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transcripts reproduced consensus molecular subtypes with high accuracy of 0.72-0.84
(Cohen’s k¥ 0.59-0.77). FGFR3 mutations in the transmembrane/hinge region, which were
enriched in luminal papillary tumors, trigger ligand-independent signaling. Conversely,
overexpression of FGFR1 and its ligands and accessory protein transcripts indicates
ligand-dependent FGFR1 signaling in stroma-rich and basal/squamous subtypes. The
sensitivity of most DepMap UC cell lines to pan-FGFR inhibitors in the GDSC and
PRISM drug screens was independent of FGFR3 alterations. In vitro, erdafitinib reduced
proliferation in FGFR wild-type UC cell lines in a similar manner to FGFR3-mutated cell
lines. Our findings highlight FGFR1 and FGFR3 as pivotal signaling pathways with dis-

tinct, molecular subtype-specific activation mechanisms. The results suggest that
FGFR inhibitors may have therapeutic applications beyond UC tumors with FGFR2/3

alterations.
© 2025 The Author(s). Published by Elsevier B.V. on behalf of European Association of
Urology. This is an open access article under the CC BY license (http://creativecommons.
org/licenses/by/4.0/).

ADVANCING PRACTICE

What does this study add?

Erdafitinib is currently the only pan-FGFR inhibitor approved for metastatic urothelial cancer (UC) with FGFR3 alterations
following anti-PD-1 or anti-PD-L1 treatment. Our results for alteration rates, co-regulation patterns, and differential gene
expression across consensus molecular UC subtypes for selected genes encoding FGFR, FGF, or FGF-binding proteins
(FGFBPs) provide the first evidence that FGFR signaling is not only essential for luminal papillary (LumP) tumors charac-
terized by frequent FGFR3 mutations but also plays a significant role in other molecular subtypes, such as stroma-rich and
basal/squamous (Ba/Sq) classes. We identified ligand-independent FGFR3 signaling in LumP tumors, and ligand- and
FGFBP-dependent FGFR1 signaling in stroma-rich and Ba/Sq cancers. Resistance analysis revealed high sensitivity of
UC cell lines to pan-FGFR inhibitors, irrespective of FGFR3 mutation status. Erdafitinib reduced cell proliferation in five
UC cell lines in a dose-dependent manner regardless of FGFR3 alterations. The results suggest that FGFR inhibition may
be effective in UC regardless of FGFR mutational status.

Clinical Relevance

This study highlights the essential role of FGFR1/3 signaling pathways in phenotypic variability in UC, extending beyond
the LumP subtype to other molecular subtypes. Consequently, FGFR inhibitors may represent a promising therapeutic
option for tumors without FGFR2/3 alterations. Associate Editor: Dr. Jeremy Teoh.

Patient Summary

A drug called erdafitinib is approved for the treatment of urinary cancers with mutations in the FGFR2 or FGFR3 genes. Our
study shows that FGFR3 and FGFR1 proteins also play a role in the development of urinary cancers with mutations in
these genes. Patients with urinary cancer who do not have FGFR2/FGFR3 mutations might also benefit from treatment
with erdafitinib or other inhibitors of FGFR proteins.

Treatment of urothelial carcinoma (UC) is steadily shift- Alternative approaches to patient selection for FGFR-

ing towards personalized medicine. FGFR inhibitors are now
a promising therapy for UC with FGFR2/3 genetic alter-
ations. Erdafitinib is currently the only pan-FGFR inhibitor
approved for metastatic UC with susceptible FGFR3 alter-
ations after previous anti-PD-1 or anti-PD-L1 treatment
[1]. In non-muscle-invasive cancer (NMIBC), erdafitinib also
shows efficacy in bacillus Calmette-Guérin-treated high-
risk NMIBC with FGFR2/3 alterations [2], and is being inves-
tigated in an intravesical delivery system (TAR-210) in
MoonRISe-1, a phase 3 study comparing TAR-210 versus
intravesical chemotherapy in patients with FGFR2/3-
altered intermediate-risk NMIBC (NCT06319820).

