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Abstract

Background: Bladder cancer (BCa) is more common in men and presents differences in
molecular subtypes based on sex. Fibroblast growth factor receptor 3 (FGFR3) mutations
are enriched in the luminal papillary muscle-invasive BCa (MIBC) and non-MIBC
subtypes.
Objective: To determine whether FGFR3 mutations initiate BCa and impact BCa male sex
bias.
Design, setting, and participants: We developed a transgenic mouse model expressing
the most frequent FGFR3 mutation, FGFR3-S249C, in urothelial cells. Bladder tumorige-
nesis was monitored in transgenic mice, with and without carcinogen exposure. Mouse
and human BCa transcriptomic data were compared.
Intervention: Mutant FGFR3 overexpression in mouse urothelium and siRNA knockdown
in cell lines, and N-butyl-N(4-hydroxybutyl)-nitrosamine (BBN) exposure.
Outcome measurements and statistical analysis: Impact of transgene dosage on tumor
frequency, synergy with BBN treatment, and FGFR3 pathway activation were analyzed.
The sex-specific incidence of FGFR3-mutated tumors was evaluated in mice and humans.
FGFR3 expression in FGFR3-S249C mouse urothelium and in various human epithelia
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mons.org/licenses/by-nc-nd/4.0/).

y These authors contributed equally to the work.
* Corresponding author. Institut Curie, 26 rue d’Ulm, 75005 Paris, France. Tel. +33 1 42 34 63 40; Fax:
+33 1 42 34 63 49.
E-mail address: ibernard@curie.fr (I. Bernard-Pierrot).

. Moreno-Vega et al., FGFR3 Mutational Activation Can Induce Luminal-like Papillary Bladder Tumor
2022), https://doi.org/10.1016/j.eururo.2022.09.030

https://doi.org/10.1016/j.eururo.2022.09.030
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:ibernard@curie.fr
https://doi.org/10.1016/j.eururo.2022.09.030
https://doi.org/10.1016/j.eururo.2022.09.030
https://doi.org/10.1016/j.eururo.2022.09.030


E U R O P E A N U R O L O G Y X X X ( X X X X ) X X X – X X X2
Tumor microenvironment
Please cite this article as: M.-J. Shi, J. Fontugne, A
Formation and Favors a Male Sex Bias, Eur Urol (
was measured. Mutant FGFR3 regulation of androgen (AR) and estrogen (ESR1) receptor
activity was evaluated, through target gene expression (regulon) and reporter assays.
Results and limitations: FGFR3-S249C expression in mice induced low-grade papillary
BCa resembling human luminal counterpart at histological, genomic, and transcriptomic
levels, and promoted BBN-induced basal BCa formation. Mutant FGFR3 expression levels
impacted tumor incidence in mice, and mutant FGFR3–driven human tumors were
restricted to epithelia presenting high normal FGFR3 expression levels. BCa male sex
bias, also found in our model, was even higher in human FGFR3-mutated tumors com-
pared with wild-type tumors and was associated with higher AR and lower ESR1 regulon
activity. Mutant FGFR3 expression inhibited both ESR1 and AR activity in mouse tumors
and human cell lines, demonstrating causation only between FGFR3 activation and low
ESR1 activity in tumors.
Conclusions: Mutant FGFR3 initiates luminal papillary BCa formation and favors BCa
male sex bias, potentially through FGFR3-dependent ESR1 downregulation. Patients
with premalignant lesions or early-stage BCa could thus potentially benefit from
FGFR3 targeting. FGFR3 expression level in epithelia could account for FGFR3-driven car-
cinoma tissue specificity.
Patient summary: By developing a transgenic mouse model, we showed that gain-of-
function mutations of FGFR3 receptor, among the most frequent genetic alterations in
bladder cancer (BCa), initiate BCa formation. Our results could support noninvasive
detection of FGFR3 mutations and FGFR3 targeting in early-stage bladder lesions.

� 2022 The Authors. Published by Elsevier B.V. on behalf of European Association of
Urology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction Here, we report for the first time a GEM model overex-
Bladder cancer (BCa) is the sixth most common cancer in
men worldwide [1]. At diagnosis, most tumors are non–
muscle-invasive urothelial carcinomas (NMIBC; 75%).
NMIBCs have a high recurrence rate (70%), and a subset
(10–15%) progresses to the aggressive form of disease—
muscle-invasive bladder cancer (MIBC). Molecular classifi-
cations have been established in both NMIBC and MIBC to
identify different biological processes to support patient
treatment stratification [2–7].

