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The biological processes of urothelial carcinogenesis are not fully understood, particularly regarding the
relationship between specific genetic events, cell of origin, and molecular subtypes of subsequent
tumors. N-butyl-N-(4-hydroxybutyl)-nitrosamine (BBN)-induced mouse bladder cancer is widely
accepted as a useful model that recapitulates the pathway of human bladder tumorigenesis from
dysplasia to invasive cancer via carcinoma in situ. However, the long and variable time of tumorigenesis
often hinders efficient preclinical or translational research. We hypothesized that Trp53 mutation in
specific types of urothelial cells facilitates efficient development of clinically relevant bladder cancer.
Using lineage tracing, we showed that Trp53 mutation in Krt5-expressing cells resulted in more efficient
tumorigenesis of mouse muscle-invasive bladder cancer (MIBC) with squamous differentiation compared
with Trp53 mutation in Upk2-expressing cells, or wild-type or hemizygous Trp53 in the entire urothe-
lium. Mouse MIBC that developed at 24 weeks of BBN treatment showed morphologic and genetic
similarities to the basal squamous subtypes of human MIBC, irrespective of pre-induction of Trp53
mutation or whether the cell of origin was Krt5- or Upk2-expressing cells. Our findings suggest that
intermediate cells as well as basal cells also can give rise to basal-like MIBC, with pre-induction of Trp53
mutation accelerating MIBC. Thus, in BBN chemical carcinogenesis, pre-induction of Trp53 mutation in
basal cells facilitates efficient modeling of the basal squamous subtype of human MIBC. (Am J Pathol
2020, 190: 1752—1762; https://doi.org/10.1016/j.ajpath.2020.04.005)

Bladder cancer is a major malignancy worldwide, with more
than 80,000 estimated new cases per year in the United States.
It causes more than 17,000 estimated mortalities, which
accounts for 2.9% of all cancer mortalities." Most bladder
cancer is classified pathologically as urothelial carcinoma.
Non—muscle-invasive bladder cancer (MIBC) can be treated
by transurethral resection with an excellent survival
outcome.’ However, MIBC in most instances requires the
total removal of the bladder and is associated frequently with
regional lymph node involvement and distant metastasis.
The prognosis of patients with MIBC or metastatic uro-
thelial carcinoma is not favorable and has not improved
remarkably for decades.” This largely may be because the

molecular pathogenesis and biological processes of bladder
carcinogenesis including cell of origin have not been fully
understood.” Recent efforts by The Cancer Genome Atlas
(TCGA) and others have shown the genetic landscape of
MIBC, which led to the definition of molecular subtypes
with treatment implications.” "' Specifically, however,
treatment of the basal squamous subtype of MIBC, which is
accompanied frequently by squamous differentiation, is still

Supported by JSPS KAKENHI grants JP25713055 (T.K.), JP19H03790
(T.K.), and JP26253078 (O.0.).

KM, Y.K., AH., and M.K. contributed equally to this work.

Disclosures: None declared.

Copyright © 2020 American Society for Investigative Pathology. Published by Elsevier Inc. All rights reserved.

https://doi.org/10.1016/j.ajpath.2020.04.005

Downloaded for Anonymous User (n/a) at Kyoto City Hospital Library from ClinicalKey.jp by Elsevier on December 18, 2020.
For personal use only. No other uses without permission. Copyright ©2020. Elsevier Inc. All rights reserved.


mailto:ogawao@kuhp.kyoto-u.ac.jp
mailto:ogawao@kuhp.kyoto-u.ac.jp
https://doi.org/10.1016/j.ajpath.2020.04.005
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ajpath.2020.04.005&domain=pdf
https://doi.org/10.1016/j.ajpath.2020.04.005
http://ajp.amjpathol.org
https://doi.org/10.1016/j.ajpath.2020.04.005
norihiko
タイプライターテキスト
主論文


Trp53 Mutation in Bladder Carcinogenesis

a clinical challenge because it is associated with treatment
resistance and unfavorable oncological outcomes.'*'?

Thus, there is an urgent need to improve the biological
understanding of the basal subtype of MIBC and develop
novel treatment strategies. MIBC is one of the most under-
studied cancers, partly because of the lack of faithful disease
models."* Recently, N-butyl-N-(4-hydroxybutyl)-nitrosa-
mine (BBN)-induced mouse bladder tumors have been shown
to share its genetic landscape, including mutational signatures
and gene alterations, with the basal subtype of human
MIBC.'*'® Although another mouse model based on bladder-
specific deletion of Trp53 and Pten tumor suppressors also
was reported to have the gene expression signature of the
basal subtype of human MIBC,'"-'® the BBN mouse model is
the most widely used mouse model for bladder cancer at
present because of its technical ease and lower cost.

