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Abstract

The aggressive basal/squamous (Ba/Sq) bladder cancer (BLCA) subtype is often diagnosed at the muscle-invasive
stage and can progress to the sarcomatoid variant. Identification of molecular changes occurring during progression
from non-muscle-invasive BLCA (NMIBC) to Ba/Sq muscle-invasive BLCA (MIBC) is thus challenging in human dis-
ease. We used the N-butyl-N-(4-hydroxybutyl)-nitrosamine (BBN) mouse model of Ba/Sq MIBC to study longitudi-
nally the molecular changes leading to the Ba/Sq phenotype and to the sarcomatoid variant using IHC and
microdissection followed by RNA-seq at all stages of progression. A shift to the Ba/Sq phenotype started in early pro-
gression stages. Pathway analysis of gene clusters with coordinated expression changes revealed Shh signaling loss
and a shift from fatty acid metabolism to glycolysis. An upregulated cluster, appearing early in carcinogenesis,
showed relevance to human disease, identifying NMIBC patients at risk of progression. Similar to the human coun-
terpart, sarcomatoid BBN tumors displayed a Ba/Sq phenotype and epithelial-mesenchymal transition (EMT) fea-
tures. An EGFR/FGFR1 signaling switch occurred with sarcomatoid dedifferentiation and correlated with EMT.
BLCA cell lines with high EMT were the most sensitive to FGFR1 knockout and resistant to EGFR knockout. Taken
together, these findings provide insights into the underlying biology of Ba/Sq BLCA progression and sarcomatoid
dedifferentiation with potential clinical implications.

© 2023 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd on behalf of The Pathological Society of Great

Britain and Ireland.
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Introduction

Bladder cancer (BLCA) is the tenth most common can-
cer type worldwide, and caused nearly 200,000 deaths
in 2018 [1]. The vast majority of BLCAs are urothelial
carcinomas, characterized by two clinically distinct
forms of disease [2]. Non-muscle-invasive bladder can-
cer (NMIBC) — papillary pTa, flat carcinoma in situ
(CIS), and pT1 stage tumors — often recur, leading to a
significant burden on patients’ quality of life [3]. In con-
trast, muscle-invasive bladder cancer (MIBC, >pT2)

represents the lethal form of disease. Most patients with
MIBC show no history of precursor NMIBC, challeng-
ing the study of carcinogenesis and progression in
human disease. Overlaps in genomic alterations and lin-
eage tracing studies in mice suggest that CIS represents a
major precursor of MIBCs [4-6]. However, the precise
relationships between the different forms of NMIBC
and MIBC have not been fully elucidated.
Transcriptomic classifications identified molecular
subtypes of MIBC, with different clinical characteristics
[7-11]. The major molecular subtypes distinguish

© 2023 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd on behalf of The Pathological Society of Great Britain and Ireland.
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luminal subtypes and the basal/squamous (Ba/Sq)
subtype. The consensus Ba/Sq subtype of MIBC is a fre-
quent (~35%) and aggressive subtype with poor sur-
vival. Histologically, nearly half of Ba/Sq MIBCs
harbor squamous divergence and may eventually pro-
gress to the aggressive sarcomatoid variant, often com-
posed of tumor cells of spindle morphology [12—14].
Tumors of the Ba/Sq phenotype can be accurately iden-
tified by the combined overexpression of basal (KRTS,
KRT6, KRT14) and underexpression of luminal cell
markers (FOXA1, GATA3), including by immunohisto-
chemistry [8,15,16]. They display high EGFR activity,
with EGFR dependence in vitro and in vivo [7,17]. Since
most NMIBCs are considered to display a luminal phe-
notype, and the vast majority of carcinomas in situ show
aberrant high expression of KRT20, one could assume
that a subtype switch is required during the progression
from NMIBC to Ba/Sq MIBC [18]. However, Ba/Sq
tumors are often diagnosed at the muscle-invasive stage,
rarely preceded by NMIBC tumors, hindering the longi-
tudinal study of molecular alterations from early-stage
carcinoma to Ba/Sq MIBC [17,19].

N-Butyl-N-(4-hydroxybutyl)-nitrosamine (BBN) car-
cinogen specifically induces bladder tumors in mice and
represents an attractive model of MIBC [20]. We and
others have demonstrated that BBN-induced MIBC is a
model of the Ba/Sq transcriptomic subtype and can harbor
squamous divergence, or more rarely sarcomatoid features
[17,21]. We thus hypothesized that the BBN-induced
model represents a stable means to longitudinally study
Ba/Sq BLCA progression.