targeted therapy beyond FGFR alteration status merit con-
sideration. For instance, the phase 1b/2 FIERCE-22 study
(NCT03123055) demonstrated comparable responses to
vofatamab regardless of FGFR3 alteration or wild-type
(WT) status [3]. Response to therapy was more pronounced
in luminal tumors but was also observed in other subtypes,
including basal tumors [3]. In addition, an 80-gene RNA-
based FGFR predictive response signature in high-risk
NMIBC identified similar FGFR pathway activation not only
in tumors with FGFR alterations but also in those with WT
FGFR. This finding suggests potential for expanding the
FGFR-targeted therapeutic landscape in UC [4].
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The aim of our study was to characterize genetic alter-
ations, co-regulation, and differential expression for 45
selected genes encoding FGF, FGFR, or FGF-binding protein
(FGFBPs) across five published UC cohorts (GENIE BLCA
[5], MSK IMPACT [6], TCGA [7,8], IMvigor [9], and BCAN
[10]) including 3939 MIBC molecular profiles reflecting
the complex network between FGFRs and their ligands
and binding proteins.

Coexpression of FGFR-, FGF-, and FGFBP-coding genes
was explored via network analyses. In addition, the
response of 39 UC cell lines to pan-FGFR inhibitors was
assessed in GDSC1/2 and PRISM drug screens available via
the DepMap portal. FGFR wild-type and FGFR3-mutated UC
cell lines were treated with 0, 1, 4, 7 or 10 uM erdafitinib
(corresponding to 0-4.5 mg/l) in vitro. Prediction of drug
resistance metrics (drug concentration required for 50%
inhibition [ICsg] and area under the dose-response curve
[AUC]) for the bulk cancers (TCGA GENIE BLCA, IMvigor,
and BCAN) was performed with RIDGE linear models
trained with drug response and transcriptome data for
epithelial pan-cancer cell lines in the GDSC, CTRP2, and
PRISM in vitro drug screening experiments. Machine learn-
ing (ML) was used to reproduce the consensus molecular
subsets [11]. Human Protein Atlas immunohistochemistry
data were used for validation of gene expression at the pro-
tein level. Detailed information on bioinformatics, charac-
teristics of the collective cohorts, and the selected genes
are presented in the Supplementary material and Supple-
mentary Tables 1-3.

Somatic mutations of FGFR3 (12-23% of cancers) and
amplification of the 11q13 chromosome region in FGF3/
FGF4|FGF19 genes (6.3-11%) were the most common
genetic alterations. FGFR3 mutations were significantly
enriched in luminal papillary (LumP) cancers (29-56%).
FGF3/FGF4/|FGF19 gene amplifications were found in LumP

<

(19%), stroma-rich (10%), and basal/squamous-like (Ba/Sq)
cancers (8.3%), as shown in Fig. 1A, Supplementary Fig. 1,
and Supplementary Tables 4 and 5). Most FGFR1/2/3/4
mutations were classified as missense single-nucleotide
polymorphisms. In the FGFR3 protein, mutations were
located predominantly between ligand-binding IgG
domains 2 and 3, with R248C and S249C hot spots (1.3-
16%), and in the membrane-spanning hinge between the
ligand-binding and kinase domains, with G370C, G372C,
and Y373C hot spots (1.3-3.6%; Supplementary Figs. 2 and
3). These specific FGFR3 mutations are implicated in consti-
tutive, ligand-independent signaling [12].