One of the shortcomings of BBN-induced bladder carci-
nogenesis as an animal model is the long time period
required for the development of MIBC, reported as being 5
to 6 months, with a wide variation in the tumor progression
rate.'””" It is challenging to have animals develop bladder
tumors quickly and constantly, hindering translational and
preclinical studies. This seems to be owing to the high
mutagenesis of BBN-derived carcinogens, resulting in
exceedingly heterogeneous clones in each affected animal.

In addition, it has not been fully understood what type of cells
in the urothelium give rise to the specific subtypes of bladder
cancer. In this regard, Shin et al>' showed that Sonic
hedgehog—expressing cells in the urothelium are the cell of
origin of mouse bladder cancer and loss of Sonic hedgehog
expression is associated with disease progression. In another
report using lineage tracing methods, Van Batavia et al** showed
that Upk2-expressing intermediate cells gave rise to papillary
bladder cancers, whereas Krt5-expressing basal cells likely are
progenitors of carcinoma in situ and muscle-invasive lesions.

Herein, we hypothesized that more efficient and less-
variable tumors could develop in the BBN mouse bladder
cancer model by pre-inducing specific gene alterations in
relevant types of urothelial cells. This research shows that
pre-induction of Trp53 mutation in Krt5-expressing uro-
thelial cells promotes the most efficient development of
mouse MIBC, mimicking the basal squamous subtypes of
human bladder cancer.

Materials and Methods

Animal Experiments

FVB-Tg(KRT5-cre/ERT2 yM4&Mmmh (g y5CreERT2y 23 571/
6 (LSL-REP),** 129S-Trp53™2T5" (Trp53R172H) 25 and 129sS-
Trp53™3 D9 (Trp53R270H)25 strains were obtained from the
Jackson Laboratory (Bar Harbor, ME). The TgUICBAC strain
(Upk2€TERT2)2° was a kind gift from Dr. Carlos Cordon-
Cardo (Icahn School of Medicine at Mount Sinai, New
York,NY). UkaC'EERT2 and K158 mice were bred with
the LSL-red fluorescent protein (RFP) line and then crossed
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with the Trp53%'72" or Trp53%27°" strain (Trp53™"). When
treated with tamoxifen, Upk2<"“*RT2;[SL-RFP;Trp53+"™
and KRTSCERT2. [ SL-RFP;Trp53™"™ mice expressed RFP
and mutant Trp53 in cells expressing Upk2 and Krt5,
respectively, at the time of tamoxifen treatment and thereafter
in their lineage of progeny. Upk2<"“*®"?, SL-RFP;Trp53+"*
and KRTS<"“*R. SL-RFP;Trp53*"* mice express only RFP
upon tamoxifen treatment (wild-type Trp53 control).
Upk2€TERT2. [ S RFP;Trp53™ and KRTS5CFR2.LSL-
RFP;Trp53"""" mice without tamoxifen treatment act as
hemizygous Trp53 controls (Trp53™7).

The mice were housed in a specific pathogen-free room.
Tamoxifen was injected intraperitoneally at a dose of 0.2 mg/g
body weight for 3 days in 5-week—old male and female mice.
At 8 weeks old, mice were given drinking water with or without
0.1% BBN. For lineage tracing tumor characterization exper-
iments, mice were given BBN (Tokyo Kasei Kogyo, Tokyo,
Japan) for 24 weeks. For tumor-prevention experiments, mice
were administered BBN for 6 weeks (age, 8 to 14 wk) and
randomized to be untreated (control) or treated with gefitinib
(Selleck Chemicals, Houston, TX) or AZD4547 (Selleck
Chemicals), a fibroblast growth factor receptor 3 inhibitor, for 4
weeks (age, 10 to 14 wk). Gefitinib (dose, 2.5 mg/body weight)
was injected intraperitoneally 5 days per week according to a
previous report.”’ AZD4547 (dose, 5 mg/kg) was injected
intraperitoneally every other day according to a previous
report.”

At the end of the protocol, mice were euthanized using
CO, and dissected as described previously.”” Urinary
bladders were weighed and cut in half. One half was fixed in
10% formalin at room temperature for 48 to 72 hours,
transferred into phosphate-buffered saline, dehydrated in a
graded alcohol series, and embedded in paraffin. The other
half was snap frozen and subject to RNA extraction.

All mouse experiments were performed in accordance with
the policies of the Fundamental Guidelines for Proper
Conduct of Animal Experiment and Related Activities in
Academic Research Institutions by the Ministry of Educa-
tion, Culture, Sports, Science, and Technology of Japan. The
experimental protocol was approved by the Animal Research
Committee, Graduate School of Medicine, Kyoto University
(MedKyo13551, MedKyol14316, MedKyo15290, Med-
Kyo16161, MedKyo17207, and MedKyo18238).

