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ABSTRACT 

     Bladder cancer (BLCA) is a frequent cancer in industrialized countries and yet its survival 
rates have remained largely unchanged for the last three decades. At first diagnosis, the 
most frequently observed BLCA is non-muscle invasive (NMIBC; 75% of patients). While 
NMIBC is associated to a good prognosis (88% five-year survival rate), 70% of patients will 
recur after initial treatment and; depending on tumor grade and stage, 5-75% will progress to 
muscle invasive disease (MIBC). In contrast to NMIBC, MIBC is life-threatening with a five-
year survival of less than 60%, being reduced to less than 6% in presence of metastasis. 
 

     One of the two recent promising therapies for BLCA (erdafitinib) is based on the targeting 
of the frequently altered tyrosine kinase receptor FGFR3 (mutated in 65% of NMIBCs and 
15% of MIBCs; translocated in 3% of MIBC). Notwithstanding the positive results observed in 
clinical trials, the development of drug resistance in patients is anticipated as has been seen 
in other targeted treatments. A better understanding of the poorly characterized network of 
FGFR3 is needed to improve current therapies and prevent the onset of resistance 
mechanisms. 
 

     The aims of this thesis project were to: (1) better understand the tumorigenic role and 
functional consequences of an altered FGFR3 in vivo; and (2) identify the master regulators 
(transcription factors and cofactors; TFs/coTFs) forming part of the gene regulatory network 
(GRN) of FGFR3 in bladder tumors. The in vivo study and characterization of the regulatory 
network of FGFR3 should enable: 1) a better understanding of the role of FGFR3 in the 
pathogenesis of BLCA; and 2) the identification of essential network regulators (TFs/coTFs 
and/or their target genes) with potential therapeutic interest. In particular, the identification of 
new targets should ameliorate the efficiency of current FGFR3-targeted therapies, and/or 
reduce the development of drug resistance. 
 

     During the first part of my project, we investigated the in vivo oncogenic function of an 
altered FGFR3 through the characterization of a murine model overexpressing a human, 
frequently mutated FGFR3 (S249C); specifically in the urothelium. Such model represents 
the first ever demonstration of the oncogenic role of a mutated FGFR3 in vivo, with 
transgenic UPII-hFGFR3-S249C mice developing hyperplasia and low-grade, non-muscle 
invasive bladder tumors. Moreover, analyses at the histological and transcriptomic level 
confirmed that tumors from hFGFR3-S249C mice resembled their human counterparts. The 
characterization of the model further led us to highlight a significantly stronger male 
dominance in FGFR3 mutated subgroups of human MIBC and NMIBC. As a possible 
underlying mechanism, we demonstrated androgen receptor (AR) activation by FGFR3 using 
in vitro and in vivo models, and its relevance in human tumors was supported by a higher AR 
activity in FGFR3-mutated NMIBCs and MIBCs.  
 

     In a second instance, the combination of a bioinformatic reverse-engineering approach 
(collaboration with M. Elati) together with experimental validation enabled us to construct a 
BLCA-GRN that is driven by an altered-FGFR3. Through our inferred BLCA-FGFR3-GRN, 
we discovered p63, a transcription factor formerly reported to be important in wtFGFR3 
MIBCs. In collaboration with the team of C. Lodillinsky, we further corroborated that p63 
plays an essential role in the mediation of cell proliferation, migration and invasion of FGFR3-
dependent bladder cancer cells. Finally, we showed that FGFR3-mutated NMIBCs exhibited 
a significantly higher p63 activity compared to wtFGFR3, and this activity was associated 
with the higher recurrence rate of these tumors. These findings suggest that p63-induced cell 
migration could participate in enhancing tumor recurrence. 
 

     In conclusion, this study has permitted the in vivo demonstration that an altered-FGFR3 
independently drives bladder tumorigenesis, using a murine model that holds promise for 
future translational research use. On the other hand, it has provided an altered-FGFR3-
driven, BLCA-GRN that could be used by the scientific community for the identification of 
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essential network regulators. Finally, it has shed-light on an unexpected role of p63 in 
FGFR3-dependent bladder tumors. 
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RÉSUMÉ EN FRANÇAIS 

     Le cancer de la vessie est un cancer fréquent dans les pays industrialisés dont le 
pronostic a peu changé durant les trente dernières années. Les tumeurs de la vessie sont 
classées en deux sous-groupes principaux : les tumeurs n’infiltrant pas le muscle vésical 
(TVNIM ; 75% des cas lors du premier diagnostic) et les tumeurs infiltrant le muscle (TVIM). 
Les TVNIM sont caractérisées par un taux de survie à 5 ans favorable (88%), mais avec un 
pourcentage élevé de récidives (70%) et une progression imprévisible vers une TVIM. Les 
TVIM sont des tumeurs de pronostic sombre avec un taux de survie à 5 ans de moins de 
60%, réduit à 6% en présence de métastases. 
 

     Le récepteur aux facteurs de croissance des fibroblastes 3 (FGFR3) est un récepteur à 
activité tyrosine kinase (RTK) dont le gène est fréquemment altéré dans le cancer de la 
vessie par des mutations activatrices ponctuelles (65% des TVNIM ; 15% des TVIM) ou par 
des translocations générant la formation de protéines de fusion (3% des TVIM). En 2019, la 
Food and Drug Administration a autorisé le premier traitement ciblant les FGFR, notamment 
pour les patients atteints d’un cancer de la vessie avancé portant une altération génomique 
de FGFR3. Toutefois, à l’instar de plusieurs thérapies ciblées visant d’autres RTK, des 
résistances ont déjà été observées lors des essais cliniques utilisant les anti-FGFR et sont 
probablement la conséquence de mécanismes compensatoires. Ces observations indiquent 
qu’une meilleure compréhension des mécanismes oncogéniques induits par FGFR3 altéré 
est requise pour améliorer les traitements actuels et prévenir l’échappement thérapeutique. 
 

     Dans ce contexte, les objectifs de cette de thèse étaient : (1) d’étudier in vivo le rôle 
tumorigénique et les conséquences fonctionnelles d’une mutation très fréquente de FGFR3, 
et (2) d’identifier les régulateurs clés (facteurs et cofacteurs de transcription,TFs/coTFs) du 
réseau de régulation génique contrôlé par FGFR3 dans les tumeurs de vessie.  
 

     La première partie de cette thèse a été dédiée à la caractérisation d’un modèle murin 
surexprimant le gène FGFR3 humain portant une mutation fréquemment observée chez les 
patients (FGFR3 S249C), via un promoteur spécifique de l’épithélium de vessie. Ce modèle 
a permis de démontrer pour la première fois in vivo le rôle oncogénique de cette mutation 
conduisant au développement d’hyperplasies puis de tumeurs de type TVNIM de bas grade. 
Des analyses histologiques et transcriptomiques ont démontré que les tumeurs murines sont 
comparables aux tumeurs humaines, ouvrant ainsi la possibilité d’utiliser ce modèle en 
recherche translationnelle. De plus, ce modèle transgénique a permis de mettre en évidence 
que les patients atteints de TVNIM et TVIM mutées pour FGFR3 sont majoritairement des 
hommes. En outre, nous avons démontré, in vitro et in vivo, que FGFR3 activait le récepteur 
aux androgènes et que l’activité de ce facteur de transcription était plus élevée chez les 
patients portant une mutation de FGFR3, qu’il s’agisse de TVNIM ou TVIM. 
 

     Dans une seconde partie, nous avons construit un réseau de régulation de gènes (GRN) 
impliquant FGFR3 via un algorithme bioinformatique (collaboration avec M. Elati) et des 
données transcriptomiques issues de : 1) lignées de cancer de la vessie ou tumeurs de 
vessie (TVNIM et TVIM) exprimant un FGFR3 muté et 2) modèles précliniques dans lesquels 
l’expression ou l’activité de FGFR3 a été altérée.  
 

     Cette étude a identifié p63, un facteur de transcription préalablement associé à un groupe 
de tumeurs de vessie présentant un faible taux de mutations de FGFR3, comme un 
régulateur majeur du GRN contrôlé par FGFR3. Par la suite, le réseau prédit a été validé 
fonctionnellement en utilisant des données de viabilité cellulaire (criblages à large et petite 
échelle : CRISPR-Cas9, siRNA). Une étude fonctionnelle, menée en collaboration avec 
l’équipe de C. Lodillinsky, a permis de déterminer le rôle essentiel de p63 dans le contrôle de 
la viabilité, la prolifération, la différenciation et la migration des lignées de cancer de vessie 
exprimant FGFR3 muté. De plus, au sein des TVNIM, les tumeurs mutées FGFR3 
présentent une activité plus forte de p63 comparées aux tumeurs non mutées, laquelle est 
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associée à un taux de récidive plus élevé. Ces résultats originaux suggèrent que le rôle pro-
migratoire de p63 pourrait favoriser la récurrence des tumeurs TVNIM FGFR3 mutées. 
 

     En conclusion, ce projet a permis la démonstration in vivo du rôle tumorigénique de 
FGFR3 muté via la mise en place d’un modèle murin qui pourra être utilisé en recherche 
translationnelle. D’autre part, ces travaux ont contribué à l’identification de régulateurs 
essentiels faisant partie du réseau de gènes impliquant FGFR3 dans les tumeurs de vessie. 
Enfin, cette étude a clarifié un rôle inattendu de p63 dans les tumeurs de vessie exprimant 
un FGFR3 muté. 
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I. BLADDER CANCER 

 

1.1 The urinary bladder 

     The bladder is a hollow muscular organ of the urinary system whose function is to collect 

urine from the kidneys and temporarily stock it before disposal. The bladder wall is made up 

of four layers: the urothelium, lamina propia, detrusor muscle (muscularis propia) and 

adventitia (Figure 1).  

 

 

Figure 1. Anatomy of the bladder and its tissue layers. 
 
Left panel. The bladder is an organ of the urinary system composed of four distinct tissue layers: the 
mucosa (urothelium), the innermost layer lining the hollow lumen; the underlying submucosa (lamina 
propia), a layer of connective tissue comprised of blood cells, nerves and glands; the thick muscle 
layer, and the serosa/adventitia; the external layers covering the bladder. 

 
Right Panel. The urothelium is comprised of at least three cell layers including umbrella cells 
(superficial cells), intermediate cells and basal cells. The lamina propia controls the bladder 
capacitance and acts as a signal transductor of the central nervous system. The detrusor muscle is a 
smooth muscle consisting of three layers and constitutes 60-70% of the normal bladder wall. Adapted 
from Ajalloueian 2018 

 

     Acting as a barrier from toxic urinary substances, the urothelium is a stratified epithelium 

(transitional epithelium) consisting of at least three cell layers that allow it to contract and 

expand depending on the amount of urine stored. Three different cell types make up the 

urothelium and they are characterized based on their size, location and expression of 

molecular markers. Superficial or umbrella cells are large, terminally differentiated cells that 

line the lumen of the bladder and express diverse uroplakin proteins and the cytokeratins 18 

and 20 (KRT18, KRT20). Intermediate cells are medium sized cuboidal cells which, contrary 

to the superficial cells, express high-molecular-weight cytokeratins KRT5 and also express 

the p63 transcription factor. Attached to the basement membrane, basal cells are small 

cuboidal cells that express KRT14 and the highest levels of p63 and KRT5 (Figure 2)1,2.  
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Figure 2. The different cell 
types of the urothelium. 
 
 A. Anatomy of the bladder wall 
layers and their cellular 
composition.  
 
B. Outline of the expression 
levels of cytokeratins (KRTs), 
the P63 transcription factor and 
uroplakins (Uro) in the cells of 
the urothelium. Adapted from 
Kobayashi 2015 2 

 

 

 

 

 

     Compared to other epithelia, the urothelium has the lowest rate of cell turnover (3-6 

months)3 and yet it is able to rapidly regenerate itself within hours of a pathological or 

chemically induced injury4–6. Such regeneration process needs to be tightly controlled as an 

incomplete regeneration could lead to a detrimental barrier breach, whereas an uncontrolled 

regeneration could result in urothelial hyperplasia and malignant transformation. 

 

 

1.2 Bladder cancer 

1.2.1. Epidemiology 

     With half a million new cases diagnosed in 2018 and 19.9 million related deaths, bladder 

cancer is the tenth most common cancer worldwide and it is one of the most frequent 

cancers in Europe (fourth most common in men). The incidence of bladder cancer is 

increased with age and there exists a gender disparity with men being three to four-fold more 

affected than women (Global Cancer Observatory; GLOBOCAN 2018)7,8. Of note, the 

comparison of bladder cancer incidence in different world populations may result complicated 

as a result of distinct histopathological definitions. For example, some cancer registries may 

include non-invasive tumors of tumor stages Tis and Ta (see section 1.2.3 Clinical 

Phenotypes and Molecular Pathogenesis for further detail on tumor staging) when calculating 

bladder cancer incidence. As Ta bladder tumors represent 50% of all new bladder cancer 

diagnoses, the inclusion or omission of such group significantly impacts the calculated 

incidence (the data here presented is derived from GLOBOCAN 2018, which includes Ta 

tumors in the analyses).  
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1.2.2. Risk Factors 

     Cigarette smoking is the most important risk factor in bladder cancer accounting for 

approximately 50% of bladder-cancer cases in both men and women9. Indeed, high cancer 

incidences have been observed in certain countries that had elevated smoking rates in the 

1980s such as Italy and Spain10. Of note, risk may be diminished to different degrees 

depending on the form of tobacco consumption (e.g. pipes, cigar, chewing tobacco)11,12. 

     Additional risk factors associated to bladder cancer include occupational exposure to 

carcinogens such as aromatic amines and petroleum products (e.g. polycyclic aromatic 

hydrocarbons) and can be attributed to less than 8% of bladder-cancer cases. Other bladder-

cancer associated environmental risk factors include the consumption of arsenic-

contaminated food or water as well as exposure to air pollutants13–15. 

     Related more closely to the patient, chronic urinary tract infections such as those caused 

by the parasitic worm Schistosoma haematobium (60% prevalence in the Nile Delta, Egypt)16 

have been associated to the development of bladder cancer. Moreover, other studies have 

reported that there exist genetic predispositions to bladder cancer affecting genes involved in 

the metabolism of drugs and carcinogens17,18. 

 

1.2.3. Clinical Phenotypes and Molecular Pathogenesis 

Clinical Phenotypes 

      Bladder cancer is a heterogeneous disease with distinct histopathological phenotypes 

presenting different clinical responses. Transitional cell carcinoma (TCC); now most 

commonly named urothelial cell carcinoma (UCC)1, is the most common primary neoplasm 

(90% of cases). The other less common histological subtypes are squamous cell carcinoma, 

adenocarcinoma, small-cell carcinoma and sarcoma10. Bladder cancer is staged according to 

the TNM (Tumor Node Metastasis) classification system which defines the invasiveness of a 

tumor based on the depth of penetration of the tumor into the bladder wall and adjacent 

tissues (T), its spread into regional lymph nodes (N) and the presence or absence of 

metastases to distant sites (M). Tumors may be further graded into low-grade or high-grade 

based on basis of architectural and cytological atypia. Grading of tumors; specially NMIBC 

tumors, is important as it is an independent predictor of disease progression and 

recurrence19,20.  

     At diagnosis, the majority of bladder carcinomas (75%) are non-muscle invasive (NMIBC) 

papillary tumors confined to the urothelium (Ta) or that have invaded the lamina propia (T1). 

 

1 Urothelial cell carcinomas are the main subject of this thesis and will be referred from here 
onwards simply as “bladder cancers” or “bladder carcinomas”. 
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The remaining 25% of cases are tumors that have invaded the different layers of the detrusor 

muscle and in some cases metastasized to lymph nodes or other organs (MIBC; muscle-

invasive bladder cancer) (Figure 3). 

 

 

Figure 3. Types of bladder cancer: Staging and grading. 
Two major classes of bladder tumors are defined based on their ability to invade the bladder muscle 
(Non-muscle-invasive versus Muscle-invasive). 
 
Upper right panel part. Staging of bladder cancer based on the Tumor, Node, Metastasis (TNM) 
system. 
 
Lower right panel part. Histological grading according to the World Health Organization (WHO) 
classifications published in 1973 and in 2004. Grading allows to give a broad overview of the invasive 
potential of the tumor. Of note, in spite of being confined to the urothelium, carcinoma in situ (CIS, Tis 
in the TNM system) is a highly invasive and aggressive cancer. ISUP- International Society of 
Urological Pathology. PUNLMP- papillary urothelial malignancy of low malignant potential. Adapted 
from Sanli 201710 

 

Molecular Pathogenesis 

     Two pathways underlying the tumorigenesis of urothelial carcinoma have been described 

based on clinical and pathological data from human samples and mouse models10,21,22. 

These distinct but overlapping pathways give rise to papillary NMIBC and non-papillary 

(solid) MIBC, and comprise distinct molecular alterations such as those affecting the 

FGFR3/RAS and/or TP53/RB1 signaling (Figure 4). A common, early alteration found in both 

pathogenesis pathways is the deletion of chromosome 9, found in more than 50% of NMIBC 

and MIBC tumors23–25. Importantly, such chromosomal alterations impact tumor suppressor 

genes located on chromosome 9 such as cyclin dependent kinase inhibitor 2A (CDKN2A) 

encoding P16 and P14ARF, patched 1 (PTCH1) and tuberous sclerosis 1 (TSC1). In NMIBC 

tumors, our group has reported that loss of CDKN2A is associated to a higher progression in 

the FGFR3-mutated tumor subgroup26. 
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Ta Pathway. Tumors arising through this pathway are non-muscle invasive papillary tumors 

of stage Ta (accounting for 50% of urothelial tumors) and may develop from simple 

hyperplasia (flat urothelial hyperplasia) and minimal dysplasia. These tumors are highly 

recurrent (50-70%) yet few of them progress to muscle-invasive disease20. At the molecular 

level, low-grade papillary tumors are characterized by activating mutations of FGFR3 27–29, 

PIK3CA (encoding the phosphatidylinositol 4,5‑bisphosphate 3‑kinase catalytic subunit 

alpha, p110α)30,31, and inactivating mutations of the cohesion subunit complex STAG232–34.  

Within these alterations, the aberrant activation of FGFR3 constitutes the most common 

event, observed in approximately 70% of tumors. A functional impact of this alteration 

(further discussed in section II of this introduction) is the activation of the RAS-MAPK 

pathway and phospholipase C γ (PLCγ), resulting in increased cell proliferation and 

survival35. Point mutations impacting HRAS/KRAS frequently occur during the development 

of urothelial hyperplasias and contribute to the progression to non-invasive papillary tumors 

(Ta-NMIBC). Such mutations (HRAS/KRAS) have been revealed to be mutually exclusive 

with FGFR3 mutations, and in contrast to FGFR3 mutations, they are observed at similar 

frequencies in both NMIBC and MIBC. 

 

Carcinoma in situ (CIS) pathway. This pathway is defined by high-grade, muscle-invasive 

carcinomas (accounting for 20-30% of urothelial carcinomas) that develop from flat 

CIS/dysplastic lesions or originate de novo. Despite the rareness of CIS, most MIBCs are 

thought to arise from these lesions. Nonetheless, following the discovery of invasive 

carcinomas harboring FGFR3 alterations, other models of tumor development have been 

proposed where low-grade NMIBCs may progress into invasive disease following the loss of 

CDKN2A or inactivation of TP53/RB136,37. 

Muscle-invasive carcinomas have a high progression rate (local and distant metastases) and 

present many genomic alterations. At the molecular level, structural and functional alterations 

impacting one or both of the tumor suppressor genes TP53  and RB1 are frequent 38. Other 

alterations affecting cell proliferation include the upregulated expression of the receptor 

tyrosine kinase ERBB2 (HER2), and of members of the phosphatidylinositol 3‑kinase (PI3K) 

pathway, pAKT and pRPS639–41 
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Figure 4. Potential pathways of bladder tumorigenesis.  
Histopathological and molecular evidences have highlighted the existence of two possible 
pathogenesis pathways of papillary non-muscle-invasive bladder cancer (NMIBC low-grade Ta; blue) 
and solid muscle-invasive bladder cancer (MIBC; red). Percentage of tumors at first diagnosis is 
indicated. Loss of heterozygosity (LOH) of chromosome 9 is an early event in bladder tumorigenesis, 
observed in both pathways.  
 
Blue. Low-grade Ta tumors can develop from simple hyperplasia and minimal dysplasia and 
frequently present activating mutations affecting FGFR3. Progression of such tumors into high-grade 

Ta arises from recurrent mutations in the phosphatidylinositol 4,5‑bisphosphate 3‑kinase catalytic 

subunit alpha isoform (PI3KCA) and STAG2 (encoding the cohesin subunit SA-2). CDKN2A 
inactivation suggest a possible progression pathway towards T1 invasive tumors. 
 
Red. MIBCs emerge from flat dysplasias or carcinoma in situ (CIS) presenting TP53 inactivation 
and/or RB1 loss. T1 tumors progress to MIBC (T2) following additional alterations. Dashed arrows 
represent possible pathways of development. ARID1A- AT-rich interactive domain 1A, EMT- 
epithelial–mesenchymal transition, RHOGDI1- RHO-GDP dissociation inhibitor 2; ZEB1- zinc-finger E-
box binding homeobox 1. Adapted from Knowles 2015 42 

 

1.2.4. Molecular Subtypes 

     The grouping of bladder tumors into two categories based on clinical phenotypes and 

developmental pathways has not sufficed to explain the considerable heterogeneity observed 

in the clinical response of patients. Consequently, recent efforts have been made to classify 

bladder tumors using transcriptomic profiles resulting in the identification of multiple 

molecular subtypes. Being of better prognosis, only three molecular classifications have 

been derived for NMIBC43–45. Of those three, the one that is based on the largest set of 

samples (n=476) is the one by Hedegaard et al (Figure 5)43. In contrast, seven independent 

classifications have been proposed for MIBC45–52.  
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NMIBC molecular subtypes 

     Using transcriptomic data from 460 NMIBC patients (low and high-grade Ta, T1 and CIS) 

and a 117-gene classifier, three major molecular subtypes presenting luminal and basal-like 

characteristics were identified (Figure 5). 

• Class 1 tumors were composed primarily of non-invasive Ta tumors, characterized by 

a good prognosis and high expression of early cell-cycle, urothelial differentiation and 

FGFR3-related genes.  

• Class 2. Tumors of higher grade and stage, and risk of progression into MIBC were 

more frequently found in Class 2. Related to this, Class 2 tumors were defined by the 

expression of late cell-cycle, epithelial mesenchymal transition (EMT)-related and 

stem-cell-related gene signatures. Interestingly, Class 2 tumors, similar to those of 

Class 1, expressed KRT20 (CK20) which is normally enriched in the luminal umbrella 

cells of the urothelium. In this way, Class 2 tumors could represent predecessor 

tumors of luminal MIBC. 

• Class 3. Similar to Class 1 tumors, Class 3 tumors exhibited an FGFR3-related gene 

signature, but also presented markers related to basal-like MIBC (KRT5+, KRT14+, 

CD44+, KRT20-). A high expression of long non-coding RNAs and chromatin 

remodeling genes, coupled to low expression of cell-cycle genes led to the 

hypothesis that Class 3 tumors could constitute a subset of dormant NMIBCs. Such 

tumors would be able to evolve to MIBC after a class shift towards Class 2 tumors 

(CIS pathway) followed by progression. 

Figure 5. Molecular classes of non-muscle 
invasive bladder carcinoma (NMIBC) and 
possible progression pathways.  
 
A. Class 1 and class 3 tumors arise via the Ta 
pathway, characterized by FGFR3 alterations. 
Following a shift towards the carcinoma in situ 
pathway (CIS; class 2), class 3 tumors may 
further progress into muscle-invasive bladder 
carcinoma (MIBC). 
 
B. Summary of the different molecular traits 
defining each of the different classes. Adapted 
from Hedegaard 2016 
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MIBC molecular subtypes 

     The existence of several molecular classifications of MIBC hampered their use for patient 

stratification in the clinic. For this reason, a consensus classification grouping the previously 

established signatures was developed (Figure 6)48. Six consensus molecular subtypes were 

established using 1750 MIBC transcriptomic profiles from 18 datasets and the previously 

published classifiers46,47,49–51,53. 

 

Luminal classes. Three different luminal consensus classes overexpressing an urothelial 

differentiation signature were identified: 

• Luminal Papillary (LumP) tumors expressed an activated FGFR3 gene signature 

(40% of tumors were enriched in FGFR3 mutations). As their name indicates it, they 

were enriched in papillary histomorphology and were associated to the best overall 

survival. They represented the second largest molecular subtype (24% of samples). 

• Luminal Non-Specified (LumNS) tumors constituted a small class of tumors (8%) 

showing a high stromal infiltration. They were the only class of luminal tumors to show 

an immune infiltration, constituted mainly of B cells. Within the luminal classes, they 

were of the worst prognosis. 

• Luminal Unstable (LumU) tumors were the most genomically unstable compared to 

the other five classes. Contrary to the other luminal subtypes, only LumU tumors 

presented mutations in TP53 and ERCC2, a gene coding for a protein involved in the 

nucleotide excision repair pathway. 

 

Other classes 

• Stroma-rich tumors were characterized by high immune (T and B cells) and stromal 

(smooth muscle cells, endothelial cells, fibroblasts, myofibroblasts) infiltration. In 

terms of differentiation, they neither over-express nor under-express a urothelial 

differentiation signature. 

• Basal-squamous (Ba/sq) tumors were highly aggressive tumors of poor prognosis, 

representing the largest class of all (35% of tumors). They were distinguished by 

alterations of the EGFR signaling pathway (overexpression of the EGFR receptor and 

its ligands), mutations affecting TP53 and RB1, and a strong immune infiltration. 

• NE-like tumors displayed a neuroendocrine differentiation and had the worst 

prognosis of all subtypes. 
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Figure 6. Consensus molecular classes of muscle-invasive bladder carcinoma (MIBC).  
 
Summary of the molecular and clinicopathological characteristics identified in the different consensus 
classes of MIBC. The percentage of samples having been assigned to the different classes is 
represented at the top of the table. Tumor classes are laid out in luminal-to-basal differentiation 
gradient and neuroendocrine differentiation. Adapted from Kamoun 201948 

 

 

 

The molecular classification of bladder tumors has allowed to better understand the complex 

heterogeneity underlying the disease, but most importantly it has highlighted possible 

therapeutic targets within the different subtypes. Moreover, distinct responses to treatment 

have been revealed for each class, meaning that patients may be better stratified in the 

future, allowing for improved therapy outcomes. 
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1.2.5. Current and emerging therapies 

     The choice of primary treatment given to a bladder cancer patient is at present mainly 

based on the pathological diagnosis and staging of the tumor that is obtained following a 

transurethral resection (TURBT). Clinical information such as frequency of recurrence, 

chemotherapy tolerance and tumor multifocality are other important factors that are taken 

under consideration. Treatment type and efficacy therefore vary greatly depending on the 

clinical characteristics, stage and associated risk factors of the tumor. 

 

Current therapies 

NMIBC Treatment 

     NMIBC is routinely treated with TURBT. For low-grade Ta tumors (low-risk), TURBT alone 

(tumor must be completely excised) may suffice although an immediate instillation of 

chemotherapy is recommended to complete treatment due to an observed variability in tumor 

recurrence depending on the quality of the surgery54–56. High-risk patients (high-grade Ta and 

T1) will be treated by a TURBT followed by a single-dose of intravesical immunotherapy with 

Bacille Calmette Guérin (BCG), a commonly used vaccine against tuberculosis. For tumors 

presenting an elevated risk of progression or recurrence, intravesical chemotherapy 

(mitomycin C) is given instead56. 

 

MIBC Treatment 

     Non-metastatic MIBC is managed using multiple approaches involving neo-adjuvant 

cisplatin-based chemotherapy followed by radical cystectomy (bladder removal) with 

extended lymphadenectomy. For certain patients, the bladder may be preserved, in which 

case chemotherapy and radiation are given. Different protocols for the conservative 

treatment of MIBC exist, and are used differently in diverse countries57,58. Metastatic disease 

is managed following a combination chemotherapy regimen (GC-gemcitabine and cisplatin or 

MVAC-methotrexate, vinblastine, doxorubicin, and cisplatin) or checkpoint inhibitors for 

chemotherapy ineligible patients. Nonetheless, in daily practice the use of cis-platin based 

chemotherapy has been reported to be limited due to a big percentage of patients (as many 

as 50%) being ineligible for this kind of treatment59. Novel treatments for chemotherapy unfit 

patients are under investigation, however the clinical outcomes may depend greatly on the 

population of study (ineligible patients form a very heterogenous group)60. 

 

 

As mentioned before, survival rates vary enormously from one type of bladder cancer to 

another. In patients with low-grade NMIBC, in spite of a favorable prognosis (10-year 

recurrence-free survival of ca. 80%), 50-70% of patients will recur and; depending on grade 
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and stage, from 5% up to 75% of patients will progress to MIBC at 5 years54,61,62. By 

comparison, MIBC can be life-threatening with 5-year survival rates ranging from less than 

50% down to 5% based on lymph node status or distant metastasis57,62,63. The high incidence 

and recurrence rate of NMIBC, coupled with the poor prognosis of MIBCs make bladder 

cancer a significant and expensive health problem, necessitating the development of new, 

more efficient therapies.  

 

Emerging Therapies 

     For more than two decades the standard care of treatment of bladder cancer remained 

unchanged, as did its survival rates64. Only recently, numerous clinical trials have been put in 

place to evaluate the therapeutic potential of immunotherapies and targeted therapies in 

bladder cancer65. 