In this study, we aimed to identify the molecular
changes occurring during the carcinogenesis of Ba/Sq
MIBC. We report histological, immunohistochemical,
and RNA-seq profiles of lesions of all stages of progres-
sion in a carcinogen-induced murine model of the Ba/Sq
subtype of MIBC. We showed that early-stage tumors
already displayed Ba/Sq features and identified sets of
genes with coordinated changes during progression. One
cluster of co-expressed genes, which increased early in
Ba/Sq MIBC carcinogenesis, showed relevance to human
tumors, identifying patients with NMIBC at risk of pro-
gression. A focus on BBN-induced sarcomatoid tumors
showed similarities with the human counterpart, such as
epithelial-mesenchymal transition features, and revealed
that an EGFR to FGFR1 signaling switch occurs with
sarcomatoid dedifferentiation, with potential therapeutic
implications.

Materials and methods

Study approval

Animal experiments were performed in accordance with
recommendations of the European Community (2010/63/
UE) for the care and use of laboratory animals. Experimen-
tal procedures were approved by the Ethics Committee of
Institut Curie CEEA-IC #118 (Authorization APAFiS

© 2023 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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#26671-2,020,072,108,262,352-v2 given by National
Authority) in compliance with international guidelines.

BBN-induced mouse model

Forty 8-week-old male C57BL/6 mice were exposed to
N-butyl-N-(4-hydroxybutyl)-nitrosamine (BBN) 0.05%
in drinking water ad [libitum for a maximum of
14 weeks. Mice were sacrificed at different time points
to obtain tumors of all stages. Five control mice received
non-treated drinking water. Details are provided in Sup-
plementary materials and methods.

Tissue processing

Mouse bladders were formalin-fixed, paraffin-embedded
(FFPE) and then sectioned at 3-pm thickness. Slides at
three different levels were stained with hematoxylin,
eosin, and saffron (HES) for morphological analysis, and
ten unstained slides from flanking sections between each
level were reserved at 4 °C for immunohistochemistry.

Immunohistochemistry

Immunohistochemistry (IHC) for luminal and basal
markers, using rabbit polyclonal antibodies to KRTS5,
KRT6A, KRT14, FOXA1, and KRT20, and for the pro-
liferation marker Ki67 was performed on an Autostainer
480 (Lab Vision; Thermo Fisher Scientific, Waltham,
MA, USA). Subtype markers were quantified using a
quick score method [17]. Vimentin IHC was performed
on a subset of cases, using a rabbit monoclonal anti-
vimentin antibody. Details are provided in Supplemen-
tary materials and methods.

Morphological analysis

The three levels of HES-stained slides per case and IHC
subtype markers were reviewed by uropathologists (JF,
MS, YA). The highest-stage lesion for each mouse blad-
der was documented regarding the presence of variant
morphology and stage according to the WHO 2016 clas-
sification of urothelial tumors and TNM 8th edition UICC
staging [2] (Supplementary materials and methods). In
two cases harboring several lesions of identical stage with
discordant IHC profiles, each lesion was documented
individually regarding the aforementioned morphological
parameters.

Tissue microdissection

Large MIBC tumors (n=3) were manually
microdissected by scraping five 6-um-thick sections
with visual control under a stereomicroscope, using
the corresponding HES-stained slide for reference.
For all other cases, we performed laser-capture microdis-
section (LMD7000; Leica Microsystems, Wetzlar,
Germany) (see Supplementary materials and methods).
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RNA extraction, library preparation, and sequencing

RNA was extracted from microdissected BBN-induced
lesions and non-exposed urothelia using an RNeasy FFPE
Kit (Qiagen, Hilden, Germany). Libraries were prepared
using the Ovation SoLo RNA-Seq System (NuGEN/
Tecan, Minnedorf, Switzerland) and sequenced on a
HiSeq 2500 (Illumina, San Diego, CA, USA). Reads were
mapped to the mouse reference genome (mm10) using
STAR (version 2.6.1a) [22] and counted with Rsubread
(version 1.24.2) [23] (see Supplementary materials and
methods).

Identification of sample groups

Principal component analysis (PCA) was performed
using the prcomp function in R [24]. Unsupervised clus-
tering iterations were performed using the Consensu-
sClusterPlus R package (v1.48.0) [25] (see
Supplementary materials and methods).

Sample molecular classification

Mouse samples were classified using corresponding
human homolog genes, obtained using the biomaRt R
package (v2.40.5, genome assemblies GRCm38.p6 and
GRCh38.p13) [26]. Lund taxonomy (LundTax) and
BASEA47 classes were obtained using BLCAsubtyping
(v2.1.1) [7]. Consensus subtypes were determined with
the ConsensusMIBC (v1.1.0) R package [7]. The
UROMOL study NMIBC classes were obtained using
the online application [27].