Pathologic Evaluation

Paraffin sections were cut (5-um thick), dewaxed in xylene,
and treated with an ethanol gradient. The sections were stained
with hematoxylin and eosin or with antibodies against keratin 5
(Krt5) (Ab52635, 1:100; Abcam, Cambridge, UK), keratin 14
(Krt14) (Ab7800, 1:200; Abcam), forkhead box A1l (Foxal)
(Ab170933, 1:200; Abcam), and epidermal growth factor re-
ceptor (Ab52894, 1:200; Abcam).

For immunofluorescence, antigen retrieval was performed
with citrate buffer (pH 6) before primary antibody incuba-
tion at 4°C overnight. Sections were stained with primary
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antibodies against Upk (Ab78196, 1:200; Abcam), Krt5
(Ab52635, 1:100; Abcam), and RFP (Ab62341, 1:50;
Abcam), and secondary antibodies Alexa Fluor—488 and
Alexa Fluor—594 (10 pg/mL; Thermo Fisher Scientific,
Paisley, UK) for 1 hour at room temperature. Slides were
mounted with Mowiol 488 (Sigma-Aldrich, Dorset, UK)
containing DAPI (Vectashield Mounting Medium with
DAPI, H-1200; Vector Laboratories, Burlingame, CA).
Images were taken on a Leica confocal laser microscope
(TCS SP8; Leica Microsystems, Wetzler, Germany).
Histopathologic evaluation of the bladder tissues was
performed in a blind fashion by one pathologist at Kyoto
Histopathology Study Group, Inc., and by two trained
urologists (N.M. and T.K.), based on the 2004 World Health
Organization Classification of Bladder Tumors.

RNA Extraction

Total RNA was extracted using an RNeasy Mini kit (Qiagen,
Hilden, Germany) from whole bladders and reverse-
transcribed into cDNA using a ReverTra Ace Quantitative
RT-PCR Kit (Toyobo, Osaka, Japan). Synthesized cDNA was
subjected to cDNA expression array or quantitative RT-PCR.

Gene Expression Profiling

Gene expression profiles of mice were analyzed using the
Agilent SurePrint G3 Mouse GE 8x60K ver 2.0 platform
(Agilent Technologies, Santa Clara, CA), and the raw signal
data were processed using Agilent Feature Extraction soft-
ware. The processed data were imported into R (R Foun-
dation for Statistical Computing, Vienna, Austria),”’ and
background correlation, quantile normalization, and log2
transformation were performed with limma version 3.42.”'
The average values were used for within-array replicate
probes, and then the expression data sets were constructed
for each combination with wild-type and phenotype.

Establishment of Gene Sets Using The Cancer Genome
Atlas Urothelial Bladder Carcinoma (TCGA-BLCA) mRNA
Expression Profiles

TCGA-BLCA studies identified expression subtypes for
human MIBC, which have different clinical features and
published their research in 2014* and 2017.% To investigate
correlations with the human MIBC profile, gene sets that
characterize these subtypes using TCGA-BLCA data were
constructed. mRNA expression data and clinical information
(expression subtype for each patient) of each publication were
obtained from the National Cancer Institute Genomic Data
Commons  (https://gdc.cancer.gov/about-data/publications,
last accessed November 12, 2019) and the FireBrowse
database (http.//firebrowse.org, last accessed November 12,
2019). Each mRNA expression data set was processed based
on protocols described elsewhere.”* Then, using genes that
can be mapped to homologous mouse genes obtained from
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the Mouse Genome Informatics database,”” hierarchal
clustering with Ward’s method and correlation distance was
performed for each data set. Based on the criteria of the Jain
and Dubes’® method, gene sets for the TCGA data set were
defined from the clustering. The list of genes for each gene
set are described in Supplemental Tables S1—S4.