 

Immmunotherapies 

     At present, five immune checkpoint inhibitors (pembrolizumab, nivolumab, atezolizumab, 

durvalumab and avelumab) have been approved by the Food and Drug Administration (FDA) 

for use in first or second-line treatment of metastatic MIBC. The main targets of such 

immunotherapies are programmed cell death 1 protein (PD1) and its ligand (PDL1), however 

immunotherapies targeting the cytotoxic T-lymphocyte-associated protein 4 (CTLA4) are also 

being investigated. Based on the observed clinical efficacy in metastatic MIBC, the use of 

immune check-point inhibitors is being tested in chemotherapy-refractory/ineligible MIBC and 

BCG-refractory NMIBC66–68.  

 

Targeted therapies 

     As a result of the molecular characterization of bladder cancer, numerous altered 

genes/proteins and deregulated signaling pathways of therapeutic interest have been 

identified43,48,50,51,69–71. Over the past years, several clinical trials in bladder cancer have been 

established to analyze the efficiency of targeting such molecular alterations. Amongst the 

most frequently targeted pathways are the PI3K‑mTOR signaling or the RTK–RAS–MAPK 

pathways. Drugs have been developed to target different members of these signaling 

pathways such as EGFR, FGFR3, PIK3CA, MTOR and ERBB2 (HER2)65. Only this year, the 

FDA approved Balversa (erdafitinib; a pan FGFR inhibitor) as the first targeted therapy in 

locally advanced or metastatic bladder cancer; reported to have achieved a 40% objective 

tumor response rate (3% with complete response and 37% with partial response)72.  
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     Notwithstanding the promising responses observed for emerging therapies, treatment of 

MIBC remains challenging. Indeed, only 20% of patients are responsive to immune check-

point inhibitors and those receiving a targeted therapy eventually become resistant to the 

treatment65,72–74. A deeper understanding of the underlying molecular mechanisms of bladder 

cancer is hence essential for the development of better therapeutic strategies.  
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II. FGFR3 

 

     Fibroblast growth factor receptor 3 (FGFR3) belongs to a family of four structurally 

related, receptor tyrosine kinases (FGFR1-4) playing an important role in embryogenesis and 

tissue homeostasis. Activating mutations and amplifications affecting FGFR3 have been 

associated to a range of developmental and proliferative disorders. In bladder cancer, 

activating mutations of FGFR3 are one of the most frequently observed genetic alterations75. 

 

2.1 Structure 

     The FGFR3 protein shares a common structure with the other three members of its 

family, consisting of an extracellular ligand-binding domain succeeded by a hydrophobic 

transmembrane domain and an intracellular tyrosine kinase domain. The extracellular 

domain is composed of an amino terminal hydrophobic signal peptide and three 

immunoglobulin (Ig) domains that arise by alternative splicing and define the receptor’s 

specificity for its ligands (Figure 7). Many splice isoforms exist for FGFR3. Among them, 

FGFR3b is expressed in epithelial cells and urothelial carcinoma76,77.  

 

 

Figure 7. Structure of the fibroblast growth factor receptor proteins (FGFRs).  
 
FGFRs are composed of three major structural domains: the extracellular ligand-binding domain 
constituted of three immunoglobulin (Ig) domains, a hydrophobic single-transmembrane helix, and an 
intracellular split tyrosine kinase domain. FGFR-signaling is activated following the binding of FGF to 
cell surface HSPGs, heparan sulphate proteoglycans that help to stabilize the FGF-FGFR interaction. 
Ligand-binding specificity is regulated through alternative splicing of the Ig III domain. Transduction of 
the signaling pathway occurs after a ligand-induced receptor dimerization, followed by the 
transphosphorylation of the intracellular tyrosine kinases and subsequent binding/phosphorylation of 
adaptor proteins such as FRS2.Adapted from Iyer 2013 78 
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2.2 Signaling 

     Binding of the fibroblast growth factors (FGFs) to the FGFR extracellular Ig like domains 

causes the dimerization of the receptor and enables its trans-phosphorylation at key tyrosine 

residues found in the intracellular domain. Importantly, FGFs do not bind solely to their FGFR 

receptor, but an additional interaction between FGFs and heparan sulfate proteoglycans 

(HSPGs) is needed to stabilize the FGF-FGFR complex. Following the activation of the 

receptor, phosphorylated tyrosine residues function as docking sites for many adaptor 

proteins that will in turn enable the binding and phosphorylation of other proteins, leading to 

the transduction of the signaling pathway. There are four main signaling pathways 

downstream of FGFR activation that are involved in the regulation of cell proliferation, 

migration and survival: RAS-MAPK, PI3K-AKT, JAK-STAT and PLCγ (Figure 8)75,79. Other 

signal transduction pathways are activated in a cell-context dependent manner or could arise 

due to the trafficking of the FGFRs to the nucleus75,80. These include the P38 MAPK 

(MAPK14), c-Jun N-terminal kinase (JNK), SRC kinase, SHB, CRK and RSK pathways79,81  

     Because of its role in driving diverse developmental signaling pathways, the FGFR 

signaling needs to be precisely regulated. Following ligand stimulation, different inhibition 

mechanisms are deployed and include the endocytosis and degradation of the receptor, 

inhibition of the receptor’s kinase activity and limitation of the accessibility to adaptor 

proteins. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 
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Figure 8. FGFR signal transduction pathway.  
 
Following FGF-ligand binding, signals are transduced to the RAS-MAPK and PI3K-AKT pathways via 
the FRS2 adaptor protein. Recruitment of PLCγ results in activation of the DAG-PKC and IP3-Ca2+ 
pathways. Other pathways that may be activated include STATs, P38 MAPKs, JNKs and RSK2 (not 
shown). Negative regulation of occurs at several levels and involves DUSP, SPRY and SEF proteins. 
FGFR signaling is involved in cell proliferation, survival, differentiation, migration, invasion and 
epithelial-to-mesenchymal transition (EMT). Adapted from Tiong 2013 82 

 

2.3 Deregulation of the FGFR3 signaling and disease 

     Aberrant activation of the FGFR signaling pathway has been observed in different 

pathologies including cancer. The mechanisms leading to the alteration of the pathway can 

originate from genetic alterations or alterations in the signaling of the receptor. Genetic 

alterations involve the overexpression (due to amplification) or mutation/translocation of the 

receptor and result in ligand-independent receptor signaling. A deregulation of the autocrine 

or paracrine signaling of FGF ligands may also result in an abnormally activated FGFR 

pathway. Other possible disruption mechanisms of the FGFR signaling pathway consist of 

genetic alterations impacting genes downstream of the receptor (Figure 9). 

 

 

       Figure 9 
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Figure 9. Mechanisms of deregulated fibroblast growth factor receptor signaling 
 
Fibroblast growth factors (FGFs) and the FGF-receptors (FGFRs) may be altered in different ways, 
deriving in a pathogenic, constitutive FGFR-signaling. Ligand-independent signaling may arise as a 
result of protein overexpression, often due to gene amplification; activating mutations affecting the 
dimerization or kinase domain of the receptor; and oncogenic FGFR fusion proteins resulting from 
chromosomal translocations. Abnormal expression levels of FGF-ligands (produced by the cell or 
associated stroma) or FGFR-binding partners (FRS2, PLCγ) also lead to a hyperactivated FGFR-
signaling. Adapted from Babina 2017 73 

 

     Just as observed in the normal physiological setting, the cellular context in which an 

altered FGFR signaling occurs determines its functional outcome. Germline mutations of 

FGFR3 have been associated to several skeletal disorders where bone growth is severely 

impacted: hypochondroplasia, achondroplasia, severe achondroplasia with developmental 

delay and acanthosis nigricans (SADDAN), and thanatophoric dysplasias (TDI, TDII). 

Functional studies have demonstrated that these mutations lead to a constitutively active 

receptor, resulting on the inhibition of proliferation and altered differentiation of 

chondrocytes83–85. Conversely to such inhibitory role, the same activating mutations of 

FGFR3 have been observed in benign skin epidermal lesions (seborrheic keratoses and 

epidermal nevi) as well as diverse malignant neoplasms (multiple myeloma, bladder cancer 

and cervical cancer)28,86–90. The reasons behind such divergent responses remain largely 

unknown and are probably multi-factorial: cell-type specific expression of adaptor proteins, 

signal enhancers, transcription factors and co-activators, as well as distinct crosstalk with 

other signaling pathways.  

 

2.4 FGFR3 and bladder cancer 

     FGFR3 is one of the most frequently altered genes in bladder cancer. Activating 

mutations affecting the receptor can be found in 65% of NMIBC and 15% of MIBC43,51,91,92. 

Moreover, even if mutation rates in MIBC are lower, an overexpression of FGFR3 has been 

seen in 30% of tumors expressing a wild-type receptor93. Chromosomal translocations that 

lead to active FGFR3 fusion proteins (FGFR3-TACC3, FGFR3-BAIAP2L1) have also been 

reported in 3% of MIBC51,94. 

     The most frequent somatic mutations impacting FGFR3 in bladder cancer are observed at 

level of the extracellular or transmembrane domain. These mutations cause a cysteine 

amino-acid substitution that allows for constitutive receptor dimerization through the 

formation of de novo disulfide bridges.  At the extracellular domain, the most common 

activating mutations are S249C and R248C, whereas transmembrane domain mutations 

comprise G372C and Y375C (Figure 10)95. Of all the alterations, the most frequent one is the 

S249C and a recent study by our team revealed that this over-representation is due to an 
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APOBEC (Apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like) deaminase 

mediated mutagenesis92. The oncogenic properties of such mutated FGFR3 forms have 

been well demonstrated in vitro 35,94,96–98. Indeed, in a study by our team, overexpression of 

FGFR3-S249C in NIH3T3 cells led to neoplastic transformation as evidenced by their 

anchorage-independent cell growth, increased proliferation and capacity to develop tumors in 

xenografted mice96. In the same study, the cell viability of MGHU3, a bladder-cancer derived 

cell line expressing a mutated, constitutively activated FGFR3 (FGFR3-Y375C); was 

impacted following the knockdown (siRNA) or inhibition of activity of FGFR3. Tomlinson et al 

further demonstrated that the transforming potential of the 97-7 bladder cancer cell line was 

altered following the knockdown (shRNA) of FGFR3-S249C. Of note, re-expression of 

FGFR3-S249C in the shRNA expressing cells led to a re-establishment of the neoplastic 

phenotype, confirming the oncogenic role of FGFR3 in such cell line98. The tumorigenic role 

of FGFR3 fusion proteins (FGFR3-TACC3, FGFR3-BAIAP2L1) has also been validated in 

vitro and in xenograft models97,99. 

 

 

 

Figure 10. Localization and frequency of FGFR3 point mutations in bladder cancer.  
 
Frequencies are displayed as percentages of all the FGFR3 mutations presently described. Ig- 
Immunoglobulin-like domain, TK- Tyrosine kinase domain, TM- Transmembrane domain. Adapted 
from Goebell 2010 100 
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     Until recently, multiple in vivo studies had reported that activation of Fgfr3 alone in 

genetically engineered mice (GEM) was not sufficient to induce urothelial carcinogenesis. In 

such studies, tumor formation was observed only when the alteration of Fgfr3 was coupled to 

a loss of Pten101, a p53/Rb1 deficiency102 or to a carcinogen treatment103. As part of my 

thesis project, I characterized a model of GEM overexpressing the human FGFR3-S249C in 

the urothelium. This is the first ever model in which mice overexpressing a hFGFR3-S249C 

develop hyperplastic lesions and low grade papillary urothelial carcinoma, evidencing the 

tumorigenic role of a mutated FGFR3 in vivo.  

 

2.5 FGFR3 as a therapeutic target in bladder cancer 

     Based on the previous evidence highlighting the role of FGFR3 in bladder tumorigenesis, 

two main therapeutic strategies have been developed to inhibit its signaling: small-molecule 

tyrosine kinase inhibitors and monoclonal antibodies. 

 

2.5.1 Small-molecule tyrosine kinase inhibitors 

     Small-molecule tyrosine kinase inhibitors (TKIs) are molecules mainly targeting the ATP-

binding cleft of the kinase domain of multiple receptor tyrosine kinases (RTKs). They exert 

their inhibitory action by impairing either the catalytic activity of the RTK or the 

autophosphorylation of its intracellular tyrosine residues. Amidst the TKIs there are non-

selective and selective FGFR-TKIs (reviewed in Babina et al 2017 73).  

     Non-selective TKIs target multiple RTKs belonging to phylogenetically related families 

such as vascular endothelial growth factor receptors (VEGFRs) and platelet-derived growth 

factor receptors (PDGFRs). Non-selective inhibitors are hence less effective at inhibiting the 

FGFR signaling pathway, and result in more toxic side effects due to their multiple targeting. 

Examples of these inhibitors include dovitinib (Novartis), ponatinib (ARIAD Pharmaceuticals) 

and lucitanib (Clovis Oncology). Amidst them, only dovitinib has been tested in a phase II 

clinical trial in BCG-refractory urothelial carcinoma (NCT01732107). The treatment was not 

further investigated as long-term treatment resulted in high, frequent toxicity104.  

     Selective pan-FGFR TKIs have been developed in order to reduce the multiple TKIs’ 

associated toxicity and increase the FGFR-selective inhibition. Many of them have been 

evaluated in diverse clinical trials and include: AZD4547, Astra Zeneca; BGJ398, Novartis; 

Erdafitinib (JNJ42756493), Jansen; Rogaritinib (BAY 1163877), Bayer, and PD173074; 

Pffizer (only TKI not having been evaluated in clinical trials)72,105–108.  Of note, Rogaritinib has 

been tested in patients selected not on the basis of FGFR3 mutational status, but on high 

FGFR1-3 expression. Fifty-one patients were evaluated with a disease control rate of 73%, 

suggesting that tumors may depend on FGFR3 signaling without expressing mutations 
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affecting the receptor. Of the other inhibitors, erdafitinib is, as previously mentioned, the first 

FDA approved pan-FGFR inhibitor for the treatment of patients with advanced or metastatic 

bladder cancer, presenting FGFR alterations. Notwithstanding the reduction in toxicity 

compared to the multi-targeting TKIs, adverse effects are still observed using pan-FGFR 

inhibitors as they are do not only target FGFR3 but also other FGFRs. 

 

2.5.2 Monoclonal antibodies  

     Monoclonal antibodies targeting the extracellular domain of the FGFR3 have been 

developed as an alternative to small-molecule tyrosine kinase inhibitors. They act by 

hampering ligand binding or receptor dimerization, leading to the inhibition of FGFR3 

signaling. In contrast to small-molecule tyrosine kinase inhibitors, monoclonal antibodies are 

less toxic and are highly specific. Furthermore, they may be coupled to immunotoxins or 

radionucleotides for targeted therapy against cancer cells35. 

     Studies in vitro have demonstrated an inhibitory effect on cell proliferation following the 

targeting of FGFR3 with monoclonal antibodies in human bladder cancer and multiple 

myeloma derived cell lines109–111. Subsequently, vofatamab (B-701), an anti-FGFR3 

monoclonal antibody is being evaluated in a phase II clinical trial for metastatic urothelial 

carcinoma (NCT02402542 clinical trial) 112. 
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     Despite the preclinical and clinical data evidencing the beneficial outcomes of targeting 

the FGFR3 signaling in bladder cancer, one of the most important challenges to overcome 

yet is the development of resistance to treatment. So far, different studies have unveiled the 

mechanisms of acquired resistance to FGFR-inhibitor including: (i) mutations in the tyrosine 

kinase domain or ATP-cleft of the receptor or (ii) upregulation of compensatory pathways 

such as EGFR and ERBB2/3 in bladder cancer (Figure 11)113–117. 

 

 

 

Figure 11. Mechanisms of acquired 
resistance to fibroblast growth factor 
receptor inhibition. 

 

Development of resistance to fibroblast 
growth factor receptor (FGFR) inhibitors has 
been observed in diverse pre-clinical trials as 
well as in vitro studies. Resistance may 
occur through A | Emergence of gatekeeper 
mutations (secondary mutations) affecting 
the kinase domain of FGFRs hindering 
correct drug binding. Another possibility 
involves the bypass of the signaling through 
the activation/upregulation of alternate 
receptor tyrosine kinases (RTKs) such as 
insulin-like growth factor 1 receptor or ERBB 
family members such as EGFR, HER2 and 
ERBB3. B | Alternate receptors activate 
signaling pathways such as the PI3K-AKT-
mTOR that in turn regulate cell proliferation, 
metabolism and survival. K-RAS activation 
as a result of mutations or amplifications can 
additionally activate the MAPK-ERK 
signaling pathway in absence of FGFR 
signaling. FRS2, FGFR substrate 2, GAB1- 

GRB2‑associated binding protein 1, GRB2- 

growth factor receptor-bound protein 2, JAK-
Janus kinase, SOS-son of sevenless, STAT-signal transducer and activator of transcription. Adapted 
from Babina 2017 73 

 

 

 

     Whilst the oncogenic properties of an altered FGFR3 have been well established, the 

signaling network of FGFR3 in bladder cancer remains partially understood. A better 

understanding of the complex biology of the FGFR3 signaling is needed to accelerate the 
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identification of predictive markers of response and/or new therapeutic targets, enabling for 

improvement of combination treatments and prevention of drug resistance.  
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III. P63 

 

     Being one of the genes I identified during my PhD as forming part of the FGFR3 gene 

regulatory network in bladder cancer, I will give a brief introduction on p63. P63 is a 

transcription factor belonging to the p53-protein-family and has been widely studied due to its 

role in epithelial development and differentiation, as well as its double function as an 

oncogene or tumor suppressor in cancer. In bladder cancer, its overexpression has been 

widely associated to a more lethal subtype of MIBC. 

 

3.1 Structure and isoforms 

     The transcription factor p63 (protein encoded by the TP63 gene) belongs to the p53-

family of tumor suppressors: p53/p63/p73. It exhibits strong sequence and structural 

homology to p53, in particular at the DNA-binding domain, hence sharing targets regulated 

by p53118. Diverse studies have shown that p53-family members may cooperate to regulate 

gene transcription, however they also act in an independent way119. 

     Similar to p53, the p63 protein is composed of three domains: an acidic N-terminal 

transactivation (TA) domain, a DNA-binding domain (DBD) and a carboxy-oligomerization 

domain (OD). However, unlike the p53 gene (TP53), TP63 possesses two alternative 

promoters giving rise to two major classes of isoforms: the full length TAp63 (trans-activating 

P63) and the N-terminal truncated ΔNp63. Despite presenting a truncated trans-activation 

domain, the ΔNp63has been shown to possess a bona fide transcriptional activity, acting 

beyond a dominant-negative protein capable of inhibiting TAp63. 

     At the C-terminal domain, additional isoforms (α, β, γ, δ and ε) are generated as a result 

of alternative splicing at the 3’ mRNA level (Figure 12)120. All isoforms share a common DBD 

and OD and the α-isoforms (TAp63α and ΔNp63α), the most abundant of all isoforms; 

present additional domains at the C-terminal region. These domains include the Sterile alpha 

motif (SAM) domain and the Transactivation inhibitory domain (TID), involved in the 

modulation of protein-protein interactions and activity of P63 respectively121. Of interest, the 

SAM domain could also be implicated in the regulation of other cellular processes such as 

apoptosis, focal adhesion, RTK signaling and SUMOylation (reviewed in Westfall et al 

2004119). 
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Figure 12. Structure of P63 and its protein isoforms.  

 

Top. Located in chromosome 3q27, the gene encoding for P63 is comprised of 14 exons, spanning 
267 kb. Three promoters (P1-P3) encode for three protein isoforms differing at the protein’s N-
terminus. The two main isoforms are TAp63 and ΔNp63 (N-terminally truncated P63). Despite 
presenting a truncated N-terminal domain, ΔNp63 has been shown to be transcriptionally active 
through the presence of a second TA domain. 
 
Bottom. Additional isoforms result from alternative splicing sites (α, β, γ, δ, ε), generating C-terminus 
variants. Shown are six of the twelve P63 most common isoforms and their functional domains. DBD-
DNA Binding Domain, OD-Oligomerization Domain, SAM-Sterile Alpha Motif, TA-Transactivation 
Domain, TID-Transactivation Inhibitory Domain. Adapted from Gonfloni 2015 120 

 

 

      Many studies have been performed in order to understand the biological and pathological 

properties of each of the different p63 isoforms, their tissue-specific expression and their 

capacity to interact with- or antagonize each other. Whilst the main differences between the 

TAp63 and ΔNp63 have now been unveiled, the functional differences between the minor C-

terminal isoforms remain largely unknown. 
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3.2 Role in development and disease 

     The TAp63 and ΔNp63major isoforms display different patterns of expression in cellular 

compartments and/or tissues, and play distinct (sometimes opposite) roles in diverse 

biological processes.  

     The ΔNP63 isoform, and predominantly the ΔNp63α, is highly expressed in the 

proliferative compartment of epithelial rich tissues and organs (epidermis, thymus, breast, 

prostate and urothelium) (reviewed in Bergholz et al 2012, Sethi et al 2015, Pignon et al 

2013)122–124. The functional role of ΔNp63 has been investigated in different mouse models 

where the expression of p63 or ΔNp63 has been ablated or increased (overexpressed). P63-

knockout (KO) and ΔNp63KO mice present severe defects in epidermal and epithelial 

differentiation, limb and craniofacial development and die shortly before birth125–127. In 

humans, germinal mutations impacting ΔNp63 have been found in multiple ectodermal 

dysplasic syndromes (EDS). These syndromes are autosomal dominant hereditary disorders 

characterized by defective skin, orofacial and limb development128. These observations 

highlight the role of ΔNp63 in epithelial development and maintenance of epithelial stem cell 

compartment. Of note, the development of bladder urothelium has also been demonstrated 

to be severely impaired in P63 null-mice129. 

      ΔNp63 has been shown to control other important processes in epithelia such as cell 

adhesion and survival. Knockdown of P63 in a mammary epithelial cell line and in primary 

keratinocytes led to a downregulation of cell-cell (cadherins, catenins, occludins and 

desmoplakins) and cell-matrix (particularly integrins β1, β4 and α6) adhesion molecules, 

resulting in death of the cells by anoikis. Conversely, transfection of cells with a ΔNp63α 

copy (but not TAp63γ)  insensitive to shRNA induced knockdown, prevented such cell death 

(rescue of phenotype)130,131. 

     On the other hand, TAp63 has been found to be expressed at much lower levels in the 

epidermal compartment of the skin, having been observed mainly in a subset of dermal stem 

cells, the skin-derived precursor cells (SKPs). Observations from TAp63KO mice indicated 

that TAp63 plays an important role in maintaining SKPs in a quiescent state, preventing 

genomic instability and premature senescence132. Further roles that have been identified for 

TAp63 in other tissues include: preservation of the female germline (protection from DNA-

damage as a pro-apoptotic factor), modulator of the cardiac progenitor lineage determination, 

and regulator of glucose and lipid metabolism133–136.  

 

     Even though observations in normal tissue and development have defined that ΔNp63 

promotes cell survival and proliferation whereas TAp63 regulates cell senescence and 

apoptosis, their role in cancer as an oncogene or tumor suppressor are less clear. 
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3.3 P63 and bladder cancer 

      Unlike p53, the p63 gene is rarely, if ever, found mutated in human cancers137. On the 

contrary, ΔNp63 overexpression has been observed in numerous tumors of epithelial origin 

including squamous cell carcinomas (SCC) of the head and neck, esophagus, lung and 

cervix; and in urothelial, prostate and breast carcinoma (reviewed in Westfall et al 2004; 

Graziano et al 2011)119,138. Different studies have shown that ΔNp63 would mainly act as an 

oncogene through the regulation of cell proliferation, survival and invasion, and the inhibition 

of apoptosis139–141. Contradictory to this role, ΔNp63 could act as a suppressor of metastasis 

as its expression in many cancers is correlated to a reduced tumor invasion and 

metastasis121,138,142–145. On the other hand, TAp63 has been generally observed to act as a 

tumor and metastasis suppressor121,146. 

     As mentioned previously, p63 is expressed in the basal and supra-basal cell layers of the 

urothelium, where it plays an important anti-apoptotic role during bladder development147. In 

bladder cancer, the ΔNp63 is the predominantly expressed isoform exhibiting an upregulated 

expression in early stage tumors that decreases with more advanced TMN grade and 

stage148–152. In an opposite manner, ΔNp63 overexpression in invasive bladder carcinomas 

(MIBC), is associated to a poorer prognosis129,139,153. Such contradictory results highlight two 

important concepts: 1) the complex role and plasticity of p63 in bladder cancer development 

and progression and 2) the importance of the cellular-context (e.g. functional/transcriptional 

partners) in defining the clinical outcome of a deregulated p63 signaling.    
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IV. PRECLINICAL MODELS OF BLADDER CANCER 

 

     Although much has been learnt from the clinical and molecular characterization of human 

bladder tumors, such studies only provide information that is specific to a particular time-

point in the development of the disease. Therefore, to study the clinicopathological path of 

bladder tumor initiation, progression, metastasis and resistance to treatment, the generation 

of preclinical models is indispensable. Over the years, multiple cellular and murine models of 

bladder cancer have been developed. Such models have proven valuable for the study of 

early (pre)malignant stages of the disease, the identification of diagnostic and prognostic 

biomarkers, and the evaluation of new therapeutic targets.  

 

4.1 Bladder Cancer Derived Cell Lines 

     There are several bladder cancer derived cell lines representing different bladder cancer 

subtypes, each exhibiting distinct alterations at the genomic, transcriptomic, proteomic and 

phenotypic level. For a long time, they have been used to investigate the in vitro molecular 

mechanisms of bladder cancer and response to drug treatments. Moreover, they have been 

studied in vivo in xenografted and syngeneic mouse models154–156. Recent techniques of 3D 

culture (organoids and spheroids) now also allow to more closely recapitulate an in vivo 

context, whilst presenting the advantages of in vitro culturing157. 

     In order to identify the best bladder cancer cell line to investigate a specific biological 

problem, numerous molecular (exome, transcriptome, proteome) and pharmacological 

(response to drugs or large gene-invalidation screens) characterizations have been carried 

out156,158. Through such characterizations, cell lines dependent on FGFR3-signaling as a 

result of activating mutations or chromosomal translocations affecting the receptor, have 

been identified. The identified cell lines include: MGHU3 (FGFR3-Y375C), UMUC14 

(FGFR3-S249C), RT112 (FGFR3-TACC3), RT4 (FGFR3-TACC3), SW780 (FGFR3-

BAIAP2L1) and 97-7 (FGFR3-S249C). Additionally, the evaluation of their sensitivity to 

FGFR-invalidation/inhibition94,154,155,158–160 translated into the assessment of FGFR-inhibitors 

in the clinical trials mentioned in section 2.5 of this introduction.  

 

     Irrespective of the many advantages associated to the use of bladder cancer cell lines to 

study the underlying biology of urothelial carcinoma, there exist many limitations to their use: 

1) lack of a real tumor associated microenvironment; 2) induction of genetic changes by 

serial passaging; and 3) risk of cross-contamination with other commonly used, 

morphologically similar cell lines. Nonetheless, bladder cancer cell lines will continue to be a 

crucial model used during the first steps of drug discovery. 
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4.2 Bladder Cancer Mouse Models 

     The laboratory mouse has been widely used in bladder cancer research due to their ease 

of housing and reproduction, as well as their resemblance to their human counterpart. 

Rodents possess a homologous urinary tract to that of humans, and do not frequently 

present bladder cancer unless it is induced by a carcinogen or oncogene. Current murine 

models of bladder cancer can be divided into two categories based on the origin and 

development of the tumor: 1) non-autochthonous (tumor engraftment) and 2) autochthonous 

(spontaneous tumor development). (Figure 13) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Mouse models of bladder cancer.  
Depending on how the tumor was initiated, mouse models of bladder cancer are classified as non-
autochthonous (engraftment) or autochthonous (spontaneous).  
 
A. The most widely used model is that of engrafted tumors, derived following the injection of human 
(xenograft models) or murine (syngeneic models) bladder cancer cell lines. A further classification of 
these models is made with regard to the site of injection: intravesical (orthotopic) or outside the 
bladder (heterotopic).  
 
B. Xenograft models may also be derived from the injection of freshly resected human bladder tumors 
(Patient Derived Xenografts; PDX). 
 
C. Treatment of mice with carcinogens leads to the spontaneous development of bladder tumors.  
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D. Bladder tumors may additionally arise de novo when mice are genetically engineered (GEM) to 
carry cloned oncogenes (e.g. Hras) or lack tumor suppressor genes (e.g. Trp53). The size of circles 
for each model type is a visual approximation of their frequency of use.  BBN- N-Butyl-N-(4 
hydroxybutyl)nitrosamine), MNU- N-methyl-N-nitrosourea. Adapted from Gengenbacher 2017161; 
Lorenzatti 2019162 

 

4.2.1 Non-Autochthonous Mouse Models 

     Engraftment or transplantable mouse models are characterized by the implantation of 

tumoral cells in the host. Depending on the host’s immune status, transplantable models may 

be categorized into syngeneic models (engraftment of murine cancer cells into 

immunocompetent mice) or xenograft models (inoculation of human bladder cancer cells or 

patient tumors in immunodeficient mice).  

     Unlike xenograft models, syngeneic models present the advantage of evaluating tumor 

progression in immune-competent mice, enabling the study of immune responses to therapy 

(such as BCG treatment)163. On the other hand, xenograft models enable the use of a variety 

of human primary and tumoral (genetically modified or not) cells permitting a deeper 

functional analysis of candidate genes. Additionally, they may be established from freshly 

resected patient tumors (PDX, Patient Derived Xenografts), presenting a potential to model 

the progression and drug response of an individual patient164,165. In our team, we have used 

PDX models to study more in depth the FGFR3-signaling in vivo70. 