Fibroblast growth factor receptor 3 (FGFR3), a receptor
tyrosine kinase, is frequently genetically altered in BCa
[3,5,8,9]. Point mutations (observed in 70% of NMIBCs and
enriched in classes 1 and 3, and in 15% of MIBCs, mostly
in the luminal papillary [LumP] subtype [2–7]) or chromo-
somal translocations resulting in protein fusions (affecting
5% of MIBCs) lead to a constitutively active FGFR3. The
transforming properties of genetically altered FGFR3 have
been shown in vitro, and FGFR3 oncogenic dependency for
tumor growth has been demonstrated both in vitro and
in vivo [10–14]. Recently, the FGFR inhibitor erdafitinib
received US Food and Drug Administration approval for
patients with locally advanced or metastatic BCa with
FGFR3/2 alterations [15].

To determine the functional role of FGFR3 mutations in
BCa in vivo, several teams have developed FGFR3-altered
genetically engineered mice (GEMs) through transgene
insertion (mouse mutant K644E [16] or S243C [17], and
human S249C [18]). So far, results suggest that FGFR3 acti-
vation alone is not sufficient to induce tumorigenesis
[16,18,19], but can promote tumor formation when associ-
ated with other molecular alterations (p53/pRB deficiency
[17] or PTEN loss [19]) or with carcinogen treatment [18].
. Moreno-Vega et al., FGFR3
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pressing the human FGFR3b-S249C mutant in the urothe-
lium, in which mice develop low-grade papillary BCa,
resembling the human counterpart at histological, genomic,
and transcriptomic levels. The impact of FGFR3-S249C
expression on tumor formation penetrance led us to inves-
tigate FGFR3 expression levels in different normal human
epithelia and its role in the tissue specificity of FGFR3-
driven tumors. The higher incidence of tumors in male mice
prompted us to explore sex distribution and to investigate
sex hormone receptors (androgen receptor [AR] and estro-
gen receptor 1 [ESR1]) activation in FGFR3-mutated human
BCa and cell lines.

2. Materials and methods

All the materials and methods are described in the Supplementary

material.

3. Results

3.1. FGFR3-S249C expression in uroplakin II–expressing cells
induces urothelial hyperplasia and low-grade papillary NMIBC

We generated transgenic mice expressing a human mutant
FGFR3 in the urothelium. We focused on the most common
FGFR3 mutation in both NMIBC and MIBC, S249C [8], and
used the mouse uroplakin II (UII) gene promoter to specifi-
cally target its expression to urothelial cells (Fig. 1A) [20].
We selected two founders for our UII-hFGFR3-S249C model,
numbers 569 and 538, which expressed high levels of the
transgene in the urothelium (mostly in the suprabasal and
intermediate cell layers; Supplementary Fig. 1). These two
founders were viable and fertile, and transmitted the trans-
gene to their offspring in a Mendelian fashion. Following the
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propagation of founder lines, we examined the bladder of
heterozygous or homozygous transgenic mice (one or two
alleles of the transgene, respectively) aged 1–18 mo. Macro-
scopically, papillary lesions were observed in both lines
after 15 mo. Tumor incidence was further studied in mouse
569 line, which showed higher hFGFR3-S249c expression
level and higher phenotype penetrance. The overall pene-
trance at 18 mo was low (�10%), and tumor incidence
was impacted by both sex and zygosity (Fig. 1B). Males
developed more tumors than females, and homozygous
mice developed more tumors than heterozygous mice in
both sexes. The tumors corresponded histologically to
NMIBCs (stage pTa) of papillary architecture with exophytic
or mixed (exophytic and inverted) growth patterns and
low-grade cytological atypia (Fig. 1C). Similar to human
low-grade pTa BCa, mouse tumor proliferation rate was
low, with <5% of Ki67-labeled nuclei by immunohistochem-
istry (Fig. 1D). A systematic histological analysis of UII-
hFGFR3-S249C mice bladders also identified hyperplastic
lesions, defined by a thickened urothelium without cytolog-
ical atypia, with an increase to up to 20 cell layers (Fig. 1C).
The penetrance of the hyperplastic phenotype was com-
plete from 6 mo of age in both lines.
3.2. FGFR3-induced mouse tumors harbor copy number
alterations and transcriptomic modulation of hallmark cancer
pathways