Gene expression changes during progression

To identify significant expression changes during pro-
gression, we used an R package designed for RNA-seq
time-course data, Next maSigPro (v1.56.0) (see Supple-
mentary materials and methods). Genes with significant
temporal changes were clustered into k=2 to k=8
solutions. Functional enrichment was evaluated in each
k solution using the clusterProfiler (v3.12.0) [28] and
ReactomePA (v1.28.0) [29] R packages. The lowest k
solution capturing the most patterns of co-expression
changes and grouping biologically related genes was
selected as the final clustering solution (k = 5).

Differential gene expression analyses

Pairwise differentially expressed genes were determined
using DESeq2 (v1.24.0) [30] in the BBN RNA-seq data,
and Limma (v3.40.6) [31]package for array expression
profiling data of human sarcomatoid cases from Guo
et al [12] (see Supplementary materials and methods).

Epithelial-mesenchymal transition (EMT) scores

We used a previously published signature combining
206 epithelial and 132 mesenchymal genes [32]. EMT
scores were calculated by subtracting the mean
log2-normalized expression of the epithelial from that
of the mesenchymal genes in each sample.

© 2023 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

Regulon activity

In our BBN and in the Guo et al cohorts, we determined
the activity of 22 regulators reported to play a role in
BLCA, as previously described [11] (see also Supple-
mentary materials and methods).

Statistical analysis

Details are provided in Supplementary materials and
methods.

Results

BBN-exposed mice develop the full tumor spectrum
of bladder carcinogenesis

To study disease progression, 40 mice were exposed to
BBN and sacrificed at different time points (Figure 1A).
As previously described [33], histopathological analysis
of mouse bladders after increasing durations of BBN
exposure revealed a spectrum of lesions, including hyper-
plasia, dysplasia, CIS, papillary pTa, pT1, and muscle-
invasive tumors, confirming that the model progresses
along stages similar to those found in human urothelial
carcinogenesis (Figure 1B—E) [2]. Flat neoplastic lesions
(Figure 1B and supplementary material, Figure S1) and
high-grade papillary pTa tumors (Figure 1C) arose at
week 8 and week 12, respectively. Infiltrating carcinoma,
defined hereafter as breaching the basement membrane,
was seen starting from week 12 and involved the lamina
propria (pT1) or the bladder muscle (MIBC)
(Figure 1D). Most infiltrating tumors showed squamous
differentiation (Figure 1D,F). However, four infiltrating
tumors lacked squamous features and displayed spindle
morphology, suggestive of the sarcomatoid variant of
human urothelial carcinoma (Figure 1D,F and supple-
mentary material, Figure S1C).

Distinct transcriptomic groups reflect histological
stages of progression

We performed laser-capture microdissection (supplemen-
tary material, Figure S2) followed by RNA sequencing of
37 samples, including 29 lesions from 27 BBN-exposed
mice, representative of all stages of carcinogenesis:
hyperplasia (n = 4), dysplasia (n =5), CIS (n =3),
pTa (n =5), pT1 (n =7), and MIBC (n = 5). We also
sequenced three BBN-exposed urothelia of normal mor-
phology and five unexposed control urothelia. To assess
the transcriptomic similarity between samples, we
performed PCA, which showed a separation of samples
according to stage and differentiation along the first and
the second component, respectively (Figure 2A). To fur-
ther confirm that progression groups were related to mor-
phological stage, unsupervised clustering iteration was
performed [25]. The k = 3 clustering solution was the
most robust in all tested clustering and linkage methods
(Figure 2B,C). The three clusters were associated with
stage, essentially grouping (1) normal and premalignant
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Figure 1. Mice develop a spectrum of bladder lesions with increasing BBN exposure, comparable to human carcinogenesis. (A) Study design
and workflow: 40 mice were exposed to BBN for a maximum of 14 weeks and sacrificed at different time points. The highest-stage lesions in
each bladder were morphologically and immunohistochemically characterized. RNA-seq was performed on a subset of cases of all stages of
progression following laser-capture microdissection. Five non-exposed mice were used as controls. (B-D) Representative hematoxylin, eosin,
saffron-stained images of the spectrum of lesions identified during BBN exposure: flat hyperplasia, dysplasia, and carcinoma in situ (B); pap-
illary pTa tumors (C); and infiltrating tumors (D). (B) A normal untreated control urothelial is shown for reference. Infiltrating tumors either
harbored areas of squamous differentiation (purple insets) or had pure sarcomatoid morphology (pink insets). Scale bars: 50 pm. Arrows point
to papillary axes. Asterisks indicate bladder muscle. (E) Total number of each lesion type according to the time point of sacrifice after the start
of BBN exposure, reporting the highest-stage lesion in each bladder. (F) Proportion of squamous or sarcomatoid differentiation in all observed
infiltrating cases. BBN, N-butyl-N-(4-hydroxybutyl)-nitrosamine; LCM, laser-capture microdissection; MIBC, muscle-invasive bladder
cancer.