     A further division of the non-autochthonous models is made based on the site of 

engraftment of tumors: orthotopic engraftment occurs at the lumen of the mouse’s bladder, 

whereas heterotopic engraftment takes place outside the bladder (e.g. subcutaneously in the 

leg or flank)166. Orthotopic models present the advantage of permitting the investigation of 

tumor progression in an organ-specific environment. However, they are difficult to establish 

and monitor, with a highly variable tumor take rate (from 30-100%) that depends on a 

multitude of factors. Consequently, subcutaneous heterotopic models have been used in a 

greater extent, due to the ease of access to the induced tumor. Notwithstanding, the 

microenvironment present in a heterotopic model differs considerably from the one of the 

primary tumors. 

     One last subtype of models is the experimentally induced metastasis model. Host animals 

are inoculated (via an orthotopic, intracardiac or tail vein injection) with highly metastatic 

urothelial cell carcinoma variants, and the growth and metastasis of such cells is followed by 

techniques such as fluorescence. Being one of the main organs of distant metastatic spread, 

various isogenic models of lung-metastatic bladder cancer cell lines have been 

established167–170. 
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     Overall, engraftment models allow for a more or less rapid evaluation of the prognostic 

and/or therapeutic relevance of a gene or pathway of interest. Yet, tumors in non-

autochthonous models do not arise de novo, presenting a different disease etiology to the 

primary tumor.  

 

4.2.2 Autochthonous Mouse Models 

     Autochthonous mouse models are models in which tumors originate de novo as a result 

of a long-term carcinogen treatment or the activation/inactivation of one or more genes 

(genetically engineered mice -GEM). 

     At present, the vast majority of carcinogen induced models are generated following the 

treatment of mice with BBN, N-Butyl-N-(4-hydroxybutyl)nitrosamine); FANFT, N-[4-(5-nitro-2-

furyl)-2-thiazolyl]formamide; and MNU, N-methyl-N-nitrosourea. Incorporation of such 

carcinogens either in the drinking water, the diet or via intravesical injection (respectively) 

leads to the development of different phenotypes of urothelial carcinoma171,172. Of note, BBN, 

the most widely used agent, is a particularly suitable carcinogen as it is similar to a 

compound present in tobacco smoke173. In addition, BBN-induced murine tumors have been 

demonstrated to recapitulate human MIBC at the histological and molecular level. At the 

molecular level, they present a high mutational rate with frequent mutations impacting Trp53, 

Kmt2c and Kmt2d, and overexpress genes associated to a bladder cancer basal phenotype, 

such as Egfr 50,172,174–177. Even though they are good models for studying carcinogen induced 

tumorigenesis, these models present phenotypes that vary greatly depending on the dose 

and duration of treatment, as well as the genetic background of the mouse used. 

     Transgenic or genetically engineered mice (GEM) are developed via the cloning or 

deletion of one or more oncogenes or tumor suppressors, respectively. In this way, they 

enable the study of the contribution of an individual or a set of genes to bladder 

tumorigenesis. The most common strategies employed to generate GEM comprise the use of 

the uroplakin II (UpkII; UpII) promoter to express the gene of interest specifically in the 

urothelium, and the use of the Cre/loxP system as a method of conditional gene knock-in or 

knock-out. Primarily using the UpkII system, GEM have shed light on the functional role that 

genes such as HRAS, P53, PTEN, RB1, FGFR3 and EGFR have in the development of 

bladder cancer38,178–183. 

     With regard to FGFR3, none of the previously reported models of GEM have 

demonstrated that activation of Fgfr3/FGFR3 alone is sufficient to act as a driver of urothelial 

tumorigenesis in mice101–103,179. In one of these studies, Ahmad et al introduced Fgfr3 kinase-

domain activating mutations (K66E and K64M) alone or in synergy with mutations affecting 

Kras and beta-catenin (Ctnnb1), and did not observe under any circumstances the 

development of urothelial carcinoma. Nonetheless, an upregulation of the ERK-MAPK 
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pathway was observed in both UroIICre+Fgfr3+/K644E and UroIICre+Fgfr3+/K644M mice, 

compared to wildtype control. Of interest, due to the ectopic expression of the Cre 

recombinase, skin papillomas and lung tumors did develop in these mice, in synergy with 

Kras and Ctnnb1 mutations, respectively179. 

     Exploring the idea that FGFR3 may drive urothelial carcinogenesis in presence of other 

cooperating mutations, Foth and Ahmad developed a murine model combining an altered-

Fgfr3 with the deletion of the Pi3k-Akt pathway inhibitor Pten 

(UroIICreFgfr3+/K644EPtenflox/flox mice). Despite not developing any tumors up to 18 

months of monitoring, double Fgfr3 and Pten mutants presented significant histopathological 

abnormalities in the urothelium101. In the same line of research, Zhou et al demonstrated that 

Fgfr3b-S243C mice did not present any malignant phenotype unless combined to the 

functional invalidation of the p16-Rb and p19-p53-p21 pathways (cross-breed of Fgfr3b-

S243C mice with UPII-SV40T transgenic mice)102. 

     A final study by Foth et al evaluated the role of the most frequently observed FGFR3 

alteration (FGFR3-S249C) in the progression of BBN-induced tumors. As observed in the 

previous GEM models, no urothelial carcinomas developed de novo in UroII-

hFGFR3IIIbS249C mice. However, they observed that BBN-treated mice expressing a 

mutationally active FGFR3 (S249C) presented increased tumor development, more 

advanced tumors and an altered acute-inflammatory response compared to wild-type 

controls103. 

 

 

 

     In summary, many challenges are still to be faced regarding the development of a 

preclinical bladder cancer model that can ultimately be applied to conceive and implement 

new, more efficient therapeutic approaches. The use of multiple preclinical models, coupled 

to new analytical strategies, should thus be envisaged to more closely understand the 

complex pathobiology of bladder cancer.  
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V. GENE REGULATORY NETWORKS IN BLADDER 

CANCER 

 

     In spite of their informative value, the translatable impact of preclinical models in 

ameliorating bladder cancer treatment has been small. This can be explained as a result of 

an often reductionist approach, where the pathogenesis of cancer or its response to a drug 

was often associated to one or two, isolated pathways. Consequently, the use of systems 

biology methods to consolidate complex pathway interconnections into large-scale regulatory 

networks has emerged as an integrative approach to build more solid and accurate models 

of disease. 

      A gene regulatory network (GRN) is a collection of genes (and their products) in a cell 

that interact with each other and with other molecules to control the expression of other 

genes and their translation into proteins. They represent the complex molecular processes 

that are activated or inhibited in the cell as a response to different stimuli (Figure 14). When 

investigating the molecular mechanisms of a disease, GRNs are useful tools as they allow to 

determine the role of a single gene within a multi-layered network of interacting pathways. 

This in turn facilitates the identification of network drivers, whose perturbation may have a 

stronger therapeutic impact than the perturbation of a single component from a linear 

pathway. As significant redundancy and crosstalk between many signaling pathways exist, 

inhibition of a single component of one pathway could easily be compensated by activation of 

another one184. 

 

 

Figure 14. Schematic representation of a gene regulatory network (GRN). 
 
Left. Complex molecular model illustrating the interactions between three genes. Gene 2 is directly 
regulated by Gene 1, whilst Gene 3 is modulated by both Gene 1 and Gene 2 (cooperativity). 
 
Right. A directed graph (GRN) can represent the previous model through a more abstract structure. 
Adapted from Huyhn-Tu and Sanguinetti 2018 185 
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     Mathematically, GRNs are directed graphs (directed acyclic graphs; DAGs) comprised of 

nodes representing genes and edges representing regulatory interactions between them. In 

such graphs, the directed edge G, from node X to node Y means that X is the cause for Y 

(Figure 14).  Such interaction edges can represent a transcriptional regulation (TF-gene) or a 

protein-protein interaction (PPI) between the products of those genes. At present, gene 

regulatory networks are mainly inferred from gene expression data and using a plethora of 

approaches that employ different algorithms based on statistical (e.g. Linear-regression 

model, Mutual Information), mathematical (e.g. Boolean and Bayesian Networks, Ordinary 

Differential Equations) and machine learning (e.g. Neural networks, Fuzzy Logic) methods. 

(Figure 15) 

 

 

Figure 15. General approach for inferring a gene regulatory network (GRN) from gene 
expression data.  
 
A. Most GRNs are inferred from transcriptomic data of different types: observational (steady state or 
time lapse) or experimental (gene perturbation or condition-specific). The GRN will be constructed 
using the most adapted algorithm to the type of data and biological question to answer. In the case of 
top-down approaches, prior-knowledge is taken into account, contrary to the de novo constructed 
GRNs (bottom-up approach). 
 
B. Depending on the algorithm of choice, the regulatory relationships between the nodes (genes) will 
be established at different levels. When using prior-knowledge, directed (activation/inhibition) 
relationships are easier to establish.  
 
C. Regulatory pairs are established in this way between two nodes; however, the final gene regulatory 
system is comprised of more complex relationships which involve the cooperation between genes to 
indirectly regulate another gene. Adapted from Liu 2015 186 

 

     Each GRN reconstruction approach presents different advantages and limitations and 

each is suited to answer different kinds of questions utilizing distinct data types (e.g. discrete 

vs continuous) and inference methods187,188. As a detailed description of all the different 

approaches is beyond the scope of this thesis, only a brief summary of those most commonly 
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used will be given (based on those that use of observational, steady-state expression data). 

For more detailed reviews, the reader may refer to (Bansal et al 2007187,Delgado et al 

2019189, de Matos-Simoes et al 2011190, Emmert-Streib  et al 2012188, Hecker et al 2009191, 

Jong et al 2002192, Karlebach et al 2008193, Liu et al 2019194, Lee et al 2009195, Linde et al 

2015196, Margolin and Califano 2007197, Maetschke et al 2013198, Sima et al 2009199).  

 

5.1 Main computational methods for GRN inference 

 

Bayesian network  

     Bayesian approaches infer GRNs by combining probabilistic models with graph theory. In 

this way, Bayesian networks represent the probabilistic relationships of the genes forming 

the network through the establishment of a DAG. The probability of expression of a gene is 

described as the conditional probability of all of its parent genes. Two methods exist to infer a 

DAG using a Bayesian network approach. The constraint-based method; usually employed 

for small-sized networks, begins from a fully connected graph and then directed edges 

between genes are removed when conditional independency is measured. In the score-

based approach, the inferred network structure is determined from disconnected graphs and 

edges are added iteratively based on a scoring function. 

     Bayesian network inference approaches have been widely used due to the facility to 

integrate prior interaction data to the network, their flexibility on using discretized or non-

discretized data and their intuitive representation of regulatory interactions between genes. 

Furthermore, due to their stochastic nature, Bayesian network inference methods can take 

into account noise present in the data of study. Notwithstanding, Bayesian methods present 

the main problem of needing considerable computational calculation, meaning that the 

method is restricted to the calculation of smaller sized networks. In addition, as the network 

is represented as a DAG, it cannot take into account the possibilities of feedback regulatory 

loops often present in the biological regulation of gene expression (such limitation can be 

overcome if a dynamic Bayesian approach is used). 

 

Boolean network  

     Boolean networks are the simplest discrete based models in which the state of a gene 

can be represented by only two possible levels: active (1) or inactive (0). Two inference 

approaches are used to define the gene to gene regulatory relationships and they are based 

either on correlation or machine learning methods. This simple and straightforward method 

presents the advantage of being fast and efficient. Most importantly, temporal discrete 

networks can be easily inferred from dynamic datasets such as time series of gene 
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expression. Two of its main disadvantages however, are that this approach is sensitive to 

noisy data, and it may not be able to represent more complex details of system behavior. 

 

Ordinary Differential equations (ODE) 

     Compared to most other methods that use discrete data, the ODE approach employs 

continuous data and so is used to model dynamic gene regulation. Changes of expression of 

a gene or protein can be modeled by a mathematical equation taking into account the 

expression of other genes as well as external factors. Whilst the ODE method allows for the 

use of steady-state and time-series expression data, such approach is only applicable to 

small sized networks and oscillatory systems cannot be modeled.  

 

Regression 

     Regression inference methods define the expression level of a gene as a dependent 

variable whose value can be explained by a regulator or a group of regulators. Different 

regression methods exist that will aim at selecting the most relevant subgroups of regulators 

which best explain the experimentally observed expression of a target gene [Enze Liu 2019]. 

     Regression based approaches are robust, can be computed relatively quickly. However, a 

priori knowledge is needed to define the sets of regulators and depending on the regression 

model used; the inference may be limited to linear relationships. 

 

Information theory based estimation 

     Information theory-based approaches (Mutual information, MI), contrary to classic 

correlation approaches (e.g. Pearson); aim at defining regulatory relationships in a network 

through estimators that determine the non-linear dependency between two random variables 

(in this case, genes). One of the first information-theory based methods used to construct a 

GRN was the relevant networks (RN) method where regulatory edges between pairs of gene 

nodes were assigned if their associated MI value was greater than a certain threshold190. 

     Information theory-based approaches are widely used as they enable the inference of 

biologically relevant, large scale GRNs at a low computational cost. Amongst the most 

popular algorithms used that employ information theory-based approaches are ARACNe 

(Algorithm for the Reverse engineering of Accurate Cellular Network)200, CLR (Context 

Likelihood of Relatedness)201 and MRNET (Minimum Redundancy/Maximum Relevance 

Networks)202.  

     Some of the weaknesses of information theory-based methods are that inferred GRNs are 

static, contain non-directed edges and, most importantly, do not take into account the fact 

that more than one regulator is often involved in controlling the expression of a target gene.  
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Neural network 

     The neural network approach is a machine learning inference method that was inspired 

by the central nervous system of an animal. Neural network inference approaches are 

flexible statistical methods that learn to recognize input data and can model any functional 

relationship between genes (e.g. feedback loops), using any data structure (noise-resistant). 

The most used models include the recurrent neural network (RNN) and artificial neural 

network (ANN). Under this inference approach, genes are represented by nodes or neurons 

whose connections with other nodes represent gene interactions. Whilst these models 

present many advantages regarding the type of data used and the different nonlinear and 

dynamic relationships that they are able to infer, the inference of the GRNs requires complex 

computation and an important training phase of the model.  

 

     Overall, there is a vast variety of different computational approaches that exist for the 

inference of a GRN. Each approach presents different advantages and disadvantages, and is 

adapted to the use of different data types (static versus dynamic) and distinct representations 

of relationships (directed, non-directed, temporal, etc.). The choice of inference approach is 

thus dependent on the biological question that needs to be answered. 

 

     Another important aspect to take into account when constructing a GRN is whether 

external, already published regulatory relationships will be integrated into the algorithm. 

Depending on the application of the network, a GRN may be inferred using of a predefined 

network (top-down approach) or inferred de novo (bottom-up approach, reverse 

engineering). 

 

5.2 Top-down GRN inference 

     Top-down approaches, integrate prior knowledge about the interactions taking place 

between a set of genes of interest to support the inference of a GRN. Hence, as a first step, 

a “conceptual” model network is constructed where the regulatory edges between genes are 

extracted from previously predicted or experimentally observed interactions (e.g. TF-gene or 

PPI). Such interactions extracted from the literature are more often of a positive nature (a 

regulatory link exists between both genes) rather than a negative nature (no regulatory link 

exists) due to the experimental proof of concept that is mostly published (proving that there is 

no interaction between two genes is difficult to do)187,196,203. 

     Top-down approaches start from formerly defined interactions which are used to train a 

machine learning classifier and create a conceptual model. This model is then converted into 

the computational model of choice (e.g. Boolean method) and, together with experimental 
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data (usually expression data following the perturbation of a gene), a final, more detailed 

GRN presenting the dynamics of the initial network is constructed.  

     An advantage of top-down approaches is that they may be used to model large-scale, 

GRNs that can be easily validated with further experimental data204. Additionally, as prior 

knowledge is integrated beforehand, GRNs often have directional relationships (activation or 

inhibition) that allow to predict the response of the network to a perturbation (e.g. following 

treatment with a drug of interest)205–209. The main disadvantage however, is that precise 

context-specific GRNs are hard to derive as they are initially based on published data that is 

often cell- and organism-unspecific, and that may not occur in the tissue being investigated. 

 

 

5.3 Bottom-up GRN inference 

     Bottom-up or reverse-engineering approaches, are based on the de novo construction of 

a GRN from observational (steady-state) or experimental data (following the perturbation of a 

system. e.g. Gene knock-out / knock-in). Whilst it is difficult to predict precise, directed 

interactions (in contrast to top-down approaches), the GRNs derived using this approach are 

specific to the cellular-context under study210. In terms of gene regulation, this is very 

important as even at the signaling pathway level it has often been demonstrated that the 

activation of one same gene may lead to different signaling cascades that result in distinct 

phenotypes depending on the cellular background211. This can be of great importance when 

considering the translation of inferred driver nodes into therapeutic targets of interest for a 

particular set of patients (e.g. patients of a bladder cancer subtype that present alterations of 

FGFR3). 

     To construct GRNs following the bottom-up approach, different statistical, mathematical, 

machine learning and hybrid methods are used based mainly on the type of initial 

experimental data (e.g. continuous or discretized) and the distinct manners in which the 

regulatory relationships between two nodes will be established 210,212–216 . Most inference 

methods will identify node regulatory links (gene-gene or TF-gene) by scoring such possible 

interactions using correlation-based methods such as Pearson or Spearman’s 

coefficient217,218. Yet, more adapted and robust methods have been developed based on 

mutual information. Amongst them, ARACNe has been one of the most applied 

algorithms200(many other algorithms from the same laboratory were also developed)219,220. 

Further methods exist to infer the regulatory relationships between the nodes of the GRN, 

and are based on different principles. These include probabilistic methods, model-based 

methods, linear-regression methods, GENIE3 (GEne Network Inference with Ensemble of 

trees) etc196,198. 
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     Altogether, GRNs have been important in describing the complex relationships between 

genes and their products and how they regulate a specific phenotype. They enable the 

identification of driver elements of the network that mediate a disease phenotype, 

highlighting possible therapeutic targets. Still, without experimental validation, many of the 

inferred regulatory interactions may simply remain as hypotheses due to many of the 

assumptions that must be made during GRN modeling (not necessarily representing the 

biological reality). An iterative interdisciplinary process from computational modeling to 

experimental validation is therefore indispensable to validate the hypotheses generated 

through the GRN, allowing for refinement and creation of a new, more realistic GRN (Figure 

16). 

 

Figure 16. Interdisciplinary workflow of gene regulatory network (GRN) inference.  

 

A gene regulatory network is first inferred from biologically or experimentally derived expression data 
(e.g. RNA-seq). Once the GRN has been predicted using the most adequate computational approach, 
functional validation of the inferred regulatory relationships is needed. Different hypotheses will arise 
from the inferred network, that can next be experimentally validated. This results in the generation of 
new expression data that can then be used to refine the previously inferred GRN. Adapted from Linde 
2015 196 
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5.4 Choice of algorithm for the characterization of the FGFR3 GRN 

in bladder cancer 

     Overall, most GRN inference methods aim at predicting simple regulatory interaction pairs 

made up of a transcription factor regulating the expression of a target gene221. However, it is 

known that the transcriptional regulation of a gene in higher eukaryotes is often more 

complex, involving sets of transcription factors that function together to co-activate or co-

repress a target gene222,223.  To overcome such problem in this thesis project, we decided to 

use the H-LICORN (Hybrid-Learning co-operative regulation networks) 224,225 reverse 

engineering algorithm to construct a network of cooperative regulators underlying a bladder 

cancer transcriptome (collaboration with the team of M. Elati from Université de Lille). 

Supporting our choice of algorithm, a previous study using H-LICORN by our team and that 

of Elati, uncovered two driver transcription factors forming part of two distinct molecular 

subtypes of bladder cancer226 

 

CoRegNet H-LICORN 

     Forming part of the CoRegNet Bioconductor Package226, the H-LICORN algorithm 

couples a data-mining technique with numerical linear regression to infer a list of GRNs from 

large-scale, transcriptomic data and a list of pre-defined regulators (TFs/coTFs)224. First, the 

transcriptomic dataset is discretized into ternary values (-1, 0 and 1) defined against a 

chosen reference. From the discretized gene expression data, H-LICORN will pre-select the 

sets of candidate co-activators and co-repressors that regulate the expression of each target 

gene using a frequent itemset technique. Frequent itemset mining is a data mining technique 

designed to identify frequently co-occurring elements. For each target gene found in the 

dataset, k candidate sets of co-regulators will be defined as local subnetworks (GRNs) 

controlling its expression. In a second step, the algorithm fits a linear regression for each of 

the identified regulators, with the regulator being the explanatory variable and the target gene 

the dependent variable. Within the k candidate networks, H-LICORN then selects the GRN 

that best predicts (smallest prediction error) the expression of that target gene in the different 

samples, given the state of it regulators (co-activators and co-repressors). The resulting 

networks are then transformed into a cooperativity network where two regulators will be 

defined to “cooperatively” interact with each other if they share a sufficient number of target 

genes. Published regulatory interactions (TF-gene, PPIs) may be further integrated into the 

constructed network to refine it (Figure 17). 
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Figure 17. Inference of a context-specific cooperativity network using CoRegNet H-LICORN. 

 

     With the aim of assessing the transcriptional programs that are active in a particular 

dataset or sub-samples of a dataset (e.g. FGFR3 mutated bladder tumors), CoRegNet allows 

us to estimate the influence that each of the inferred regulators has on its target genes. The 

influence or activity of a regulator is calculated based on a Welch’s t-test comparing the 

distribution of expression of its activated and repressed target genes. A highly influential 

regulator in a specific condition would thus result from a significant difference of expression 

levels between the activated and repressed targets. For example, a regulator is said to be 

active when the expression of its activated target genes is significantly higher than that of its 

repressed targets (Figure 17). Through such calculation of regulator activity, CoRegNet not 

only enables a better, sample-specific biological interpretation, but also leads to an important 

dimensionality reduction.  Instead of providing a large-scale regulatory network describing 

thousands of gene expression levels, a network of only several hundred co-regulators 

underlying a sample-specific phenotype is extracted.  
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OBJECTIVES 

     Somatic activating mutations or translocations affecting FGFR3 are amidst the most 

frequently observed genetic alterations in bladder cancer (mutations- 65% of NMIBC, 15% of 

MIBC; translocations- 3% of MIBC), making FGFR3 an appealing therapeutic target. Indeed, 

several FGFR-inhibitors have been recently analyzed in clinical trials and promising 

response rates have been observed for patients with advanced or metastatic urothelial 

carcinoma, although the precise durability of such responses is yet unknown. Of serious 

concern, only 40% of patients present an objective response rate (data from Loriot et al., 

2019), and among patients initially responding to FGFR-inhibitors around 50 % could 

become resistant to treatment within 6 months of therapy as observed in preclinical bladder 

cancer cell line models and other targeted therapies in the clinic (EGFR, BRAF, VEGFR, 

KIT). To date, the signaling network and in vivo oncogenic properties of an altered FGFR3 in 

bladder cancer remain quite poorly characterized. Consequently, a deeper understanding of 

the molecular mechanisms underlying an altered FGFR3 in bladder cancer is needed to 

improve current targeted therapies and/or propose new therapeutic strategies. 

 

     The aim of this project was to identify the gene regulatory network of an altered, 

constitutively activated FGFR3 in bladder cancer, and more deeply comprehend its functional 

role in vivo. We hypothesized that the in vivo study and characterization of the FGFR3 gene 

regulatory network in bladder cancer would allow to: 1) better understand the molecular role 

of the receptor in the pathogenesis of the disease, and most essentially 2) pinpoint driver 

genes (master regulators and/or their target genes) of therapeutic interest. Considering the 

example of combined MEK and RAF inhibition in melanoma, we can assume that by 

targeting new driver genes in combination with already existing FGFR3-directed therapies, 

one would either increase the efficacy of the therapy and/or hinder the emergence of 

resistance to treatment. 
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     As a first objective, we investigated the oncogenic role of a mutated FGFR3 in 

bladder cancer in vivo. This was achieved through the establishment and characterization 

of a murine model that overexpressed a frequently mutated form of human FGFR3 

(hFGFR3-S249C) specifically in the urothelium. We searched to understand the in vivo 

consequences of such hFGFR3-S249C overexpression by analyzing and comparing the 

murine model to human FGFR3 mutated tumors at the transcriptomic and histopathological 

level. Moreover, the tumor incidence observed in our murine model led us to explore the 

male and female incidence ratios in FGFR3-mutated human subgroups of MIBC and 

NMIBCs. Searching for an underlying mechanism, we explored the role of androgen receptor 

(AR) in FGFR3 signaling using in vitro and in vivo models. Relevance of our finding in human 

tumors was addressed by measuring activity levels of AR in such tumors. We then aimed to 

examine if AR could be important for the cell viability of FGFR3-dependent bladder cancer 

cell lines. In Chapter 1 of the results section, I discuss these findings and the importance of 

such preclinical model as well as its potential of use in translational research. 

 

      For my second objective, we sought to determine the gene regulatory network 

(transcription factors and cofactors; TFs/coTFs) driven by FGFR3 in bladder cancer 

(FGFR3-GRN). We accomplished this in two main steps that I present in the first part of 

Chapter 2: Firstly, we inferred a bladder cancer network using a data-mining algorithm (H-

LICORN) in collaboration with the team of Mohamed Elati (University of Lille) together with 

expression data from FGFR3-mutated urothelial cancer cell lines and human bladder tumors. 

As a second step, we evaluated which of the TFs/coTFs of the previously constructed 

network could be modulated by FGFR3. We did so by using transcriptomic data from two 

preclinical models: 1) FGFR3-dependent bladder cancer cell lines in which the gene 

expression or activity of FGFR3 was inhibited by means of an siRNA or RTK inhibitor, 

respectively; and 2) bladder tumors derived from UPII-hFGFR3-S249C mice. This strategy 

allowed to confirm the network of genes of an altered-FGFR3 in the context of bladder 

cancer. 
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     For my third objective; exposed in the second part of Chapter 2, we searched to 

identify the key regulators (TFs/coTFs) forming part of the inferred FGFR3-GRN in 

bladder cancer and mediating FGFR3 oncogenic activities. To fulfill this objective, we 

assessed the impact that the knockout or knockdown of a possible driver gene would have 

on the cell viability of urothelial cancer cell lines expressing an altered-FGFR3 vs wildtype-

FGFR3. Amongst the network essential regulators that we identified was the transcription 

factor p63. This result led us establish my last objective, that I expose in the last part of 

Chapter 2. 

 

     My final objective involved the investigation of the functional role of p63 within the 

FGFR3-GRN. We aimed to decipher a p63, bladder-cancer specific gene target signature by 

combining p63-ChIP seq and siTP63 experiments carried out in FGFR3-altered bladder 

cancer cell lines. Next, in collaboration with the team of Catalina Lodillinsky (Instituto de 

Oncologia Angel H Roffo, Argentina), we corroborated the biological processes that were 

predicted to be enriched in our p63 gene signature. More specifically, we studied the role of 

p63 in the mediation of cell growth, migration and invasion in FGFR3-mutated bladder cancer 

cell lines both in vitro (2D and 3D culture) and in vivo (xenografts). Finally, to explore the 

potential consequences of p63 activation in the context of an altered FGFR3 in bladder 

tumors, we focused on NMIBC and analyzed the activity of p63 in FGFR3-mutated and 

wtFGFR3 and their recurrence rates. 
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Chapter 1. Transgenic hFGFR3-S249C mouse model 

 

1.1 Introduction 

     Despite its high prevalence, considerable morbidity burden and poor prognosis at 

advanced stages, bladder cancer has remained under-represented in terms of preclinical in 

vivo models, notably regarding genetically engineered mouse (GEM) models161. GEM 

models are key for the investigation of the mechanistic pathways mediating tumor formation 

and progression, and for the identification of potential therapeutic targets. 

     FGFR3 is a gene of special research interest in bladder cancer as FGFR3 activating 

mutations drive an oncogenic dependency that can be therapeutically targeted using FGFR 

inhibitors. These mutations and overexpression have been strongly associated to low-grade 

NMIBCs but also to luminal papillary MIBC subtypes43,48,51. Positive responses have been 

observed in recent clinical trials evaluating FGFR inhibitors in advanced and metastatic 

urothelial carcinoma patients, leading to the FDA approval of the first FGFR inhibitor 

(Baleversa; erdafitinib)72. Nonetheless, development of resistance to FGFR inhibition is 

expected to appear as has been observed in preclinical bladder cancer models107,113,114,116,117. 

The generation of appropriate mouse models that improve our understanding of the role of 

FGFR3 in bladder tumor development and progression will be key to better interpret clinical 

trial results and improve current therapeutic strategies or propose new ones. 

     At present, three research groups have reported different GEM models to examine the 

potential of FGFR3-activating mutations in driving urothelial carcinoma. Although these 

studies contributed to the elucidation of the molecular events that may cooperate with 

FGFR3 to drive bladder cancer development, none of them demonstrate that the expression 

of a mutated Fgfr3/FGFR3 specifically in the urothelium, is able to drive bladder 

tumorigenesis (up to 12-18months of follow-up of transgenic mice)102,103,179.  

