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IMPORTANCE Alterations in the fibroblast growth factor receptor (FGFR) pathway,
particularly FGFR3, are among the most common genomic events in urothelial carcinoma (UC)
and represent a cornerstone of precision oncology. Although FGFR3 alterations predominate,
selected FGFR2 fusions also identify patients who may benefit from targeted therapy. This
review summarizes the biology, molecular diagnostics, and evolving clinical applications of
FGFR alterations in UC.

OBSERVATIONS FGFR2/3 alterations are clinically actionable biomarkers across
non-muscle-invasive, muscle-invasive, metastatic, and upper-tract UC. Comprehensive
genomic profiling, tissue sequencing, plasma circulating tumor DNA, urine-based molecular
assays, and molecular residual disease assessment are expanding their roles in diagnosis,
treatment selection, surveillance, and disease monitoring. Recent clinical studies support
combination strategies, next-generation FGFR inhibitors, and earlier use of FGFR-directed
therapy, while emerging technologies, including artificial intelligence-assisted pathology and
integrated multi-omic biomarkers, may further improve patient selection.

CONCLUSIONS AND RELEVANCE FGFR alterations have become integral to the molecular
classification and precision management of UC. Continued advances in molecular diagnostics,
liquid biopsy, biomarker-guided therapy, and next-generation FGFR inhibitors are expected to
further personalize care. This review provides a practical framework for integrating FGFR
biomarkers into contemporary management and highlights emerging developments likely to
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influence future clinical practice.
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recision oncology has transformed the management
of urothelial carcinoma (UC) by integrating biomarker-
driven diagnosis and treatment. Fibroblast growth factor
receptor (FGFR) alterations, an umbrella term encompassing
activating point mutations, gene fusions, rearrangements, copy
number alterations, and other structural abnormalities, are
among the most clinically important molecular events in UC.
FGFR3 activating mutations predominate, whereas less frequent
FGFR?2 alterations, most commonly gene fusions, also have thera-
peutic relevance.'®
FGFR alterations are actionable biomarkers, and molecular
testing for susceptible FGFR2/3 alterations is established in
advanced UC. Next-generation sequencing (NGS), liquid biopsy.
and urine-based assays are extending molecular profiling across
diagnosis, classification, treatment selection, surveillance,
molecular residual disease (MRD) assessment, and clinical trial
enrollment.®"? This review summarizes FGFR biology, clinico-
pathologic associations, molecular diagnostics, targeted thera-
pies, resistance, and emerging applications, including liquid
biopsy, urine-based biomarkers, artificial intelligence (Al), and
MRD assessment, with emphasis on the dominant biologic and
clinical role of FGFR3.
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FGFR Biology and Pathophysiology

The FGFR family comprises 4 receptor tyrosine kinases (FGFRI,
FGFR2, FGFR3, and FGFR4) that regulate development, tissue ho-
meostasis, angiogenesis, and cellular proliferation. UCis character-
ized by the frequent FGFR3 alterations and less common action-
able FGFR2 fusions, defining a therapeutically targetable molecular
subset.>1314

Ligand binding normally induces receptor dimerization,
autophosphorylation, and mitogen-activated protein kinase,
phosphoinositide 3-kinase/protein kinase B, phospholipase C
gamma, and signal transducer and activator of transcription
signaling. FGFRs are expressed in epithelial mesenchymal and
vascular tissues; FGFR3 is the predominant transcript in normal
urothelium, providing physiologic context for the on-target toxic
effects of systemic FGFR inhibition. Aberrant signaling promotes
proliferation, survival, stromal interactions, and immune regula-
tion, and contributes to the immune-depleted phenotype of
many FGFR3-altered tumors."™

Hotspot FGFR3 alterations, including $249C, R248C, Y373C,
and G370C, cause ligand-independent activation, whereas
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Figure. lllustration of the Fibroblast Growth Factor Receptor (FGFR) Pathway in Urothelial Carcinoma
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Schematic overview of the FGFR family in urothelial carcinoma, highlighting the
predominance of FGFR3 alterations and less frequent FGFR2 fusions. Aberrant
FGFR activation results in constitutive kinase signaling through the
mitogen-activated protein kinase (MAPK), phosphoinositide 3-kinase/protein
kinase B (PI3K/AKT), phospholipase C gamma (PLCy), and signal transducer and
activator of transcription (STAT) pathways, promoting tumor growth and
progression. FGFR alterations also serve as clinically actionable biomarkers for

targeted therapy and disease monitoring. DAG indicates diacylglycerol; ERK,
extracellular signal-regulated kinase; IP3, inositol 1.4,5-trisphosphate; JAK,
Janus kinase; MEK, mitogen-activated protein kinase kinase; MRD, molecular
residual disease; mTOR, mechanistic target of rapamycin; PKC, protein kinase C;
RAF, rapidly accelerated fibrosarcoma; RAS, rat sarcoma viral oncogene
homolog; TK, tyrosine kinase.