At the mRNA level, FGFR3, TGFBR3, FGFR1, and FGFR2
were the genes with the strongest expression. FGF7, FGF2,
and FGF11 were the most abundant ligand transcripts, while
SDC1, HSPG2, and CD44 had the highest mRNA counts
among FGFBP-coding genes in UC tissue. FGFR1, FGFR2,
and FGFR3 receptors, as well as SDC1, HSPG2, CD44, SD(4,
GPC1 and FIBP binding protein transcripts, were also
expressed in the DepMap UC cell lines. On immunohisto-
chemistry, FGFR1/3/4 and FGFRL1 were the most abundant
receptors, FGF7, FGF10, FGF3, FGF19, and FGF17 were the
ligand proteins with the strongest expression, and SDC2,
SDC1, GPC4, CD44, and SDC4 were the most abundant
FGFBPs (Supplementary Figs. 4-7 and Supplementary
Table 6).

Network analysis revealed a high degree of co-regulation
of ligand, receptor, and FGFBP genes in UC tissue. This was
particularly evident for FGFR1 and genes encoding its
ligands (FGF2, FGF7, FGF10) and co-receptors (SDC2, DCN,
HSPG2). Importantly, FGFR1 (hub score 0.91-1, degree 18),
FGF2 (hub score 0.85-0.96, degree 17-18), FGF7 (hub score
0.94-0.97, degree 15-17), and FGF10 (hub score 0.67-0.88,
degree 14-17) were identified as highly connected hubs of
the co-expression network (Fig. 1B and Supplementary

Fig. 1 - (A) Alterations in genes encoding FGFR, FGF, or FGFBP in consensus molecular classes of muscle-invasive bladder cancer (MIBC). Differences in the
frequency of somatic mutations and copy-number variants in genes encoding FGFR/FGF/FGFBP between the luminal papillary (LumP), luminal unstable
(LumU), stroma-rich, and basal/squamous-like (Ba/Sq) consensus molecular classes of MIBC in the TCGA cohort were assessed using a permutation text
corrected for the false discovery rate (FDR). The presence or absence of selected genetic alterations (mut = mutation; amp = amplification; del = deletion) in
the TCGA BLCA cohort was visualized in a oncoplot. Significant effects are highlighted in bold font and the numbers of cancer samples are shown above the
plot. (B) Coexpression networks of genes encoding FGFR, FGF, or FGFBP whose expression levels correlated with Spearman’s p 2 0.3, visualized for the TCGA
BLCA cohort with the Fruchterman-Reingold algorithm. Points represent genes, point shapes denote the protein product type and point colors the hub scores.
Lines represent edges (ie, correlations with p > 0.3. The line widths correspond to p values. (C) Differential expression of genes encoding FGFR, FGF, or FGFR in
consensus molecular classes of MIBC in terms of log, mRNA levels between the LumP, LumU, stroma-rich, and Ba/Sq consensus molecular classes assessed via
FDR-corrected one-way analysis of variance (ANOVA) with an n? effect-size statistic and a two-tailed post hoc t test. Differentially regulated genes were
defined by panova < 0.05, n2 2 0.14, pepr (t test) < 0.05, and at least 1.25-fold regulation in a class in comparison to the LumP class. Z scores for log, expression
levels of differentially regulated genes shared by at least two cohorts are shown in a heat map for TCGA BLCA cancers. Significant effects are denoted with bold
font and the numbers of samples are shown above the plot. (D) SHAP variable importance in the Elastic Net model of consensus molecular classes of MIBC
with genes encoding FGFR, FGF, or FGFBP as explanatory factors. The contributions of the genes encoding FGFR, FGF, or FGFBP to prediction of LumP, LumU,
stroma-rich, and Ba/Sq consensus molecular classes of MIBC according to the Elastic Net model were estimated using the SHAP algorithm (Shapley additive
explanations). SHAP values for highly influential genes and observations are visualized in violin/swarm plots. Each point represents a single observation and
point colors denote the minimum/maximum (min/max)-scaled log,-transformed gene expression. Mean absolute SHAP values as metrics of overall gene
importance are presented in bar plots color coded for the association between SHAP values and gene expression (red = positive; blue = negative). (E)
Sensitivity of DepMap urothelial cancer cell lines to pan-FGFR inhibitors. Resistance values in the PRISM (n = 17-23) drug screening experiment were
expressed as AUC (area under the dose-response curve). Significant sensitivity was defined as AUC < 1, which indicates stronger growth inhibition than for the
dimethylsulfoxide (DMSO) control. Doxorubicin was used as a positive cytotoxicity control. AUC values are depicted in violin plots; points represent single cell
lines. Point colors denote FGFR3 mutation status and shapes denote resistance versus sensitivity. The sensitivity cutoff is represented by the dashed line. (F)
Sensitivity of FGFR3 wild-type and mutant urothelial cancer cell lines to erdafitinib. Confluence of cell cultures of FGFR1/2/3/4 wild-type (WT) cell lines (5637,
RT-112, UM-UC-3) and FGFR3 mutant cell lines (UM-UC-6, UM-UC-14) at 96 h after treatment with 0 (control), 1, 4, 7, and 10 pM erdafitinib. Points represent
measurements for three independent biological replicates; data points obtained for the same replicate are connected with lines.
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Fig. 8). Analogously, a community of co-regulated genes
encoding FGFR1 and its ligands and co-receptors was
observed in UC cell lines (Supplementary Fig. 9). These data,
together with the FGFR3 mutation profiling, suggest that UC
involves either ligand-dependent FGFR1 signaling or ligand-
independent FGFR2/3 signaling.

