc8a1 SLC8A1 Solute carrier family 8 member A1 Cytoplasmic calcium-dependent cellular processes 5.99 NA
Gas7 GAS7 Growth arrest specific 7 Differentiation of cerebellar neurons 3.75 5.57
St3gal2 ST3GAL2 ST3 beta-galactoside alpha-2,3-

sialyltransferase 2
Catalyze sialyltransferase activity 2.82 4.60

Palld PALLD Palladin, cytoskeletal associated protein Cell morphology, motility, cell adhesion and cell-
extracellular matrix interactions

2.77 7.77

Rrad RRAD Ras related glycolysis inhibitor and calcium
channel regulator

Calcium channel regulator activity 2.52 NA

Itga7 ITGA7 Integrin subunit alpha 7 Myoblast localization, viability and functional integrity 2.12 3.77
Dennd1a DENND1A DENN domain containing 1A Guanyl-nucleotide exchange factor activity 2.12 6.47
Apln APLN Apelin Endogenous ligand for the apelin receptor 2.07 3.28
Fam43a FAM43A Family with sequence similarity 43 member A Unknown 1.65 4.68
Cotl1 COTL1 Coactosin like F-actin binding protein 1 Binds to F-actin in a calcium-independent manner 1.60 1.27
1700017B05Rik C15orf39 RIKEN cDNA 1700017B05 gene Unknown 1.57 1.64
Tgfbi TGFBI Transforming growth factor beta induced Cell adhesion and migration 1.52 9.12
Tns1 TNS1 Tensin 1 Cell migration 1.29 4.74
Mfhas1 MFHAS1 Multifunctional ROCO family signaling

regulator 1
Innate immunity and inflammatory response 1.19 5.55

Nfix NFIX Nuclear factor I X DNA-binding transcription activity and replication 1.17 1.96
Srxn1 SRXN1 Sulfiredoxin 1 Response to oxidative stress 1.14 4.94
Raly RALY RALY heterogeneous nuclear

ribonucleoprotein
Transcriptional cofactor for cholesterol biosynthetic
genes

1.02 2.37

Ttyh3 TTYH3 Tweety family member 3 Calcium channel activated chloride channel activity 0.90 7.78
Actb ACTB Actin beta Cell motility and contraction 0.90 3.06
Camk1 CAMK1 Calcium/calmodulin dependent protein

kinase I
Calcium/calmodulin-dependent protein kinase activity 0.81 3.72

Nuak2 NUAK2 NUAK family kinase 2 Stress-activated kinase activity 0.81 7.23
Sdc3 SDC3 Syndecan 3 Cell morphology and migration 0.77 0.41
Impa2 IMPA2 Inositol monophosphatase 2 Inositol monophosphate 1-phosphatase activity 0.72 4.85
Srf SRF Serum response factor DNA-binding transcription activity 0.33 2.07

Note: Mouse expression score, combined score (log2-fold change) of preinvasive signature and invasive signatures (Supplementary Dataset S3). Human expression
score, fold change between TaþT1 versus >T1 in Lund dataset (log2-fold change; Supplementary Fig. S9).
Abbreviation: NA, not available.
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in both mouse and human bladder cancer cohorts. In particular, for
the mouse homologs, we considered the expression level of each
gene in the pre-invasive versus lethal signatures (Supplementary
Dataset S3), and for the human homologs, we compared gene
expression in low grade (Ta/T1) with higher grade (>T1) tumors
in the Lund dataset (Supplementary Table S4). We found that all
28 genes were upregulated in both the human and mouse cohorts,
albeit to differing extents (Table 2).

Next, we examined the expression of the top 12 most-upregulated
genes in the 28-gene signature and found that the expression levels of
each of the genes were significantly up-regulated in the basal versus
nonbasal preinvasive mouse bladder (Supplementary Fig. S8), and all
but one (COTL1) were upregulated in the noninvasive (Ta or T1)
versus invasive (>T1) human bladder cancers from the Lund cohort
(Supplementary Fig. S9). Among these, the top-most upregulated gene
in the mouse preinvasive signature was NrCAM (Supplementary
Fig. S10A), which encodes a member of the immunoglobin super
family that has been found to be dysregulated in several cancer types
(e.g., refs. 47, 48). NrCAM expression was also elevated at the mRNA
level in invasive human bladder cancers (P < 1�10�6; Supplementary
Fig. S10B), and at the protein level in both mouse and human bladder
cancer (Supplementary Fig. S10C).