We performed genomic and transcriptomic characterization
of tumors obtained from line 569. Whole-exome sequenc-
ing did not reveal any recurrent mutations but showed
recurrent copy number alterations (CNAs), the most com-
mon being chromosome 16 gains in five out of seven
sequenced tumors (Fig. 2A). We confirmed the chromoso-
mal gains by quantitative polymerase chain reaction (qPCR)
of three selected genes of gained regions (Trat1, Erbb4, and
Fkbp5 located inchr16, chr1, and chr17, respectively) in six
sequenced tumors and four additional tumors (Supplemen-
tary Fig. 2A), but not in hyperplasia (n = 6; Supplementary
Fig. 2B). Gene expression profiles of hyperplastic lesions
(n = 6) from UII-hFGFR3-S249C mice were more similar to
normal samples (n = 3 control littermate urothelia) than
tumors (n = 6) in the principal component analysis
(Fig. 2B). Fewer than 200 significantly differentially
expressed genes (DEGs) were found between hyperplasia
and normal controls (Fig. 2C and Supplementary Table 1).
In contrast, 1118 DEGs were identified between hFGFR3-
S249C mouse tumors and controls (Fig. 2C and Supplemen-
tary Table 1). Furthermore, genes dysregulated in hyper-
plasia were enriched in the DEGs found in tumors (Fig. 2D).

A gene set enrichment analysis using DEGs in mouse
tumors and hyperplasia (when compared with controls)
and upon FGFR3 siRNA knockdown in human FGFR3-
dependent BCa cell lines (see DEGs in Supplementary Tables
1 and 2) highlighted common enriched pathways (with NES
in opposite directions), suggesting direct FGFR3 modula-
tion. Specifically, we identified an increase in ‘‘cell cycle’’
and ‘‘DNA replication,’’ and a decrease of ‘‘inflammation’’
and ‘‘interferon gamma’’ terms (Fig. 2E and Supplementary
Please cite this article as: M.-J. Shi, J. Fontugne, A. Moreno-Vega et al., FGFR3
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Table 3). Alterations in ‘‘mitotic spindle’’ and ‘‘sister chro-
matid segregation’’ pathways (Fig. 2E) could contribute to
CNAs observed in FGFR3-S249C–induced tumors (Fig. 2A).
As previously demonstrated in human BCa, MYC activation
could also contribute to FGFR3 oncogenic properties in mice
(Fig. 2E) [14]. Further supporting an FGFR3-dependent
alteration of cell cycle regulation, a Western blot analysis
showed a decrease in p27 and p53 expression in hyper-
plasia and tumors from UII-hFGFR3-S249C mice compared
with the normal urothelium from controls (Fig. 2F). Of note,
no recurrent mutations of TP53 were observed in mice
tumors.
3.3. UII-hFGFR3-S249C model is a model of human luminal
papillary BCa, but BBN-induced tumors in UII-hFGFR3-S249C
mice retain a basal/squamous phenotype

We and others have previously shown that N-butyl-N(4-
hydroxybutyl) nitrosamine (BBN)-induced bladder tumors
in mice represent a model of the basal subtype of MIBC
[21–23]. Given the papillary nature of hFGFR3-S249C–
induced murine tumors, we hypothesized that these reca-
pitulate the LumP consensus subtype of human BCa, which
is enriched in FGFR3 mutations.

We first identified genomic-level similarities, with a sig-
nificant overlap in genes with CNAs between the mouse
model and human pTa FGFR3-mutated tumors (our CIT
cohort, n = 44; Fig. 3A) [24]. Then, we classified hFGFR3-
S249C tumors (n = 6) using a recently proposed NMIBC tran-
scriptomic classifier [7]. The hFGFR3-S249C–induced
tumors showed high correlations with NMIBC class 1 and
3 centroids, which are classes enriched in FGFR3 mutations
in humans (Fig. 3B) [5,7]. Using the BASE47 classifier [25],
FGFR3-induced mice tumors were defined as luminal,
whereas previously obtained BBN-induced tumors [21]
were classified as basal (Fig. 3C). To further validate these
findings, we performed a cross-species comparison by
coclustering hFGFR3-S249C and BBN mice tumors with
human tumors from our CIT-BLCA cohort (n = 96 MIBCs
and 99 NMIBCs) [24], using corresponding orthologues of
genes from the consensus classifier for the basal/squamous
(Ba/Sq), LumP, and neuroendocrine-like subtypes [2]. BBN
mice tumors clustered with human Ba/Sq tumors and
hFGFR3-S249C with LumP human tumors (Fig. 3D).