Of the 45 transcripts and 49 FGFR-related gene signa-
tures investigated, 22 mRNAs and 30 signatures were differ-
entially expressed between consensus molecular subsets in
at least two of the TCGA, IMvigor, and BCAN cohorts. FGFR3,
SDC1, TGFBR3, GPC3, and SDC4 were upregulated specifically
in LumP cancers. Transcripts of FGFR1 and FGFR1 ligands
(FGF7, FGF14, FGF10, FGF2, FGF9, FGF18) and interaction
partners (DCN, HSPG2, SDC2, PTX3), as well as most of the
differentially regulated gene signatures, were enriched in
the stroma-rich subtype suggesting ligand-dependent sig-
naling. High expression of FGF5, FGF11, and genes coding
for FGFBP, CD44, FGFBP1, GPC1 and TNFAIP6 was a hallmark
of Ba/Sq cancers, indicative of ligand-dependent signaling
via FGFR1 (Fig. 1C, Supplementary Figs. 10 and 11, and Sup-
plementary Tables 7 and 8). Overexpression of KL, a gene

encoding FGF19/FGF21/FGF23 co-receptors, was character-
istic for luminal unstable (LumU) tumors. These data sug-
gest distinct FGFR signaling mechanisms in LumP, stroma-
rich, and Ba/Sq consensus molecular subsets (Fig. 2). These
multifaceted FGFR signaling mechanisms are likely to be
the reason for the high heterogeneity of in silico predicted
responses to pan-FGFR inhibitor across the MIBC consensus
classes and cancers with and without FGFR3 mutations
(Supplementary Figs. 12 and 13 and Supplementary
Table 9).