stages, (2) early neoplastic stages, and (3) infiltrating stages ~ (squamous versus sarcomatoid), regardless of stage (pT1
(pT1 and MIBCs). Interestingly, higher & solutions further =~ or MIBC) (Figure 2D). The sarcomatoid variant is
divided the infiltrating group according to differentiation  suggested to develop by progression of conventional basal
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Figure 2. Transcriptomic progression groups in BBN-exposed mice are associated with morphological stage and differentiation. (A) Principal
component analysis using the top 2,000 genes with most varying expression shows separation of samples according to stage along compo-
nent 1 and according to differentiation along component 2. (B) Iterative hierarchical consensus clustering using the top 2,000 genes with
most varying expression identified the k = 3 solution as the most stable grouping of BBN samples (‘pam’ clustering, ‘ward.D2’ linkage).
(C) Silhouette plot metric shows high cohesion of each sample to its group. (D) Sample tracking plot showing grouping of BBN samples
according to k = 3 to k = 8 solutions. In the k = 3 solution, samples are roughly grouped in control and pre-carcinogenic stages (green),
non-infiltrating carcinogenic stages (yellow), and infiltrating tumors (purple). Starting at k = 5, infiltrating tumors were always separated
according to differentiation (squamous versus sarcomatoid), regardless of stage (pT1 or MIBC). BBN, N-butyl-N-(4-hydroxybutyl)-nitrosa-
mine; CIS, carcinoma in situ; MIBC, muscle-invasive bladder cancer.

tumors in human MIBCs [12,13]. PCA and clustering  assigned to the LundTax UroB group, which shares fea-
results indicated that BBN sarcomatoid cases may similarly ~  tures of both urothelial-like (UroA) and Ba/Sq subtypes
represent a distinct group of progression. For our down-  and is suggested to represent progression towards the
stream analyses regarding molecular changes during pro-  basal phenotype [34,35]. Most infiltrating sarcomatoid
gression, we thus considered the following sequential  cases (3/4) were classified as mesenchymal-like (Mes-
progression groups: (1) controls, (2) BBN-exposed  like), indicating a distinct molecular phenotype.

urothelia with normal histology, (3) hyperplasia, (4) dyspla- Basal marker expression increased starting from the
sia, (5) CIS, (6) pTa, (7) infiltrating with squamous differ-  pre-malignant dysplasia stage, reaching maximum
entiation (>pT1), and (8) infiltrating with sarcomatoid  levels in infiltrating squamous samples (Figure 3B).
features (=pT1). However, infiltrating sarcomatoid cases had significantly
lower expression of basal markers compared with
cases with squamous divergence (p = 8.1 X 1073
(Figure 3C). Conversely, luminal marker expression
We analyzed the evolution of molecular classifications  progressively decreased during progression, with a signifi-
during progression in our model using three classifiers  cant drop at basement membrane infiltration (p = 0.01)
[7,9,34]. As expected, all BBN-induced MIBC tumors, (Figure 3B,C). LundTax Mes-like infiltrating sarcomatoid
with  squamous or sarcomatoid morphology,  cases displayed the highest levels of typical markers of
were classified as consensus Ba/Sq and BASE47 basal human Mes-like tumors, Vim and Zeb2, with low expres-
subtypes [17,21]. Strikingly, correlation to basal classes  sion of Epcam (Figure 3B,C) [8]. At the protein level,
gradually increased during progression, transitioning to ~ vimentin was expressed by tumor cells in sarcomatoid
a full basal phenotype starting from the early stages of ~ samples, whereas expression was identified in the stromal
carcinogenesis (Figure 3A). LundTax confirmed and  cells of non-sarcomatoid tumors with high Vim expression
refined these observations. Most pTa tumours were  (Figure 3D). We also confirmed the sequential changes of

Evolution of molecular subtyping during progression

© 2023 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd J Pathol 2023; 259: 455—467
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Figure 3. Molecular classification of BBN-induced lesions switches from luminal to basal during progression. (A) Molecular classification of
each sample according to three classification systems: consensus, BASE47, and LundTax. A gradual increase in correlation to basal subtypes in
the consensus and BASE47 systems was observed during progression. (B) Gene expression heatmap of markers of basal, luminal, and
mesenchymal-like markers during progression. The color key represents row mean-centered values of log2-transformed normalized expres-
sion. (C) Dynamic expression profiles of mean basal keratins (Krt6a, Krt6b, Krt5, Krt14), luminal markers, and mesenchymal-like markers dur-
ing progression. P values: two-sided Kruskal-Wallis test. (D) Representative images of vimentin IHC staining (brown) with hematoxylin
counterstain. Vimentin staining is observed in the stroma of squamous tumors (left). In contrast, vimentin is expressed by the tumor cells
in sarcomatoid tumors (right). BBN, N-butyl-N-(4-hydroxybutyl)-nitrosamine; CIS, carcinoma in situ; IHC, immunohistochemistry.

basal and luminal markers at the protein level by IHC on
the complete cohort (n = 40 BBN-exposed mice) (supple-
mentary material, Figure S3).