FGFR3::TACC3 and other fusions produce constitutive kinase sig-
naling (Figure)."™'*'® Clinicopathologic features are summarized
in Table 1.

|
Clinicopathologic Landscape of FGFR-Altered
Urothelial Carcinoma

FGFR3 alterations are early events in urothelial tumorigenesis and
are enriched in low-grade papillary non-muscle-invasive bladder
cancer (NMIBC) but remain clinically relevant in muscle-invasive,
metastatic, and upper tract urothelial carcinoma (UTUC). FGFR
alterations occur in approximately 22% to 40% of UTUCs,
depending on disease stage, population, and testing method.'”'®
Their frequency and therapeutic actionability support molecular
profiling, particularly in advanced UC and UTUC (Table 1).192©
FGFR3-mutated tumors typically show low-grade papillary
architecture, whereas FGFR3 fusions are more often associated
with high-grade, muscle-invasive, or metastatic disease. How-
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ever, hotspot mutations also occur in morphologically diverse
tumors. In a recent clinicopathologic study, 76% of FGFR3-altered
UCs demonstrated variant histology, most commonly micropapil-
lary and squamous differentiation, confirming that FGFR3 altera-
tions are not restricted to conventional low-grade papillary
tumors.’>#16-21 Histology alone cannot determine FGFR status
but may prompt molecular testing.

Transcriptomically, FGFR3-altered tumors are usually luminal,
with expression of GATA3, PPARy, and uroplakins, and reduced
expression of basal markers such as KRT5, KRT14, and CD44.
Compared with basal tumors, they generally have lower genomic
instability and proliferative activity and an immune-depleted
microenvironment.571516:22

Common co-alterations involve chromatin-remodeling genes,
including KDM6A, ARIDIA, KMT2D, CREBBP, and EP300, and the
TERT promoter. TP53 and RBI alterations are less frequent in early-
stage tumors but increase with progression.”*2° These features
distinguish FGFR-altered UC within contemporary molecular
classifications.?>2'
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Table 1. Clinically Relevant Fibroblast Growth Factor Receptor (FGFR) Alterations in Urothelial Carcinoma (UC)

Approximate

Clinicopathologic

Preferred detection

Therapeutic

Alteration frequency Mechanism of activation phenotype method Clinical utility actionability
Activating FGFR3 60%-80% Of Ligand-independent Low-grade papillary DNA NGS or Early molecular FDA-approved
point mutations low-grade NMIBC,  receptor dimerization UC, luminal subtype, PCR-based event and predictive
(5249C, R248C, 15%-20% of MIBC, and constitutive kinase immune-cold companion diagnostic, biomarker for
Y373C, and enriched in activation phenotype, and diagnostic predictive, and FGFR-targeted
G370C, uTucC variant histologies surveillance therapy
K652E/Q/M) (eg, micropapillary, biomarker

squamous)

FGFR3::TACC3 2% to 6% of UC Fusion-mediated MIBC and metastatic RNA sequencing Predictive FDA-approved

fusion constitutive kinase UC (predominantly (preferred) or biomarker for predictive
activation luminal subtype) comprehensive FGFR-targeted biomarker

NGS therapy

Other FGFR3 fusions Rare (<1% Constitutive activation Advanced UC RNA sequencing Potentially Potentially

(FGFR3::BAIAP2L1, individually) through fusion partner actionable actionable

FGFR3::BICC1, alterations;

FGFR3::FGFR30P, comprehensive

FGFR3::GOLGA5, fusion testing

FGFR3::ACTG1, recommended

and FGFR3::DACH1)