     During my PhD, I worked together with other PhD students (Mingjun Shi, Jacqueline 

Fontugne and Xianyu Meng) to characterize a GEM model expressing a human, frequently 

mutated form of FGFR3 (S249C) specifically in the urothelium. Compared to previous 

investigations, we observed that the UpII-driven expression of hFGFR3-S249C led to the 

development of hyperplastic lesions (6-8 months of age) and non-invasive papillary tumors 

(from 18 months of age) in transgenic mice versus wild type-control. Moreover, we observed 

that tumor frequency was dependent on hFGFR3-S249C zygosity. Comparison of 

histochemical and transcriptomic data confirmed that UpII-hFGFR3-S249C bladder tumors 

resembled their human counterpart, highlighting the potential use of the model in 

translational research. Based on the tumor frequency that we observed in male versus 

female UpII-hFGFR3-S249C mice, we explored human bladder tumor datasets and 
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confirmed a significantly much stronger male dominance in FGFR3 mutated subgroups of 

MIBC and NMIBC. Exploring a possible mechanism, we examined AR activation by FGFR3 

in in vitro and in vivo models and we further confirmed that AR activity was higher in FGFR3-

mutated NMIBC and MIBC.  
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1.2 Results 

 

Abstract 

Somatic mutations of the fibroblast growth factor receptor 3 (FGFR3) are one of the most 

frequent genetic alterations in bladder carcinomas (~70% of cases). The oncogenic 

dependency induced by FGFR3 is an Achilles’ heel targeted by FGFR3 inhibitors in the clinic 

for advanced muscle-invasive tumors, yet the tumorigenicity of a mutated-FGFR3 has never 

been demonstrated in vivo. We report here that the mutated-FGFR3 expression in urothelial 

cells of transgenic mice induces urothelial hyperplasia and spontaneous genomically 

unstable low-grade papillary tumors. Gene dosage impacted FGFR3 expression and 

increased the incidence of tumor formation. This key limitation by expression level could 

account for the tissue specificity of mutated FGFR3-driven tumors restricted to epithelia 

presenting high normal expression levels of FGFR3. Transcriptomic analyses of mutated 

FGFR3-induced mouse tumors show they resemble their human counterparts and highlights 

an activation of androgen receptor (AR). This regulation of AR activity by FGFR3 was 

validated in human FGFR3-dependent cell lines and its relevance in human tumors was 

supported by a higher AR activity in FGFR3-mutated tumors as compared to non-mutated 

ones. This higher activation of AR induced by FGFR3 could account for the male bias gender 

observed both in mouse and in FGFR3-mutated human tumors. However, AR activation 

seems to be critical for tumor formation but not for further tumor growth since its inhibition or 

knock-down did not impact FGFR3-dependent cell viability.  

 

Significance: Our study represents the first murine model of FGFR3-induced spontaneous 

bladder carcinomas, demonstrating the tumorigenicity of FGFR3 mutations in vivo. This 

model of FGFR3-mutated tumors resembles its human counterpart and should allow a better 

understanding of FGFR3 oncogenic properties. This model sheds light on an AR activation 

by FGFR3, leading to a male gender bias in FGFR3-mutated tumors. However, once 

established, FGFR3-dependent tumors do not rely further on AR activity for their growth, 

excluding single AR inhibition as a therapeutic strategy for these tumors.    
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Introduction 

     Bladder cancer (BCa) is the sixth most common cancer in men worldwide, with an even 

higher incidence in Western Europe and North America (4th most common cancer in men) 

(1). At first diagnosis, the majority of tumors are non-muscle-invasive urothelial carcinomas 

(NMIBC) (70%). In spite of their favorable prognosis, NMIBCs have a high recurrence rate 

(70%) and are able to progress (10-15%) to the more aggressive form of disease, muscle-

invasive bladder cancer (MIBC). Different molecular classifications have been established in 

both NMIBC and MIBC in order to identify different biological processes to support patient 

stratification and more adapted therapies (2–6). 

     Fibroblast growth factor receptor 3 (FGFR3) is a tyrosine kinase receptor with frequent 

genetic alterations in BCa (3,5,7). Point mutations (observed in ~70 % of NMIBC and 15% of 

MIBC) or chromosomal translocations (affecting ~5% of MIBC) resulting in protein fusions, 

lead to a constitutively active FGFR3. The oncogenic properties of an altered FGFR3 have 

been shown in vitro and an FGFR3 oncogenic dependency for tumor growth was 

demonstrated in vitro as well as in vivo (cell lines or patient derived xenografts) (8–12). 

Several clinical trials have shown a clinical benefit of FGFR3 inhibition in terms of patient 

survival (NCT02365597; NCT03473743 and NCT03390504), which has led to the FDA 

approval of the first FGFR inhibitor Erdafinitib (Balversa), as a treatment for patients with 

locally advanced or metastatic BCa presenting FGFR alterations. Recently, a phase II study 

investigating the efficacy of Erdafinitib showed a 40% objective response rate in eligible BCa 

patients with FGFR alterations (13).   

     To determine the functional role of mutated-FGFR3 in bladder cancer in vivo, several 

teams have developed FGFR3-altered genetically engineered mice (GEM). So far, results 

suggest that although FGFR3 activation alone is not sufficient to induce tumorigenesis (14–

16), it can promote tumor formation when associated with other molecular alterations 

(p53/pRB deficiency (17); PTEN loss (16) or carcinogen treatment (15). 

     In this study, we report for the first time a GEM model overexpressing the human 

FGFR3b-S249C mutant specifically in the urothelium, in which mice developed both 

hyperplasic lesions and low-grade papillary bladder carcinomas presenting genomic 

instability. This model resembled human luminal papillary tumors at the histological and 

transcriptomic level. Gene dosage of FGFR3 impacted the tumor formation rate in this model 

and the analysis of FGFR3 expression levels in different human normal epithelia allowed us 

to suggest that expression levels of the receptor determine the tissue specificity of FGFR3-

driven tumors. It also highlighted a male gender bias in FGFR3-mutated tumors that could 
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result from AR activation induced by FGFR3. AR activity nonetheless was not required for 

viability of FGFR3-dependent cell lines suggesting its key role essentially during tumor 

initiation rather than tumor growth. 

 

Results 

 

FGFR3-S249C expression in Uroplakin II-expressing cells induces urothelial 

hyperplasia and non-muscle-invasive low-grade urothelial carcinoma. 

     To determine the role of a constitutively activated FGFR3 mutant in bladder 

tumorigenesis, we generated transgenic mice expressing a mutated receptor in the 

urothelium. We focused on the FGFR3-S249C mutation, the most common FGFR3 mutation 

in both NMIBC and MIBC (7), and used the uroplakin II gene promoter to target its 

expression in urothelial cells (Fig.1A). We selected two founders, numbers 569 and 538 that 

expressed the highest level of the human FGFR3 transgene in the urothelium as evidenced 

by RT-qPCR (Supplementary Fig 1A). In situ hybridization using a human FGFR3-specific 

probe showed expression of hFGFR3 mRNA in the supra-basal and intermediate cell layers 

and in very few basal cells of the urothelium (Supplementary Fig.1B). Moreover, human 

FGFR3 mRNA expression levels in the urothelium were respectively 4 and 1.5-fold higher 

than the level of endogenous mouse Fgfr3 in founders 569 and 538, respectively, as 

assessed by radioactive PCR (Supplementary Fig 1C). These two founders were viable and 

fertile and transmitted the transgene to their offspring in a Mendelian fashion. 

     Following propagation of founder lines, we examined the bladder of transgenic mice aged 

1 to 24 months old. Histological analysis showed hyperplastic lesions defined by a thickened 

urothelium, with an increase in cell layers, lacking cytologic atypia. The penetrance of the 

phenotype was complete from 6 months of age in both lines. Urothelium from UII-FGFR3-

S249C mice exhibited seven to ten cell layers and focally more (ten to twenty) at 18 months 

(Fig.1B). In contrast, normal mouse urothelium presented only three to four cell layers 

(Fig.1B). Macroscopically, focal papillary lesions were observed after 15 months with a low 

penetrance in both lines (~10% and 4% for L569 and L538, respectively). Histological 

analysis of these lesions revealed they were carcinomas displaying a papillary tumor 

architecture, characterized by either exophytic or mixed (exophytic and inverted) growth 

patterns, and low-grade tumor cell cytology, with homogeneous nuclei size (Fig.1B). We 

focused then on the L569 line presenting a higher penetrance of the phenotype and further 

characterized these lesions. Hyperplastic lesions were similar to normal urothelium in terms 

of both proliferation rate and transcriptomic profile, respectively determined by Mki67 

expression levels (Fig.1C) and an Affymetrix mouse exon array (Fig.1D). In contrast, tumors 

presented a significantly higher proliferation rate (Fig.1C) and principal component analysis 
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highlighted a distinct transcriptomic profile compared to normal and hyperplastic urothelium 

(Fig. 1D). In good agreement with low-grade tumors, proliferation rate in tumors was low, 

with <10% of Ki67-labelled cells by immunohistochemistry (Supplementary Fig.2A). Whole 

exome sequencing analysis of 7 tumors did not reveal any recurrent mutations induced by 

hFGFR3-249C expression but showed common copy number alterations, the most common 

being chromosome 16 amplification in 5 out of 7 tumors (Fig.1E). We selected 3 genes 

(Trat1, Erbb4, Fkbp5) located in 3 amplified regions (chr16, chr1 and chr17, respectively) 

and verified their frequent amplification by qPCR on genomic DNA, in the tumors previously 

analyzed by whole exome sequencing and in 4 additional tumors (Supplementary Fig.2B). 

     Taken together, our results showed that hFGFR3-S249C is oncogenic in vivo, inducing 

genomic instability leading to tumor formation in bladder urothelium.  
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Figure 1. UPII-FGFR3-S249C transgenic mice develop urothelial hyperplasia and non-muscle-
invasive low-grade urothelial carcinoma. 

 
A. Chimeric construct used to generate transgenic mice, consisting of a 3.6-kb mouse UPII gene 

promoter and a 2.1-kb human FGFR3b cDNA carrying the mutation S249C. 
B. Representative H&E histology of urothelial lesions in hFGFR3-S249C mice. Hyperplastic lesions 

(left panel) or low grade papillary urothelial carcinomas (right panel) developed in hFGFR3 S249C 
mice from 6 months and 15 months of age, respectively. Stars show tumor-adjacent urothelial 
hyperplasia. Arrows point to papillae fibrovascular cores. Scale bar: 100μm. 

C. mKi67 mRNA expression levels (Affymetrix Mouse Exon 1.0 ST. Array signal) in tumor and 
hyperplastic urothelium from UPII-hFGFR3-S249C mice and in normal urothelium from control 
littermates. 

D. Principal component analysis of all genes expressed on the Affymetrix Mouse Exon 1.0 ST. Array 
from tumor and hyperplastic urothelium from UPII- hFGFR3-S249C mice  and from normal 
urothelial samples from control littermate mice (n= 6 tumors, 6 hyperplastic lesions, 3 normal 
urothelium). 
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E. Frequency of chromosomal copy number alterations in tumors from UII-hFGFR3 S249C. (red = 
gain; blue= loss). 

 

The UII-hFGFR3-S249C model is a luminal papillary model of human BCa. 

     Given the papillary nature of hFGFR3-S249C-induced tumors, we hypothesized that they 

recapitulate a luminal-like human bladder cancer molecular phenotype. We and others 

previously showed that N-Butyl-N(4-hysdroxybutyl) (BBN)-induced BCas represent a model 

of basal-like BCa (18,19). To classify hFGFR3-S249C tumors, we first applied a molecular 

classifier allowing to distinguish between three classes of NMIBC (5). The six hFGFR3-

S249C-induced tumors showed high correlations to centroid of gene expression of NMIBC 

classes 1 and 3 (both classes being enriched with FGFR3 mutations) (Fig.2A). We also 

applied the BASE47 classifier to distinguish between luminal and basal BCa subtypes (20). 

According to this classifier, FGFR3-induced bladder tumors were defined as luminal subtype, 

whereas our previously obtained BBN-induced tumors (18) were identified as basal subtype 

(Fig.2B). To further validate our results, we performed a cross-species comparison study by 

co-clustering the hFGFR3-S249C and BBN mice tumors with human tumors from our CIT 

cohort (n = 96 MIBCs and 99 NMIBCs) (21) using genes from a recently developed 

consensus classifier for basal and luminal-papillary human BCas (2) (employing the 

corresponding orthologues across the species). We found that hFGFR3-S249C and BBN 

tumors co-clustered with human luminal papillary and basal-like tumors, respectively 

(Fig.2C). These results are in good agreement with luminal papillary tumors being enriched 

in FGFR3 mutations. 

     Former studies have shown that Classes1 and 3 of NIMBCs are characterized by a lower 

immune response and infiltrating immune cell activity compared to class 2 tumors (5), and 

luminal-papillary MIBC similarly display lower immune infiltration signals compared to basal 

tumors (2). Applying the mouse Microenvironment Cell Populations-counter method (mMCP-

counter) (22) to our mice transcriptomic data, we estimated the immune cell infiltration in 

hFGFR3-S249C and BBN tumors. Consistent with human tumors, we estimated a weak 

infiltration of hFGFR3-S249C low-grade luminal papillary tumors observed for all type of 

immune cells, whereas BBN basal tumors presented a higher infiltration by 

macrophage/monocytes, and cytotoxic lymphocytes (Supplementary Fig.3A). The low 

immune cell infiltration of hFGFR3-S249C tumors is consistent with FGFR3 mutations 

synergizing with BBN and suppressing acute inflammation (15). We confirmed that hFGFR3-

S249C expression promotes BBN-induced tumor formation (Supplementary Fig.3B) and 

showed that BBN-hFGFR3-S249C tumors retained features of the basal molecular subtype. 

Taken together, our data suggest that hFGFR3-S249C mouse tumors recapitulate the 

human luminal papillary subtype of BCas and could be a useful model to decipher the role of 

FGFR3 in BCa formation. 
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Figure 2. Mouse hFGFR3 S249C bladder tumors resemble human luminal papillary tumors at 
the transcriptomic level. 

 
A. Correlation to the Hedegaard Non-Muscle Invasive Carcinoma classifiers (5) and B) the BASE47 

(20) classifier for tumors of mice hFGFR3 S249C. 
B. Muscle-invasive tumors derived from BBN treated mice are used as a control. 
C. Cross-species, unsupervised hierarchical clustering of mice hFGFR3 S249C tumors (n=6) and 

human bladder tumors (n= 197 from the CIT series). Clustering done on genes from a consensus 
classifier for basal and luminal-papillary human BCas(2). 
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FGFR3 expression levels impact tumor formation in UII-hFGFR3-S249C mice and 

could account for tissue specificity of altered-FGFR3 induced tumors. 

     We then studied an important series of mice (n = 402) and compared the frequency of 

tumors in 18-month-old UII-hFGFR3-S249C heterozygous and homozygous mice. The 

frequency of tumors was significantly higher in homozygous compared to heterozygous mice 

(~ 40% and 10%, respectively) (Fig.3A). Strikingly, multifocal tumors were specifically 

identified in homozygous mice, whereas heterozygous mice only developed unifocal tumors, 

re-enforcing the fact that the urothelium of homozygous mice was more sensitive to 

spontaneous tumor development than heterozygous mice. We hypothesized that the 

increased sensitivity to tumor development could be linked to the significantly higher 

expression level of hFGFR3 in homozygous compared to heterozygous mice, as assessed 

by RT-qPCR (Fig.3B). Following this hypothesis, we measured FGFR3 expression levels in 

different normal human epithelia, (including urothelium) obtained after microdissection. 

Interestingly, epithelia presenting high expression levels of FGFR3 were those in which 

FGFR3-mutated tumors are described (bladder, skin, exocervix) (Fig.3C) (3,23–25). Our data 

suggest that FGFR3 mutations require an epithelium with a high expression of FGFR3 to 

induce tumor formation. Nevertheless, although FGFR3 gene dosage in mice influenced 

tumor frequency, it did not reduce tumor development latency or induce progression towards 

muscle-invasive BCa. No histopathological difference was observed between hFGFR3-

S249C- induced tumors between heterozygous and homozygous mice.   

 

Mutated-FGFR3 favors a male gender bias in both mouse and human bladder tumors  

     Interestingly, considering gender of animals that developed tumors, we observed a 

significant difference between males and females, with males presenting a higher proportion 

of tumors than females considering tumor zygosity as stratification variable (Fig.3D). In 

human, it is well known that males are three times more susceptible to BCa than females. 

However, considering both NMIBC and MIBC FGFR3-mutated tumors, we observed that 

they were significantly more biased to male gender than wild-type tumors, and this was 

particularly marked in class 3 of NMIBC and the luminal papillary (LumP) subgroup of MIBC 

(Fig.3E).  
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Figure 3. FGFR3-induced tumor development is dependent on FGFR3 expression levels. 

 
A. Frequency of unifocal or plurifocal bladder tumor development in hFGFR3-S249C homozygous 

(+/+) or heterozygous (+/-) mice versus control littermates (-/-). 
B. Frequency of bladder tumors in male and female UII-hFGFR3-S249C mice. A-B-Proportions were 

compared using Fisher exact test. 
C. hFGFR3 mRNA expression evaluated by RT-qPCR in hFGFR3 S249C homozygous (+/+) or 

heterozygous (+/-) for mice. Results were normalized using EF1a expression levels. The statistical 
significance of differences was assessed using Wilcoxon test. 

D. Gender bias in tumor occurrence, stratified by UII-hFGFR3-S249C zygosity. A higher proportion of 
male mice developed a tumor (tumor occurrence rate = 21% vs. 14%, respectively in male and 
female animals; Zelen’s exact conditional test with UII-hFGFR3-S249C zygosity as stratification, 
two-sided, P = 0.044; common odds ratio estimate = 2.19, 95% confidence interval = [1.02, 4.70]) 
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E. Comparison of gender distribution between FGFR3-mutated and wild-type human bladder tumors 
of different subgroups. Molecular classifications for both NMIBC and MIBC as described 
previously, in which NMIBC Class1 and Class3, and MIBC luminal papillary (MIBC LumP) 
subtypes are known as to be enriched for FGFR3 mutations (3, 5). NMIBC, non-muscle-invasive 
bladder cancer; MIBC, muscle-invasive bladder cancer. Odds ratios (ORs), corresponding 95% 
confidence intervals (95% CIs), and Z-test based P values were calculated (see methods) 

 

Mutated-FGFR3 induces AR activation that could favor tumor development in male.  

     To unravel the molecular mechanisms that could favor the development of FGFR3-driven 

tumors in males, we compared transcriptomic data from 6 tumors and 3 normal control 

urothelia using the LIMMA algorithm. We observed 989 differentially expressed genes 

(Supplementary Fig.4A) that were enriched in pathways or biological processes related to 

cell adhesion and migration (Supplementary Fig.4B). However, none of these pathways 

could explain how a stronger activity of FGFR3 in males could favor tumor formation in such 

a context. We then focused on studying the transcriptional regulators that could underlie 

such phenotype. Using the upstream regulator function of the IPA (Ingenuity Pathway 

Analysis) software, we identified that, among a list of significantly enriched transcription 

factors (TFs), mutated-FGFR3 expression in mice induced both a significant increase of 

activity of AR and a decreased activity of estrogen receptor 1 (ESR1) (Fig. 4A, 

Supplementary Table 1). As control, we also observed that mutated-FGFR3 induced high 

MYC activity in mouse BCas, in accordance to what we have previously reported in human 

FGFR3-dependent models in vitro and in vivo (12). These findings suggest that the 

modulation of these hormone-receptors by mutated-FGFR3 could induce a gender bias in 

tumor formation. To further corroborate such results in human, we analyzed transcriptomic 

data from 3 FGFR3-dependent cell lines (MGH-U3, FGFR3-Y375C mutation; UM-UC-14, 

FGFR3-S249C mutation; RT112, FGFR3-TACC3 fusion) before and after FGFR3-knockout 

using the LIMMA algorithm and carried out an IPA analysis on the estimated differentially 

expressed genes (adjusted P-values <0.05; |log2FC|>0.58). In line with what we observed in 

murine BCas overexpressing hFGFR3-S249C, depletion of FGFR3 led to a significant 

decrease of AR and MYC activity. Yet, regarding ESR1, results were contradictory since we 

also predicted an inhibition of its activity after FGFR3 depletion (Fig.4A). To further validate 

our transcriptomic based predictions, we used an array to measure the binding of AR, ESR 

and MYC to their DNA target sequence under FGFR3 inhibited or control conditions in UM-

UC-14 cells. We confirmed that the inhibition of FGFR3 in these cells led to a significant 

decrease of the binding of all three TFs to their DNA-target sequence (Fig.4B). Finally, taking 

advantage of published AR regulon gene sets (3), we calculated AR regulon activity in both 

NMIBC and MIBC tumors using gene set variation analysis (GSEA). The relevance of AR 

activation by mutated-FGFR3 was supported by a significantly higher AR regulon activity in 

FGFR3-mutated human bladder tumors as compared to tumors without FGFR3 mutations 
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(Fig.4C, left panel for NMIBC and right for MIBC). Of note, such significance was true in both 

male and female (Fig.4C) and independent of subtypes of NMIBC/MIBC (Supplementary 

Fig.5A-B). 

 

Mutated-FGFR3 induced AR activity does not impact cell viability of FGFR3-dependent 

cells in vitro. 

Due to the low penetrance and high latency of the phenotype in our UII-hFGFR3-S249C 

model, we evaluated the role of AR on cell viability in RT112, RT112/84 and UM-UC-14 BCa-

derived cell lines expressing an altered FGFR3 and dependent on its activation for their 

proliferation/survival. We analyzed publicly available data of: (1) gene knock-out using 

CRISPR-Cas9 in the three aforementioned cell lines (Avana, Broad Institute (26)) (Fig.4D, 

left panel) and (2) AR-inhibitors treatment of RT112 cells (Drug sensitivity, Broad Institute 

(26)) (Fig.4D, right panel). None of the FGFR3-dependent cell lines relied on AR activity for 

cell survival (Fig.4D).  
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Figure 4. 

Figure 4. Androgen receptor is activated by mutated-FGFR3 but does not regulate cell viability 
of FGFR3-dependent bladder cancer cells. 

A. Statistically significant activation-states of AR, ESR1 and MYC in FGFR3-induced mouse tumors 
inferred using the Ingenuity Pathway Analysis (IPA) software. Activation scores were calculated 
using expression levels of transcription factor target genes in UPII-hFGFR3-S249C mouse bladder 
tumors. P-values of IPA prediction are shown by: * P < 1E-02; P** <1E-04; *** P<1E-07. 

B. Activation levels of AR, ER and MYC in UM-UC-14 human bladder cancer cells expressing 
FGFR3-S249C treated with the pan-FGFR inhibitor PD173074 [100nM,40h]. Activity levels were 
assayed using a TF Activation Profiling Array (RLU: Relative Luminescence Units). 

C. Comparison of AR regulon activity between FGFR3-mutated and wild-type NMIBC or MIBC 
human bladder tumors, shown separately for gender. AR activity score for both NMIBC and MIBC 
was calculated via GSVA (Gene Set Variation Analysis) analysis, using the AR regulon target 
gene set previously published for MIBC (Methods). NMIBC, non-muscle-invasive bladder cancer; 
MIBC, muscle-invasive bladder cancer. P values: Wilcoxon test. 

D. Left Panel: Response to AR knockout and/or inhibition in FGFR3-dependent BCa-derived cell 
lines (UM-UC-14, RT112 and RT112/84 cells). Prostate cancer cell lines (VCaP and LNCaP cells) 
were used as AR-responding positive controls whilst response of BCa cells to FGFR3 depletion 
served as a BCa dependency control. AVANA dependency scores are rank-normalized with 100% 
representing no-effect of on cell viability. Right Panel: Sensitivity to AR inhibition (n = 5 different 
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AR-inhibitors) in RT112 BCa cells as a measure of cell viability transformed from log2 fold change 
between inhibitor treatment (n= 5 different AR-inhibitors) and DMSO control. 
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Discussion 

     We described here the first transgenic mouse model demonstrating a tumorigenic activity 

in vivo of a mutated-FGFR3. Expression of an hFGFR3-S249C in uroplakin-II expressing 

cells induces spontaneous low-grade papillary tumor formation and favors BBN carcinogen-

induced tumor development. We observed hFGFR3-S249C-induced tumor installation in two 

different transgenic lines suggesting that the observed effect was likely induced by the 

expression of the transgene itself rather than to an alteration of an endogenous key gene 

resulting from the non-specific insertion of the transgene. Surprisingly, mutated-FGFR3 has 

already been targeted to urothelial cells using the same promoter without any spontaneous 

tumor formation being observed (14–17). Nonetheless, in some of these studies, expression 

of the mutated receptor did promote bladder tumor development when induced by exposure 

to carcinogen (BBN) (15) or in collaboration with Pten loss (16) or P53/pRB deficiency (17). 

This discrepancy between the previously developed GEM models and our GEM model could 

be linked to the FGFR3 mutation considered (S249C here, K644E in two previous studies 

(14,16)) or to the use of an inducible model for the expression of FGFR3-S249C in other 

studies (15,17). We have additionally shown that FGFR3-S249C expression levels impact 

the frequency of tumor formation, suggesting that a lower expression of the transgene in the 

former GEM models could also account for the absence of tumor formation in those 

transgenic mice. We used here the most frequent mutation of FGFR3 in BCa but we have 

recently shown that the over-representation of this mutation (FGFR3-S249C) was likely due 

to APOBEC mutagenesis rather than an increased tumorigenicity of such mutation as 

compared to other recurrent FGFR3 mutations (7). We can therefore suppose that other 

FGFR3-mutants would induce BCa formation as well. 

     Recently, the first pan-FGFR inhibitor – Erdafitinib/Balversa – has been approved by the 

FDA for patients with locally advanced or metastatic BCa presenting FGFR alterations. 

Considering the increasing interest of targeting FGFR3 for BCa treatment, having a model 

that resembles human counterparts at histological and transcriptomic levels; such as ours, 

may have clinical translational value to evaluate drug response and to understand acquired 

drug resistance mechanisms. In particular, the model we present here is the first 

immunocompetent model FGFR3-mutated-induced carcinomas. FGFR3 mutated tumors are 

non-T cell inflamed and have been associated to a poor immune-infiltrated immune-

environment being therefore less prone to respond to immunotherapy (3,27,28). To confirm 

this hypothesis, a phase 1b/2 clinical trial (NCT03123055) comparing the efficacy of an anti-

FGFR3 therapy (B-701, specific monoclonal antibody targeting FGFR3) coupled with 

immunotherapy (pembrolizumab) in advanced BCa patients harboring an altered FGFR3 is 

ongoing. In line with the literature, our GEM model showed poor infiltration of different 

immune cell populations. Hence allografts obtained from this model (latency and penetrance 
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of the phenotype won’t allow a direct use of the model), should help a better understanding 

of immune-escape or immune-suppression mechanisms driven by a mutated/active FGFR3 

and allow evaluation of combined therapies using FGFR and check-point inhibitors. 

     This model of FGFR3-induced tumors should also allow for a better understanding of the 

signaling pathways activated by FGFR3 during tumor progression. Targeting simultaneously 

different proteins forming part of the same signaling pathway could increase treatment 

efficacy and limit resistance as observed with the combination of B-Raf and MEK inhibitors 

for the treatment of melanoma (29). We recently demonstrated that MYC activation was 

crucial for FGFR3 oncogenic activities, pointing to a positive feedback loop of potential 

therapeutic value in BCa (12). Our GEM model confirmed the activation of MYC by FGFR3, 

which could contribute to an FGFR3-induced tumorigenesis through the promotion of cell 

hyperproliferation. Our model also highlighted an activation of androgen receptor by mutated-

FGFR3 that was further corroborated in human derived preclinical models and supported by 

a higher activity of AR in FGFR3-mutated tumors compared to wild-type ones. Further 

analysis of the signaling pathway leading to this ligand-independent but FGFR3-induced 

activation of AR is worth further investigating. Since we did not observe any transcriptomic or 

post-transcriptomic regulation of AR expression levels (data not shown), we could assume 

that as reported for EGFR, FGFR3 could modulate AR activity through its phosphorylation or 

phosphorylation of a co-regulator. Very likely, the activation of AR could contribute to the 

obvious biased ratio of FGFR3-induced tumors in males versus females in bladder cancer. 

Due to the higher proportion of males presenting Bca (three times more males than females 

presenting with BCa), the interest in understanding the role of AR during bladder tumor 

development and the interest of AR as a therapeutic target has been a subject of several 

scientific studies (30,31) and clinical trials. Our results suggest that this interest should be 

particularly important in an FGFR3-mutated context. However, AR activation would rather 

favor tumor initiation than tumor growth since AR knock-out or inhibition did not impact cell 

viability of BCa-derived FGFR3-dependent cell lines in vitro. Although Ide and colleagues 

highlighted the therapeutic value of AR by showing that its inhibition could radiosensitize BCa 

cells (32), AR does not appear as a single therapeutic strategy for bladder tumors expressing 

a mutated-FGFR3 according to our search. Nonetheless, the impact of AR inhibition in in 

vivo models and/or on in vitro cell migration/invasion is worth evaluating for FGFR3-mutated 

bladder tumors to have a clear understanding of AR function and its preclinical value for 

these neoplasms.  
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Methods 

Mouse models  

     All animals were housed and cared for in accordance with the institutional guidelines of 

the French National Ethics Committee (Ministère de l’Agriculture et de la Forêt, Direction de 

la Santé et de la Protection Animale, Paris, France). All experiments were reviewed and 

approved by the institute curie Animal Care and Use Committee. 

 

Generation of UII-hFGFR3-S249C transgenic mice 

     The expression of a human FGFR3IIIb carrying the S249C mutation was targeted to the 

urothelium of mice by using the 5’ regulatory region of the mouse uroplakin II promoter. The 

UII-FGFR3b-S249C construct was obtained by inserting the 3.6 kb murine uroplakin II 

promoter (UII) (33) excised with SalI and BamHI into the same restriction sites of the vector 

containing the β-globin intron 2 and the 3’ polyadenylation sequences of SV40 (34) followed 

by the insertion of a human S249C mutated FGFR3 cDNA excised with XbaI and HindIII into 

the SmaI site of this vector. All PCR-generated segments were verified by sequencing both 

strands. The pUII-hFGFR3b-S249C constructs excised with KpnI were purified and 

microinjected into fertilized B6D2 oocytes. Genomic DNA was extracted from mouse tails 

and screened by PCR for integration of the transgene. Two lines were selected, L569 and 

L538, and mice were back-crossed five times to a C57BL/6J mice. Mice were of a mixed 

background and littermates were used as control. Bladder from mice aged 1 to 24 months 

were examined for macroscopic lesions followed by a histopathological analysis when 

required. Mice were then intercrossed to obtain hetero-and homozygous mice for the 

transgene.  