We confirmed, as previously described [18], that
hFGFR3-S249C expression promoted BBN-induced carcino-
genesis (Supplementary Fig. 3A and 3B). Of note, BBN-
induced FGFR3-mutated tumors retained Ba/Sq features,
with frequent squamous differentiation and similar
immunohistochemical expression patterns to that of BBN-
induced tumors from littermate control mice, when consid-
ering basal marker CK5/6 and luminal marker FOXA1 (Sup-
plementary Fig. 3C).

Human FGFR3-mutated tumors are characterized by low
immune infiltration compared with other subtypes [2,5,7].
In line with this observation, a comparison of mouse tumor
immune population abundance, inferred with the murine
Microenvironment Cell Population counter (mMCP-
counter) [26], with that of The Cancer Genome Atlas (TCGA)
Mutational Activation Can Induce Luminal-like Papillary Bladder Tumor
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Fig. 1 – UPII-FGFR3-S249C transgenic mice develop urothelial hyperplasia and non–muscle-invasive low-grade urothelial carcinoma. (A) Chimeric construct
used to generate transgenic mice, consisting of a 3.6-kb mouse UPII gene promoter and a 2.1-kb human FGFR3b cDNA carrying the mutation S249C. (B)
Frequency of mono- or plurifocal bladder tumor development in homozygous (+/+) or heterozygous (+/–) hFGFR3-S249C mice versus control littermates (–/–)
at 18 mo. Proportions of mice developing either mono- or plurifocal tumors between homozygous (+/+) and heterozygous (+/–) mice were compared using
Fisher’s exact tests within each sex. We also found that male mice developed more tumors than female tumors, controlling for zygosity, using a Cochran-
Mantel-Haenszel chi-square test. (C) Representative H&E histology of urothelial lesions in hFGFR3-S249C mice compared with normal mouse urothelium.
Hyperplastic lesions (left panel) or low-grade papillary urothelial carcinomas (right panel) developed in hFGFR3-S249C mice from 6 or 15 mo of age,
respectively. Asterisks show tumor-adjacent urothelial hyperplasia. Arrows point to papillae fibrovascular cores. Scale bar: 100 lm. (D) Ki67 staining of
hFGFR3-S249C mouse tumors. A representative stained slide is shown on the left; arrows indicate Ki67-positive cells. The proportion of Ki67-positive tumor
cells was evaluated in four tumors; all were classified as low grade with <5% Ki67-positive cells. Scale bar: 100 lm. FGFR3 = fibroblast growth factor receptor 3;
H&E = hematoxylin and eosin; UII = uroplakin II.
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Fig. 2 – Mouse hFGFR3-S249C tumors present copy number alterations and transcriptomic modulation of some key cancer hallmarks pathways. (A) Frequency
of chromosomal copy number alterations in UII-hFGFR3-S249C tumors. (B) Principal component analysis of the 1000 most varying genes expressed on the
Affymetrix Mouse Exon 1.0 ST array from tumor, and hyperplastic urothelium from UPII-hFGFR3-S249C mice and normal urothelial samples from control
littermates. (C) Volcano plot of the differentially expressed genes (|log2FC| > 0.35; adj. p < 0.05) between hFGFR3-S249C mice hyperplasia and littermate
normal control urothelia (left panel, 172 DEGs) and between hFGFR3-S249C mice tumors and controls (right panel, 1118 DEGs). Lists of DEGs are provided in
Supplementary Table 1. (D) Comparison of up- and downregulated genes between hFGFR3-S249C hyperplastic urothelium and normal urothelium from
littermates (controls) and hFGFR3-S249C tumors versus controls. Overlap was evaluated using Fisher’s exact test. (E) Gene set enrichment analysis of
deregulated pathways in (left) hFGFR3-S249C hyperplastic urothelium compared with normal urothelium from control littermates (HvN), (center) hFGFR3-
S249 tumors compared with controls (TvN), and (right) FGFR3 knockdown compared with control in three FGFR3-dependent bladder cancer cell lines (RT-112,
UM-UC-14, and MGH-U3). Normalized enrichment scores and FDRs of curated significantly enriched terms are displayed. A list of DEGs in cell lines is provided
in Supplementary Table 2. (F) Western blot analysis of p53 and p27 protein levels in normal urothelium of control littermate mice and in hyperplastic
urothelium and bladder tumors from either heterozygous (+/–) or homozygous (+/+) hFGFR3-S249C mice. B-actin was used as loading control.
DEG = differentially expressed gene; FDR = false discovery rate; FGFR3 = fibroblast growth factor receptor 3; UII = uroplakin II.
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Fig. 3 – Mouse hFGFR3-S249C bladder tumors resemble human luminal papillary tumors. (A) Comparison of genes with frequent (>15%) copy number gains
(top) and losses (bottom) between pTa FGFR3-mutated human tumors and hFGFR3-S249C mouse tumors. Overlap was evaluated using Fisher’s exact tests. (B)
Correlation with the nearest centroid of the four classes of UROMOL non–muscle-invasive carcinoma classification scheme [5,7] and (C) the BASE47 classifier
[25] for tumors of hFGFR3-S249C mice. Muscle-invasive tumors derived from N-butyl-N-(4-hydroxybutyl)nitrosamine (BBN)-treated mice are used for
comparison [21]. (D) Cross-species unsupervised hierarchical clustering of hFGFR3-S249C mice tumors (n = 6), BBN-induced tumors (n = 11), and human
bladder tumors (n = 193 from the CIT series) considering genes from the consensus classifier for basal/squamous and luminal-papillary human BCa [2]. (E)
Cross-species unsupervised hierarchical clustering using microenvironment cellular compositions estimated with mMCP-counter and MCP-counter scores,
for BBN (n = 11) and hFGFR3-S249C (n = 6) models and TCGA MIBCs according to consensus subtype (n = 408). (F) Representative CD8 IHC staining (left panel)
and quantification of CD8-positive lymphocytes per millimeter square of tumor surface in BBN-induced and hFGFR3-induced mouse bladder carcinoma (right
panel). Differences were assessed using Wilcoxon rank-sum test. Ba/Sq = basal/squamous; BCa = bladder cancer; CNA = copy number alteration;
FGFR3 = fibroblast growth factor receptor 3; IHC = immunohistochemical; LumNS = luminal nonspecified; LumP = luminal papillary; LumU = luminal unstable;
MCP-counter = Microenvironment Cell Population counter; MIBC = muscle-invasive bladder cancer; mMCP-counter = murine Microenvironment Cell
Population counter; NE-like = neuroendocrine-like; NK cell = natural killer cell; TCGA = The Cancer Genome Atlas; TME = tumor microenvironment.
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MIBC tumors (n = 408), estimated with MCP-counter, found
similar clustering results, suggesting that both BBN and
FGFR3 models are relevant to study tumor microenviron-
ment in basal and luminal bladder tumors, respectively
Please cite this article as: M.-J. Shi, J. Fontugne, A. Moreno-Vega et al., FGFR3
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(Fig. 3E). CD8a immunostaining confirmed these results
(Fig. 3E), showing lower infiltration of CD8+ lymphocytes
in FGFR3-mutated mice tumors than in BBN-induced mice
tumors.
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3.4. FGFR3 expression levels impact tumor formation in UII-
hFGFR3-S249C mice and could account for tissue specificity of
mutant FGFR3–induced tumors