FGFR2 fusions Rare (<2%) Fusion-mediated Advanced UC RNA sequencing Predictive Clinically
constitutive kinase (uncommon but biomarker for actionable
activation clinically relevant) FGFR-directed

therapy

FGFR3 2%-5% Increased gene Variable histologic DNA NGS Clinical Investigational

amplification/ dosage and receptor and molecular significance

copy number gain expression settings remains

uncertain

Alternative FGFR3 Rare Altered ligand Under RNA sequencing Biological Investigational

splicing/isoform specificity and investigation significance

switching signaling incompletely

defined

FGFR3 Variable Increased protein Multiple UC Immunohistochemistry  Protein Not clinically

overexpression expression without subtypes (research use) expression validated
genomic alteration alone is not

predictive of
response

Abbreviations: FDA, US Food and Drug Administration; MIBC, muscle-invasive
bladder cancer; NGS, next-generation sequencing; NMIBC, non-muscle-invasive

bladder cancer; PCR, polymerase chain reaction; UTUC, upper tract urothelial
carcinoma.

|
Molecular Testing and Biomarkers

Molecular testing is essential for identifying actionable FGFR2/3
alterations in advanced UC. Because different alteration types
require different analytical approaches, combined DNA/RNA NGS
is generally preferred for initial molecular characterization. DNA-
based NGS detects FGFR3 point mutations, insertions/deletions, and
copy number alterations, whereas RNA sequencing is more sensi-
tive for FGFR3::TACC3 and other gene fusions.*>%

Once a patient-specific alteration has been identified,
targeted polymerase chain reaction provides rapid, sensitive moni-
toring of plasma circulating tumor DNA (ctDNA) or urinary tumor
DNA for surveillance and MRD assessment, although it interro-
gates only predefined genomic targets. Comprehensive sequenc-
ing therefore remains the preferred approach for initial profiling and
discovery of novel alterations.>®23-2>

Although tissue remains the reference standard, plasma ctDNA
provides a minimally invasive approach for detecting actionable
alterations, monitoring treatment response, identifying acquired
resistance, and supporting perioperative risk assessment and MRD
evaluation, with high concordance to tissue testing.>&2*2527 Urine-
based assays complement tissue testing by supporting molecular
diagnosis, recurrence detection, surveillance, and patient selection
for intravesical FGFR-directed therapy. Urinary tumor DNA demon-
strates high concordance with tissue genomic profiling and is being
investigated for MRD assessment and prediction of response to

jamaoncology.com

neoadjuvant immunotherapy.?®2° In the TAR-210 development
program, urinary testing identified actionable FGFR alterations in
patients without adequate tissue.>'° Increasing analytical sensitivity
and prospective validation continue to expand the clinical utility of
urinary biomarkers (Table 2).>°123031

|
Clinical Applications Across
the Disease Continuum

FGFR2/3 alterations are clinically actionable biomarkers that
inform diagnosis, treatment selection, and disease monitoring across
the UC disease continuum.*>#° In NMIBC, FGFR3 alterations oc-
cur early in tumorigenesis and are highly enriched in low-grade pap-
illary tumors. In contrast, urothelial carcinomain situ harbors FGFR3
alterations far less frequently and is more commonly associated with
TP53 alterations and the basal molecular subtype. Consequently,
FGFR3-directed urinary biomarkers are expected to have greater util-
ity in papillary NMIBC than in urothelial carcinomain situ, although
cystoscopy and histopathologic evaluation remain the standards for
diagnosis and surveillance,'01319:32

In muscle-invasive and metastatic UC, comprehensive
molecular profiling identifies patients eligible for FGFR-directed
therapy, facilitates enrollment in biomarker-driven clinical trials,
and may identify co-occurring genomic alterations associated
with prognosis and therapeutic resistance.*>®33 Liquid biopsy
further expands the clinical utility of FGFR biomarkers. Plasma
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Table 2. Molecular Testing Platforms for Detection of FGFR2/3 Alterations in Urothelial Carcinoma (UC)