Given these findings, we asked whether the 28-gene signature of
early bladder cancer is associated with bladder cancer progression and
outcome. Indeed, Kaplan–Meier survival analyses based on the Lund
cohort revealed that high level of expression of this gene signature was
significantly associated with adverse outcome based on overall survival
probability (log-rank P¼ 2.65�10�6, Fig. 5D). Furthermore, Kaplan–
Meier survival analyses based on TCGA also showed that high level of
expression of the 28-gene signature was significantly associated with
adverse outcome (log-rankP¼ 0.0019,Fig. 5E). Even the expression of
NrCAM alone had some prognostic value (P ¼ 0.01625; Supplemen-
tary Fig. S10D).

Finally, we compared our 28-gene signature of early bladder
cancer with six other prognostic signatures of bladder cancer that
have been published previously (43, 49–54).We found that none of the
28 genes are found in the other reported signatures that are of
comparable size (Supplementary Table S5), although our 28-gene
signature shares genes in common with the larger gene signatures
reported by Robertson and colleagues (54). Interestingly, our 28-gene
signature out-performed five of six of these other gene signatures in
Kaplan–Meier survival analyses based on both the Lund and TCGA
cohorts (Fig. 5D and E; Supplementary Fig. S11A and S11B; Supple-
mentary Table S5). These findings reveal that the 28-gene signature
of early bladder cancer is a robust prognostic indicator of bladder
cancer progression.

Discussion
Relatively few genes are expressed exclusively in bladder urothe-

lium, particularly in the cells that give rise to bladder tumors. Con-
sequently, it has proven challenging to develop GEMMs of bladder
cancer, in part, because of inherent difficulties in selectively targeting
gene recombination to relevant cell populations in bladder urothe-
lium (9). We have overcome this challenge by developing approaches
to target gene recombination to specific populations of bladder cells
that allow the use of promoters that are not exclusively bladder-
specific. This has enabled us to directly compare the consequences
of tumor initiation in basal and nonbasal cells using two independent
approaches, which has revealed that gene recombination only in basal
cells can give rise to bladder tumors, at least in the context of

inactivation of Pten and p53. Furthermore, by integrating data from
preinvasive and advanced stages in theGEMMswith data fromhuman
patients with bladder cancer, we identified a 28-gene signature of early
bladder cancer that is prognostic of adverse disease outcome, thus,
highlighting the relevance of these GEMMs for studying the biology of
human bladder cancer.

Our study builds upon previous work from our group and others
(e.g., (16, 20, 27, 55–59)) to assemble a toolkit of complementary
approaches that has enabled us to leverage Cre drivers that are not
exclusively expressed in bladder to target gene recombination specif-
ically to the bladder urothelium, as well as to isolate lineage marked
cells to study the cell-intrinsic features of specific populations of
bladder urothelial cells. Since our study utilizes Cre drivers that are
not exclusively expressed in bladder, we reasoned that it would be
important to base our conclusions on complementary approaches,
namely, the AdenoCre delivery and transgenic Cre approaches, each of
which has certain advantages and disadvantages.

Indeed, an important advantage of both the AdenoCre and the
transgenic Cre approaches is that they enable bladder-specific gene
recombination in both male and female mice, although the transure-
thral delivery method for delivery of AdenoCre is more challenging in
male mice. Notably, we have not observed any differences in disease
progression in male and female mice in the context of inactivation of
Pten and p53. The AdenoCre and the transgenic Cre approaches are
complementary in that AdenoCre delivery provides ameans to rapidly
screen the phenotypic consequences of conditional loss or gain of
function of relevant genes of interest without the need to introduce
additional alleles expressing Cre drivers. Furthermore, bladder tumors
induced by the AdenoCre delivery, particularly the surgical method,
are generally more aggressive but also more variable in terms of time-
course of tumor development, whereas bladder tumors induced by
using transgenic Cre alleles are generally less aggressive but have a
more predicable time-course of development and therefore more
suitable for controlled longitudinal analyses.