 

Carcinogen treatment  

    BBN (N-butyl-N-(4-hydroxybutyl)-nitrosamine) was purchased from Tokyo Kasei Kogyo 

(Tokyo, Japan). Animals were housed in plastic cages in a controlled-environment room 

maintained at 22°C ±1°C with 12h light-12h dark cycles. All animals received food ad libitum. 

The UII-hFGFR3-S249C mice and control mice were aged 8-10 weeks old at the time of first 

carcinogen administration. The BBN was diluted at 0.05% in drinking water (ad libitum) for 8 

weeks (the BBN solution was freshly prepared every 2-3 days). After withdrawal of BBN 

administration, drinking water without added chemicals was available ad libitum. Tumor 

formation and progression was followed weekly by echography. Mice were sacrificed when 

tumors reached 80% of bladder volume or when weight moss was greater than 20% of body 

weight. 
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RT-qPCR analyses 

     Total RNA from mouse urothelium was obtained using the Rneasy mini kit (Qiagen, 

Courtaboeuf, France) according to the manufacturer’s instructions. One µg of total RNA was 

reverse transcribed using random hexamers (20 pmol) and 200 units of MMLV reverse 

transcriptase. The expression levels of the human FGFR3 transgene in urothelium and other 

tissues of transgenic mice were determined by real time PCR analysis. The mouse Ef1a 

gene was used as a control gene. Quantitative real time PCR was performed using a SYBR 

green PCR master Mix according to the manufacturer’s instructions (Applied Biosystems, 

Foster city, CA, USA), on an ABI prism 7900 sequence detection system (Applied 

Biosystems). FGFR3 expression levels were calculated using the comparative Ct method 

normalized to Ef1a mRNA expression levels. The sequence of these primers used were as 

follow:  

Gene Strand Sequence 5' - 3' 

FGFR3 
Fwd AGTCCTGGATCAGTGAGAG 

Reverse CTGCTCGGGGCCCGTGAACG 

Eef1a1 
Fwd CTGGAGCCAAGTGCTAATATGCC 

Reverse GCCAGGCTTGAGAACACCAGTC 

 

 

Radioactive PCR 

To compare the relative expression of the FGFR3 transgene to that of the endogenous 

murine Fgfr3 in the transgenic urothelium, transgenic urothelium cDNA was amplified in 

presence of 32P dCTP using the primers forward 5’-GCAGGCATCCTCAGCTAC-3’ and 

reverse 5’-TGGACTCGACCGGAGCGTA-3’ which recognized both human and mouse 

FGFR3. The 107 bp amplified products were then digested with RsAI and HinP1I. The 

human amplified product possesses a RsAI restriction site and the mouse amplified product 

a HinP1I restriction site. After digestion, two fragments of 88 bp and 19 bp were obtained 

from the amplified human FGFR3 cDNA and two fragments of 59 bp and 48 bp were 

obtained from the amplified mouse Fgfr3 cDNA. The digested products were subjected to 

polyacrylamide gel electrophoresis and the intensities of the bands were quantified with a 

Molecular Dynamics Storm PhosphorImager (Molecular Dynamics/Amersham, Sunnyvale, 

CA, USA). 

 

Histological analyses 

UII-hFGFR3-S249C mutant and control mice bladders were fixed in 10 % formalin, 

embedded in paraffin and cut at 4-μm thick slides for histological and immunohistochemical 
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analyses. Histological hematoxylin and eosin-stained (H&E) slides were reviewed by two 

genito-urinary pathologists.  

 

Whole exome sequencing and identification of copy number alterations 

     DNA from UII-hFGFR3-S249C mouse normal urothelium, hyperplastic urothelia and 

urothelial carcinomas was extracted using phenol-chlororoform. Whole exome libraries were 

prepared by Integragen (Evry, France). Raw sequence alignment and variant calling were 

carried out using Illumina CASAVA 1.8 software (mm10 mouse reference genome). Each 

variant was annotated according to its presence in the 1000Genome, Exome Variant Server 

(EVS) or Integragen database, and according to its functional category (synonymous, 

missense, nonsense, splice variant, frameshift or in-frame indels). Reliable somatic variants 

were identified as those having a sequencing depth in ≥10 reads in tumor and normal 

urothelium samples, with ≥3 variant calls representing ≥15% total reads in the tumor, ≤1 

variant calls representing <5% total reads in the normal urothelium, and a QPHRED score 

≥20 for both SNP detection and genotype calling (≥30 for indels). 

     Copy number alterations (CNAs) were identified using coverage data to calculate the log 

ratio of the coverage in each tumor sample as compared to a normal urothelium sample. 

Log-ratio profiles were then smoothed using the circular binary segmentation algorithm as 

implemented in the Bioconductor package DNAcopy. The most frequent smoothed value was 

considered to be the zero level of each sample. Segments with a smoothed log ratio above 

zero + 0.15 or below zero − 0.15 were considered to have gains and deletions, respectively. 

High-level amplification and homozygous deletion thresholds were defined as the mean +7 

s.d. of smoothed log ratios in regions with gains and deletions, respectively. 

     The identified frequent chromosomal gains or deletions were further validated by qPCR 

using genomic DNA. Primers targeting exonic regions from different genes found in the most 

frequently altered chromosomes were designed. A Taqman qPCR (Applied Biosystems) was 

carried out on gDNA to compare expression levels between normal urothelium and tumors 

from UII-hFGFR3-S249C mice. Normalization was performed using genes present on 

chromosomes without genomic alteration. The designed primers were the following: 
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Gene Exon Strand Sequence 5' - 3' 

Most frequently altered chromosomes 

Erbb4 26 
Fwd TGCAACGGCTGAGATGTTT 

Reverse GTGCCACTGGCTTTCGTAG 

Trat1 6 
Fwd GGCCCAGGAAACAGAATACTAA 

Reverse GAGAAACGTTGGCATCCATT 

Fkbp5 9 
Fwd AGGCCGTGATTCAGTACAGG 

Reverse TCTGACAGGCCGTATTCCAT 

Control chromosomes w/o genomic alteration 

Tgfbr3 13 
Fwd TTGTGTTCAAGTCCGTGTTCA 

Reverse TTCCTAGAGCACAGCGTCAG 

Inpp4b 15 
Fwd GCTACAACCTCTCATAGCAACTCA 

Reverse TCAGGCTGTCTGGAGAACG 

 

Microarray transcriptome profiling 

     Total RNA (200ng) from UII-hFGFR3-S249C mouse normal urothelium, hyperplastic 

lesions and urothelial carcinomas was analyzed with the Affymetrix Mouse Exon 1.0 ST. 

Array gene expression was RMA normalized and annotated to the GRCm38 genome 

version. The LIMMA algorithm was applied to calculate the genes having a significant 

change of expression between urothelial carcinomas and normal urothelium or hyperplastic 

lesions. Genes were considered to be differentially expressed when they presented an 

absolute log2FC >0.58 and an adjusted p-value <0.05. P-values were adjusted for multiple 

comparisons using the Benjamini-Hochberg correction. Upstream regulator analysis based 

on the differentially expressed genes was performed with IPA software to identify key TFs as 

well as predict their transcriptional activities. FGFR3 regulated transcriptomes (FGFR3 

knockdown versus control) from three BCa-derived cell lines (UM-UC-14, MGH-U3 and 

RT112) were previously published by host lab (7,12). Since all these cell lines were FGFR3 

dependent, we considered them as one group, treated and non-treated, and performed 

similar analyses as above to double confirm TFs identified from UII-hFGFR3-S249C mouse 

model.  

 

Pathway and Gene Ontology Biological Processes Enrichment 

     Genes with an absolute log2FC of at least 0.58 and an adjusted p-value inferior to 0.05 

were used to carry out an enrichment analysis of KEGG Pathways and Gene Ontology 

Biological Processed. The enrichment analysis was done using David 6.8, mus musculus 

Affy Exon 1.0 ST background. Significantly enriched pathways were considered when they 

had an adjusted p-value (Benjamini and Hochberg) inferior to <0.05.  
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Cross-species hierarchical clustering 

     Microarray transcriptomic data from UII-hFGFR3-S249C and BBN mice was combined 

with transcriptomic array data from human bladder tumors (CIT; Affymetrix Exon 1.0 ST; 96 

MIBC and 99 NMIBC). Batch effects due to data combination were corrected using the 

surrogate variable analysis R package. The protocol used for co-clustering of the two species 

was that of previously described (19). Hierarchical clustering was done using a gene 

signature derived for the consensus molecular classification of MIBC (2). 

 

Transcriptome classifier 

     Subtype calls were done on murine hFGFR3 S249C and previously established murine 

BBN induced tumor transcriptomes.  Samples were classified using a 3-classes classifier for 

NMIBC or the BASE47 classification algorithm and the median centered expression of the 

murine orthologues found in the BASE47 signature, as previously described (2,19).       

 

Gender bias in tumors with FGFR3 mutations 

     We established a merged cohort of 1,220 BCa subjects with both FGFR3 mutation and 

gender information available, based on data from our Carte d’Identité des Tumeurs (CIT) 

database and public sources (2,3,5,35,36). For MIBC subjects from the TCGA dataset, 

transcriptome-derived molecular classification was determined as previously described (2). 

Molecular classification for NMIBC samples included in the UROMOL study was extracted 

from supplementary data of the associated publication (5). We compared the gender 

distribution (male vs. female) between bladder cancers harboring or not an FGFR3 mutation 

in the overall cohort and in the three subgroups enriched in FGFR3 mutations: NMIBC 

Class1 and Class3, and MIBC luminal papillary subtype. Odds ratios (ORs), corresponding to 

95% confidence intervals (95% CIs), and Z-test based P values were calculated. An OR > 1 

indicates a higher proportion of males in FGFR3 mutated tumors, and a 95% CI not covering 

1 or P < 0.05 indicates statistically significant difference.    

 

Transcription factor activity analysis 

     UM-UC-14 cells were seeded in 100mm plates at a density of 3.0x106cells/dish. Cells 

were plated and left to adhere overnight. Afterwards, cells were treated for 40 hours with the 

pan-FGFR inhibitor PD173074 [100nM] (Calbiochem, Merck Eurolab, France). Control cells 

were treated with DMSO vehicle diluted proportionally to the inhibitor. After the 40h of 

treatment, nuclear fractions were isolated for analysis in the TF Activation Profilin Plate Array 

I from Signosis (according to the manufacturer’s protocol). Cellular fractions were recovered 

using the Thermo Fisher NE-PER nuclear and cytoplasmic extraction kit (ref 78833), 

following the manufacturer’s instructions). 
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AR regulon activity 

     RNA-seq derived transcriptome data (fragments per kilobase of transcript per million, 

FPKM normalization with log2 transformation) of the UROMOL NMIBC (n = 476) (5) and 

TCGA MIBC (n = 408) (3) samples were downloaded from the ArrayExpress 

(https://www.ebi.ac.uk/arrayexpress/, accession number E-MTAB-4321) and UCSC Xena 

(https://xenabrowser.net/) databases, respectively. Computationally predicted AR regulon 

genes were extracted from supplementary data of TCGA MIBC (3). We calculated for each of 

the above samples an AR regulon activity score as the difference of the sample-specific 

enrichment score of positive targets and that of negative targets obtained using the Gene Set 

Variation Analysis algorithm (37). Comparison of AR regulon activity between FGFR3 

mutated and non-muted tumors was performed in all NMIBC and MIBC samples, as well as 

in subgroups defined by gender or molecular subtypes.    

 

Response of BCa cell lines to AR inhibition/knockout. 

     We explored gene dependency to AR knockout and measurements of sensitivity to 

different AR specific inhibitors (n = 5, including Bicalutamide, Darolutamide, Enzalutamide, 

RU-58841 and Hydroxyflutamide) in three FGFR3 dependent BCa cell lines (UM-UC-14, 

RT112 and RT112/84 cells) and from the DepMap data repository. Prostate cancer cell lines 

(VCaP and LNCaP cells) known as AR-dependent cell lines, were taken as positive control to 

AR response. The Avana gene dependency of FGFR3 knockout showed a general response 

to the treatment and was taken as a BCa dependency control. Avana AR/FGFR3 

dependency score was rank-normalized, with 100% representing no effect, and cell viability 

was transformed from log2 fold change between inhibitor treatment and DMSO control.  
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Supplementary Figures 

 

Supplementary Figure 1. 

A. Validation of the expression of 
the relative mRNA expression levels of 
the human FGFR3 transgene in the 
urothelium of transgenic UPII-FGFR3-
S249C mice. 
B. In situ hybridization showing 
expression of the human FGFR3 
transgene at the supra-basal and 
intermediate cell layers of UPII-FGFR3-
S249C mice urothelium (4 months of 
age). Magnification x100. 
C. Radioactive PCR showing the 
expression of both human and mouse 
FGFR3 digested amplicons (cDNA) in 
control and UPII-FGFR3-S249C (line 
569 and 538) mice. The bands of 59 
and 48 bp correspond to mouse 
endogenous FGFR3, and the band of 
88 bp to the human FGFR3 transgene. 
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Supplementary Figure 2. 

A. Representative immunohistochemistry showing Ki67 expression in hyperplastic urothelium (middle 
panel) and bladder tumor (right panel) of UPII-hFGFR3-S249C mice and in normal urothelia from 
control littermates (right panel). 

B. Genomic DNA qPCR validation of genes found in frequently altered regions (chromosomes 1, 16 
and 17) of tumors from UPII-hFGFR3-S249C mice. Shown is the ratio of relative expressions of 
exonic regions of genes found in altered chromosomes (Trat1, Erbb4, Fkbp5) against the genes 
found in stable chromosomes (Tgfbr3, Inpp4b). Each relative expression value was calculated 
using the 2-ΔΔCt method and values were normalized to control urothelia for each sample. 
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Supplementary Figure 3. 

A. Heatmap of MCP counter signature for estimation of infiltration of different immune populations 
based on transcriptomic data fromBBN-induced tumors (n=11) and tumors of mice hFGFR3 
S249C (n=6) and of. Red indicates high and blue indicates low mRNA expression respectively 
(normalized mRNA expression levels). 

B. Survival plot of UPII-hFGFR3-S249C mice (FGFR3 +/- or +/+) versus control mice from littermates 
(FGFR3 -/-) following treatment with 0.05% BBN in drinking water for 8 weeks. 
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Supplementary Figure 4. 

A. Volcano plot of the set of differentially expressed genes (DEGs; 989 genes; |log2FC|>0.58; 
adjpval<0.05) by comparing gene expression in hFGFR3 S249C mice tumors compared to normal 
control urothelium. 

B. Plot of top 18 Gene Ontology Biological Processes (GO) and murine KEGG (KE) deregulated 
pathways using a set of 989 differentially expressed genes obtained by comparison of hFGFR3 
S249C tumors and normal mouse urothelium (|log2FC|>0.58; adj.p-val<0.05)  The adjusted p-
value of each enriched term, as well as the number of genes assigned to each term (count) and 
the ratio of assigned genes to total number of genes belonging to a term are displayed 
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Supplementary Figure 5. 

Comparison of AR regulon activity between FGFR3-mutated and wild-type tumors in different 
subtypes of NMIBC (A) and MIBC (B). Molecular classifications for both NMIBC and MIBC as 
described previously. 

 

 

 

 

Supplementary Tables 

 

  

Upstream

Regulator

Predicted

status

Activation

z-sore
Adj. P -value

Activation

z-sore
Adj. P -value

TP53 Inhibited -1.855 4.63E-10 6.057 8.48E-31

ESR1 Inhibited -1.767 4.65E-09 -3.987 6.86E-19

SMARCA4 Inhibited -1.567 3.19E-10 1.532 4.67E-03

STAT3 Inhibited -0.115 6.02E-04 -1.797 6.09E-03

MYC Activated 0.364 1.73E-05 -6.407 3.34E-14

FOXM1 Activated 0.619 9.20E-04 -4.29 1.54E-08

GATA1 Activated 0.707 3.75E-02 4.574 7.60E-07

AR Activated 2.199 2.59E-03 -0.378 1.70E-08

Knockdown of FGFR3

(merged UM-UC-14 MGH-U3

RT112 cells)

Overexpression of

FGFR3

(UII-hFGFR3-S249C Mice)

Supplementary Table 1.

Predicted significantly regulated TFs by overexpression or knockdown of FGFR3
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1.3 Discussion 

     In our study, we presented the first autochthonous model of FGFR3-induced bladder 

tumors, evidencing the oncogenic consequences of FGFR3 activating mutations. 

Surprisingly, the FGFR3 (S249C) tumorigenic activity observed in our transgenic mice 

contrasts with the three previously reported GEM models expressing a mutated 

Fgfr3/FGFR3102,103,179. Different reasons explaining such discrepancies may include: 1) the 

type of FGFR3 mutation that was studied (S249C mutations affecting the extracellular 

domain of the receptor versus K644E mutations affecting the intracellular kinase domain); 2) 

the genetic engineering approach (doxocyclin-induced102 versus stable transgene 

expression); 3) the expression levels of the FGFR3 transcript; 4) the delay to examine tumor 

formation (12 months versus >18 months)103, and the genetic background of the mouse 

model. 

     Aiming to highlight the potential of use of our autochthonous model in the field of 

translational research, we confirmed that mouse UPII-hFGFR3-S249C tumors were 

equivalent to their human counterpart at both the histological and transcriptomic level. In this 

way, allografts from this model could be used to more deeply evaluate an FGFR3-driven 

oncogenesis in vivo, unveil new therapeutic targets, and, most importantly, test new 

therapeutic strategies. 

     By analyzing the course of autochthonous tumor development, we were able to examine 

disease stages (hyperplastic lesions) that are infrequently found in the clinic, and which can 

shed light on the molecular mechanisms associated to early bladder tumorigenesis. In 

addition, the simple observation of tumor frequency in later stages of our model led us to 

explore frequency data in human bladder tumors and confirm a statistically significant, much 

stronger male dominance in FGFR3-mutated subtypes of MIBC and NMIBC tumors. We 

corroborated that a plausible underlying cause could be a higher AR activity induced by a 

mutated-FGFR3 in both NMIBC and MIBC tumors. Examination of the role and regulation of 

AR in vitro in an altered-FGFR3 context suggested that AR may be important during the 

initial phases of tumor development. However, AR activity does not seem required for 

FGFR3-induced cell proliferation/survival, suggesting it may not be involved in tumor 

progression. Whilst this may at first lead to the conclusion that AR would not necessarily 

represent a target of therapeutic interest, a recent study by Wu and colleagues246  

demonstrated that androgen-suppressive therapy in NMIBC patients resulted in lower tumor 

recurrence rates. Considering the high recurrence rate in NMIBC patients and its associated 

co-morbidity on the long-term, such potential therapy could be of great benefit. A deeper 
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study of AR function within an altered FGFR3 context will be very important to reveal 

molecular mechanisms of therapeutic interest.  

     Altogether, we report here the first transgenic mouse model illustrating the in vivo 

tumorigenic activity of a mutated-FGFR3 alone. Use of such immunocompetent, 

spontaneous bladder tumor GEM model will allow to increase our knowledge of the 

oncogenic signaling network of FGFR3 in vivo and consequently shed light on targetable 

molecular mechanisms. In addition, observations made from the development of the disease 

throughout time in our model, may pinpoint towards interesting processes that should be 

further explored in human bladder tumors.  
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Chapter 2. FGFR3 Gene regulatory network in 

bladder cancer 

 

2.1 Introduction 

     FGFR3 regulates a range of essential cellular processes including proliferation, survival, 

angiogenesis, migration and differentiation; making it an interesting therapeutic target. 

Indeed, based on the frequent aberrant activation of this receptor in bladder tumors and the 

positive outcomes of many clinical trials43,48,51,72,92,105–108,247, the FDA has recently approved 

the first anti-FGFR therapy for the treatment of advanced stages of the disease72. Despite 

such significant progress, the gene regulatory network of FGFR3 in bladder cancer continues 

to be little studied. Notably, FGFR3 has been previously reported to present opposite 

functional roles depending on cellular-context 84,248–250. A better understanding of the FGFR3-

driven, bladder-cancer-specific regulatory network is thus needed to increase our knowledge 

of the biology of the disease and understand the specific molecular contexts in which an anti-

FGFR therapy would be most efficient.  

     In the present project, we merged a statistical, reverse-engineering inference method with 

functional validation to construct a gene regulatory (GRN) network specific to the context of 

bladder tumors, and that is regulated by an altered-FGFR3. In particular, we were interested 

on studying the transcription factors and cofactors that co-operatively drive the inferred GRN.  

     As discussed in the introduction, numerous bioinformatic approaches enable the 

construction of genome-scale regulatory networks that define the interactions between 

transcription factors and their target genes. Overall, the methods that most successfully 

capture biologically relevant relationships have been those that focus on the construction of 

context-specific networks and that integrate validated regulatory interactions (protein-protein 

interactions and/or transcriptional regulation) to refine the original network188,221. On this 

basis, we collaborated with the bioinformatic team of Mohamed Elati (Université de Lille) to 

employ CoRegNet226 (Bioconductor), a package adapted for the reverse-engineering 

inference and analysis of large-scale, context-specific regulatory networks. By implementing 

the H-LICORN224,225 algorithm, CoRegNet allows to infer a cooperativity network of 

transcription factors and cofactors (TFs/coTFs) that co-regulate the expression of a set of 

shared target genes. In addition, by calculating a sample-specific activity of the inferred 

TFs/coTFs, transcriptional programs that are active under diverse cellular contexts can be 

highlighted. In this way, we inferred a bladder cancer co-regulatory network (BLCA-GRN) 

from FGFR3-mutated bladder cancer cell lines and bladder tumors transcriptomes. Utilizing 

experimentally derived data of FGFR3 perturbation in vitro and in vivo, we identified the 
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TFs/coTFs that were driven by an altered-FGFR3 and were essential for its tumorigenic 

activity. The p63 transcription factor emerged as an essential element of the GRN in both 

non-muscle invasive (NMIBC) and muscle-invasive (MIBC) bladder tumors; whose activity is 

regulated by FGFR3. We demonstrated that it plays a role in the modulation of tumor growth, 

cell proliferation, migration and invasion, and that such functional role may explain some of 

the observed phenotypes in FGFR3-mutated NMIBCs.   
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Abstract 

The alteration of the receptor tyrosine kinase FGFR3 through activating mutations or 

translocations is one of the most common genetic events in bladder cancer (BLCA). Despite 

the demonstration of the oncogenic potential of such alterations, the gene regulatory network 

of an altered-FGFR3 in bladder cancer remains poorly characterized. We combined here a 

bioinformatic reverse-engineering inference approach together with in vitro and in vivo 

FGFR3-perturbation experiments to determine a BLCA regulatory network of transcription 

factors and co-factors (TFs/coTFs) that are driven by an altered-FGFR3 and critical for its 

oncogenic activity. Amongst them, we identified p63 in both non-muscle (NMIBC) and 

muscle invasive bladder cancers (MIBC) and further demonstrated that it mediates tumor 

growth, cell proliferation and migration of FGFR3-dependent bladder cancer cells. In Ta 

NMIBC, we observed both higher p63 activity and increased tendency of recurrence in 

tumors harboring a mutated-FGFR3 as compared to tumors with the wild-type receptor, 

suggesting that p63 activation by FGFR3 could favor recurrence. Our results elucidate an 

unexpected oncogenic key role of p63 in luminal papillary tumors bearing FGFR3 mutations 

and provide a global BLCA specific FGFR3-induced gene regulatory network that should 

allow a better understanding of FGFR3 induced oncogenic dependency that could have 

clinical applications. 

 

Introduction  

     Bladder cancer is the fourth most common cancer in men in industrialized countries and it 

can be divided into two main groups based on tumor stage. Non-muscle invasive bladder 

carcinoma is the most frequent subtype at first diagnosis (NMIBC, 75% of patients) and 

although it is of good prognosis (80% five-year survival rate), an important percentage of 

patients recur following initial treatment (70% of patients). Furthermore, depending on grade 

and stage, 5-75% of NMIBC patients will progress into muscle-invasive disease (MIBC) 1,2. 

Contrary to NMIBC, MIBC is a life-threatening disease with a five-year survival of less than 

60%, which decreases to less than 6% in presence of metastasis3,4. 

     The treatment of bladder cancer remains challenging and very expensive due to two 

different clinical problems: (1) the high recurrence of NMIBC leading to a costly long-term 

follow-up and (2) the poor survival rate of MIBC, a disease for which there are almost no 

efficient treatments available. Recently, promising results have been reported in clinical trials 

targeting FGFR3, a frequently altered receptor tyrosine kinase (RTK) in bladder cancer5–8. 

Activating mutations affecting FGFR3 are amidst the most commonly observed genetic 

alterations in bladder cancer, being present in more than 65% of NMIBCs (enriched in Class 

1 and Class 3 subtypes) and 15% of MIBCs (enriched in luminal papillary subtype)9,10. 

Moreover, translocations leading to active FGFR3 gene fusions can be observed in 3% of 
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MIBCs and 30% of MIBCs that present a wild-type FGFR3, overexpress the receptor11–13. In 

2019, the FDA approved the first pan-inhibitor directed against FGFRs in advanced bladder 

cancer. However, as previously reported in preclinical bladder cancer models and in other 

targeted therapies in different cancer types (EGFR, BRAF, KIT; lung cancer, melanoma, 

gastrointestinal stromal tumors), patients are expected to develop resistance to RTK-

targeting treatment14–19. As the FGFR3 gene regulatory network in bladder cancer remains 

poorly characterized, a deeper understanding of such network would allow to better 

comprehend the role of the receptor in the disease and identify new therapeutic targets. Most 

importantly, the identification of novel targets would improve existing FGFR3-targeting 

therapies and/or prevent the development of resistance to treatment. The identification of 

MYC; of one key TF activated by FGFR3, already allowed us to propose optional therapeutic 

strategies by inhibiting the FGFR3-MYC regulatory loop20. One of the main aims of this study 

is to provide a global FGFR3 regulatory network that may be used in the future to discover 

new driver regulators of therapeutic interest. 

     There exist many different bioinformatic methods to infer gene regulatory networks 

(GRNs) from high-throughput data, enabling the discovery of disease-driver genes and or 

pathways. Up to date, among the approaches that have proved successful are those that 

allow for the reverse-engineered construction of context-specific networks (e.g. ARACNe, 

LICORN, GENIE3) and which can be further enriched through the integration of interaction 

evidences (protein-protein interactions and/or transcriptional regulation)21–25. Here, we use 

the hybrid-learning co-operative regulation networks (H-LICORN) algorithm that integrates 

data-mining methods with numerical linear regression to efficiently infer a context-specific 

GRN26,27. More specifically, we predicted a cooperativity network of transcription factors and 

cofactors (TFs/coTFs; co-activators and co-repressors) using transcriptomic data from 

FGFR3-mutated bladder cancer cell lines and human bladder tumors. Employing 

experimentally derived data where the expression or activity of FGFR3 was altered in in vitro 

and in vivo preclinical models, we highlighted the TFs and coTFs from the network that are 

driven by an altered FGFR3. Additionally, we identified the essential regulators of such 

network through the use of publicly available cell viability data from large CRISPR-Cas9-

based screen in FGFR3-dependent bladder cancer cell lines28. An important result from our 

study was the identification of p63 as an essential and active transcription factor forming part 

of the FGFR3-driven regulatory network in bladder cancer. We further showed, that it 

regulates tumor growth, cell proliferation, migration and invasion through extra-cellular matrix 

degradation. These functional findings are relevant as they may help to better understand 

certain phenotypes that are present in FGFR3-dependent tumors, such as the one we 

discuss in this study: a higher tendency of recurrence observed in FGFR3-mutated tumors 

that could be associated with a higher P63 activity. 
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Results 

Bladder-cancer gene regulatory network of TFs and coTFs in FGFR3-altered tumors. 

     Using the CoRegNet package (Bioconductor), we generated a GRN from the 

transcriptome of the 36 bladder cancer cell lines of the CCLE 2019Q1 and refined it via the 

integration of protein-protein interactions (ppis) and transcriptional regulatory interactions 

(transcription factor binding sites; tfbs) (See Methods). To reconstruct the GRN, we chose 

transcriptomes from bladder tumor-derived epithelial cell lines in order to avoid any bias that 

would be introduced from using less homogenous transcriptomic data from bladder tumors 

that contains stromal genes. The resulting GRN was composed of 720 TFs/coTFs, 6 374 

target genes and 31 003 regulatory interactions that were significantly enriched for validated 

ppis (P-value =6.34e-127) and tfbs (P-value<1e-100). Based on the shared targets of every 

pair of TFs/coTFs, the GRN was then transformed into a co-operativity network (co-

regulatory BLCA-GRN).  