We further explored the impact of hFGFR3-S249C zygosity
on tumorigenesis, given the increased frequency and tumor
multifocality in homozygous mice (Fig. 1B). We confirmed
that the transgene expression was higher in the hyperplas-
tic urothelium of homozygous mice than in that of
heterozygous mice at mRNA and protein levels (Fig. 4A
and 4B, respectively). The same difference was observed
in tumors at the mRNA level (Fig. 4A). We also analyzed
FGFR3 protein expression in tumors from homozygous mice
and observed similar expression levels to the hyperplastic
urothelium of homozygous hFGFR3-S249C mice (Fig. 4B).
Using DEGs upon FGFR3 knockdown in FGFR3-dependent
BCa cell lines (Supplementary Table 2) and genes overex-
pressed in FGFR3-mutated MIBC tumors from the TCGA-
BLCA cohort, we developed an FGFR3-activation signature
(area under the curve = 0.9 for detecting FGFR3-mutated
tumors in CIT data; Supplementary material and Supple-
mentary Fig. 4). We observed a gradual increase in FGFR3
signature scores with gene dosage and tumor development
stages (Fig. 4C and 4D). We therefore hypothesized that
higher hFGFR3 expression level in homozygous than in
heterozygous mice urothelium (Fig. 4A and 4B) could
increase tumor development susceptibility. We thus mea-
sured FGFR3b (main isoform expressed in epithelial cells)
expression levels in different normal human epithelia,
including the urothelium, obtained after laser microdissec-
tion. Interestingly, epithelia presenting high FGFR3b expres-
sion levels were those in which FGFR3-mutated tumors are
described (bladder, skin, and exocervix; Fig. 4E) [3,27–29].
Our data suggest that high epithelial expression of FGFR3
is required for FGFR3 mutations to induce tumor formation.
Nevertheless, although FGFR3 gene dosage in mice influ-
enced tumor frequency, it did not impact tumor latency or
induce progression toward MIBC.
3.5. Mutant FGFR3 induces a higher BCa male sex bias and
represses ESR1 transcriptional activity