Overall, these findings indicated that early-stage
tumors already exhibit basal characteristics and suggested
that infiltrating sarcomatoid cases represent a distinct
group of basal infiltrating BBN tumors with mesenchy-
mal features.

Analysis of gene expression dynamics during
progression identifies clusters of co-expressed genes
with biological relevance

To identify patterns of gene expression changes during
progression, we applied a time-course approach to our

RNA-seq data using the Next maSigPro algorithm [36].
Setting our eight predefined progression stages as
analysis time points, we identified 946 genes with
significant temporal changes. Clustering of the significant
genes distinguished five groups with similar patterns of
expression changes during progression (Figure 4A,B).
Clusters 1-3 of downregulated genes included genes
known to play a role in urothelial differentiation (Pparg,
Grhi3, uroplakins, Krt20, Gata3). The fourth cluster of
genes with a coordinated increase starting from the dys-
plasia stage comprised basal markers (Krt6a, Krt6b,
Krti4, Cd44, Egfr) as well as transcription factors
reported to be active in the basal subtype (Myc, Foxml,
Hifla) [7,11]. Cluster 5 grouped genes with low expres-
sion in early stages, such as Vim and Cdkn2a, which

© 2023 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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Figure 4. RNA-seq analysis using a time-course approach reveals distinct dynamic profiles of co-expressed genes during progression. (A) The
924 genes with significant temporal changes (Next maSigPro algorithm) were clustered into five distinct profiles of dynamic changes during
progression. Clusters 1-3 (green, blue, and teal) represented successive waves of downregulation. Cluster 4 (orange) grouped genes with an
upregulation in early stages of carcinogenesis leading to Ba/Sq invasive tumors. Genes in cluster 5 (pink) were upregulated at infiltration and
were highest in sarcomatoid tumors. (B) Heatmap representation of the five clusters of genes with significant temporal changes during pro-
gression. Symbols of potential genes of interest in each cluster are shown. The color key represents row mean-centered values of
log2-transformed normalized expression. (C) Overrepresentation analysis of the genes in each progression cluster using terms from the
GO-BP and KEGG databases.

increased at infiltration and were highest in sarcomatoid
cases.

We performed functional overrepresentation analy-
sis of each cluster to identify implicated biological
pathways (Figure 4C). Among expected processes,
cell cycle and tissue remodeling terms were enriched
in increasing clusters 4 and 5. Conversely, in
downregulated clusters during progression, we identi-
fied genes of the canonical Hedgehog signaling
pathway (Glil, Hhip, Ptchl, Shh) and of xenobiotic
detoxifying glucuronidation, in particular UDP-
glucuronosyltransferase enzymes (Ugt/a genes in clus-
ter 3), as previously reported [5,37]. Clusters 2 and
3 were both enriched in genes involved in fatty acid
metabolism, in particular in oxidation (Hadhb, Phyh,
Abcd3, Pparg). Concomitantly, glycolysis terms were
enriched in cluster 4, linked to the upregulation of key
enzymes or transporters of the glycolysis pathway
(Hk2, Pfkp, Pgkl, Enol, Ldha, Sicl6al). Cluster 4 also
included Hifla and Myc, known master regulators of
glycolysis. These findings suggest an important energy
rewiring during Ba/Sq bladder carcinogenesis.

© 2023 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

A gene set with increasing expression during Ba/Sq
carcinogenesis identifies NMBIC patients at risk of
progression