     Aiming to highlight the transcriptional program that would be active under an altered-

FGFR3 context, we calculated the activity of each TF/coTF using the CCLE expression data 

of only previously identified FGFR3-dependent bladder cancer cell lines bearing FGFR3 

genomic alterations (translocations leading to fusion proteins or activating point mutations): 

RT112 (FGFR3-TACC3), RT112-84 (FGFR3-TACC3), RT4 (FGFR3-TACC3), SW-780 

(FGFR3-BAIAP2L1) and UM-UC-14 (FGFR3-S249C). The computed activity was then 

projected on the inferred-BLCA-GRN (Figure 1A, left panel). To determine if the resulting 

network was also representative of human bladder tumors, we re-calculated the activity of 

the previously inferred TF/coTFs from two expression data sets of FGFR3-mutated tumors: 

272 NMIBCs9 and 52 MIBCs10 (Figure 1A, right panel). We observed that many of the most 

active TF/coTFs (4th quartile, n = 74) in FGFR3-dependent bladder cancer cell lines were 

also active in both the FGFR3-mutated NMIBC and MIBC tumors (Figure 1B). However, we 

observed stronger similarities in the patterns of TF/coTF activity between the cell lines and 

the MIBC luminal papillary (LumP) and the NMIBC class 1. This could result from the fact 

that analyzed cell lines are derived from MIBC, and classified as luminal papillary, and 

NMIBC class 1 also present a luminal-like differentiation. Corroborating the relevance of our 

constructed network, we found several previously described bladder-cancer genes within the 

group of most active TFs/coTFs in these subgroups of luminal papillary tumors such as 

GATA3, PPARG, FOXA1, KLF5, TRIM29 and NOTCH3 (Figure 1B, left panel)29–32. The 

difference in the BLCA-GRN among tumors bearing an altered-FGFR3 suggest that FGFR3 

activity may depend on the molecular subtype, which could have clinical implications. 

However, 14 TFs/co-TFS are common in all subtypes and may be enriched in key elements 

of the altered-FGFR3 pathway (Figure 1B, right panel). 
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Figure 1. 
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Figure 1. Transcriptional co-regulatory network of FGFR3-altered bladder cancer cells and 
tumors.  

A. Left Panel. Co-operativity network inferred from the transcriptome of 36 bladder cancer derived 
cell lines (BLCA-GRN) and active only in altered-FGFR3 cells. Nodes represent transcription 
factors and co-factors (TFs/coTFs). The co-regulatory interactions between nodes are indicated as 
follows: solely defined by H-LICORN algorithm (gray) and interactions for which there is published 
evidence such as protein-protein interactions (ppi; blue) and transcriptional regulation (tfbs, red 
arrows). Node color (red= high; blue = low) represents the mean activity of the corresponding 
TF/coTF, estimated only from FGFR3-dependent bladder cancer cells (n=5). The size of nodes is 
proportional to the number of targets of a TF/coTF and the intensity of color to the activation value. 
Right Panel. Prediction of BLCA-GRN activity employing the transcriptome of human bladder 
tumors harboring a mutated-FGFR3 (*FGFR3): Non-muscle invasive bladder carcinoma (NMIBC, 
n=272; EUROMOL; Upper Panel) and Muscle-invasive bladder carcinoma (MIBC, n=52; TCGA; 
Lower Panel). The meaning of size and color of nodes, as well as color of edges follows as 
described above. 

B. Left Panel. Heatmap display of the most active (4th quartile) TFs/coTFs in FGFR3-dependent 
bladder cancer cell lines. Each column represents a transcriptomic dataset from which the 
sample-specific or mean activity of a corresponding TF/coTF (rows) was calculated. The 
significance of color used to represent TF/coTF activity is the same as described above: red; high 
activity, blue; low activity.  
Right Panel. Venn Diagram analysis of each of the most active sets (4th quartile) of TFs/coTFs in 
five transcriptomic datasets of FGFR3-altered samples: CCLE cell lines, NMIBC of Class 1 and of 
Class 3, and MIBC of luminal-papillary and non-luminal-papillary subtype. The 14 common most 
active TFs/coTFs are highlighted on the heatmap by an asterisk.  

 

Essential FGFR3-driven TFs and coTFs in bladder cancer. 

     To experimentally evaluate part of the inferred co-regulatory BLCA-GRN in tumors 

bearing an FGFR3-alteration, we performed a TF Activation Profiling Plate Array assay on 

UM-UC-14 cells treated or not with the pan-FGFR inhibitor PD173074 (Figure 2A, right 

panel). The Array allowed to analyze the activity of 10 out of 74 of the regulators (or family 

members of the regulators) defined by CoRegNet as being the most active in UM-UC-14 

cells (Figure 2A, left panel). Validating part of the predicted co-regulatory network, the 

inhibition of FGFR3 in UM-UC-14 cells led to a significant decrease in the target DNA 

sequence binding of all of the 6 TFs/family members of TFs representing in total 9 of the 

most active regulators in UM-UC-14 cells (Figure 2A, right panel). 

     Having confirmed at a small scale the reliability of prediction of CoRegNet, we continued 

to use this tool to compute the activity of the inferred BLCA-GRN regulators using other 

experimentally derived transcriptomic datasets to identify regulators activated in an altered-

FGFR3 context and driven by this receptor. We compared the GRN after inhibition or 

activation of FGFR3 (Figure 2B). We used publicly available transcriptomic data from MGH-

U3 and RT112 cells treated or not with the pan-FGFR3 inhibitor AZD4547 for 2, 6 and 24 

hours, and our transcriptomic data from bladder tumors and hyperplasia from mice 

overexpressing in urothelial cells a human FGFR3 presenting the S249C mutation, and from 

littermate control urothelium. We proceeded by first calculating the activity of every TF/coTF 

in each independent dataset and then focusing on those regulators that presented an 

opposite activation status between the FGFR3 inhibited bladder cancer cell lines and the 
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murine bladder tumors overexpressing a constitutively active hFGFR3-S249C (Figure 2B; n = 

25 TF/coTFs). To determine if such FGFR3-driven regulators were essential elements of the 

network for FGFR3’s oncogenic activity, we evaluated the impact that the knockout of one of 

such genes would have on the cell viability of FGFR3-dependent bladder cancer cell lines 

using publicly available data from the high-throughput screening of gene dependencies 

(Broad Institute, AVANA CRISPR-Cas9 dataset) (Figure 2C). Amongst the few TFs that were 

identified as being essential for FGFR3-dependent cell lines were TP63 and FOXM1. 

Strikingly, the knockout of TP63 (encoding p63) had the strongest impact on cell viability of 

FGFR3-dependent bladder cancer cells and this impact was greater compared to wt (wild-

type) FGFR3 cells despite a well-established role of p63 in squamous/ basal tumors in 

general and basal MIBC in particular 33–35(Figure 2C). 
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Figure 2. Identification of FGFR3-regulated TFs and coTFs in bladder cancer: discovery of TP63 
as an essential gene.  

A. Left Panel. TFs/coTFs exhibiting a positive activity calculated from the BLCA-GRN and the 
transcriptome of the UM-UC-14 cell line. Colored in red are the most active (4th quartile; n=74) 
regulators. Names of the top 20 most influent regulators are shown. Regulators whose names are 
further highlighted in red are those that were partially validated using a TF array in 2B. 
Right Panel. Activation levels of the TFs or TF families present in a TF activation profiling plate 
array, and representing 10 out of the 74 most active TFs/coTFs in UM-UC-14 cells. UM-UC-14 
cells were treated or not with a pan-FGFR inhibitor (PD173074) and TF activity levels were 
measured as the enrichment of bound TF/probes. Activity profiles that present more than two-fold 
change between experimental samples are considered significant. RLU: Relative Luminescence 
Units. 

B. Left Panel. Venn diagram of the TFs/coTFs of the BLCA-GRN whose estimated activity presents a 
change following the perturbation of FGFR3 in two transcriptomic datasets: (i) RT112 and MGHU3 
treated with FGFR3 inhibitor (AZD4547) and (ii) bladder tumors derived from mice overexpressing 
a human FGFR3 (S249C) specifically in the urothelium. Focus is made on those regulators 
presenting an opposite and coherent change of activity following the inhibition or overexpression 
of FGFR3 in the two preclinical models (n=25). 
Right Panel. Heatmap display of the 25 commonly deregulated TFs/coTFs and their sample-
specific activity (murine tumors; red: high; blue: low), or fold change (FC) of activity with respect to 
control (cell lines; comparison to untreated cells).  

C. Impact on cell viability (CERES dependency score) of altered-FGFR3 (red) and non-altered-
FGFR3dependent bladder cancer cell lines upon KO (CRISPR-Cas9 AVANA database, Broad 
Institute) of one of the 25 common TFs from 2C. 

 

P63 is regulated by FGFR3 and regulates cell proliferation   

     After examining our BLCA-GRN, we decided to focus the rest of the study on the 

transcription factor p63 as 1) it was one of the 14 genes found to be activated in both cell 

lines and FGFR3-altered tumors, independently of the subgroups; 2) it was found to be 

controlled by altered-FGFR3 and 3) it was essential for FGFR3-dependent bladder cancer 

cell viability in the AVANA screen. 

      Firstly, we investigated whether the regulation of p63 activity was due to a modulation of 

its protein levels by an altered-FGFR3 via the treatment of MGH-U3 (FGFR3-Y375C), UM-

UC-14 (FGFR3-S249C) and RT112 (FGFR3-TACC3) bladder cancer cells with the pan-

FGFR inhibitor PD173074. Western blot analysis showed a decrease of p63 levels in all 

three cell lines following the inhibition of FGFR3 (Figure 3A, left panel) without affecting the 

cellular localization of p63 (Supplementary Figure 1A). Supporting the relevance of these 

results in human tumors, the levels of p63 were also diminished after the anti-FGFR 

treatment of a patient derived xenograft (PDX) model harboring an FGFR3-S249C (Figure 

3A, right panel). A kinetics of FGFR3 inhibition in RT112 cell lines revealed that the effect of 

FGFR3 inhibition on p63 levels was observed only at longer treatment times, suggesting that 

the regulation of p63 may occur at the transcriptomic level, rather than via the stabilization of 

the protein via the prevention of its degradation by proteasome (Supplementary Figure 1B). 

Analysis of transcriptomic data obtained after FGFR3 knockdown in MGH-U3 cells identified 

indeed a significant decrease of TP63 mRNA levels20. Further supporting this transcriptomic 

regulation of TP63 by FGFR3, analysis of mRNA levels in human bladder tumors showed 
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that TP63 expression was significantly higher in both NMIBCs and MIBCs mutated for 

FGFR3 (Figure 3B). Additionally, a significant positive correlation was found between FGFR3 

and TP63 mRNA levels in both tumor subgroups, independent of FGFR3 status (NMIBC cor 

0.57, pval=6.59e-10; MIBC cor 0.50, pval=1.34e-07; Pearson’s correlation). Knowing that 

there exist many different isoforms of TP63, which can have different activities, we verified by 

RT-qPCR that the ΔNP63 isoform was the dominant isoform expressed in both our human 

bladder tumors and bladder cancer derived cell lines, whatever the FGFR3 mutation status 

(Supplementary Figure 1C-D). 

     To corroborate the dependency of FGFR3-mutated bladder cancer cells on p63 observed 

in the AVANA CRISPR-Cas9 publicly available data (Figure 2C), we invalidated TP63 

expression using siRNA in MGHU-3 and UM-UC-14 cells. Knockdown of TP63 by three 

independent siRNAs led to a significant decrease of cell viability in both FGFR3-dependent 

cell lines (Figure 3C and Supplementary Figure 2A). To evaluate the role of p63 in 3D 

culture, in vitro and in vivo, we developed stables clones of inducible-shTP63 (shTP63i) 

transduced MGH-U3 and UM-UC-14 cells. Doxycycline (Dox) treatment of both shTP63i cells 

induced a knock-down by ca. 50% of protein expression (Supplementary Figure 2B-D) and 

significantly impaired cell growth in a 3D culture spheroid model (Figure 3D, Supplementary 

Figure 2C). Moreover, doxycycline treatment of a xenograft model derived from the shTP63i 

MGHU-3 cell line led to a significantly stunted tumor growth compared to the untreated 

control mice (Figure 3E). A reduction in the number of proliferating cell nuclear antigen 

(PCNA) positive cells was observed in absence of p63, indicating that p63 regulated cell 

proliferation of FGFR3-dependent cells (Figure 3F, Supplementary Figure 2E).  
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Figure 3. Regulation of TP63 expression and impact of its knockdown on cell proliferation in an 
altered-FGFR3 context. 

A. Western blot of p63 after anti- FGFR3 treatment of MGHU-3 and UM-UC14 cells (PD173074 
100nM, 40h) or tumors derived from a mutated-FGFR3 PDX model (BGJ398 30mg/kg/day ,4 
days). Actin (BACT) was used as loading control. The blot for MGH-U3 and UM-UC-14 is 
representative of three independent experiments. VM-CUB1 cells expressing a wtFGFR3 were 
used as control. 

B. Comparison of TP63 mRNA expression levels in the CIT cohort of NMIBC (n = 98) and MIBC (n = 
97) human bladder tumors, subdivided according to FGFR3 mutational status (wt: wildtype; mut: 
mutated). Each dot represents an individual sample and the color of the dot is proportional to the 
centered mRNA expression of FGFR3 per sample. 

C. Cell viability assay (Cell Titer-Glo) evaluating the effect of TP63 knockdown (siRNA) in MGH-U3 
and UM-UC-14 cells 72 and 96 hours after transfection. 

D. Cellular spheroids were established from MGH-U3 and UM-UC-14 cells stably transduced with a 
Dox-inducible shTP63 (shTP63i). 3D cell growth was analyzed at different stages following the 
knockdown of TP63, induced after doxycycline (Dox) treatment. Spheroids received Dox-treatment 
either for a long period (30 days) to keep a stable knockdown of TP63 or for a short period (4 
days) to induce a transient knockdown of TP63 and allow for recovery of expression after. 
Statistical comparison was done by a 2-way ANOVA. 
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E. Murine xenograft tumors were derived from two clones of MGHU-3 bladder cancer cells stably 
expressing a Dox-inducible shRNA targeting TP63 (shTP63i#1, shTP63i#4). Xenografted mice 
received or not doxycycline in the drinking water (Dox;1g/L) for 30 days. Tumor growth was 
assessed every twice a week. Data is expressed as final tumor volume at the end of treatment. 
Each dot represents an individual sample. Statistical comparison was done by Wilcoxon’s test. 

F. Quantification of proliferating nuclear cell antigen (PCNA) immunostaining in tumors of 
xenografted mice from 3E (MGH-U3 shTP63i#1: Ctrl n = 6, Dox n = 6; MGH-U3 shTP63i#4: Ctrl n 
= 9, Dox n = 9). Statistical comparison was done by Wilcoxon’s test. 

 

 p63 favors migration and invasion of FGFR3-dependent bladder cancer cells. 

     To further assess the functional relevance of p63 within an altered-FGFR3 context in 

bladder cancer, we generated a p63 target gene signature from MGH-U3 cells. Possible 

direct transcriptional targets of p63 were investigated by chromatin immunoprecipitation of 

p63, combined with massive parallel sequencing (ChIP-seq). P63-ChIP-seq of two 

independent MGH-U3 replicates unveiled 6 000 potential p63-binding sites at a distance +/- 

5kb from the transcriptional start site (TSS) of the target gene (Supplementary Figure 3A). 

We then integrated these results with the RNA-seq expression profiling of siTP63 transfected 

MGH-U3 cells to define which of the putative target genes were effectively regulated 

following the knockdown of TP63 (Supplementary Figure 3B). Gene ontology (GO) 

enrichment analysis of the p63 direct target genes revealed that p63 positively mediates 

cellular processes such as cell migration, invasion and proliferation, and represses cellular 

death (Supplementary Figure 3C). 

     This transcriptomic analysis corroborated with what we already observed for the role of 

p63 in regulation on cell proliferation. We then aimed at validated experimentally the role of 

p63 in mediating cell migration and invasion. Treatment of shTP63i UM-UC-14 cells with 

doxycycline significantly blunted cell migration as analyzed by a wound healing assay (Figure 

4A). Membrane-type I-matrix metalloproteinase (MT1-MMP) plays a central role in 

pericellular matrix degradation during local invasive programs and metastasis36.  An 

association between p63 and MT1-MMP has already been reported in other models37. Here 

we observe that silencing of TP63 led to a significant reduction of gelatin degradation in both 

shTP63i transduced MGH-U3 and UM-UC-14 cells indicating that MT1-MMP activity is p63 

dependent (Figure 4B-C). Underlying this process, the expression of membrane-type I-matrix 

metalloproteinase (MT1-MMP) was decreased upon TP63 depletion in MGH-U3 shTP63i 

cells (Figure 4D). Nonetheless, the exact role of MT1-MMP in such processes in bladder 

cancer would need to be further studied. Overall, these results demonstrate that p63 

mediates both cell migration and invasion through the degradation of extra-cellular matrix in 

FGFR3-dependent cells.  
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Figure 4. Functional consequences of TP63 gene invalidation in FGFR3-dependent bladder 
cancer cells: Effect on cell migration and invasion. 

A.  Wound healing assay to measure cell migration of UM-UC-14 shTP63i#4 cells after the 
doxycycline (Dox)-induced knockdown of TP63. Left Panel: representative images depicting the 
scratch (wound) at time 0 (t0) and 24 hours (t1) post-scratching. Scale bar is equivalent to 100µm. 
Right panel: Relative wound area was measured at both times to define the percentage of 
migrated area with respect to Dox-untreated, control cells. Data is expressed as mean ± SD. 
Statistical differences were defined by a Wilcoxon’s test. 

B. Degradation of Alexa 488 gelatin by MGH-U3 shTP63i#4 and UM-UC-14 shTP63i#4 cells treated 
or not with Dox to induce TP63 knockdown. Scale bar is equivalent to 5µm. 

C. Quantification of degraded gelatin from 3B. Results are expressed as mean ±SD of triplicate 
samples. The two-way ANOVA test was employed to statistically compare groups. shNT: non-
targeting shRNA.  

D.  Western blot of MT1-MMP and β-ACTIN (BACT; loading control) in UM-UC-14 cells transfected 
with a control (shNT) or TP63 targeting shRNA, inducible by doxycycline (Dox) treatment. 

P63 activation levels are higher in NMIBC bearing FGFR3 alterations and could be 

associated to the higher tendency of recurrence in these tumors. 
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     Given the key roles of p63 in FGFR3-dependent in vitro models, we then further 

investigated if p63 activity was specifically induced by mutated-FGFR3 and associated with 

tumor prognosis assuming that its role in migration could favor tumor recurrence. Based on 

the study by Hernandez et al 38, we focused on Ta NMIBC tumors that were reported to be 

enriched in FGFR3 mutations and which presented higher recurrence for certain tumor 

subgroups. Employing our BLCA-GRN and the UROMOL transcriptomic dataset of NMIBC9, 

we inferred the activity of p63 in the 289 Ta NMIBCs and identified both a significantly higher 

activity of p63 and a higher tendency of recurrence in mutated-FGFR3 tumors compared to 

wild-type (Figure 5A-B). These results suggest that p63 may participate in tumor recurrence 

in a mutated-FGFR3 context.  
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Figure 5. P63 activity levels in FGFR3-mutated NMIBC human tumors.  

Activity levels of p63 were predicted from the BLCA-GRN and the UROMOL transcriptomic dataset of 
human Ta NMIBC tumors. Comparison of activation status was done by grouping samples in different 
ways: 
A. Activity levels of p63 in Ta NMIBC (UROMOL) as calculated using the predicted BLCA-GRN. 

Tumors were separated according to FGFR3 mutational status (wt: wildtype; n = 78, mut: mutated; 
n = 211). Tumors not presenting any information regarding FGFR3 status were excluded. Each 
dot represents an individual sample. Wilcoxon’s test was used for statistical comparison between 
groups. Data are expressed as mean ± SD 

B. Proportion of recurrence events in wildtype versus mutated-FGFR3 Ta NMIBCs. Fisher’s exact 
test was carried out to evaluate statistical differences between groups. 
Number of tumors belonging to each group is indicated under each graph. 

 

Discussion 

     In summary, through a reverse-engineering method, we have presented here the first 

bladder-cancer specific gene regulatory network, inferred without any a priori knowledge. By 

using the H-LICORN algorithm and the CoRegNet package, we were able to extract a 

network of co-operative regulators (TFs/coTFs) whose interactions were refined using 

regulatory evidences from different data sources. A major reason to focus our study on co-

operative TFs/coTFs is that disease phenotypes; including those related to disease 

progression and response to therapy, have been demonstrated to be maintained by small 

groups of TFs and coTFs 39,40 

     To produce a more reliable GRN, we inferred our network using a more homogenous 

transcriptomic dataset from bladder cancer cell lines and subsequently demonstrated that it 

was also relevant to both NMIBC and MIBC bladder tumors. Notably, many of the regulators 

forming part of the network were previously associated to bladder cancer and/or urothelial 

differentiation such as FOXA1, PPARG, GATA3, TP63 10,41,42 emphasizing the biological 

representativity of the inferred BLCA-GRN. However, when using transcriptomic data from 

our FGFR3-induced mouse model of BLCA and for FGFR3-bladder cancer cell lines after 

FGFR3 inhibition, we were able to identify some key TFs such as FOXM1 (Figures 2B and 

2C) that were not identified from the human FGFR3. We were also not able to validate some 

previously described key regulators of bladder cancer such as MYC involved in a FGFR3 
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regulatory-loop20. This is partly because the algorithm used will infer a GRN only from 

TFs/coTFs that have a significant variation of expression across the samples in the input 

data. MYC and FOXM1 do not necessarily vary at the level of mRNA, but are rather 

controlled at a pos-translational level. Such unavoidable limitation, inherent to other GRN 

reconstruction algorithms25, stresses the importance to use both bioinformatic and 

experimental approaches to construct GRNs. In this study, by employing transcriptomic data 

originating from different sources (patient samples and experimental data), we have 

constructed and validated a GRN characteristic of an altered-FGFR3 context in bladder 

tumors. 

     Our analysis showed that the TFs/coTFs activated by FGFR3 were different depending of 

the molecular tumor subtypes suggesting a context-specific activity of a mutated-FGFR3 

which could be involved in the low response rate of FGFR3-altered tumors to anti-FGFR3 

therapies (37% partial response and only 3% complete response)6. 

     Among the BLCA-GRN TFs/coTFs being driven by an altered-FGFR3 in all experimental 

datasets, we surprisingly uncovered the p63 transcription factor. Whereas the role of p63 has 

been already clearly demonstrated in a bladder cancer in a basal molecular  context29,33–35, 

there exist few reports investigating the role of this transcription factor in the more 

differentiated, luminal subtype of bladder tumors (enriched for FGFR3 alterations). Of note, 

whilst this hyperactivation of a p63 regulon was already described in luminal papillary MIBC, 

no direct link with FGFR3 was made41. In this study we demonstrated that the expression of 

p63 is regulated by FGFR3 in bladder cancer cell lines and PDX models. Analysis of its 

functional role confirmed that p63 is an essential TF mediating cell proliferation, migration 

and invasion of FGFR3-dependent bladder cancer cell lines.  

     Considering that p63 is able to drive an invasive program in the more aggressive basal 

bladder cancer subtypes29,35,43,44, it is striking to observe that it similarly regulates 

migration/invasion in an altered-FGFR3 context, a context associated to NMIBCs or luminal-

like MIBCs. In human bladder tumors, we observed a significantly stronger p63 activation in 

mutated-FGFR3 NMIBC tumors, associated to a tendency of higher recurrence rate of this 

mutated-tumors. This led us to hypothesize that p63-induced migration of FGFR3-mutated 

cells could favor recurrence. The fact that we observed a higher tendency but not a statistical 

difference of recurrence between mutated-FGFR3 tumors and wild-type tumors suggests that 

p63 may not be the only player favoring this process. It will be important to further study the 

functional network of p63 in different subtypes of FGFR3-mutated tumors.  

     Previous studies have reported that a loss of p63 is associated to a worse outcome 

(higher recurrence and/or progression) in NMIBC patients35,45–49. This would appear at first as 

contradictory to our findings revealing a possible association between a higher p63 activity 

and higher tumor recurrence in certain NMIBC subtypes. A possible explanation of such 
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discrepancies of results could be linked to the fact that in the former studies, protein 

expression levels were measured whereas we measured p63 activity through a 

transcriptomic analysis. Moreover, knowing that p63 may exert opposite functions depending 

on the cellular background50,51, it is important to more deeply study its context-specific 

regulation in order to propose therapeutic strategies suited to distinct clinical scenarios. 

     In this study we have focused on the functional validation of p63, one of the putative 

essential regulators driven by FGFR3 in bladder tumors. However, our work provides a 

bladder-cancer-specific GRN that enables the identification of TFs and coTFs that are 

essential in an altered-FGFR3 context, and that could be studied more in depth to improve 

current therapeutic options and increase our understanding of bladder cancer biology. 

 

 

 

 

 

 

Materials and Methods 

Public Data Collection 

     Human bladder cancer cell transcriptome (RNA-seq) and FGFR3 mutational status 

corresponding to 36 bladder cancer cell lines (5 cell lines were mutated for FGFR3 and were 

dependent on its signaling) were collected from the Cancer Cell Line Encyclopedia (CCLE 

DepMap 2019Q1, Broad Cancer Dependency Map Project)52.  

     Bladder tumor transcriptome (RNA-seq) was collected from two large cohorts of NMIBC 

and MIBC. NMIBC transcriptome and FGFR3 mutational status were collected from the 

published dataset by Hedegaard et al (ArrayExpress E-MTAB-432)9 corresponding to 476 

tumors (272 tumors presented a mutated FGFR3). The same data (RNA-seq) corresponding 

to the MIBC cohort was collected from the The Cancer Genome Atlas (TCGA) dataset 

(cbioPortal)10 of 408 tumors (52 tumors presented a mutated FGFR3). 

     Gene invalidation (CRISPR-Cas9; CERES dependency score) large screen data to 

identify essential genes in human cancer cell lines (27 bladder cancer cell lines) was 

collected from the AVANA genetic dependency dataset (AVANA 2019Q3, Achilles Project, 

Broad Institute)28. 

     Transcriptomic data (Human Affymetrix DNA Array U133 Plus 2) of MGH-U3 and RT112 

cells treated with AZD459 [100nM] were recovered from the Array Express E-MTAB-4749 

dataset53. 
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Inference of the gene regulatory network (GRN) 

     As a first step, a bladder-cancer-specific GRN was constructed from the CCLE human 

bladder cancer cell line transcriptome (n=36 bladder cancer cells) using the Bioconductor 

CoRegNet package27. The CoRegNet package implements the hybrid learning co-operative 

regulation networks (H-LICORN) algorithm26 to infer a series of gene regulatory networks 

(GRN) from transcriptomic data and a list of previously defined regulators. The list of known 

regulators (transcription factors and co-factors; TFs/coTFs; n=2375) is defined from 

previously published datasets by Lambert et al and Schmeier et al 54,55. In summary, H-

LICORN infers the best GRN that describes the regulatory interactions between regulators 

and their target genes through four steps: (1) First, the transcriptomic matrix is discretized 

into -1, 0 and 1 values that fit its per-gene distribution of expression. In addition, genes 

present in the transcriptome matrix are classified into regulators and target genes and only 

those presenting a significant variation in expression levels across samples are kept. (2) 

Second, potential sets of co-activators and co-repressors regulating the expression of a 

target gene are determined through frequent items search techniques. (3) Third, for each 

target gene, a list of the candidate co-activators and co-inhibitor sets (GRN) is selected by 

employing an association rule metric (based on gene regulation). (4) Next, such sets of 

GRNs are scored following a regression model between the expression of the regulators 

forming part of the GRN set and the expression of their target genes. For each target gene, 

the top 10 GRN candidate sets presenting the best R2 score are kept. CoRegNet can 

additionally refine the inferred GRN by integrating published interaction evidences such as 

protein-protein interactions [HIPPIE56, STRING57, FANTOM, iRefR HPRD58] and transcription 

factor binding sites (ChEA259; ENCODE ChIP v3, Motif Db Bioconductor; HOCOMOCO60, 

ITFP, ENCODE, Neph2012, TRRUST, Marbach 201661, TRED62]. Each GRN is given a 

score that merges the previous R2 score and a score representing validated regulatory 

interactions. The GRN with the maximum final merged score is selected and it is then 

transformed into a co-regulatory network based on the shared target genes between the 

inferred regulators. 

 

Estimation of sample-specific TF/coTF activity 

     Using the CoRegNet package, we further computed a network-based regulatory influence 

that represents an estimated activity for each TF/coTF having a sufficient number of gene 

targets, for each transcriptome sample. Briefly, the measure of influence estimates the 

activity of a TF/coTF based on a Welch t-test comparing the distribution of expression of the 

set of activated and repressed target genes for each TF/coTF in each individual sample. In 

addition, an advantage of the CoRegNet package is that one may compute the TF/coTF 

influence for many different datasets using the regulatory information of one same GRN. In 
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this study, we constructed a bladder-cancer specific GRN, and then calculated the influence 

of the inferred TF/coTFs using transcriptomic data from different sources. 

 

Validation of the FGFR3-GRN 

     Using the inferred bladder-cancer specific GRN, we calculated the influence of the 

predicted TFs/coTFs using transcriptomic data of preclinical models where the activity or 

gene expression of FGFR3 was altered. The first dataset used was the E-MTAB-4749 

transcriptomic data from MGH-U3 (FGFR3-Y375C) and RT112 (FGFR3-TACC3) bladder 

cancer cell lines treated with the FGFR pan-inhibitor AZD4547 [100nM, 2,6,24h]53. The 

second dataset was the human orthologue transcriptomic data of FGFR3-induced murine 

bladder tumors (murine model of hFGFR3-S249C overexpression in the urothelium) 

[Moreno-Vega, Shi, Fontugne, Meng 2019 unpublished]. The most influent TFs/coTFs 

additionally presenting an opposite and coherent activity between the FGFR3-inhibited and 

FGFR3-overexpressed preclinical models were taken as FGFR3-driven regulators. 

 

Visualization of the GRNs 

     Visualization of the constructed networks and overlay of the computed influence and 

regulatory interactions was done using Cytoscape63. 

 

 

Cell culture 

     Human bladder cancer derived cell lines were obtained from different repositories: RT112, 

UM-UC-14 and VM-CUB-1 were obtained from DSMZ (Heidelberg, Germany); SW-780 cells 

were obtained from ATCC (Virginia, United States); UM-UC-5 were obtained from the 

ECACC collection (Porton Dow, England) and MGH-U3 and RT4 were kindly supplied by Dr. 