BCa is a sex-biased cancer occurring three times more in
men than in women [30]. The distribution of molecular sub-
types is sex dependent, males being enriched with tumors
of the LumP and neuroendocrine-like subtypes and females
with the Ba/Sq subtype [31]. A male sex bias in luminal
tumors induced by the constitute activation of b-catenin
was also observed in mice [32]. Given the higher proportion
of males developing FGFR3-S249C–induced tumors (Fig. 1B),
we explored the relationship between sex and FGFR3 muta-
tion status in human tumors (Fig. 5A). Since FGFR3 muta-
tions other than S249C display the same or a higher
oncogenic potential [8,30,31], we considered all FGFR3
mutations and not only S249C for further analysis. Consid-
ering all tumors, we observed a significantly higher male/fe-
male ratio in FGFR3-mutated tumors than in FGFR3 wild-
type tumors (Fig. 5A). FGFR3 mutation enrichment in males
was driven by MIBCs, in particular by the LumP subtype, for
which the male/female ratio was significantly higher
(around 3.5-fold) in FGFR3-mutated than in FGFR3 wild-
Please cite this article as: M.-J. Shi, J. Fontugne, A. Moreno-Vega et al., FGFR3
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type (not mutated) tumors. Class 3 NMIBCs also presented
a trend for such a bias, albeit not significant, potentially
due to low numbers of FGFR3 wild-type tumors. These
observations suggested that sex-specific pathways could
synergize with FGFR3 mutations to induce BCa, in particular
in LumP MIBC. We thus investigated sex hormone receptor
activation in association with FGFR3 mutations. Using AR
and ESR1 regulon gene sets defined for MIBC and NMIBC
[2,7] and filtered for direct target genes using ChIP-seq data
(Supplementary material), we calculated AR and ESR1 fil-
tered regulon activity in both NMIBCs from UROMOL and
MIBCs from TCGA cohorts using a gene set variation analy-
sis. Considering gender as a covariate for adjustment, we
observed significantly higher AR (Fig. 5B) and lower ESR1
(Fig. 5C) filtered regulon activity in FGFR3-mutated tumors
than in FGFR3 wild-type tumors in different subtypes in
both MIBC and NMIBC, including LumP for ESR1 regulon.
We then investigated whether the association of FGFR3
mutation with higher AR and lower ESR1 activity was linked
to FGFR3 activity/expression in our mouse model and BCa
cell lines. We observed, contrarily to FGFR3 pathway activa-
tion (Fig. 4C), a gradual decrease of ESR1 filtered regulon
activity with tumor progression in our FGFR3-induced
mouse model (Fig. 5D). We also observed an enrichment
of both ESR1 and AR filtered regulons in the DEGs upon
FGFR3 siRNA knockdown in human FGFR3-dependent BCa
cell lines (Fig. 5E). We further confirmed the inhibition of
ESR1 and AR activity by FGFR3-S249C using reporter assays
in HEK293FT cells (Fig. 5F). A reporter plasmid comprising
the firefly luciferase gene under the control of a promoter
containing an AR-response element (PGL4-ARE-X2-PSA-
luc) or an ESR1-response element (PsG5-17M-ERE-bGlob-
LUC) was coexpressed in HEK293FT cells with a plasmid
encoding AR or ESR1, respectively (Fig. 5F, upper panel).
FGFR3-S249C expression induced a significantly lower tran-
scriptional activity of AR and ESR1 than transfection with
the empty plasmid, in the presence of an AR agonist
(2 nM 2-hydroxytestosterone) and phenol red mimicking
estrogen, respectively. The FGFR3-S249C–dependent
repression of AR and ESR1 transcriptional activity was sig-
nificantly reduced in the presence of the FGFR inhibitor
erdafitinib, demonstrating that the receptor kinase activity
was required to modulate hormone receptor activity
(Fig. 5F, lower panel). Taken together, our data suggest a
causal link between FGFR3 activation and ESR1 activity
downregulation but not for AR activity upregulation in
FGFR3-mutated compared with wild-type tumors. This find-
ing highlights a potential role of an FGFR3-dependent regu-
lation of ESR1 in the sex bias of FGFR3-mutated tumors,
particularly in the LumP subtype.