We then explored the clinical relevance of cluster 4, a set
of genes with a coordinated upregulation starting in early
carcinogenic stages. We first investigated the expression
of cluster 4 genes in different stages of human BLCA,
using a publicly available dataset combining both
NMIBC (n = 213) and MIBC (n = 95) samples [35].
Unsupervised hierarchical clustering using the expres-
sion of all human orthologs of cluster 4 genes distin-
guished two groups with distinct cluster 4 metagene
scores (mean-centered expression of all cluster 4 genes),
which were associated with stage (Figure 5A). Further
investigation confirmed that cluster 4 metagene score
significantly increased in a stepwise manner with stage
in human tumors (Figure 5B). We then classified all
NMIBC tumors in this cohort using a recent NMIBC
classification scheme, comprising classes 1, 2a, 2b, and
3 [27]. Interestingly, nearly half (10/22) of the pTa
tumors assigned to the cluster 4 metagene ‘high’ group
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Figure 5. BBN progression cluster 4 shows relevance to human disease and identifies NMIBC patients at risk of progression. (A) Unsupervised
consensus clustering using the expression of all human orthologs of BBN progression cluster 4 genes in a large dataset combining NMIBCs
and MIBCs (Sj6dahl 2012 cohort, n = 308) separated cluster 4 metagene-‘low’ samples, essentially composed of pTa tumors, from cluster
4 metagene-°high’ tumors, mostly composed of pT1 and MIBCs. (B) Mean progression cluster 4 metagene score increased with stage in
human tumors from the Sjédahl 2012 dataset (n = 308). **p < 0.001, two-sided Wilcoxon test. (C) Proportion of NMIBC tumors (Sjédahl
2012 cohort, n = 213) in each NMIBC class according to the BBN cluster 4 metagene score group. **p < 0.001, two-sided Fisher's exact test.
(D) Kaplan-Meier curves of progression-free survival (PFS) probability when stratifying patients according to tertiles of cluster 4 metagene

score values in the UROMOL NMIBC cohort (n = 535).

were classified as NMIBC class 2a, which is associated
with the highest risk of progression (Figure 5C). These
findings were confirmed in an additional cohort of both
NMIBCs and MIBCs (CIT cohort, n = 177, supplemen-
tary material, Figure S4) [17]. In another NMIBC cohort
(n = 535, UROMOL project) [27], progression cluster
4 metagene score was significantly higher in pT1 than
in pTa tumors (p = 1.7 x 10~'°, supplementary mate-
rial, Figure S3D). Cluster 4 gene expression level was
associated with progression-free survival in this cohort
and patients with the highest score had the worst out-
come (log-rank p < 0.0001, Figure 5D).

BBN sarcomatoid tumors show relevance to human
sarcomatoid variant

Since sarcomatoid BBN-induced tumors in mice
have not been extensively described in the literature,
we further explored their transcriptomes. We first
performed differential gene expression analysis between
infiltrating sarcomatoid and non-sarcomatoid samples

© 2023 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

(supplementary material, Figure S5A). Top enriched
terms in the upregulated genes included migration,
matrix adhesion, and mesenchymal cell differentiation,
whereas downregulated genes were enriched in terms
associated with epithelial cell differentiation and cell—
cell adhesion (supplementary material, Figure S5B),
suggesting epithelial-mesenchymal transition (EMT)
features. Supporting these findings, the Hallmark EMT
gene set was within the top enriched pathways in gene
set enrichment analysis (GSEA) (supplementary mate-
rial, Figure S5C,D). To test if BBN-induced sarcomatoid
cases recapitulate the gene expression profile of the
sarcomatoid variant of human MIBC, we explored the
gene expression profiles of a cohort of 112 patients
with urothelial carcinoma, including 28 of the
sarcomatoid variant [12]. Guo et al human sarcomatoid
cases were similar to BBN sarcomatoid samples regard-
ing molecular classification (Figure 6A). We then
sought to compare the candidate mechanisms involved
in BBN sarcomatoid phenotype with those of human
sarcomatoid samples. We thus classified all 112 human
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Figure 6. BBN-induced sarcomatoid tumors resemble the human counterpart and reveal an EGFR to FGFR1 switch with sarcomatoid dedif-
ferentiation. (A) Molecular classes of BBN and human sarcomatoid tumors (Guo et al cohort, n = 28) according to the consensus and LundTax
systems. (B) Significant overlap in differentially expressed genes (DEGs) between BBN sarcomatoid (n = 4) and non-sarcomatoid (n = 8)
infiltrating samples and human Ba/Sq sarcomatoid (n = 21) versus Ba/Sq non-sarcomatoid samples (n = 29). P value: one-sided Fisher's
exact test using all orthologs identified in the BBN cohort as background genes. (C) Functional overrepresentation analysis with GO-BP gene
sets, using up- (red) or down-regulated (blue) genes between sarcomatoid and non-sarcomatoid samples shows common dysregulated path-
ways in BBN and human sarcomatoid tumors, which are related to epithelial-mesenchymal transition (EMT). (D) Comparison of EGFR and
FGFR1 regulon activity between sarcomatoid and non-sarcomatoid samples in our BBN cohort and in human samples [Guo et a/ with Ba/Sq
(n = 50) and non-Ba/Sq (n = 62) tumors]. Pvalue: two-sided Wilcoxon test. (E) The effect of FGFR7 and EGFR knockout in bladder cancer cell

lines (n = 29, Achilles Project, Broad Institute) is associated with EMT score.