Gene Set Enrichment Analysis

To compare mouse gene expression profiles with TCGA-BLCA
expression subtype, Gene Set Enrichment Analysis (GSEA)
was used. GSEA is a well-known approach to analyze micro-
array data by comparing gene expression levels in different
statuses (eg, wild-type and mutant) and predefined gene sets (eg,
cancer-related genes). In this study, GSEA of mice expression
data sets were performed with the following parameters: gene
set size maximum, 1000; minimum, 25; scoring schema:
weighted, metrix: Diff_of_Classes against the constructed gene
sets of TCGA using GSEA software version 3.0 (Broad Insti-
tute, Cambridge, MA).***°

Quantitative RT-PCR

Quantitative RT-PCR was performed as reported else-
where®® using the following primers:  Gapdh:
forward, 5'-GCACAGTCAAGGCCGAGAAT-3'; reverse,
5'-GCCTTCTCCATGGTGGTGAA-3'; Fgfr3: forward,
5'-GCCTGCGTGCTAGTGTTCT-3’; reverse, 5'-TAC-
CATCCTTAGCCCAGACCG-3; Krt5: forward, 5'-
TCTGCCATCACCCCATCTGT-3; reverse, 5'-CCTCCGC
CAGAACTGTAGGA-3'; Krtl4: forward, 5-AGCGGCA
AGAGTGAGATTTCT-3’; reverse, 5-CCTCCAGGTTA
TTCTCCAGGG-3'; Egfr: forward, 5'-GCCATCTGGGC-
CAAAGATACC-3'; reverse, 5-GTCTTCGCATGAATA
GGCCAAT-3; Gata3: forward, 5'-CTCGGCCATTCG-
TACATGGAA-3'; reverse, 5-GGATACCTCTGCACCG
TAGC-3'. The real-time PCR reaction was performed using the
7300 Real-Time PCR System and RT-PCR reagents (Power
SYBR Green PCR Master Mix; Applied Biosystems, Foster
City, CA) according to the manufacturer’s protocol. The PCR
reactions were performed in triplicate; three independent ex-
periments were performed using different sets of samples. Data
were normalized relative to the expression level of Gapdh.

Statistical Analysis

The data are presented as means £ SD unless otherwise
indicated. A r-test was used for the comparison of numeric
data, and the X2 test or the Fisher exact test was used for
contingency analyses. For quantitative RT-PCR, the gene
expression levels in each group were compared with those in
another group by the post hoc test protected least significant
difference (Fisher). All statistical analyses were performed
using commercially available software (SPSSII; SPSS Japan,
Inc., Tokyo, Japan). All tests were two-sided and P values less
than 0.05 were considered statistically significant.
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Results

Monoallelic 7rp53 Mutation Increases the Incidence of
MIBC, Particularly in Krt5-Expressing Cells

To investigate the cell of origin and the effect of Trp53
mutation in BBN-induced chemical bladder carcinogenesis,

TTT

O

0\0 100 mEnsnaas

g“ 80

£ * BEMIBC, squamous diff.

g_ 60 = OMIBC, no squamous dif.

o - «wwsl= INMIBC, squamous diff.

g ONMIBC, no squamous diff.
E 20

=]

=

0
n92827132225

53" 3"
o 21“’ 1r95 1rP5g1er53“ rP53“
pp W gk

Figure 1  Induction of Trp53 mutation in keratin 5 (Krt5)-expressing cells promotes a higher incidence of
muscle-invasive bladder cancer with squamous differentiation in the N-butyl-N-(4-hydroxybutyl)-nitrosa-
mine (BBN)-induced murine bladder carcinogenesis model. A: Schematic design of the BBN-induced murine
bladder carcinogenesis model. Six- to 8-week—old mice of the indicated genotypes were administered
intraperitoneal tamoxifen followed by BBN treatment or no treatment for 24 weeks and then bladders were
evaluated pathologically. B: Upk2-CreERTZ;LSL-tandem dimer (td) red fluorescent protein (RFP) (Upk2) or
Krt5-CreERT2;LSL-tdRFP (Krt5) mice were treated [Tam (+)] or untreated [Tam (—)] with tamoxifen, and then
tdRFP expression was evaluated using fluorescence microscopy, showing that tdRFP is expressed in umbrella
and intermediate cells in uroplakin 2 (Upk2) mice, while it is expressed in intermediate and basal cells in Krt5
mice. Higher magnification images are shown in the insets. C: Representative bladder tumors (arrowheads)
in tdRFP-expressing mice receiving 24-week BBN treatment. D: Bars represent the proportion of muscle-
invasive bladder cancer (MIBC) and non-MIBC (NMIBC) with or without squamous differentiation in the
indicated genotypes of mice. None of the control mice formed bladder cancer. A subset of Upk2-
CreERT2;Trp53%* and Krt5-CreERT2;Trp53%* mice and 100% of Trp53%7~, Upk2-CreERT2; Trp53™, and
Krt5-CreERT2; Trp53™™ mice formed bladder cancer. Notably, K1t5-CreERT2; Trp53™/ ™t mice developed MIBC
with squamous differentiation most efficiently. E: Representative immunofluorescence images of the bladder
from a wild-type untreated mouse. Note that a small subset of cells weakly express both Krt5 and Upk
(arrowheads). n = 9 control mice, n = 28 Upk2-CreERT2;Trp53"* mice, n = 27 Krt5-CreERT2; Trp537/*
mice, n = 13 Tip53™/~ mice, n = 22 Upk2-CreERT2; Trp53/ ™ mice, and n = 25 Krt5-CreERT2; Trp53™/ ™t
mice (D). *P < 0.05 for Krt5;Trp53""¢ versus others; TP < 0.005 frequency of MIBC between Trp53-wt mice
and hemizygous/mutant Trp53 mice (dotted boxes). Scale bars: 100 um (B, C, and E). BW, body weight; diff.,
differentiation; H&E, hematoxylin and eosin.