While it can be technically challenging to perform the AdenoCre
delivery into bladder, intravesical delivery of tamoxifen also requires
skill as well as access to ultrasound guided imaging. To overcome the
technical hurdles and improve access to these approaches, we have
included videos and detailed procedures that describe these
approaches in detail. We note that although we have demonstrated
the utility of these methods mainly based on cytokeratin 5 and
cytokeratin 8 Cre drivers, these procedures should be readily adaptable
for other Cre drivers that are expressed in bladder, aswe have shownby
extending our findings to cytokeratin 14 and uroplakin II promoters.
However, we do not expect that all Cre drivers will be suitable to
generate GEMMmodels; in particular, we found that transgenic mice
expressing CreERT2 under the control of the human keratin 18
promoter did not display the expected cell-type specificity in bladder.
Furthermore, a Cre allele expressing CreERT under the control of the
cytokeratin 14 promoter did not achieve sufficient levels of gene
recombination in the bladder to generate tumors. Therefore, demon-
stration of specificity and efficiency of Cre recombination will be
essential to adapt this methodology to other Cre alleles.

One of themain conclusions of this study is that inactivation of Pten
and p53 in basal cells is sufficient for bladder tumorigenesis, which is
consistent conclusions of previous studies showing that basal cells are a
cell of origin of bladder cancer (15, 17). While our findings were not
unexpected based on these previous studies, the conclusions of the
current study are founded on direct comparison of basal and nonbasal
cells using two independent approaches to achieve gene recombination
and are based on several different Cre drivers. A second important
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distinction of the current study is that we have based ourfindings solely
on gene targeting rather than combined with carcinogen treatment,
which has been used in most previous studies. Notably, our findings
differ from a previous study, which utilized a different transgenic Ck5
Cre allele that did not have a bladder cancer phenotype (55). However,
we have found that the transgenic Ck5 Cre allele used in the previous
work is not expressed in the bladder, unlike the transgenic Ck5 Cre
allele used in this study. Finally, we note that our conclusion that
invasive tumors arise in basal cells is based on inactivation of Pten and
p53; it is conceivable that conditional loss or gain of function of other
genes may give rise to luminal tumors and this can readily be tested
using the toolkit that we have established. Along these lines, it will be of
particular interest to evaluate the functions of RB1, TSC1, FGFR3, and
HRAS using these approaches.

A second important advance of our study is that by modeling
bladder cancer progression from preinvasive to invasive disease, we
have identified key features of disease progression. First, we find that
preinvasive basal cells have the cell-intrinsic capacity to develop
tumors when implanted in vivo, and they display up-regulation of
pathways associated with bladder tumorigenesis. For instance, the
Hedgehog signaling pathway is upregulated in the Ck5-CreERT2; DKO
urothelial cells, which is of note because hedgehog signaling has been
shown to be dysregulated in bladder cancer (60, 61). Second, we find
that invasive bladder tumors have a striking upregulation of
immune cells, as evident by expression of Cd45, and also have
activation of pathways associated with immune regulation. It is
interesting to note that these tumors also display upregulation of
pathways associated with hypoxia, given the known relationship of
hypoxia and immune checkpoint receptors (e.g., ref. 62). These
biological and molecular findings provide opportunities to explore
translational approaches to curtail disease progression of patients at
risk of progression to invasive disease.

This is of potential clinical relevance because a subset of patients
with noninvasive bladder cancer will progress to invasive disease, yet
currently there are relatively few ways to detect these patients prior to
progression or treatment failure. We have now identified a gene
signature of early bladder cancer that is expressed in a subset of
patients with NMIBC and associated with adverse disease outcome.
Previous studies have identified gene signatures for bladder cancer that
are associated basal and luminal subtypes of bladder cancer (e.g.,
refs. 22–24, 26), or disease prognosis (43, 49–54). This study comple-
ments these previous ones because our goal was to define signature to
specifically identify patients at risk of developing muscle-invasive
disease. Notably, a gene signature identified previously based on
comparing expression profiles from laser-capture dissected basal and
superficial cells from normal urothelium shares some genes in com-
mon with the current signature, and supports a basal origin of invasive
bladder cancer (63). Furthermore, a recent study has identified a
classifier of low-grade bladder luminal tumors that shares genes in
common with the current signature, although the directionality of the
genes is opposite in the luminal tumors as onemight expect (54). Thus,
we propose that the 28-gene signature identified herein can be
evaluated prospectively, potentially in conjunction with these other

basal and prognostic gene signatures, in biopsies from patients
with recurrent or high-risk bladder cancer to identify those at risk
of progression.
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