Using two independent ML algorithms trained on tran-
script levels for 38 FGFR-, FGF-, and FGFBP-coding genes
from the TCGA cohort, we reproduced the LumP, LumU,
stroma-rich, and Ba/Sq consensus molecular subsets (IMvi-
gor and BCAN validation cohorts: accuracy 0.72-0.84; AUC
0.92-0.97, Cohen’s ¥ 0.59-0.77). In comparison to ML mod-
els using the full set of 818 MIBC consensus class-defining
genes described by Kamoun et al [11], the FGFR/FGF/FGFBP
gene models correctly predicted the LumP, stroma-rich, and
Ba/Sq classes, but not the LumU class (Supplementary
Figs. 14 and 15 and Supplementary Tables 10 and 11). This
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Fig. 2 - Distinct FGFR signaling activation according to molecular urothelial cancer subtype. Analysis of differential expression of genes encoding FGFR, FGF,
and FGFBP genes was conducted for the consensus molecular subtypes [9] in the TCGA BLCA [5,6], IMvigor [7], and BCAN [8] cohorts. FGFR3, SDC1, TGFBR3,
GPC3, and SDC4 were upregulated specifically in luminal papillary cancers. FGFR3 mutations affecting the hinge regions of the protein product and
overexpression of co-receptors and binding proteins TGFB3, SDC1, GPC3, and SDC4 may culminate in largely ligand-independent FGFR3 signaling. Genes
encoding FGFR protein and its ligands (FGF7, FGF14, FGF10, FGF2, FGF9, FGF18) and interaction partners (DCN, HSPG2, SDC2, PTX3) showed highest expression
in the stroma-rich class. In stroma-rich cancers, this tightly coordinated overexpression of FGFR1 and its ligands (FGF2, FGF7, FGF9, FGF10, FGF14, FGF18) and
interacting proteins (DCN, SDC1, HSPG2, ANOS1, and PTX3) may drive ligand-dependent FGFR1signaling. High expression of FGF5, FGF11, and genes encoding
the binding proteins and FGF co-receptors CD44, FGFBP1, GPC1, and TNFAIP6 was a hallmark of basal/squamous-like cancers. In basal/squamous tumors,
overexpression of FGF5 and co-activators such as FGFBP1, CD44, and GPC1 triggers ligand-dependent signaling via FGFR1. Figure created with BioRender.com.
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supports findings from the differential expression analysis,
which identified multiple FGFR/FGF/FGFBP-related markers
of the LumP, stroma-rich and Ba/Sq classes, but not of the
LumU class. The most influential genes for prediction of
MIBC consensus classes identified by the Shapley additive
explanations (SHAP) algorithm are outlined in Fig. 1D, Sup-
plementary Figs. 16-19, and Supplementary Tables 12 and
13.

Finally, treatment of DepMap UC cell lines with pan-
FGFR inhibitors in the GDSC1/2 and PRISM drug screens
revealed that most UC cell lines were sensitive to pan-
FGFR inhibitors, regardless of FGFR3 mutation status
(Fig. 1E and Supplementary Fig. 20). In vitro, erdafitinib
reduced proliferation in FGFR1-4 WT UC cell lines (UM-
UC-3, 5637, and RT112) and the FGFR3-mutated UC cell line
UM-UC-14%%*°C in a dose-dependent manner. Interestingly,
the FGFR3-mutated cell line UM-UC-6%28¢ was resistant to
erdafitinib (Fig. 1F and Supplementary Fig. 21). This,
together with the in silico predictions of response to pan-
FGFR inhibitors in the MIBC consensus classes and FGFR3
WT/mutant cancers (Supplementary Figs. 12 and 13), high-
lights the potential benefit of FGFR inhibitor treatment
beyond FGFR2/3 alterations.

Limitations of our study include the incompleteness of
clinical and multiomics data for the GENIE and MSK IMPACT
cohorts, which precluded a comprehensive analysis of the
transcriptome, gene signature, and drug response predic-
tions. Furthermore, as our findings are based on statistical
inference and modeling, we cannot establish causality,
meaning that we cannot definitively demonstrate that FGFR
signaling drives urothelial carcinogenesis in general. Lastly,
the observational design, with a reliance on bioinformatics
analyses, means that further clinical validation is needed.

In conclusion, differential gene expression in the consen-
sus molecular MIBC subsets indicates distinct mechanisms
of FGFR1/3 signaling activation. FGFR1/3 signaling may act
as an Achilles’ heel in UC that could justify FGFR-targeted
therapy not only in LumP cancers and tumors with FGFR2/3
alterations but also in other molecular subtypes. This fact is
further supported by the widespread sensitivity of UC cell
lines to erdafitinib in vitro regardless of FGFR3 mutation sta-
tus. FGFR signaling contributes substantially to UC pheno-
types, as demonstrated by the accurate prediction of
consensus molecular classes using only 38 FGF-related cod-
ing transcripts.
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