0.4 mg/g per body weight of tamoxifen was administered to
6- to 8-week—old normal and transgenic mice for 3 days,
which were then treated with 0.5% BBN in drinking water
for 24 weeks (Figure 1A). Upon tamoxifen treatment,
tandem-dimer RFP with or without 7rp53 mutation (R172H
or R270H) was induced in Upk2- or Krt5-expressing cells.
Tandem-dimer RFP expression was confirmed in superficial
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Figure 2

Expression of molecular subtype markers for urothelial carcinoma in N-butyl-N-(4-hydroxybutyl)-nitrosamine (BBN)-induced mouse bladder

cancers. Serial sections from bladder specimens corresponding to normal bladder and tumors obtained from mice with the indicated genotypes were stained for
previously reported (Material and Methods) markers of molecular subtypes of urothelial carcinoma, as indicated. Scale bars: 100 um. Sq. diff., squamous
differentiation; Egfr, epidermal growth factor receptor; Foxal, forkhead box A1; H&E, hematoxylin and eosin; Krt5, keratin 5; Krt14, keratin 14.

to intermediate layers of bladder urothelium in Upk2-RFP
mice and intermediate to basal layers in Krt5-RFP mice 3
days after tamoxifen treatment, but not vehicle treatment
(Figure 1B).

Mice were euthanized 24 weeks after BBN treatment, and
the bladder was evaluated microscopically for RFP-
expressing urothelial tumors (Figure 1C). Almost all mice
developed urothelial carcinomas after 24 weeks of BBN

1756

treatment, but not after vehicle treatment (control) (Figure
1D). Mice in which a Trp53 mutation was not induced
showed a higher rate (40% to 50%) of non-MIBC without
squamous differentiation. Mice in which monoallelic Trp53
mutation was induced or those harboring hemizygous loss
of Trp53 showed a higher rate (40% to 50%) of MIBCs. The
differences in the rate of MIBCs were statistically signifi-
cant (tumors with mutant/hemizygous versus wild-type
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Figure 3  N-butyl-N-(4-hydroxybutyl)-nitrosamine (BBN)-induced mu-

rine urothelial carcinomas harbor molecular characteristics of the basal
squamous subtype of human muscle-invasive bladder cancer irrespective of
cell of origin or pre-induced Trp53 mutation. A: Nonhierarchical clustering
of normal bladder urothelium and BBN-induced mouse bladder tumors from
the indicated genotypes of mice. B: Hierarchical clustering based on The
Cancer Genome Atlas (TCGA) 2017° gene expression profile identified five
gene sets with distinct expression patterns for each TCGA 2017 cluster. C:
Left panels: Mean expression levels for indicated gene sets in the TCGA
2017 clusters. Right panel: Chart for normalized enrichment scores (NES)
in the gene set enrichment analysis of bladder cancers from the indicated
genotypes of mice with regard to normal bladder urothelium.
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Trp53: 50% versus 24%, P = 0.0035, Fisher exact test;
tumors with mutant versus wild-type Trp53: 51% versus
24%, P = 0.0041, Fisher exact test). Notably, mice in
which monoallelic Trp53 mutation was induced in Krz5-
expressing cells showed more than a twofold higher inci-
dence (>40%) of MIBC with squamous differentiation
(P = 0.0145, % test).

This study investigated whether there was some overlap
of Upk2- and Krt5-expressing cells in bladder urothelium
using immunofluorescence. A subset of intermediate cells
expressed both Upk2 and Krt5 (Figure 1E). Taken together,
these results indicated that both Upk2- and Krt5-expressing
cells in the bladder urothelium can give rise to BBN-
induced bladder cancer. Pre-induction of Trp53 mutation
promoted muscle-invasive progression, and particularly,
Trp53 mutation in Krt5-expressing cells most efficiently
facilitated the development of MIBC with squamous
differentiation.