samples using the consensus classifier, identifying
50 Ba/Sq tumors. We then performed differential gene
expression analysis between Ba/Sq sarcomatoid (n = 21)
and Ba/Sq non-sarcomatoid cases (n = 29). A significant
overlap was found between the dysregulated genes identi-
fied in BBN compared with human samples (Figure 6B).
Comparison of functional enrichment associated with the
observed dysregulated genes revealed common biological
processes (Figure 6C). Both datasets pointed to terms
related to EMT as well as to downregulation of EGFR sig-
naling in sarcomatoid samples. To compare the changes in
EMT in mouse and human tumors, we calculated a previ-
ously published EMT score [32] in both our BBN and
Ba/Sq human samples. Sarcomatoid cases had a signifi-
cantly higher EMT score than non-sarcomatoid samples
in both datasets (supplementary material, Figure S6A),

© 2023 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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further demonstrating the EMT profile of sarcomatoid
tumors in our model and its relevance to the human
sarcomatoid variant.

An EGFR to FGFR1 signaling switch occurs with
sarcomatoid dedifferentiation

To further confirm the downregulation of EGFR signaling
in sarcomatoid samples in our BBN cohort, we calculated
the activity of 22 regulators associated with BLCA,
including EGFR [11]. EGFR regulon was significantly
downregulated in BBN sarcomatoid compared with non-
sarcomatoid infiltrating cases (Figure 6D). By computing
all 22 regulons, we observed that FGFR1 displayed high
activity in sarcomatoid cases (supplementary material,
Figure S6B). GSEA using ranked fold-changes of FGFR1
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target genes between BBN sarcomatoid and non-
sarcomatoid samples confirmed the significant enrichment
of FGFR1 regulon in sarcomatoid cases (adj. p =
24 % 107%) (supplementary material, Figure S6C). How-
ever, the mean FGFR1 regulon activity score was not
significantly higher in infiltrating sarcomatoid compared
with non-sarcomatoid cases, potentially owing to the low
number of BBN samples (Figure 6D). We thus similarly
calculated regulon activity scores in the Guo et al
cohort (n=112) and confirmed the EGFR/FGFRI1
switch in human Ba/Sq sarcomatoid samples, but not in
non-Ba/Sq sarcomatoid cases (Figure 6D and supplemen-
tary material, Figure S6D).

Given the previously reported role of FGFR1 in EMT
[38], we interrogated the association of FGFR1 activity
and EMT score in BBN and human tumors. Interest-
ingly, FGFR1 regulon activity was positively correlated
with EMT score in both Ba/Sq and non-Ba/Sq samples
(R=0.83, p=9.1 x 107" in Ba/Sq and R = 0.88,
p<22Xx 10~ "¢in non-Ba/Sq from the Guo et al cohort;
R =0.82, p =0.001 in our BBN cohort). In contrast,
EGFR regulon activity was negatively correlated with
EMT in both mouse and Ba/Sq human cohorts, but not
in non-Ba/Sq human samples (supplementary material,
Figure S6E,F). FGFRI expression alone was also
highly correlated with EMT score in a larger MIBC
dataset (TCGA, n =408, R = 0.82, p <22 x 10 '%) as
well as in BLCA cell lines (CCLE, n =36, R = 0.85,p =
6.9 x 10~'"), suggesting a stroma-independent FGFRI
expression (supplementary material, Figure S6G,H).

Sensitivity to FGFRI knockout was significantly cor-
related with both FGFRI expression and EMT score in
BLCA cell lines (supplementary material, Figure S6LJ)
in a genome-wide CRISPR screen (n =29, Achilles
Project, Broad Institute). As previously suggested
[39,40], EGFR knockout had no effect on viability in
cell lines with the highest EMT scores, including in cells
with the highest sensitivity to FGFRI inhibition
(Figure 6E). Of note, EMT-high cell lines that were not
sensitive to FGFRI inhibition harbor activating RAS
mutations, suggesting potentially overlapping down-
stream pathways.

Taken together, these data show that sarcomatoid
dedifferentiation, characterized by EMT, is associated
with an EGFR to FGFR1 signaling switch, with potential
sensitivity to FGFR1 inhibition.

Discussion

The inherent natural history of the aggressive Ba/Sq
BLCA subtype hampers the study of progression from
early-stage carcinoma to Ba/Sq MIBC in human sam-
ples. Here, we performed laser-capture microdis-
section and RNA-seq of lesions at all stages of
carcinogenesis in a murine model of Ba/Sq MIBC to
study gene expression dynamics during progression.