Primary alterations  Analytical Typical
Testing platform Specimen  detected performance turnaround time  Advantages Limitations Clinical application
PCR-based FFPE Hotspot FGFR2/3 High analytical 1-3d Rapid, Limited to Companion
companion tissue mutations and sensitivity for standardized, predefined diagnostic testing
diagnostics selected fusions recurrent relatively low variants and for FGFR-targeted
hotspot cost, and may miss rare therapy
mutations clinically mutations,
validated novel fusions,
companion and broader
diagnostic approach  genomic context
DNA- FFPE Mutations, High analytical Approximately Comprehensive Requires Preferred tissue-
based NGS tissue insertions/deletions, sensitivity for 7-14d genomic adequate tissue based profiling in
and copy number mutations but profiling and and fusion advanced UC
alterations limited for detects co- detection
fusion detection alterations and may be limited
trial-eligible
alterations
RNA FFPE FGFR2/3 fusions Highest Approximately Best method for RNA quality Fusion detection
sequencing/ tissue and expressed sensitivity for 7-14d fusion detection dependent and when actionable
anchored splice variants expressed and can identify less available rearrangement is
multiplex PCR FGFR2/3 novel partners than DNA NGS suspected or
fusions DNANGS is
negative/
incomplete
Combined FFPE Mutations, Highest overall ~ Approximately Most Higher cost, Preferred
DNA/RNA NGS tissue insertions/ molecular yield 10-21d comprehensive longer comprehensive
deletions, copy and assay single-platform turnaround, molecular profiling
number dependent approach and tissue
alterations, and requirements
fusions
Plasma ctDNA Peripheral  Mutations, High tissue Approximately Noninvasive, False negative Treatment
blood selected fusions, concordance 5-10d complements results with low monitoring,
and resistance (approximately tissue profiling, tumor shedding resistance
alterations 90%) and and enables serial and tissue detection, and MRD
reduced monitoring and confirmation assessment
sensitivity in resistance may still be
low-volume/ detection required
localized
disease?
Urinary Urine Tumor-derived Variable and Approximately Noninvasive Limited NMIBC surveillance,
cfDNA/utDNA mutations, often higher 3-10d and biologically standardization recurrence
including FGFR3 sensitivity for attractive for with prospective detection,
intravesical bladder- validation still bladder-preservation
disease than localized evolving monitoring, and
plasma, but disease, investigational MRD
assay and setting surveillance, and
dependent patient selection
when tissue is
inadequate
Urinary Urine Gene expression Variable and Approximately May capture Preanalytic Investigational
RNA/exosomal signatures, platform 3-10d transcriptionally variability and diagnostic,
RNA expressed fusions, dependent active disease limited clinical surveillance,
and noncoding RNA and exosomes availability and MRD
protect RNA from applications
degradation
Al-assisted H&E Predicted FGFR3 Sensitivity, Potentially May reduce Prescreen only Emerging
histopathology ~ whole- mutation status 0.96-1.00; NPV, rapid once molecular testing and not a prescreening tool
slide 0.99-1.00; deployed burden and replacement for molecular
images specificity, uses routine for molecular testing
0.32-0.47%%; H&E slides confirmation
and
proof-of-
concept
performance
lower in earlier
studies?®
Abbreviations: Al, artificial intelligence; cfDNA, cell-free DNA; ctDNA, 2 Sensitivity and specificity vary according to assay design, specimen quality,
circulating tumor DNA; FFPE, formalin-fixed paraffin-embedded; FGFR, disease stage, and study population; reported values represent approximate
fibroblast growth factor receptor; H&E, hematoxylin and eosin; MRD, molecular ranges from the contemporary literature. Plasma ctDNA performance is
residual disease; NGS, next-generation sequencing; NMIBC, non-muscle- supported by a prospective multicenter study demonstrating approximately
invasive bladder cancer; NPV, negative predictive value; PCR, polymerase chain 90% concordance with tissue-based FGFR testing and identification of
reaction; utDNA, urinary tumor DNA. additional actionable alterations.2°

ctDNA enables longitudinal assessment of tumor genomics, treat-  with an intact bladder. Because urine-based assays depend on
ment response, acquired resistance, and MRD, while urine-based  continued tumor DNA shedding into the urinary tract, their clini-
assays support molecular diagnosis and surveillance in patients  cal utility is limited following radical cystectomy, when plasma
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Table 3. Landmark Clinical Trials of Fibroblast Growth Factor Receptor (FGFR)-Targeted Therapies in Urothelial Carcinoma (UC)