BBN-Induced Tumors Harbor Molecular Characteristics
of the Basal Squamous Subtype of Human Urothelial
Carcinoma Irrespective of Background Genotype

Next, it was examined whether the pathologic and
molecular characteristics differed between tumors
derived from mice harboring distinct genotypes and
Trp53 status. The immunohistochemical characteristics
of BBN-induced bladder cancers arising from each ge-
notype of mice were investigated, while untreated
benign bladder urothelium was evaluated as a control.
Most BBN-induced MIBC showed strong expression of
Krt5 and stochastic expression of Krtl4, which was
reported to be a characteristic of the basal squamous
subtypes of human MIBC,* " consistent with previous
reports (Figure 2).'>'® These tumors also were focally
positive for Foxal, which is considered a molecular
marker of the luminal subtype of MIBC," "' with sup-
porting functional rationales.”’ BBN-induced mouse
muscle-invasive urothelial carcinoma showed moderate
to strong submembranous expression of epidermal
growth factor receptor. However, these characteristics
were not observed in lesions with squamous differenti-
ation, except for Krt5, which still was moderately pos-
itive in those lesions.

The genetic characteristics of the mouse tumors were
then analyzed. First, it was investigated whether mouse
BBN-induced bladder cancers showed distinct gene
expression profiles according to the cell of origin or
pre-induced Trp53 mutation. Gene expression profiles
based on cDNA microarray data were analyzed using
nonhierarchical clustering, which showed that none of
the mouse bladder tumors were clustered differentially
based on the genotypes (Figure 3A, data are available
for GSE147709).
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Chart for normalized expression of Fgfr3 (A), Krt5 (B), Krt14 (C), Egfr (D), and Gata3 (E) normalized against that of Gapdh for N-butyl-N-(4-

hydroxybutyl)-nitrosamine (BBN)-induced bladder tumors from the indicated genotypes of mice assessed by quantitative RT-PCR. *P < 0.05, **P < 0.01

versus normal.

It is known that human MIBC is a molecularly diverse
disease, and several molecular classifications have been
proposed.” "' This investigation evaluated whether our
mouse MIBCs had molecular similarities to any subtypes of
human MIBC. To this end, we decided to analyze the
expression profiles of human MIBC by TCGA 2014 and
TCGA 2017° because they are the most comprehensive
molecular characterizations integrating somatic DNA alter-
ations, chromosomal rearrangements, mRNA, miRNA, and
protein expression. Because of these characteristics, TCGA
data sets are expected to be used as the reference standard,’
even after the achievement of a consensus classification®
and a more recent publication of a newly developed clas-
sification based on a larger sized cohort.'" Specifically, the
basal squamous subtype (cluster I in TCGA 20147), which
is nearly correspondent to cluster 3 (so-called basal
squamous-like subtype) in TCGA 2014, is characterized by
its robust existence regardless of subtyping classifications,
and is associated with unfavorable patient survival
(Supplemental Figure S1A).

Reconciling hierarchical clustering data, gene sets that
were enriched in specific patterns for each cluster of TCGA
2014 (Supplemental Figure S1, B and C) and 2017
(Figure 3, B and C, Supplemental Figures S2 and S3,
Supplemental Tables S1—S4) were first generated. The
optimal number of gene sets was determined as 6 and 13 for
TCGA 2014, and as 4 and 11 for TCGA 2017 based on the
Jain and Dubes™ method. Using these gene sets, GSEA was
performed, which showed that all genotypes of BBN-
induced mouse bladder cancer were highly enriched in the
specific gene sets to the basal squamous subtypes in both
TCGA 2014 (Supplemental Figures S1C and S2) and 2017
(Figure 3C, Supplemental Figure S3), with a normalized
enrichment score of approximately 2.5, which is consistent
with the immunohistochemical findings (Figure 2). The re-
sults of GSEA were supported further by quantified RT-
PCR, which showed down-regulated Fgfr3 and Gata3,
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and up-regulated Krt5, Krtl4, and Egfr in the tumors
compared with normal urothelium (Figure 4). These find-
ings collectively suggest that BBN-induced mouse bladder
cancer has high similarities in its genotypes and phenotypes
to the basal squamous subtype of human MIBC, which is
associated with poor patient survival.