4. Discussion

We describe here the first transgenic mouse model demon-
strating the tumorigenic role of FGFR3 mutations in the
bladder in vivo. Expression of hFGFR3-S249C in UII-
expressing cells induced spontaneous low-grade papillary
tumor formation and favored BBN-induced carcinogenesis.
In two different transgenic lines, hFGFR3-S249C induced
tumorigenesis, indicating an effect of the expression of the
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Fig. 4 – FGFR3-induced tumor development is dependent on FGFR3 expression levels. (A) hFGFR3-IIIb mRNA expression evaluated by RT-qPCR in hyperplastic
urothelium or bladder tumors of hFGFR3-S249C homozygous (+/+) or heterozygous (+/–) mice and in normal urothelium of control littermate mice (–/–).
Results were normalized using Ef1a expression levels. The statistical difference across all groups was assessed using Jonckheere-Terpstra test and differences
between –/+ and +/+ groups were assessed using Wilcoxon rank-sum test. (B) Western blot analysis of hFGFR3 protein levels in normal urothelium of control
littermate mice and in hyperplastic urothelium and bladder tumors from either heterozygous (+/–) or homozygous (+/+) hFGFR3-S249C mice. The three bands
corresponding to different FGFR3-glycosylation patterns are indicated by an arrow. The asterisk shows a nonspecific band; b-actin was used as a loading
control. (C) Comparison of FGFR3 modulation signature scores in normal, hyperplastic, or tumor urothelium from FGFR3 wild-type mice (normal), or
heterozygous and homozygous hFGFR3-S249C mice. GSVA-derived FGFR3 signature scores were compared between heterozygous and homozygous hFGFR3-
S249C within hyperplastic and tumor tissues using Student t tests. The overall increase in FGFR3 signature scores in tumor development (normal
urothelium < hyperplasia < tumor) was confirmed using Jonckheere-Terpstra test. (D) Heatmap of normalized expression values of the FGFR3 modulation
signature genes in normal urothelium, hyperplastic urothelium, and tumors. Samples were clustered separately by sample type, grouping genotype in an
unsupervised manner. (E) FGFR3-IIIb expression levels assessed by RT-qPCR in different normal human epithelia obtained after laser microdissection of
surgical biopsies obtained from organ donors. Results are presented as the mean ± SD (n = 2 for all samples except skin, n = 1, and bladder n = 3).
FGFR3 = fibroblast growth factor receptor 3; GSVA = gene set variation analysis; RT-qPCR = reverse transcription quantitative polymerase chain reaction;
SD = standard deviation.
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transgene itself, rather than the alteration of an endogenous
key gene resulting from nonspecific transgene insertion.
Surprisingly, a mutated FGFR3 has already been targeted
to urothelial cells using the same promoter without any
Please cite this article as: M.-J. Shi, J. Fontugne, A. Moreno-Vega et al., FGFR3
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spontaneous tumor formation being reported [16–19].
Nonetheless, in some of these studies, mutated receptor
expression promoted bladder tumor development when
combined with carcinogen exposure [18] or in association
Mutational Activation Can Induce Luminal-like Papillary Bladder Tumor
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with Pten loss [19] or P53/pRB deficiency [17]. The discrep-
ancy between the previously developed GEM models and
ours could be linked to the specifically studied FGFR3 muta-
tion (S249C here and K644E in two previous studies [16,19])
or to the use of an inducible model for FGFR3-S249C expres-
sion in other studies [17,18]. We additionally showed that
FGFR3-S249C expression levels impact tumor formation fre-
quency, suggesting that lower transgene expression in for-
mer GEM models could also account for the absence of
tumorigenesis.