Agent (mechanism) Trial Phase  Clinical setting Biomarker/eligibility>  Key findings Clinical impact
Approved FGFR-targeted therapy
Erdafitinib BLC2001 2 Locally FGFR2/3 mutations ORR, approximately Supported
(pan-FGFR1-4 (NCT02365597)*> advanced/metastatic or fusions 40%; durable accelerated FDA
inhibitor)3>-4* UC after platinum responses established  approval
chemotherapy proof-of-concept for
FGFR inhibition
THOR 3 Previously treated FGFR3/2 Improved OS, PFS, Established current
(NCT03390504)*® advanced/ alterations and ORR vs standard targeted
metastatic UC chemotherapy therapy
(median 0S,
12.1 movs
7.8-8.7 mo; ORR,
46.9% vs 12.6%)
Combination therapy
Erdafitinib + NORSE 2 First-line FGFR2/3 ORR, 44.2% Supports FGFR
cetrelimab®4-46 (NCT03473743)% cisplatin-ineligible alterations (erdafitinib) vs inhibitor
metastatic UC 54.5% immunotherapy
(erdafitinib + combinations
cetrelimab) with
durable responses
Futibatinib + TAS-120-203 2 First-line FGFR2/3 Preliminary safety Supports
pembrolizumab (NCT04601857)>° platinum-ineligible alterations data only in a small continued
(irreversible pan- metastatic UC UC cohort (n=6; development of
FGFR1-4 inhibitor)*&4° median treatment, FGFR inhibitor
approximately 48 d); immunotherapy
efficacy combinations
outcomes not yet
reported
NMIBC/bladder-preserving therapy
Erdafitinib (oral)®*52 Window-of-opportunity 2 Recurrent FGFR3- FGFR3 High CR rate with Demonstrates
erdafitinib trial altered NMIBC alterations short-course biologic activity in
(NCT04917809)>3 oral therapy bladder-preserving
(approximately therapy
75% [6 of 8 evaluable]
in FGFR-altered
intermediate-
risk NMIBC)
Erdafitinib (TAR-210 MoonRISe-1 3 Intermediate-risk FGFR Ongoing randomized Expands FGFR-
intravesical drug (NCT06319820)°° FGFR-altered NMIBC alterations trial vs single-agent directed therapy
delivery system)*°4>> intravesical into localized
chemotherapy with disease
efficacy results
pending (phase 1
TAR-210 reported
approximately
87% CR at 3 mo)
Investigational next-generation therapies
Infigratinib Phase 1 expansion 1b Advanced/ FGFR3 ORR, 25.4%; disease Development
(FGFR1-3 inhibitor)>”->° cohort metastatic UC alterations control, 64.2%; discontinued
(NCT01004224)%° and first clinical
proof-of-concept
for selective FGFR
inhibition
Rogaratinib FORT-1 2/3 Advanced UC FGFR1/3 Failed to improve OS Demonstrated
(pan-FGFR (NCT03410693)%4 mRNA despite responses in limitations of
inhibitor)®1-63 overexpression selected patients mRNA expression
as a predictive
biomarker
Dabogratinib SURF301 1/2 Advanced/ FGFR3 Early clinical Ongoing clinical
(selective FGFR3 (NCT05544552)%7 metastatic UC alterations activity with development
inhibitor)®>-¢© pharmacodynamic
ctDNA responses
Vepugratinib FORAGER-1 1 Advanced solid FGFR3 mutations ORR, approximately Promising
(LY3866288/ (NCT05614739)7° tumors, including or fusions 42%-45%; next-generation

LOX0-435; selective
FGFR3 inhibitor)®8-6°

metastatic UC

encouraging activity
after prior FGFR
inhibition; and
favorable early
safety profile

FGFR3-selective
inhibitor

Abbreviations: BCG, Bacillus Calmette-Guérin; CR, complete response; progression-free survival.
ctDNA, circulating tumor DNA; FDA, US Food and Drug Administration; mRNA,
messenger RNA; NA, not applicable; NMIBC, non-muscle-invasive

bladder cancer; ORR, objective response rate; OS, overall survival; PFS,

@ FGFR alterations include activating mutations and gene fusions unless
otherwise specified.
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Table 4. Emerging Fibroblast Growth Factor Receptor (FGFR)-Directed Therapeutic Platforms in Urothelial Carcinoma (UC)

Therapeutic platform Representative agent(s) Delivery method Disease setting® Advantages Development status
Oral FGFR TKls Erdafitinib, infigratinib, Oral systemic Advanced/ Established efficacy Approved/clinical
rogaratinib, and futibatinib metastatic UC and biomarker-selected trials
therapy