Egfr Inhibition Suppresses the Development of MIBC
with Squamous Differentiation in the BBN Mouse
Chemical Carcinogenesis Model

Because the basal squamous subtype of bladder cancer is
characterized by high epidermal growth factor receptor
expression, and this characteristic is preserved in BBN-
induced mouse bladder cancer, this study investigated
whether BBN-induced bladder carcinogenesis could be
prevented by epidermal growth factor receptor inhibition.
For this purpose, Krt5-CreERT2;LSL-RFP;TrpS53 /" St
mice were used because this genotype results in the most
efficient MIBC with squamous differentiation. The mice
were administered tamoxifen as described above (Animal
Experiments) to induce Trp53 mutation and RFP reporter
in Krt5-expressing cells and then given BBN in drinking
water for 6 weeks (Figure 5A). Then, after 2 weeks of BBN
treatment, the mice were randomized to treatment with
gefitinib, an epidermal growth factor receptor inhibitor. As
the negative controls, other subsets of mice were treated
with AZD4547, a fibroblast growth factor receptor inhibitor,
or vehicle. After 4 weeks of treatment, there was no sig-
nificant difference in bladder weight among the treatment
groups (Figure 5B). Although there were no significant
differences in the proportion of infiltrating (T1 or higher)
tumors (Figure 5C) or high-grade disease (Figure 5D), mice
treated with gefitinib showed a significant decrease in tu-
mors with squamous differentiation compared with vehicle-
treated mice (Figure 5E).
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Figure 5

Pharmacologic inhibition of epidermal growth factor receptor (Egfr) suppresses the development of high-grade tumors with squamous differ-

entiation (sq. diff.) in N-butyl-N-(4-hydroxybutyl)-nitrosamine (BBN)-induced murine bladder carcinogenesis in the context of mutant Trp53. A: Schematic
design of the experiment. Krt5-CreERT2; Trp53™/ ™t mice were given 0.4 mg/g (body weight) intraperitoneal tamoxifen for 3 days at 5 weeks of age, followed by
treatment with 0.1% BBN in drinking water from 8 weeks of age for 6 weeks. Then, mice were randomized to receive treatment with vehicle [dimethyl sulfoxide
(DMSO0)], fibroblast growth factor receptor inhibitor AZD4547, or EGFR inhibitor gefitinib from 10 weeks of age until the sixth week of BBN treatment. B:
Bladder weight of each group of mice treated with the indicated drugs. C—E: Proportion of T1 or higher stage tumors (C), high-grade tumors (D), and tumors

with squamous differentiation (E) for each group of mice treated with the indicated drugs. *P < 0.05 by %2 test. BW, body weight.

Discussion

The present study showed that induction of 7Trp53 mutation in
Krt5-expressing cells in the urothelium yields a high pro-
portion of MIBC with squamous differentiation, which cor-
responds to the basal squamous subtypes of human MIBC.
These findings provide useful information for bladder cancer
modeling as well as having clinical and pathologic implica-
tions. The basal squamous subtypes of MIBC have been re-
ported to be the most aggressive clinically and are associated
with unfavorable clinical outcomes, ' as also shown in the
present study based on reconciled TCGA data. It was impli-
cated that the gene expression signature also is related to the
pathologic classification or drug response of human bladder
cancer.*”” """ A similar correlation between the molecular
subtypes and treatment response has been reported for
bladder cancer cell lines,42 but has not yet been shown
extensively in vivo using experimental animal models.

The American Journal of Pathology m ajp.amjpathol.org

Therefore, modeling of this subtype of MIBC is highly rele-
vant to clinically unmet needs and unanswered challenges.

In this regard, several investigators reported that BBN-
induced murine bladder tumors share molecular characteristics
with the basal squamous subtypes of human MIBC.">"'° The
present study confirmed this more extensively by GSEA using
newly developed gene sets showing molecular subtype-
specific expression patterns. These gene sets will be useful
resources for future GSEA or quick molecular subtyping in
either human or mouse bladder cancers, benefitting both re-
searchers and clinicians.

The low efficiency and wide variation of MIBC devel-
opment in the BBN carcinogen-induced model has been its
major inconsistency as an animal model for use in preclin-
ical or translational investigations. These findings suggest
that pre-induced 7rp53 mutations predisposes urothelial
cells to MIBC, which facilitates the development of BBN-
induced bladder cancer more efficiently and consistently.
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TP53 is the most frequently altered gene in human MIBC,
particularly in the basal squamous subtypes. In TCGA 2014,
for example, TP53 alterations were detected in 86% of basal
squamous-like cluster 3 tumors, and they were detected in
27% of the other subtypes (P < 0.0001, Fisher exact test). In
TCGA 2017, TP53 alterations were detected in 60% of
basal squamous tumors, and they were detected in 52% of
the other subtypes (P < 0.0001, Fisher exact test). These
findings indicate that pre-induction of 7rp53 would not
make the mouse model deviate from the basal subtypes of
human MIBC. The majority of tumors developed in Trp53
wild-type mice may harbor spontaneous 7rp53 mutation or
equivalent gene alterations because all muscle-invasive tu-
mors from those mice also were categorized to the basal/
squamous subtype. Time to occurrence of Trp53 mutation
may affect variable time to MIBC formation in mice with
wild-type Trp53.