FGFR3 mutations are found in very few tumor types.
FGFR3-S249C in particular, which is likely induced by APO-
BEC mutagenesis [8], is rarely found in other APOBEC-
related cancer types, such as breast or lung cancers, which
suggests that the mutation brings little selective advantage.
Our model reveals that a sufficient level of mutant FGFR3
expression is critical to induce tumor formation and that
weak FGFR3 expression level in lung and breast normal
epithelial cells could explain the absence of FGFR3 muta-
tion–driven tumor formation in these tissues.

Considering the increasing interest of targeting FGFR3
for BCa treatment, a model resembling the human counter-
part at histological, genomic, and transcriptomic levels may
have a clinical translational value to evaluate new treat-
ment combinations to prevent resistance. The model we
present here is the first immunocompetent model of
mutant FGFR3–induced low-grade luminal papillary carci-
noma, with a tumor microenvironment resembling the
human counterpart. FGFR3-mutated tumors are non–T cell
inflamed and have been associated with a poor immune
microenvironment, therefore being less likely to respond
to immunotherapy [3,33,34]. Allografts obtained from this
model (latency and penetrance of the phenotype will not
allow a direct use of the model) should allow an evaluation
of combined therapies using both FGFR and checkpoint
inhibitors.

Our model should also allow for a better understanding
of the signaling pathways activated by FGFR3 in NMIBC.
The tumor formation latency and the stage-dependent
increase in FGFR3 activation score suggest that a tumor-
suppressor pathway and/or a negative regulator of FGFR3
pathways might be activated in normal and hyperplastic
urothelia. However, so far our analysis did not reveal such
Fig. 5 – FGFR3 mutations are associated with a higher male sex bias in human
distribution between FGFR3-mutated and wild-type human bladder tumors of d
and MIBC (TCGA, CIT), as described previously, in which NMIBC class 3 and MIBC l
mutations [3,5,7]. Odds ratios (ORs), corresponding 95% confidence intervals (95
OR > 1 represents a higher male proportion in FGFR3mutated tumors. (B) AR and
and ESR1 regulon target gene sets, which were filtered for direct targets identi
values for comparisons of AR and ESR1 filtered regulon activity between FGFR3m
regression with gender as a covariate for adjustment. (D) AR and ESR1 filtered r
tumors compared with control urothelium from littermates. The p values wer
possible sex bias. (E) GSEA scores for AR (top) and ESR1 (bottom) filtered regul
knockdown in FGFR3-dependent bladder cancer–derived cell lines (UM-UC-14 [FG
(F) A reporter plasmid containing the firefly luciferase gene under the control of a
ESR1-response element (PsG5-17M-ERE-bGlob-LUC) was coexpressed in HEK293F
vector or pcDNA encoding hFGFR3-S249C. Cells were treated for 24 h with D
hydroxytestosterone for an AR reporter assay. Renilla luciferase, expressed under
light units [RLU]). The data shown are the means ± SD of one representative exp
The statistical differences between each condition for AR (left) and ESR1 (right) tr
Sq = basal/squamous; BLCA = bladder cancer; DMSO = dimethyl sulfoxide; ES = en
receptor 3; GSEA = Gene set enrichment analysis; GSVA = gene set variation analy
cancer; NMIBC = non–muscle-invasive bladder cancer; SD = standard deviation;
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a pathway but confirmed the activation of MYC [14], and
highlighted a repression of ER and AR activity by FGFR3.
Previous studies using carcinogen-induced mouse models
and in vitro transformation assay using normal urothelial
cells supported inhibitory functions of ESR1 in urothelial
carcinogenesis [35]. Further elucidating whether FGFR3-
dependent repression of ESR1 activity could contribute to
FGFR3-induced urothelial carcinogenesis and to the male-
biased ratio of FGFR3-induced tumors will be of interest.
Finally, an additional analysis of the signaling pathway
leading to ESR1 repression by FGFR3 is worth further
investigation.
5. Conclusions

FGFR3 mutations initiate luminal papillary bladder tumor
formation in vivo and favor a male sex bias potentially
through inhibition of ESR1 activity. Our findings suggest a
potential benefit of FGFR inhibitors in early stages of BCa
and premalignant lesions. Our results also suggest that the
expression level of FGFR3 in epithelial tissue accounts for
the tissue-specificity of FGFR3-driven carcinomas.
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