Selective FGFR3 Dabogratinib Oral systemic

inhibitors and LY3866288

Intravesical TAR-210 Intravesical

sustained-release controlled-

FGFR inhibition release device

FGFR3 antibody-drug LZU-WZLYCSO1 Intravenous

conjugates

FGFR3 x CD3 bispecific Investigational Intravenous

T-cell engagers

FGFR inhibitor + Investigational Systemic

epigenetic modulators combinations combination
therapy

Intravesical or
systemic

Intravesical

Nanoparticle-based
delivery

Liposomal
formulations
Gene/RNA-based
FGFR targeting

Lipid/polymeric
nanoparticles
Investigational

siRNA and antisense
oligonucleotides

Intravesical/
systemic

Advanced UC Greater target selectivity Early clinical

and potential reduction in development
off-target toxic effects
FGFR3-altered High local drug Phase 2
NMIBC concentration with
reduced systemic exposure
Advanced UC Selective cytotoxic Preclinical

payload delivery

Advanced UC Redirects cytotoxic Early clinical

T cells toward FGFR3- development
expressing tumor cells
FGFR-altered May overcome therapeutic Preclinical
advanced UC resistance by targeting
epigenetic dysregulation
and chromatin remodeling
pathways
Experimental Improved drug stability Preclinical
and tumor targeting
Experimental Enhanced urothelial Preclinical
penetration
Experimental Direct suppression of Preclinical

FGFR signaling

Abbreviations: NMIBC, non-muscle-invasive bladder cancer; siRNA, small
interfering RNA; TKI, tyrosine kinase inhibitor.

2 FGFR alterations include activating mutations and gene fusions unless
otherwise specified.

ctDNA may provide a more informative biomarker. Although pro-
spective validation is ongoing, these approaches may enable ear-
lier recurrence detection and more personalized longitudinal
disease monitoring.'012:27.29.31.33.34

|
Molecular Residual Disease and Liquid Biopsy

Assessment of MRD using ctDNA is an emerging application of
precision oncology in UC. Detection of ctDNA following radical
cystectomy or systemic therapy is associated with an increased risk
of recurrence and may ultimately guide postoperative risk stratifica-
tion, surveillance, and adjuvant treatment selection. Although
FGFR-specific MRD strategies remain investigational, ongoing ctDNA-
guided clinical trials are expected to define their role in personalized
management.®2°

Integration of plasma ctDNA, urine-derived biomarkers, and
multi-omic approaches may further improve early recurrence de-
tection and refine individualized surveillance strategies. Although
prospective validation remains necessary, MRD assessment has the
potential to become an integral component of personalized FGFR-
directed management across the UC disease continuum,610-252932.34

|
Treatments

FGFR-Targeted Therapy
FGFR-targeted therapy has transformed the management of
advanced UC, with susceptible FGFR2/3 alterations serving as clini-
cally actionable biomarkers. Erdafitinib remains the only approved
FGFR inhibitor and the first biomarker-selected therapy to demon-
strate an overall survival benefit in advanced UC (Table 3).4>357°,
The phase 2 BLC2001 trial demonstrated durable clinical activ-
ity of erdafitinibin patients with locally advanced or metastatic UC har-

JAMA Oncology Published online October 29, 2026

boring susceptible FGFR2/3 alterations after platinum-based chemo-
therapy, supporting accelerated regulatory approval. The phase 3
THOR trial subsequently demonstrated statistically significant
improvements in overall survival, progression-free survival, and ob-
jective response rate compared with investigator's choice chemo-
therapy, establishing erdafitinib as the standard targeted therapy for
patients with susceptible FGFR2/3 alterations who have been previ-
ously treated.*3>

Because FGFR regulates phosphate homeostasis and epithe-
lial tissue maintenance, FGFR inhibitors produce characteristic
on-target toxic effects. Hyperphosphatemiais the most common ad-
verse effect. Additional toxic effects include stomatitis, diarrhea, dry
mouth, skin and nail changes, and ocular toxic effects, particularly
central serous retinopathy/retinal pigment epithelial detachment,
which require biochemical and ophthalmologic monitoring and may
necessitate dose interruption or modification.*3> Ocular toxic ef-
fects are thought to result, in part, from FGFR2 inhibition within the
retinal pigment epithelium, providing the rationale for the develop-
ment of FGFR3-selective inhibitors that may reduce ocular toxic ef-
fects while maintaining antitumor activity.”!

Treatment of NMIBC

FGFR-directed therapy is movinginto earlier disease settings, particu-
larly recurrent FGFR3-altered NMIBC. In a phase 2 window-of-
opportunity study, patients receiving short-course oral erdafitinib
achieved an objective response rate of 75% and a complete response
rate of 55%, providing proof-of-concept for biomarker-selected therapy
in NMIBC.!