Francisco X. Real. The MGH-U3 and UM-UC-14 harbor the Y375C and S249C FGFR3 

mutation respectively. RT112 and RT4 express the FGFR3-TACC3 translocation, whereas 

the SW780 present the FGFR3-BAIAP2L1 translocation. UM-UC-5 and VM-CUB-1 express a 

wildtype FGFR3. MGH-U3, UM-UC-14, UM-UC-5 and SW-780 were cultured in DMEM whilst 

RT112 and RT4 were cultured in RPMI. All culture media were supplemented with 10% fetal 

bovine serum. Cell culture was carried out at 37°C under a 5% CO2 atmosphere. 

FGFR3 inhibition in vitro 

     MGH-U3, RT112, RT4, SW-780, UM-UC-14, UM-UC-5 and VM-CUB-1 cell lines were 

seeded in 100mm plates at the following respective total densities: 5.0x106, 4.0x106, 4.5x106, 

1.8x106, 3.0x106, 5.0x106, 1.8x106 and 0.8x106 cells/100mm dish. Cells were plated and left 

to adhere overnight. Thereafter, cells were treated for 40 hours with the pan-FGFR inhibitor 

PD173074 [100nM] (Calbiochem, Merck Eurolab, France). Control cells were treated with 
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DMSO vehicle diluted in the same way as the inhibitor. At the end of treatment, whole cell 

lysates or nuclear and cytosolic cell fractions were recovered for immunoblotting. Cellular 

fractions were obtained using the Thermo Fisher NE-PER nuclear and cytoplasmic extraction 

kit (ref 78833), according to the manufacturer’s protocol. 

 

Transcription Factor Activity Array 

     The activity of 48 families of transcription factors was analyzed from the isolated nuclear 

extracts obtained from UM-UC-14 cells treated or not for 40 hours with 100nM PD173074 

using the TF Activation Profiling Plate Array I kit from Signosis (following the manufacturer’s 

instructions). 

 

Gene knockdown and cell viability assays 

     MGH-U3 and UM-UC-14 cells were transfected for 48, 72 and 96 hours with 5nM siRNA 

together with Lipofectamine RNAi Max reagent (Invitrogen) as indicated in the 

manufacturer’s protocol. For protein or RNA analyzes, cells were plated in six-well plates at a 

seeding density of 300 000 cells/well for MGH-U3 cells and 150 000 cells/well for UM-UC-14 

cells and cells were lysed at 48h after transfection with appropriate lysis buffer. For cell 

viability assays, cells were plated in ninety-six well plates at a seeding density of 10 000 

cells/well for MGH-U3 cells and 5 000 cells/well for UM-UC-14 cells and cell viability was 

measured (Cell Titer Glo, Promega) at 72 and 96 hours.  

 

Three different TP63 siRNA (TP63 siRNA #11, #40, #83; Ambion Silencer select, 

ThermoFisher Scientific) were used and a siRNA targeting FGFR3 was used as a positive 

control (Qiagen). As negative controls, we used an siRNA directed against luciferase 

(Qiagen SI03650353) and the non-targeting negative control Silencer Select (Thermo Fisher 

Scientific  

4390846). The sequences of siRNAs employed are as follows: 

 

 

  Strand Sequence  5'-3' 

TP63 #11 

ref (4392420 

s16411) 

sense 
GGAUGAAGAUAGCAUCAGA 

anti-sense UCUGAUGCUAUCUUCAUCC 

TP63 #40 

ref (4392420 

s229400) 

sense GAACCGCCGUCCAAUUUU 

anti-sense 
UAAAAUUGGACGGCGGUU 
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TP63 #83 

ref (4392420 

s531583) 

sense UGAUGAACUGUUAUACUU 

anti-sense 
UAAGUAUAACAGUUCAUCA 

FGFR3 #4 

ref (4392420 s5168) 

sense CCUGCGUCGUGGAGAACAATT 

anti-sense UUGUUCUCCACGACGCAGGTG 

 

Real-time reverse transcription quantitative PCR 

     RNA from bladder cancer cell lines was extracted with Qiagen’s RNA easy minikit, in 

accordance to the manufacturer’s protocol. RNA from our human bladder tumor cohort was 

extracted through cesium chloride density centrifugation as mentioned further on. 

Reverse transcription was performed with 1µg of total RNA employing the High-Capacity 

cDNA reverse transcription kit (Applied Biosystems). cDNAs were subsequently amplified by 

PCR in a Roche real-time thermal cycler with the Roche Taqman master mix and the 

following master probe primers: 

 

Gene Strand 
Sequence 5' - 3' 

Roche Taqman 

probe 

ΔNp63 

sense GGTTGGCAAAATCCTGGAG 
No. 56 

antisense GGTTCGTGTACTGTGGCTCA 

18s rRNA 

sense GGAGAGGGAGCCTGAGAAAC 
No. 8 

antisense TCGGGAGTGGGTAATTTGC 

 

Immunoblotting 

     Protein extraction of MGH-U3, RT112, RT4, SW-780, UM-UC-14, UM-UC-5 and VM-

CUB-1 cell lines was done through cell lysis in Laemmli buffer (50 mM pH 6.8 Tris-HCl, 2.5 

mM EDTA, 2.5 mM EGTA, 2 mM DTT, 5% glycerol, 2% SDS) supplemented with protease 

inhibitors and phosphatase inhibitors (Roche). Following clarification of cell lysates by 

centrifugation, protein levels were quantified with the BCA protein assay (Thermo Fisher 

Scientific). Ten micrograms of whole cell lysate and five micrograms of cell fractionation 

lysate were resolved by SDS-PAGE in 7.5% or 15% polyacrylamide gels depending on the 

molecular weight of the proteins to be analyzed. Gels were electrotransferred into 

nitrocellulose membranes (BioRad) and protein transfer was verified by Amido Black staining 

before immunoblotting. Proteins were detected with antibodies against p63(Abcam ab5309, 

1/4000 dilution), MYC (Cell Signaling Technology 9402, diluted 1/1,000), and FGFR3 

(Abcam ab133644, diluted 1/5,000). Alpha-tubulin and beta-actin (Sigma Aldrich references 

T6199 and A2228, respectively; both diluted at 1/20,000) were used as loading controls. The 
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secondary antibodies used were HRP-linked anti-mouse IgG and anti-rabbit IgG (Cell 

Signaling Technology references 7076 and 7074, respectively, both diluted at 1/3,000). 

 

     For shTP63i cells, cells were plated in 60mm plates and treated with or without dox for 72 

hours. Protein was then extracted using RIPA-EDTA and protease cocktail inhibitor. Protein 

concentration was measured using the Bradford method (MERK1103060500). Proteins (50-

80uG) were resolved in polyacrylamide gels and then transferred to PVDF membranes and 

incubated with antibodies against p63 (ab53039) b-Actin (sigma A5441) MT1-MMP (sc-

30074) and reveled using Li-cor C-Digit Blot scanner. Images were analyzed by Gel Pro 

Analyzer software. 

 

Human samples 

     We used RNA extracted from 163 bladder tumors of our Carte d’Identites cohort (CIT; 79 

NMIBCs and 80 MIBCs). Tumor samples were flash-frozen and stored at -80°C immediately 

after transurethral resection or cystectomy. Immunohistochemical analysis by hematoxylin 

and eosin (H&E) staining confirmed that all tumor samples contained more than 80% of 

tumor cells (staining of sections adjacent to the samples used for transcriptome analyses).All 

patients provided informed consent, and the study was approved by the institutional review 

boards of the Foch, Institut Gustave Roussy and Henri Mondor Hospitals. Extraction of RNA, 

DNA and protein from the surgical samples was done by cesium chloride density 

centrifugation as previously described64. FGFR3 mutations were determined through the 

SNaPshot technique. 

Transcriptomic data was further obtained from 98 NMIBC and 97 MIBC tumors using the 

Affymetrix Human Exon 1.0 ST array. Differential gene expression analysis was done with 

the LIMMA R package, and P-values were adjusted for multiple testing through the 

Benjamini-Hochberg (FDR) method. 

 

RNA-seq 

     For a whole genome profiling experiment, MGH-U3 cells were transfected for 48 hours 

with TP63 siRNA #11 (as described above)  

     Triplicate RNA isolates from siTP63 transfected and control (lipofectamine RNA iMax, 

Invitrogen) were prepared using the Qiagen RNA easy minikit supplemented with DNase 

treatment, and RNA sample quality was controled with the Agilent 2100 Bioanalyzer 

system.RNA sequencing was carried out on stranded mRNA (1 μg) with an Illumina 

NovaSeq S1 sequencing system at a sequencing depth of 30 million reads per sample. 

Quality control and filtering of data was carried out using FastQC (Babraham Bioinformatics 

Institute, Cambridge). Filtered reads were mapped to the hg19 human genome and 
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annotated using the STAR aligner. Statistically significant differences in gene expression 

were determined by performing a LIMMA-VOOM using eBayes statistics. The P-values were 

adjusted for multiple testing through the Benjamini-Hochberg (FDR) method. 

 

P63-ChIP-seq 

     MGH-U3 cells were cross-linked in 1% formaldehyde for 10min at room temperature. The 

reaction was stopped with glycine (final concentration 125mM, 5min incubation at room 

temperature). Fixed cells were then washed twice with PBS and harvested with a cell 

scraper. Following centrifugation (11500rpm 5min); the cell pellet was resuspended in 

extraction buffer (250mM sucrose, 10mL Tris-HCl pH8, 10mM MgCl2, 1% Triton and 5mM β-

mercaptoethanol) supplemented with protease inhibitors (Roche). Cells were centrifuged at 

3,000g for 10min and recovered samples were analyzed using the ChIP-IT High Sensitivity 

kit (Active Motif, 53040). ChIP was carried out using a p63 antibody (Cell Signaling 

Technology, D2K8X XP, 13109). Sequencing and analysis of results was carried out in 

collaboration with the sequencing platform of the IGBMC Strasbourg. Sequences were 

aligned to the human hg19 genome using Bowtie65 and peaks were called using the SPP 

v1.14 R package from the Kundaje Lab Tools66. ChIP-seq data was processed following the 

ENCODE-DCC ChIP-seq pipeline 2 (Anshul Kundaje, https://github.com/ENCODE-

DCC/chip-seq-pipeline2). ChIP-seq results represent two independent experiments. 

 

P63 Gene targets in MGH-U3 

     Genes being directly regulated by p63 in MGH-U3 cells were determined as those genes 

that had a statistically significant change of expression following the knockdown of TP63 ( 

|logFC|>1 ; adjusted P-value ≤0.05) and additionally presented a strong peak at +/- 5kb from 

their TSS (P63-ChIP-seq). Amongst these genes, those having a statistically significant 

logFC≤1 would be considered as p63 activated targets, whereas those having a logFC≥1 

would be considered as p63 repressed targets. 

 

Gene ontology enrichment 

     The DAVID Functional Annotation Tool v6.8 was used to identify biological processes 

(GO-BPs) that were enriched in the set of p63 target genes (n=330 activated targets, n=391 

repressed targets). Significantly enriched GO-BPs were considered as those having an 

adjusted P-value (Benjamini-Hochberg) ≤0.05. 

 

Spheroid growth 

     3D cell cultures were generated by the hanging drop seeding method 3x103 cells in 20ul 

of complete medium, during 72hs (MGHU3) or 96hs (UM-UC-14) and then plated on agar 

https://github.com/ENCODE-DCC/chip-seq-pipeline2
https://github.com/ENCODE-DCC/chip-seq-pipeline2
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coated-96 wells plates. Cultured medium with or without DOX was completely replaced twice 

a week and images were taken weekly. Diameter was measured using Image J software and 

then surface was calculated. After 30 days, spheroids were fixed in methacarn and 

embedded in paraffin to be sliced and immunostained using a standard immunofluoresce 

method. p63 was stained with primary antibody CM163B (Biocare medical) and secondary 

antibody Alexa 488 (ab150113). Nuclei were stained using DAPI (Cas28718-90-3, Sigma-

Aldrich). 

 

Gelatin degradation assay 

     FITC-labeled gelatin was obtained from Invitrogen. Coverslips coated with fluorescent 

gelatin were prepared as described by Artym et al. 2006. In brief, coverslips (18-mm 

diameter) were coated with polilysin 0.5 μg/ml for 20 min at room temperature, washed with 

PBS, and fixed with 0.5% glutaraldehyde (Sigma-Aldrich) for 15 min. After three washes, the 

coverslips were inverted on an 80-μl drop of 0.2% fluorescently labeled gelatin and incubated 

for 10 min at room temperature. After washing with PBS, coverslips were incubated in 5 

mg/ml sodium borohydride for 3 min, washed three times in PBS, and finally incubated in 2 

ml of complete medium for a minimum of 2 h before adding the cells. Cells were treated with 

or without DOX (100 ng/ml) for 72 hours before the assay and plated on coated coverslips in 

DMEMF12 containing 10% FCS. Then, cells were incubated at 37°C for 5 hours (MGHU3) or 

overnight (UM-UC-14). Cells were fixed with PFA 4% for 20 min. Cells were inmunostained 

for F-actin (AA22283, Life technologies) and nuclei with DAPI (Cas28718-90-3, Sigma-

Aldrich) and imaged with 40× objective in at least 15 fields per experiment. For quantification 

of degradation, the total area of degraded matrix in one field (black pixels) measured using 

the Image J was divided by the total number of phalloidin-labeled cells in the field to define a 

degradation index. 

 

Wound healing assay 

     Cells were seeded in 6 wells plates and treated with or without DOX during 72h. Two 

wounds were performed in each well and then a PBS wash was performed to eliminate the 

released cells. Culture medium was replaced for 2% FBS medium. Pictures were taken 

immediately (t0) and 24 hours later (t1). Wound area was measured in both situations using 

Image J and migrated area was calculated using the formula: (At1*100)/At0 and then 

relativized to control. 
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In vivo models 

 

i. Mice UPII-hFGFR3-S249C transcriptome 

     We used the transcriptome from tumor samples of a previously established FGFR3-

induced murine model of bladder tumors [Moreno-Vega, Shi, Fontugne, Meng 2019 

unpublished]. In brief, the expression of the human FGFR3IIIb carrying the S249C mutation 

was specifically targeted to the urothelium of mice through the use of the murine uroplakin II 

promoter. Mice developed hyperplastic lesions and low-grade papillary tumors from 6 and 18 

months of age respectively. Genes exhibiting a change of expression between UPII-hFGFR3 

mice tumors and control urothelium were defined via the analysis of extracted mRNA using 

the Affymetrix Mouse Exon 1.0 ST array, followed by the use of the LIMMA algorithm to 

define statistically significant changes of expression. The P-values were adjusted for multiple 

testing through the Benjamini-Hochberg (FDR) method [Moreno-Vega, Shi, Fontugne, Meng 

2019 unpublished]. 

 

ii.FGFR3 inhibition in vivo (PDX model) 

     Protein lysates (20µg) derived from previously established patient-derived bladder cancer 

xenografts (PDX) of mice treated or not with the pan-FGFR inhibitor BGJ398 (30mg/kg/day; 

4 days) were used for immunoblotting20. 

 

iii. Nude mice tumor growth 

     Nude male mice were obtained from: CNEA (Comisión Nacional de Energía Atómica). All 

the procedures were approved by the CICUAL (Comité Institucional para el Uso y Cuidado 

de Animales de Laboratorio) Instituto de Oncología A.H. Roffo (Protocol number 2017/03) 

Human bladder cancer TP63 silenced cells were injected subcutaneously in the right flank of 

20 mice (2x106 cells in 100ul of PBS). When the tumors were palpable (1mmx1mm) 10 mice 

received 1g/L of DOX in the drinking water (DOX group) and 10 mice only water (Ctrl group). 

Tumors were measured using caliper twice a week and volume was calculated with the 

formula: 3/4π x (largest diameter) x (shorter diameter)2. At the end of the experiment mice 

were sacrificed and tumors removed, fixed in methacarn and latter paraffin embedded to be 

sliced and immunostained. p63 was labeled with the primary antibody CM163B (Biocare 

medical) and secondary antibody Alexa 546(A110003). PCNA with primary antibody (2586, 

Cell Signalling) and secondary Alexa 488 (ab150113). Nuclei were stained using DAPI 

(Cas28718-90-3, Sigma-Aldrich). 
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Statistical analysis 

     All experiments were independently carried out two or three times, with each experiment 

presenting triplicates. Data are presented as means ±SD. Wilcoxon’s unpaired tests were 

used for multiple comparisons. For microarray data analysis, the linear models for microarray 

data (LIMMA)67 R package was used and P-values were adjusted via the Benjamini-

Hochberg method. 
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Supplementary Figures 

 

 

Supp Figure 1. TP63 expression in bladder cancer cell lines and human bladder tumors 
harboring an altered-FGFR3. 

A. Western blot assay comparing p63 expression levels at the cytoplasmic and nuclear 
compartments of FGFR3-dependent cells (MGH-U3, UM-UC-14, RT112, RT4, SW780) 
treated or not with a pan-FGFR inhibitor (PD173074, 100nM, 40h). UM-UC-5 cells expressing 
a wtFGFR3 were used as control. MYC protein levels were used as a technical control based 
on the previously reported FGFR3-MYC regulatory-loop20. Proteins used as loading control 
and control of cell fraction purity were: HDAC and ATUB. 
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B. RT112 cells were treated with DMSO (48hours) or the pan-FGFR inhibitor PD173074 [500nM] 
for 30min, 6h, 24, and 48h. Cell lysates were recovered at each time point and analyzed by 
immunoblotting using antibodies against p63. Actin was used as a loading control. 
 

C. Relative expression of the ΔNp63 isoform with respect to the 18S ribosomal subunit in human 
bladder tumors from the CIT cohort (NMIBC; n = 79, MIBC n = 82). 

D. Relative expression of the ΔNp63 isoform with respect to the 18S ribosomal subunit in bladder 
cancer derived cell lines. 
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Supp Figure 2. Transient and stable knockdown of TP63 in FGFR3-mutated bladder cancer 
cell lines. 

A. MGH-U3 and UM-UC-14 were transfected with three different siRNAs targeting TP63 (siTP63 
#11, #40, #83). Forty-eight hours after transfection, cell lysates were recovered and analyzed 
by immunoblotting with antibodies against p63. Actin (BACT) was used as a loading control. 
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B. MGH-U3 and UM-UC-14 cells stably expressing a doxycycline (Dox)-inducible shRNA 
directed against TP63 (shTP63i) were treated or not with Dox and efficiency of knockdown 
was corroborated by western blotting of p63. Actin (BACT) was used as a loading control. 

C. Representative microscopy images of MGH-U3 shTP63i#4 and UM-UC-14 shTP63i#4 treated 
or not with Dox for a long (30 days; 30d) or short (4 days; 4d) time period. Scale bar 
represents 50µm. 

D-E. Representative immunofluorescence images of p63 staining-cells in: D. MGH-U3 shTP63i#4 
and UM-UC-14 shTP63i#4 cultures treated or not with Dox and E. Tumors from xenografted mice 
generated with MGH-U3 shTP63i#4 cells, and treated or not with Dox for 30 days. 

  



RESULTS 
 

116 
 

 

Supp Figure 3. P63 target genes in an altered-FGFR3 bladder cancer context. 

A. Genome binding profile of p63 from P63-ChIPseq of MGH-U3 cells. 
B. Selection of possible p63 targets in MGH-U 3 cells through a Venn Diagram analysis of 

significant P63ChIPseq peaks (+/- 5kb from the transcription start site; TSS) and genes whose 
expression was significantly changed upon knockdown of TP63 in MGH-U3. Results represent 
two independent experiments. 

C. Significantly enriched Gene Ontology Biological Processes (GO/BPs) of the p63 targets 
determined in Supp Figure 3B. Only GO/BPs presenting an adjusted p-value <0.05 with at 
least 10 genes contributing to their enrichment were considered. P-values were adjusted by 
the Benjamini-Hochberg method. 
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2.3 Discussion 

     In the afore presented paper draft, we applied a strategy merging computational inference 

and functional validation to reveal a gene regulatory network composed of co-operative 

transcription factors and cofactors, and representative of a bladder cancer state. 

Investigation of the transcriptionally active program possibly governed by an altered-FGFR3 

unexpectedly unveiled p63. Former studies have corroborated an important role of p63 in 

bladder cancer progression, where a high ΔNp63 expression has been associated to poor 

prognosis and clinical outcome in basal-like MIBC129,139,153. Remarkably, we confirmed in this 

work that cell proliferation, migration and invasion are likewise regulated by p63 in luminal 

like FGFR3-dependent bladder cancer cells (associated to a more differentiated state). 

     As mentioned in the results section, the choice of the bioinformatic algorithm was made 

based on the advantages that it presented: construction of a large, context-specific co-

regulatory network without any prior knowledge, and ability to measure a sample-unique 

transcriptional activity for the inferred regulators. Nonetheless; as for many other network 

inference methods, the algorithm we chose presents certain limitations, which were 

confirmed when we were not able to validate the previously published FGFR3-MYC loop70. 

Using a combination of various inference methods followed by functional validation with 

distinct types of data (as we have tried to do in this study) is thus important to complete the 

inferred GRN, and produce biologically relevant networks.  

     In our case, we presented here the CoRegNet strategy, however we had formerly utilized 

the knowledge-based Ingenuity Pathway Analysis (IPA) software to identify upstream 

regulators activated or repressed by an altered-FGFR370. Since the IPA software infers a 

regulator based on the expression levels of its target genes and independently of its own 

expression levels, other transcription factors may be unveiled (i.e. MYC) (Figure 6A). IPA 

investigation of the transcription factors regulating the set of genes that had a statistically 

significant change of expression upon FGFR3 knockdown in MGH-U3 (FGFR3-Y375C), UM-

UC-14 (FGFR3-S249C) and RT112 bladder cancer cells confirmed some of regulators 

predicted by CoRegNet such as AHR, BCL6, FOS, IRF7, TP53 and TP63 as well as 

regulators of the same TF family such as CREB1, TRIM24, GATA1, CEBPB, RARA, TBX2, 

TRIM24 and ZNF217. Additionally, IPA similarly identified AHR, FOS, T53 and TP63 in 

bladder tumors of our hFGFR3-S249C murine model (Figure 6A). 
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Figure 6| Transcriptional program downstream of FGFR3: Ingenuity Pathway Analysis (IPA) 
inference.  

A. Venn diagram of significantly predicted transcription factors and cofactors (TFs/coTFs) predicted to 
regulate genes whose expression was significantly altered following: (i) the knockdown of FGFR3 in 
three different bladder cancer cell lines (MGH-U3, UM-U-C14 and RT112) or (ii) the overexpression of 
hFGFR3-S249C in mouse urothelium. The total number of regulators found per individual group is 
indicated. 
B. Heatmap of activation status of commonly predicted TFs/coTFs from presenting a coherent and 
opposite activation state (IPA inferred activation z-score) between the three different siFGFR3 
transfected bladder cancer cell lines (MGHU3, UMUC14 and RT112). and the hFGFR3-S249C murine 
tumors (n = 58/111) coherent regulators). Activation status for CoRegNet commonly inferred 
regulators is shown (activity in *FGFR3 CCLE bladder cancer cells; regulators highlighted with 
asterisks). Red squares represent an active TF/coTF, whereas blue squares represent an inactive or 
repressed TF/coTF. Gray represents a regulator that was not predicted in the corresponding dataset 
 

 
     Being confident about the biological representativity of our FGFR3 perturbation datasets 

(bladder cancer cells and murine model), we then chose to use them to further examine the 

CoRegNet inferred BLCA-GRN. Unfortunately, for the bladder cancer cell line data we came 

across unforeseen results: whilst we had individually validated multiple regulators, the overall 

transcriptional program that we observed to be active in control, vehicle (lipofectamine; Lipo) 
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treated cells, corresponded to the one observed in basal-like MIBCs and was opposite to the 

one seen in treatment-naïve cells (*FGFR3 CCLE BLCA cells) (Figure 7A). As we observed 

this in our three independent datasets (Lipo vs siFGFR3; MGH-U3, UM-UC-14, RT112), we 

first hypothesized that this could somehow be an undesired, unknown effect of the 

lipofectamine treatment. We thus searched for published datasets of FGFR3 perturbation 

where other techniques such as shRNA (lipofectamine not used) or small molecule inhibitors 

were used. The calculation of the active TFs/coTFs under these experimental contexts 

confusingly revealed that for the shRNA dataset (shFGFR3 RT112 cells), we had the same 

results as before, with control cells presenting a basal-like transcriptional program (Figure 

7A). In contrast, the control cells (DMSO) from the anti-FGFR treated RT112 and MGH-U3 

dataset (E-MTAB-4749)267 presented network activity phenotypes similar to the ones we 

observed in our BLCA-GRN (Figure 1A, results section page 81). These findings suggested 

that the lipofectamine treatment was not causing a shift in the transcriptional program 

underlying these cells, so we proposed a new hypothesis where the initial seeding 

concentration of the cells could impact their proliferative state (and hence their transcriptional 

program). As cells are usually seeded at very low initial concentrations for both siRNA and 

shRNA invalidation experiments, control siRNA/shRNA cells could be in a longer proliferative 

state in contrast to control cells used in an FGFR-inhibition setting where a higher cell 

density from the beginning would lead cells to fall into a quiescent state more quickly. In an 

effort to corroborate such hypothesis, we examined the set of TFs/coTFs that was active in 

proliferating normal human urothelium (NHU) cells (at 6 and 24 hours of culture). We 

effectively observed a transcriptional program that was similarly active between proliferating 

NHU and our lipofectamine-treated cells and control shFGFR3 RT112 (Figure 7). Further 

supporting our hypothesis, we saw this same pattern when analyzing MIBC tumors of the 

neuroendocrine-like (NE-like) subtype, which is associated to high cell cycle activity48. This 

evidence provides a first possible explanation to our contradictory findings, yet more would 

need to be done to better understand and experimentally validate such shift in network 

phenotype. Lastly, we still corroborated in all the four knockdown datasets that p63 was 

active in the control cells (Lipo MGH-U3, UM-UC-14, RT112; Control shFGFR3 RT112) and 

that it was inhibited following the perturbation of FGFR3 (Figure 7B; same results as IPA 

Figure 6). Having previously confirmed that p63 mediates cell proliferation, this could come 

as extra evidence supporting p63’s functional role in an altered-FGFR3 context.  
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Figure 7| Transcriptionally active BLCA-GRN subnetworks: validation in distinct biological 

contexts. 

A. Heatmap display of the most (4th quartile) and least (1st quartile) active transcription factors and 

cofactors (TFs/coTFs) in FGFR3-dependent bladder cancer cell lines (MGH-U3, RT112, 

RT112/84, RT4, SW-780, UM-UC-14), as calculated from the BLCA-GRN. Each column 

represents a transcriptomic dataset from which the sample-specific or mean activity of a 

corresponding TF/coTF (rows) was calculated. Color of rows represents TF/coTF activity: red; 

high activity, blue; low activity. The names of the top 20 most and top 20 least active regulators 

are shown.  

B. Zoom of heatmap in 1A depicting inferred p63 activity levels calculated from the different 

transcriptomic datasets shown. Ba/sq: Basal squamous, BlaCa: Bladder cancer, Lipo: 

lipofectamine, LumP: Luminal papillary, MIBC: Muscle-invasive bladder carcinoma, NE-like: 

Neuroendocrine-like, NHU: Normal human urothelium, Prolif: proliferating. 

 

 

     Overall, we have presented an approach to construct an FGFR3-driven GRN specific of 

bladder tumors and which can lead to the identification of key regulators such as p63. Whilst 

we focused mainly on the validation of p63, the presented BLCA-GRN may be used in the 

future to better understand the role of FGFR3 in the etiology and progression of bladder 

cancer; as well as unveil new therapeutic targets. Importantly, the second key element 

identified in the FGFR3-GRN network, FOXM1, would remain to be further studied as a high 
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expression of this transcription factor has been related to a poor prognosis in bladder 

cancer282,283. 

     Finally, whilst we did not exploit the co-operativity information given by the BLCA-GRN, it 

will be crucial to investigate if simultaneous targeting of pairs of key elements of the network 

would results in more efficient cell death that could be translated in improved therapeutic 

strategies in the clinic.  
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     During this thesis project, two strategies were pursued with the aim of increasing our 

knowledge about the role and molecular mechanisms of an altered-FGFR3 in bladder 

tumorigenesis and progression.  

     The first strategy sought to assess the in vivo functional impact of altered-FGFR3 

expression in the urothelium of mice. The results found show that the expression of a human 

mutated-FGFR3 (S249C) alone can lead to abnormal urothelial differentiation, giving rise to 

hyperplastic lesions and spontaneous neoplastic transformation in transgenic mice. This 

provided the first in vivo evidence of the oncogenic potential of a mutated-FGFR3 alone, and 

shed light onto some unexpected molecular mechanisms underlying FGFR3 induced 

tumorigenesis: AR activation. Whilst the role of androgens in bladder tumorigenesis has 

already been studied before284, this is the first time that FGFR3 is demonstrated to favor 

tumor development through regulation of sex hormone receptors (activation of AR and 

inhibition of ESR1). It would thus be of strong interest to evaluate the impact of a combined 

anti-FGFR and androgen-repressive therapy in FGFR3-altered bladder cancer preclinical 

models. 

     Despite being equivalent to its human counterpart at the histopathological and molecular 

level, our GEM model presented the main limitation of high latency (15-18 months to develop 

a tumor) and low penetrance, limiting its use for translational research protocols. To 

overcome such problem, we suggest that allografts from this model be generated for further 

investigation of FGFR3 in vivo molecular mechanisms or in vivo drug testing. As an example, 

by presenting a low tumor immune infiltrate (in accordance to the literature), our 

immunocompetent GEM could be used to increase our understanding of FGFR3-driven 

immune-escape and/or immune-suppression mechanisms, and permit the evaluation of 

combined anti-FGFR and immune check-point inhibitors.  