In human carcinogenesis, molecular subtype changes
during progression from NMIBC to MIBC have not

© 2023 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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been fully elucidated, in particular in the Ba/Sq subtype.
To address this question, Sjodhal et al built a cohort of
73 patients with NMIBC who eventually progressed to
MIBC [19]. Only six patients had recurring NMIBC that
eventually progressed to Ba/Sq MIBC, illustrating the
challenge of studying molecular dynamics in this
subtype particularly. In our study, gene expression-
based classifications revealed that early stages already
displayed Ba/Sq features. These findings are in line with
lineage tracing studies in mice showing that basal
Krt5/Shh-expressing cells give rise to CIS and invasive
tumors in the BBN-induced model [5,6]. Using single-
cell transcriptome profiling and FACS analysis of pre-
sorted and cultured BBN-induced tumor cells, Sfakianos
et al identified co-expression of luminal and basal genes
at the single-cell level and demonstrated cell lineage
plasticity [41]. These observations suggest that a subtype
switch could occur with progression.

In contrast to BBN-induced mouse CIS, human CIS
with basal features is a rare finding. In fact, the majority
of human CIS cases are characterized by the aberrant
overexpression of the luminal marker KRT20. However,
cases of CIS expressing basal markers have been
reported [18,42]. NMIBC:s displaying a basal IHC phe-
notype have also been reported and were suggested to
be associated with progression, although these findings
are controversial [43—45]. While human Ba/Sq MIBCs
may arise after a molecular phenotype switch, our study
suggests that a subset could evolve from true Ba/Sq CIS.
This hypothesis is supported by a study suggesting that
basal subtype commitment already occurs at the stage
of CIS [46], as well as by mucosal field-effect studies
demonstrating clonal relationships between CIS and
invasive tumors and revealing a basal-specific field
effect in basal tumors [47,48].

Functionally related genes tend to show correlated
expression patterns across multiple conditions or pertur-
bations [49]. To investigate the gene expression changes
during progression, we thus used a unique approach by
deriving a time-course RNA-seq data algorithm. The
time-course approach identified sets of genes with similar
co-expression patterns during progression. Validating this
method, we identified previously reported pathway
dysregulations, such as Shh and glucoronidation pathway
downregulation [5,37], or expected pathways such as cell
cycle upregulation. This analysis also suggested that a
metabolism rewiring occurs in the early steps of Ba/Sq
carcinogenesis, towards anaerobic glycolysis. Fantini
et al performed RNA-seq of five BBN-induced MIBCs
and three pre-tumoural lesions at 4 weeks of exposure
and identified metabolic changes in established tumors
but not in pre-tumoral samples [21]. However, by using
laser microdissection of pre-tumoral lesions in our study,
enrichment in tumor-cell RNA likely allowed us to cap-
ture such changes with more sensitivity.

We acknowledge certain limitations related to our
study design. We are aware that this analysis represents
a pseudo-time series, where each sample is in fact a snap-
shot of a static state. However, the BBN-induced carci-
nogenesis is a stable model in which mice, with the
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same genetic background, inevitably develop MIBC as
carcinogenic exposure increases. Additionally, to pre-
serve the tissue, we did not exhaust each FFPE block
and thus could not control whether the laser-capture
microdissected area was in fact the highest-stage lesion
in the entire mouse bladder.

Finally, we also report here, to our best knowledge,
the first molecular characterization of BBN-induced
sarcomatoid tumors in mice. BBN-induced sarcomatoid
tumors, like human sarcomatoid BLCA, were assigned
to the Ba/Sq subtype and harbored features of EMT
[12,13], suggesting that BBN-induced sarcomatoid
tumors recapitulate the transcriptional features of human
sarcomatoid BLCA, broadening the utility of the BBN
model to studies focusing on this variant.

Through differential analysis between sarcomatoid
and non-sarcomatoid tumors, we demonstrated that an
EGFR/FGFR1 switch occurs with sarcomatoid dediffer-
entiation in both BBN-induced and human Ba/Sq
tumors. FGFR1-mediated EMT has been shown in other
cancer types [50,51]. In BLCA, FGFRI1 overexpression
has previously been reported in a subset of cases [52,53],
52,53], and others have demonstrated that FGFR1
expression in BLCA cell lines induced EMT phenotypic
changes [38]. Here, we have shown that BLCA cell lines
with the highest EMT scores and FGFR1 expression
were the most sensitive to FGFR1 inhibition. These find-
ings are in line with those of Tomlinson et al [52], who
showed that EMT-high JMSUI cells were sensitive to
an FGFR inhibitor. Further in vivo studies should inves-
tigate whether FGFR inhibitors alone or in combination
with other therapies could tackle the biological complex-
ity of sarcomatoid BLCA.

Overall, our findings provide insights into the under-
lying biology of Ba/Sq BLCA progression and
sarcomatoid dedifferentiation with potential clinical
implications.
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