Intravesical delivery may further improve the therapeuticindex by
maximizing local drug exposure while minimizing systemic toxic effects.
Theinvestigational TAR-210 sustained-release erdafitinib delivery sys-
tem has demonstrated encouragingactivity in recurrent FGFR3-altered
NMIBC, includingintermediate- and high-risk disease.>'® Additional in-
travesical approaches are under investigation and may further expand
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bladder-preserving treatment options and clarify integration with con-
ventional intravesical therapy and surgery.>'®

Combination Therapy

Combination strategies are being explored to overcome acquired re-
sistance and improve response durability. Aberrant FGFR signaling
promotes an immune-depleted (immune-cold) tumor microenvi-
ronment, providing a biologic rationale for combining FGFR inhibi-
tion with immune checkpoint blockade.>"

In the phase 2 NORSE study, first-line erdafitinib plus the
programmed cell death protein 1inhibitor cetrelimab demon-
strated higher confirmed objective response rates than erdafitinib
alone (54.5% vs 44.2%) in cisplatin-ineligible patients with meta-
static UC harboring susceptible FGFR2/3 alterations, with durable re-
sponses and a manageable safety profile.** Similarly, the irrevers-
ible FGFRI1-4 inhibitor futibatinib combined with pembrolizumab
achieved a confirmed objective response rate of approximately 47%
and amedian duration of response of 12.3 monthsin the phase 2 TAS-
120-203 trial among patients with FGFR3 alterations or FGFRI-4 fu-
sions/rearrangements. Toxic effects were consistent with the es-
tablished safety profile of FGFR inhibition, supporting continued
evaluation of this combination.*®

Another promising combination strategy combines erdafitinib
with the nectin-4-directed antibody-drug conjugate enfortumab
vedotin. In the phase 1b ETCTN 10483 trial, the combination dem-
onstrated a manageable safety profile, established the recom-
mended phase 2 dose, and showed encouraging preliminary anti-
tumor activity in patients with metastatic UC harboring susceptible
FGFR2/3 alterations, supporting further evaluation of dual FGFR and
nectin-4 targeting.”?

Combinations with antibody-drug conjugates, chemotherapy,
and other targeted agents are under investigation to overcome re-
sistance and improve long-term disease control. Biomarker-guided
sequencing and rational combinations may further optimize treat-
ment for FGFR-altered UC.*>38

|
Novel FGFR Therapeutic Platforms

Beyond erdafitinib, additional FGFR inhibitors and novel delivery
platforms are being investigated to overcome resistance and expand
treatment options for FGFR-altered UC. Infigratinib demonstrated clini-
cal activity in patients with previously treated advanced UC harbor-
ing FGFR3 alterations, with an objective response rate of 25.4% and a
disease control rate of 64.2%, althoughits clinical development in UC
has not advanced further.>” Rogaratinib was evaluated in the phase 2/3
FORT-1 trial using FGFR1/3 messenger RNA (mMRNA) overexpression
rather than genomic alterations for patient selection.®’ FGFR1/3mRNA
expression was assessed using RNA in situ hybridization (RNAscope),
with high expression defined as a score of 3 or higher or 4 or higher.
Although transcript-based selection identified a broader population
than activating genomic alterations, rogaratinib did not improve sur-
vival compared with chemotherapy. These findings highlight the
complementary roles of genomic and transcriptomic biomarkers and
the need for continued refinement of predictive biomarker strate-
gies. Beyond direct inhibition of tumor-cell FGFR signaling, FGFR in-
hibition may also modulate the tumor microenvironment by influenc-
ing stromal signaling, angiogenesis, and immune-cell infiltration,
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potentially contributing to responses in tumors with FGFR1/3 mRNA
overexpression.”>®’

Notably, FGFR1/3 mRNA overexpression is more common than
FGFR genomic alterations, occurring in approximately 40% to 50%
of UCs compared with 15% to 20% harboring activating mutations
or fusions. Rogaratinib and futibatinib trials therefore enrolled
patients using transcript-based assays with prespecified expres-
sion cutoffs rather than genomic sequencing alone. Although this
strategy expanded eligibility, clinical experience suggests that mMRNA
overexpression alone is less predictive of therapeutic benefit than
activating genomic alterations, underscoring the need for contin-
ued refinement of predictive biomarkers.®"73

Next-generation FGFR3-selective inhibitors are being developed
toovercomeresistance and improve therapeutic selectivity. Inthe phase
1/2 SURF301 study, dabogratinib demonstrated pharmacodynamic
activity, including reductions in ctDNA, in patients with metastatic
FGFR3-altered UC.%° Similarly, vepugratinib (LY3866288) demonstrated
preliminary clinical activity in the phase 1FORAGER-1study, supporting
continued development of this therapeutic class.®

Novel delivery platforms are also being explored to enhance lo-
cal drug delivery while limiting systemic toxic effects. The sustained-
release intravesical TAR-210 system has demonstrated early clini-
cal activity in FGFR3-altered NMIBC.>'° Additional approaches,
including FGFR3-targeted antibody-drug conjugates (ADCs),
nanoparticle-based delivery systems, liposomal formulations, and
RNA-directed therapeutics, remain in preclinical or early clinical de-
velopment (Table 4).