The present study has shown that both Upk2- and Krt5-
expressing cells can give rise to BBN-induced MIBC in
mice. This suggests the ability of intermediate cells, as well
as basal cells, to originate from the basal subtype of MIBC
and indicates the biological complexity of the pathogenesis
and molecular subtypes based on gene mutation and
expression profiles. Because the progeny of Krt5-expressing
cells develop MIBC with squamous differentiation more
efficiently compared with those of Upk2-expressing cells, it
is suggested that basal cells are the major source of the basal
squamous subtypes of MIBC. This can be attributed to the
larger number of basal cells” or the higher tumorigenic
potential of basal cells than intermediate cells, which was
shown in a previous report.**

According to a previous study using a lineage tracing
method, Upk2-expressing intermediate cells gave rise to
papillary bladder cancers, whereas Krt5-expressing basal
cells are likely to be progenitors of carcinoma in sifu and
muscle-invasive lesions.”” In the present study, the progeny
of Upk2-expressing cells also seemed to give rise to muscle-
invasive lesions, whereas typical papillary lesions scarcely
were observed in BBN-induced mouse bladder cancers,
irrespective of genotype. This discrepancy might be owing
to the difference in the Krt5-CreERT2 strain used in the
present and previous studies.”” It also is possible that the
relatively longer treatment with BBN in the present study
allowed the Upk2-progenitor tumors to progress to muscle-
invasive disease or allowed muscle-invasive lesions to
become dominant. In addition, pre-induction of Trp53 mu-
tations might promote the development of MIBC with
squamous differentiation because Trp53 mutations are
associated significantly with the basal squamous subtypes of
MIBC (Figure 3). Moreover, enrichment of squamous dif-
ferentiation would enable clinically relevant translational
research that addresses clinically unmet needs because
squamous differentiation was reported to be associated with
unfavorable clinical outcomes.'*"?

Immunohistochemical analysis showed the expression of
luminal markers such as Foxal in BBN-induced tumors,

1760

even though the tumors were categorized genetically as
basal squamous subtypes. This is often the case in human
bladder cancers. Even when a tumor is largely positive for
the basal marker KRTS5, a subset of tumor cells can be
positive for FOXA1. A recent report showed that human
bladder cancers, particularly the basal squamous subtypes of
MIBC, harbor intratumoral molecular heterogeneity.*’

There were several limitations in this study that should be
acknowledged. Because the expression profiles of differential
markers in the three urothelial layers, as well as the proportion
of the number of urothelial cells in these layers, are different
between mice and humans, the findings of the study may not
be directly applicable to human bladder carcinogenesis. In
addition, phenotypic differences were not observed between
the two Trp53 mutations, as reported previously,” which
should be investigated more profoundly in a future study. It
would have been more informative if tumor formation had
been monitored using ultrasound, which unfortunately was
not performed in the present study. Nonetheless, this strategy
of pre-inducing Trp53 mutations in Krt5-expressing cells
before BBN treatment showed promising results in terms of
enrichment and robustness in the development of the basal
squamous subtypes of MIBC, which may be an advantage for
various bladder cancer studies.
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Supplementary materials

Supplementary figure S1. A. Hierarchial clustering based on TCGA 2014 gene expression
profile identified 13 gene sets with distinct expression patterns for each TCGA 2014 cluster.
B: Left: Mean expression levels for indicated gene sets in the TCGA 2014 clusters. Right:
Chart for normalized enrichment scores (NES) in the gene set enrichment analysis (GSEA)
on bladder cancers from indicated genotypes of mice with regard to normal bladder

urothelium.

Supplementary figure S2. A. Hierarchial clustering based on TCGA 2017 gene expression
profile identified 11 gene sets with distinct expression patterns for each TCGA 2017 cluster.
B: Left: Mean expression levels for indicated gene sets in the TCGA 2017 clusters. Right:
Chart for normalized enrichment scores (NES) in the gene set enrichment analysis (GSEA)
on bladder cancers from indicated genotypes of mice with regard to normal bladder

urothelium.

Supplementary table $1. Six gene sets that showed differential expression patterns for four
TCGA 2014 clusters based on hirarchial clustering analysis.

Supplementary table S2. Four gene sets that showed differential expression patterns for
five TCGA 2017 clusters based on hirarchial clustering analysis.

Supplementary table S3. Thirteen gene sets that showed differential expression patterns
for four TCGA 2014 clusters based on hirarchial clustering analysis.

Supplementary table S4. Eleven gene sets that showed differential expression patterns for

five TCGA 2017 clusters based on hirarchial clustering analysis.
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