Among these emerging platforms, FGFR3-targeted ADCs selec-
tively deliver cytotoxic payloads to FGFR3-expressing tumor cells,
potentially enhancing efficacy while limiting systemic toxic effects.
The investigational ADC LZU-WZLYCSO1 demonstrated potent an-
titumor activity in cell lines, patient-derived organoids, and xeno-
graft models while maintaining favorable tumor selectivity.”*
Although early in development, FGFR3-targeted ADCs represent a
promising strategy for patients with FGFR3-expressing UC, includ-
ing those with resistance to current FGFR inhibitors. FGFR3 and CD3
bispecific T-cell engagers and combinations of FGFR inhibitors with
epigenetic modulators are also under early clinical and preclinical
investigation.

. |
Mechanisms of Resistance to FGFR Inhibition

Acquired resistance remains the principal limitation of
FGFR-targeted therapy in advanced UC. Mechanisms include sec-
ondary FGFR kinase domain alterations, activation of bypass signal-
ing pathways, intratumoral heterogeneity, and clonal evolution, pro-
viding the rationale for next-generation inhibitors and combination
strategies.>®

Secondary FGFR Kinase Domain Mutations

On-target resistance most commonly results from secondary
mutations within the FGFR kinase domain mutations that reducein-
hibitor binding while preserving receptor signaling. Gatekeeper and
molecular brake mutations are frequent mechanisms of acquired
resistance following first-generation FGFR inhibitors.>->77>7¢
Clinical and ctDNA analyses have identified recurrent resistance-
associated FGFR kinase domain mutations, confirming clonal
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evolution under therapeutic pressure.>>”76 Similar to EGFR- and ALK-
directed therapy in non-small cell lung cancer, next-generation FGFR
inhibitors are being developed to overcome specific resistance mu-
tations. Highly selective FGFR3 inhibitors, including dabogratinib
(TYRA-300) and vepugratinib (LY3866288), have shown promis-
ing preclinical activity and encouraging early clinical efficacy while
reducing off-target toxic effects.®”!

Activation of Bypass Signaling Pathways

Resistance also arises through activation of alternative oncogenic
pathways, including phosphoinositide 3-kinase/protein kinase B,
mitogen-activated protein kinase/ERK, EGFR/ERBB2, and MET,
providing the rationale for combination therapies targeting comple-
mentary signaling pathways.>"

Role of ctDNA

Serial ctDNA analysis canidentify emerging resistance-associated FGFR
kinase domain mutations and clonal evolution before radiographic dis-
ease progression, providing earlier therapeutic intervention and adap-
tive treatment strategies and biomarker-directed treatment sequenc-
ing as next-generation FGFR inhibitors are developed.?*>”

Strategies to Overcome Resistance

Understanding resistance mechanisms is driving development of se-
lective andirreversible FGFRinhibitors, rational combination thera-
pies, and biomarker-guided treatment sequencing. Integration of
molecular profiling with longitudinal ctDNA monitoring may
further personalize management of FGFR-altered UC.*>¢°

|
Future Directions

The role of FGFR alterations in UC continues to expand beyond
targeted therapy through advances in molecular diagnostics, Al, and
biomarker-driven management, supporting earlier diagnosis,
individualized treatment, and longitudinal disease monitoring.® Al-
assisted pathology is an emerging complement to molecular profil-
ing. Deep-learning algorithms can predict FGFR3 alteration status
from routine hematoxylin and eosin-stained slides, potentially pri-
oritizing patients for confirmatory genomic testing while reducing
reliance on tissue-intensive molecular assays.3°'

Therapeutic development is moving beyond first-generation FGFR
inhibition. Next-generationinhibitors, biomarker-guided treatment strat-
egies, and rational combinations are being investigated to overcomeac-
quired resistance and improve the durability of response. InNMIBC, fu-
ture studies may evaluate systemic or intravesical FGFR inhibitors in
combination with Bacillus Calmette-Guérin, intravesical chemotherapy,
orimmune checkpoint blockade to enhance local disease control and
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