     The construction of a GRN using transcriptomic samples from our murine transgenic 

model would have enabled a deeper understanding of the in vivo functional role of FGFR3 in 

bladder tumorigenesis. However, we were limited by the small number of samples obtained 

(n= 6 tumors, 6 hyerplastic lesions and 3 normal urothelial), meaning that we had to adapt 

our analysis with the most adequate approaches such as IPA inference of transcriptional 

regulators and enrichment of biological processes/pathways. Interestingly, the inference of 

significantly enriched transcription factors in UII-hFGFR3-S49C murine tumors, enabled us 

not only to detect AR, but also p63, a transcription factor that we would be unveiling via a 

different approach (CoRegNet H-LICORN; context-specific cooperativity network). Finally, we 

searched to combine our in vivo strategy to our approach of GRN inference method by using 

the UII-hFGFR3-S249C transcriptome to validate the transcriptionally active programs from 

the inferred network of cooperative TFs/coTFs in bladder cancer. 
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     The second strategy aimed to infer the network of co-activators and co-repressors 

(TFs/coTFs) mediated by an altered-FGFR3 in bladder cancer and was based on the 

integration of computational tools (CoRegNet H-LICORN) and experimental validation (gene 

invalidation). Taking advantage of the transcription factor influence function of CoRegNet, we 

were able to validate the TFs/coTFs whose activity was driven by an altered FGFR3. For 

this, we used both observational (FGFR3-altered human bladder tumors and bladder cancer 

cell lines) and experimental data (preclinical models of FGFR3 perturbation: UII-hFGFR3-

S249C mice; bladder cancer cell lines invalidated or inhibited for FGFR3). In this manner, we 

elucidated an essential role of p63 in luminal-like FGFR3-dependent bladder cancer cells 

and explored the functional consequences of its high activity in NMIBC bladder tumors. 

Concluding that p63 played a similar, yet slightly different role in both altered-FGFR3 tumors 

(associated to a luminal-like phenotype) and basal-like MIBCs, we hypothesized that a fine 

tuning of p63’s activity may occur at the level of its co-regulatory partners. A way of 

corroborating this hypothesis could involve the use of proteomic data that could reveal 

interacting partners in bladder cancer cell lines representative of the different tumor 

subgroups. Most importantly, as no drugs have been reported to target p63, by studying its 

context-specific transcriptional network in more depth, druggable interacting partners or 

target genes may be identified. 

     As mentioned in the introduction, no perfect GRN inference method exists, meaning that 

whilst we were able to produce a context-specific, biologically relevant network using 

CoRegNet H-LICORN, certain expected TFs/coTFs were not predicted. For example; the 

well-established FGFR3-MYC regulatory loop (see annex I) was not identified, nor was the 

AR receptor (both identified in our UII-hFGFR3-S249C model using IPA). As H-LICORN will 

take into account only TFs/coTFs whose expression varies significantly across samples 

(defined during the data discretization process), MYC and AR were probably not identified. 

As is often the case for many TFs, they are regulated at the post-translational level rather 

than at the transcriptional level. Altogether, these limitations highlight the necessity to 

constantly combine different inference methods with experimental validation to produce more 

accurate GRNs (as was done in this project). Having context-specific, biologically relevant 

GRNs will consequently allow to better stratify patients that present the adequate molecular 

context to best respond to a targeted therapy.  

     As a whole, this study provides two strategies that contribute both independently and 

together to the deeper understanding of the role of an altered-FGFR3 in bladder 

tumorigenesis and bladder cancer progression; and allow to reveal new therapeutic targets 

that would improve current therapies. Whereas we have focused on corroborating only 

certain elements of the altered-FGFR3 BLCA-GRN (i.e. p63 and AR), it will be interesting to 

investigate the role of other transcription factors that were identified such as FOXM1 
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(Chapter 2, Figure 2), a transcription factor which, similar to p63, has been described 

important in the basal subtype of bladder tumors (more aggressive and not dependent on 

FGFR3)48. 

     Lastly, an analysis of the presented network with other high-through put data such as 

proteomics, genomics, epigenetic modifications or metabolomics would be important to 

increase the strength of the biological prediction of the model. 
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Abstract

FGFR3 alterations (mutations or translocation) are among the most
frequent genetic events in bladder carcinoma. They lead to an
aberrant activation of FGFR3 signaling, conferring an oncogenic
dependence, which we studied here. We discovered a positive
feedback loop, in which the activation of p38 and AKT downstream
from the altered FGFR3 upregulates MYC mRNA levels and stabi-
lizes MYC protein, respectively, leading to the accumulation of
MYC, which directly upregulates FGFR3 expression by binding to
active enhancers upstream from FGFR3. Disruption of this FGFR3/
MYC loop in bladder cancer cell lines by treatment with FGFR3,
p38, AKT, or BET bromodomain inhibitors (JQ1) preventing MYC
transcription decreased cell viability in vitro and tumor growth
in vivo. A relevance of this loop to human bladder tumors was
supported by the positive correlation between FGFR3 and MYC
levels in tumors bearing FGFR3 mutations, and the decrease in
FGFR3 and MYC levels following anti-FGFR treatment in a PDX
model bearing an FGFR3 mutation. These findings open up new
possibilities for the treatment of bladder tumors displaying aber-
rant FGFR3 activation.
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Introduction

Bladder cancer is the ninth most common cancer worldwide, with

approximately 430,000 new cases diagnosed in 2012 and 165,000

deaths annually (Antoni et al, 2017). Non-muscle-invasive carcino-

mas (NMIBCs) account for 70% of cases at first diagnosis. These

tumors often have a favorable prognosis following transurethral

resection with or without intravesical chemotherapy or

immunotherapy with Bacillus Calmette-Guérin (BCG). NMIBC often

recurs (50–60% of cases) and sometimes progresses to a muscle-

invasive tumor (5–40% progression, depending on clinical and

pathological features). This high recurrence rate and the need for

monitoring contribute to the economic burden of bladder cancer

treatment. Muscle-invasive bladder carcinoma (MIBC) is a major

clinical issue, because, even with radical cystectomy as the standard

treatment, overall survival at 5 years is only about 50%, and the

combination of this treatment with neoadjuvant and/or adjuvant

chemotherapy increases overall survival only moderately. No major

improvement in survival has been achieved over the last 20 years

(Witjes et al, 2013). A clinical response to immune checkpoint inhi-

bitors has recently been reported, but only a subset of patients

respond to such treatment, and it remains unclear how to identify

these patients (Powles et al, 2014; Bajorin et al, 2015; Bellmunt

et al, 2017a,b; Davarpanah et al, 2017). Some targeted therapies

have also yielded promising efficacy results. This is the case, for

example, for mTOR inhibitors for patients with TSC1 mutations,

anti-HER2 treatments for HER2-amplified MIBC, and anti-FGFR ther-

apies for MIBC with activating FGFR mutations or translocations

(Abbosh et al, 2015; Rouanne et al, 2016). The definition of
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therapeutic strategies to improve treatment outcomes remains of the

utmost importance.

FGFR3 (fibroblast growth factor receptor) belongs to a family of

structurally related tyrosine kinase receptors (FGFR1-4). These

receptors regulate various physiological processes, including prolif-

eration, differentiation, migration, and apoptosis. There has been

considerable interest in the FGFR family (FGFR1-4), as these recep-

tors are frequently involved, through various mechanisms, in

genetic disorders and cancer, leading to their identification as possi-

ble targets for treatment (Haugsten et al, 2010). FGFR3 is frequently

altered through activating mutations and translocations generating

FGFR3-gene fusions (Billerey et al, 2001; Tcga, 2014). Mutations

are, by far, the most frequent alterations of FGFR3, occurring in

almost 50% of bladder tumors (70% of NMIBCs and 15–20% of

MIBCs). The two most frequent mutations are the S249C and Y375C

mutations, which affect the extracellular domain of the receptor.

FGFR3 translocations leading to the production of FGFR3-TACC3

and FGFR3-BAIAP2L1 fusion proteins were recently identified in 3%

of MIBCs (Tcga, 2014). These alterations are thought to be “onco-

genic drivers”, because the expression of an altered FGFR3 induces

cell transformation (Bernard-Pierrot et al, 2006; Williams et al,

2013; Wu et al, 2013; Nakanishi et al, 2015). Furthermore, several

preclinical studies in cell lines and xenograft models of bladder

cancer have shown that FGFR3 alterations confer sensitivity to

FGFR inhibitors, which have anti-proliferative and pro-apoptotic

effects (Bernard-Pierrot et al, 2006; Wu et al, 2013; Nakanishi et al,

2015). Together, these findings highlight the critical role of FGFR3

in bladder tumor carcinogenesis, raising the possibility of develop-

ing anti-FGFR3 therapies for both NMIBC and MIBC (Chae et al,

2017). Promising results were recently reported for four out of the

five patients with FGFR3-mutated bladder cancers enrolled in a

phase I clinical trial of the pan-FGFR kinase inhibitor BGJ398

(Nogova et al, 2017). However, based on observations for other

targeted therapies (EGFR, BRAF, KIT) for various cancers, including

colon and lung cancers, melanoma, and gastrointestinal tumors,

FGFR3-targeted therapies will probably turn out to be limited by

multiple mechanisms of intrinsic and acquired resistance, such as

ERBB2/3 or EGFR activation (Flaherty et al, 2012; Herrera-Abreu

et al, 2013; Niederst & Engelman, 2013; Wang et al, 2015). The

signaling pathway activated by mutated FGFR3 and FGFR3-fusion

proteins is not well characterized, particularly for bladder cancer.

Improvements in our understanding of the molecular mechanisms

underlying the oncogenic activity of activated FGFR3 in bladder

tumors may facilitate the identification of new drug targets that

could be acted on together with FGFR3, to increase the efficacy of

anti-FGFR3 therapies and/or to prevent potential drug resistance.

Such strategies, based on the simultaneous inhibition of two or

more targets in a single pathway, have already been explored for

many specific pairs of agents, in both clinical and preclinical studies

(Flaherty et al, 2012; Li et al, 2014; Ran et al, 2015). In this study,

we aimed to characterize the aberrantly activated FGFR3 signaling

pathways involved in bladder cancer cell growth/transformation.

We studied genes regulated by constitutively activated FGFR3 in

two bladder tumor-derived cell lines, MGH-U3 and RT112, harbor-

ing an FGFR3 mutation (Y375C) and a fusion gene (FGFR3-TACC3),

respectively. We identified MYC as a key transcription factor that is

overexpressed and activated in response to FGFR3 activity, and criti-

cal for FGFR3-induced cell proliferation. We showed here that

FGFR3 is a direct target gene of MYC, which binds to active enhan-

cers located upstream from FGFR3, establishing an FGFR3/MYC

positive feedback loop. This loop may be relevant in human tumors,

because MYC and FGFR3 expression levels were found to be posi-

tively correlated in tumors bearing FGFR3 mutations in two indepen-

dent transcriptomic datasets (n = 63 and n = 271), and because

FGFR3 inhibition in a patient-derived tumor xenograft (PDX) model

harboring an FGFR3-S249C mutation decreased the levels of both

MYC and FGFR3. We found that MYC mRNA levels and protein

stability were dependent on p38 and AKT activation, respectively,

downstream from FGFR3 activation. Finally, we showed, in xeno-

graft models, that FGFR3 activation conferred sensitivity to FGFR3

and p38 inhibitors and to a BET bromodomain inhibitor (JQ1)

preventing MYC transcription. These findings therefore suggest new

treatment options for bladder cancers in which FGFR3 is aberrantly

activated.

Results

MYC is a key master regulator of proliferation in the aberrantly
activated FGFR3 pathway

We investigated the molecular mechanisms underlying the onco-

genic activity of aberrantly activated FGFR3 in bladder carcinomas,

by studying the MGH-U3 and RT112 cell lines. These cell lines were

derived from human bladder tumors, and they endogenously

express a mutated activated form of FGFR3 (FGFR3-Y375C, the

second most frequent mutation in bladder tumors) and the FGFR3-

TACC3 fusion protein (the most frequent FGFR3 fusion protein in

bladder tumors), respectively. The growth and transformation of

these cell lines are dependent on FGFR3 activity (Bernard-Pierrot

et al, 2006; Williams et al, 2013; Wu et al, 2013). We conducted a

gene expression analysis with Affymetrix DNA arrays, in these cell

lines, with and without FGFR3 siRNA treatment. We identified 741

and 3,124 genes displaying significant differential expression after

FGFR3 depletion in MGH-U3 and RT112 cells, respectively (adjusted

P-values < 0.05, |log2(FC)| > 0.5; Dataset EV1). An analysis of

these two lists of FGFR3-regulated genes using the upstream regula-

tor function of Ingenuity Pathway Analysis (IPA) software identified

upstream regulators activated and inhibited by FGFR3 (Fig 1A, left

panel). The top 10 transcriptional regulators with activity modulated

by FGFR3 were common to the two cell lines and are listed in the

right panel in Fig 1A. The transcription factor predicted to be the

most strongly inhibited here after FGFR3 depletion, in both cell

lines, was the proto-oncogene MYC, for which mRNA levels were

downregulated. This downregulation of MYC mRNA levels after

FGFR3 knockdown with siRNA was further confirmed by reverse

transcription–quantitative polymerase chain reaction (RT-qPCR)

(30–70% decrease, depending on the cell line used; Fig 1B). Consis-

tent with these results suggesting that MYC mRNA levels are modu-

lated by constitutively activated FGFR3, an analysis of previously

described transcriptomic data for our CIT-series (“Carte d’Identité

des Tumeurs”; tumor identity card) of bladder tumors revealed a

significant upregulation of MYC mRNA levels in tumors harboring

an FGFR3 mutation (n = 63) relative to normal urothelium samples

(n = 4), whereas no such overexpression was observed for tumors

expressing wild-type FGFR3 (n = 122; Fig 1C). Moreover, MYC
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expression was positively correlated with FGFR3 expression in blad-

der tumors harboring a mutated FGFR3 (Fig 1D, upper panel),

whereas no such correlation was observed in tumors bearing wild-

type FGFR3 (n = 122; Fig 1D, lower panel). Similar results were also

observed for another publicly available transcriptomic dataset for

416 bladder tumors (271 with FGFR3 mutations) and eight normal

samples (Hedegaard et al, 2016; Appendix Fig S1A and B), suggest-

ing that mutated FGFR3 may also regulate MYC expression in human

bladder carcinomas. Support for this hypothesis was provided by

the significant decrease in MYC mRNA levels induced by 4 days of

anti-FGFR treatment in tumors from a PDX model (F659) bearing an

FGFR3-S249C mutation (Fig 1E). As in cell lines, FGFR3-S249C

expression conferred FGFR3 dependence on the PDX model, in

which anti-FGFR treatment with BGJ398 decreased tumor growth by

60% after 29 days of administration (Appendix Fig S2).

MYC is a key regulator of proliferation and its deregulation can

promote oncogenesis in various types of cancer (Dang, 2012). We

therefore investigated the role of MYC as a master regulator of

proliferation in bladder cell lines expressing aberrantly activated

FGFR3. Western blot analysis further showed that FGFR3 depletion

resulted in the almost total loss of MYC from both MGH-U3 and

RT112 cells (Fig 1F). The discrepancy between the decreases in

MYC mRNA (Fig 1B) and protein levels (Fig 1F) suggested that the

aberrant activation of FGFR3 regulated MYC not only at mRNA

level, but also through stabilization of the protein. This hypothesis

was also supported by the time course of MYC expression on

Western blots after the inhibition of FGFR3 with PD173074. Indeed,

MYC levels decreased rapidly, after 30 min of treatment, in MGH-

U3 cells (Appendix Fig S3A), and expression was totally lost after

2 h of treatment, in both MGH-U3 and RT112 cells (Fig 1G and

Appendix Fig S3A). MYC protein stability is, thus, tightly controlled

by the proteasome. We therefore investigated the possible role of

FGFR3 in this process, by treating MGH-U3 and RT112 cells with a

pan-FGFR inhibitor (PD173074), either alone or in combination

with a proteasome inhibitor (MG132; Fig 1H). Western blot

analysis showed that the downregulation of MYC induced by the

inhibition of FGFR3 was abolished by MG132, in both cell lines.

Overall, our results indicate that the inhibition of aberrantly acti-

vated FGFR3 decreases MYC mRNA levels and favors proteolysis of

the MYC protein by the proteasome, thereby decreasing its tran-

scriptional activity. We then investigated the possible contribution

of MYC to the oncogenic activity of aberrantly activated FGFR3.

We compared the effects on viability of depleting FGFR3 and MYC

alone or together, with siRNA, in RT112 and MGH-U3 cells

(Fig 1I). FGFR3 and MYC siRNAs efficiently knocked down the

levels of the targeted proteins (Appendix Fig S3B). The depletion

of either MYC or FGFR3 resulted in significantly lower cell viability

than for cells treated with the control siRNA (Fig 1I, right and left

panels and Dataset EV2 for the P-values). No significant additive

effect relative to FGFR3 depletion alone was observed in RT112

and MGH-U3 cells with a simultaneous knockdown of FGFR3

and MYC expression, suggesting that MYC is a key downstream

effector of the aberrantly activated FGFR3 pathway mediating cell

proliferation.

FGFR3 and MYC are involved in a positive feedback loop in which
FGFR3 is a direct transcriptional target of MYC in bladder cancer
cell lines with constitutively activated FGFR3

Surprisingly, we observed that the treatment of MGH-U3 and RT112

cells with a MYC siRNA strongly decreased FGFR3 levels (Fig 2A).

RT–qPCR showed that this loss of FGFR3 expression was due to a

decrease in FGFR3 mRNA levels after MYC knockdown (Fig 2B). We

investigated whether FGFR3 was a direct transcriptional target of

MYC, by analyzing MYC occupancy of the FGFR3 locus by chro-

matin immunoprecipitation and quantitative PCR (ChIP–qPCR).

Using the publicly available ENCODE data for three different cancer

cell lines, we designed primers binding to two potential enhancers,

the promoter and an intragenic region of FGFR3 (Appendix Fig

S4A). According to ENCODE data, the enrichment of MYC and acti-

vation marks (H3K27ac) in the E1 and E2 enhancers is correlated

with the level of FGFR3 transcription (Appendix Fig S4A). We

◀ Figure 1. MYC is a key upstream regulator activated by FGFR3 that is required for FGFR3-induced bladder cancer cell growth.

A Venn diagram showing the number of upstream regulators (transcription factors) significantly predicted by Ingenuity Pathway Analysis to be involved in the
regulation of gene expression observed after FGFR3 knockdown in RT112 and MGH-U3 cells (left panel). List of the top 10 upstream regulators modulated by FGFR3
expression in both cell lines. The Log2FC of the transcription factor itself is also indicated. NA indicates that the FC was beyond the threshold defining genes as
differentially expressed after FGFR3 depletion (see Materials and Methods).

B Relative MYC mRNA levels in MGH-U3 and RT112 cells transfected for 72 h with siRNAs targeting FGFR3 or a control siRNA (Ctr). The results presented are the means
of two independent experiments carried out in triplicate; the standard errors are indicated. The significance of differences was assessed in unpaired Student’s t-tests,
*P < 0.05; **0.001 < P < 0.005.

C MYC mRNA levels in normal human urothelium (n = 4) and in the CIT cohort of human bladder tumors bearing FGFR3 mutations (n = 63) or wild-type FGFR3
(n = 122). The significance of differences was assessed in Mann–Whitney tests, and means and standard errors are represented.

D MYC and FGFR3 mRNA levels in human bladder tumors harboring either mutated FGFR3 (upper panel) or wild-type FGFR3 (lower panel). Spearman’s coefficient and
P-values are indicated for the correlations between MYC and FGFR3 mRNA levels in each group.

E MYC mRNA levels in a PDX model bearing a FGFR3-S249C mutation and treated daily, for 4 days, with 30 mg/kg BGJ398, a pan-FGFR inhibitor, or with vehicle (n = 4
mice per group). Means and standard errors are represented. The significance of differences was assessed in Mann–Whitney tests.

F Western blot (72 h after transfection) comparing FGFR3 and MYC levels in MGH-U3 and RT112 cells transfected with a control siRNA (Ctr) or with siRNAs targeting
FGFR3.

G Western blot comparing MYC levels in MGH-U3 and RT112 cells, treated for 2 h with DMSO or the pan-FGFR inhibitor, PD173074 (500 nM).
H Western blot comparing MYC levels in MGH-U3 and RT112 cells treated for 3 h with FGFR inhibitor (0.5 lM PD173074) or proteasome inhibitor (10 lM MG132),

alone or in combination.
I Cell viability assay comparing the impact of MYC and/or FGFR3 downregulation on RT112 (left panel, CellTiter-Glo) and MGH-U3 (right panel, MTT assay) cell viability

(72 h post-transfection). The results presented are the means of three independent experiments carried out in triplicate, error bars represent standard deviations.
Tukey’s multiple comparisons tests were performed to evaluate the significance of differences. The results of the statistical analysis are summarized in Dataset EV2.

Source data are available online for this figure.
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checked, by ChIP–qPCR, that the selected FGFR3 promoter and

enhancers did harbor the expected histone activation marks

(H3K27ac and H3K4me3) in RT112 cells (Appendix Fig S4B).

Finally, we showed that the two FGFR3 enhancer regions tested

were enriched in MYC, consistent with the direct regulation of

FGFR3 expression by MYC, at the transcriptional level (Fig 2C). This

regulation of FGFR3 by MYC seemed to be quite specific to bladder

cancer, because MYC binding to the FGFR3 enhancers or promoter

was rarely observed in a publicly available dataset encompassing

118 MYC chromatin immunoprecipitation and sequencing (ChIP-

Seq) in different tissues (Appendix Fig S5A). Binding was observed

in two known FGFR3-dependent cell lines, MCF7 and HepG2 (Qiu

et al, 2005; Tomlinson et al, 2012), in some blood-derived cell lines

and in one lung cancer-derived cell line. MYC activation did not

seem to be sufficient to induce FGFR3 regulation. Indeed, MYC

ChIP-Seq data acquired for two inducible models of MYC overex-

pression/activation (LNCaP and U2OS cells; Walz et al, 2014;

Barfeld et al, 2017) showed no MYC enrichment on the FGFR3

enhancers or promoter after MYC activation (Appendix Fig S5B and

C). Our data therefore identify MYC as a master regulator of prolifer-

ation activated downstream from FGFR3 (Fig 1) and as a positive

regulator of FGFR3 expression in bladder cancer lines (Fig 2A–C).

Consistent with this FGFR3/MYC positive feedback loop, we also

observed that the treatment of RT112 and MGH-U3 cells with a pan-

FGFR kinase inhibitor abolished both MYC and FGFR3 expression

(Fig 2D). This result was confirmed in two other cell lines express-

ing constitutively activated FGFR3: UM-UC-14 (FGFR3-S249C) and

RT4 (FGFR3-TACC3 breakpoint exon 18 FGFR3–exon 4 TACC3,

whereas FGFR3-TACC3 breakpoint exon 18 FGFR3–exon 11 TACC3

is expressed in RT112; Williams et al, 2013; Earl et al, 2015;

Fig 2D). These four cell lines express low levels of FGFR1, FGFR2,

and FGFR4, as assessed with an Affymetrix U133plus2 array,

suggesting that the observed effect was mostly due to FGFR3 inhibi-

tion (data not shown). However, treatment had no effect on MYC

and FGFR3 expression in UM-UC-5 cells, which express wild-type

FGFR3 (Fig 2D). These results suggest that the FGFR3/MYC positive

feedback loop is a general mechanism, regardless of the type of

FGFR3 alteration, but that it is dependent on activated FGFR3. Using

RT112 and MGH-U3 xenograft models treated for 9 days with a

pan-FGFR inhibitor, PD173074, which delayed tumor growth

(Appendix Fig S6A), we also showed in vivo that FGFR3 and MYC

were involved in a positive feedback circuit inducing bladder tumor

growth. Indeed, immunoblot analysis revealed that FGFR3

inhibition resulted in lower levels of both MYC and FGFR3 in the

xenografts (Fig 2E). Finally, we made use of our PDX model (F659)

harboring an FGFR3-S249C mutation to demonstrate that this

FGFR3/MYC loop was relevant to human tumors. Indeed, the

treatment of tumor-bearing mice for 4 days with another pan-FGFR

inhibitor, BGJ398, which inhibited PDX tumor growth

(Appendix Fig S6B), decreased both MYC and FGFR3 levels in the

tumors (Fig 2F).

MYC accumulation induced by aberrantly activated FGFR3 in
bladder tumors depends on p38 and AKT activation

Given the importance of the FGFR3/MYC loop in all our tested

models, including the PDX model, we characterized the underlying

mechanisms. We investigated the signals downstream from FGFR3

responsible for the observed higher levels of MYC mRNA and

greater MYC protein stability in bladder cancer cells harboring

FGFR3 mutations (Fig 1).

We first used transformed NIH-3T3 cells expressing FGFR3-

S249C established in a previous study (Bernard-Pierrot et al, 2006)

to confirm that mutated FGFR3 expression induced an upregulation

of MYC mRNA levels (Appendix Fig S7A). We investigated the acti-

vation of three pathways known to be activated by tyrosine kinase

receptors and, in particular, FGFRs (p38, AKT, ERK1/2; Powers

et al, 2000; Appendix Fig S7B), and evaluated their role in the cell

transformation induced by mutated FGFR3 (Appendix Fig S7C). We

found that the activation of p38 and AKT mediated cell transforma-

tion downstream from the mutated FGFR3 whereas ERK1/2 activa-

tion was less crucial for FGFR3 activity. It has been established that

p38 can induce the stabilization of MYC mRNA or the upregulation

of MYC protein levels through an increase in transcription (Chen

et al, 2005) whereas AKT can induce the stabilization of MYC

protein (Tsai et al, 2012). We thus investigated the involvement of

these two pathways in our urothelial models, MGH-U3 and RT112

cells. We showed that p38 and AKT were constitutively activated in

both cell lines. This activation was dependent on FGFR3 expression,

because it was abolished by FGFR3 knockdown (Fig 3A). We then

explored the role of p38 in the FGFR3-induced upregulation of MYC

mRNA levels, using a p38 siRNA targeting MAPK14 (p38a), the

predominant isoform in MGH-U3 and RT112 cells, as shown by

Affymetrix U133 plus 2.0 DNA chip analyses (data not shown).

Immunoblot analysis showed that the efficient depletion of p38

resulted in the loss of about 50% of MYC in both MGH-U3 and

RT112 cells, whereas MYC loss was total following FGFR3 depletion

(Fig 3B). This decrease in MYC levels is consistent with the

decrease in MYC mRNA levels observed on RT–qPCR 72 h after p38

depletion (Fig 3C), suggesting that p38 plays a key role in MYC

mRNA regulation but that another pathway downstream from

FGFR3 is probably responsible for regulating the stability of the

protein (Fig 1).

MYC degradation by the proteasome is regulated by glycogen

synthase kinase 3 (GSK3). The activity of GSK3 is regulated by phos-

phorylation, including that of the Ser9 residue of GSK3b and the

Ser21 residue of GSK3a, by AKT, in particular (Gregory et al, 2003).

In accordance with this mechanism, we demonstrated, in RT112

and MGH-U3 cells, that FGFR3 inhibition with a pan-FGFR inhibitor

(PD173074) decreased the phosphorylation of AKT at Ser473 and

that of GSK3b at Ser9 (Fig 3D). We found that PI3-kinase inhibition

by LY294002 inhibited AKT phosphorylation and decreased both the

phosphorylation of the Ser9 residue of GSK3b and MYC protein

levels (Fig 3E). Thus, FGFR3 induces AKT phosphorylation, leading

to the inhibition of GSK3b through Ser9 phosphorylation, thereby

preventing the proteasome-mediated proteolysis of MYC. Our results

thus demonstrate that, downstream from the aberrantly activated

FGFR3, both p38 and AKT are involved in the induction of MYC

accumulation, which, in turn, drives cell proliferation. Consistent

with these results for p38, reverse-phase protein array (RPPA) anal-

ysis of a panel of 129 tumors showed that p38 was significantly

more phosphorylated in tumors expressing a mutated FGFR3 than

in tumors expressing wild-type FGFR3 (Fig 3F, left panel). AKT was

not differentially phosphorylated in tumors with and without FGFR3

mutations, suggesting that, in bladder cancer, AKT can be activated

by several mechanisms including the aberrant activation of FGFR3,
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such as EGFR activation in basal tumors (Rebouissou et al, 2014;

Fig 3F, right panel). The FGFR3/MYC positive feedback loop involv-

ing p38 and AKT activation by FGFR3 identified in bladder cancer

cell lines may, therefore, also occur in human bladder tumors with

genetic alterations of FGFR3. The disruption of this loop with inhibi-

tors of AKT and p38 may, therefore, constitute an effective way of

treating these tumors.

Targeting FGFR3, p38, or AKT is an effective strategy for
inhibiting the growth and transformation of bladder cancer cells
expressing aberrantly activated FGFR3

We evaluated the effects of p38 and PI3K inhibitors (SB203580 and

LY294002, respectively) on the viability of RT112 and MGH-U3 cells

(Fig 4A) and on MGH-U3 cell transformation (Fig 4B). The inhibi-

tion of these two pathways decreased the viability of MGH-U3 and

RT112 cells and the anchorage-independent growth of MGH-U3 cells

as efficiently as FGFR3 inhibition with a pan-FGFR inhibitor,

PD173074. Using a MAPK14 siRNA, we confirmed that p38a deple-

tion decreased the viability of RT112 and MGH-U3 cells and the

anchorage-independent growth of MGH-U3 cells (Fig 4C and D). We

also validated in vivo the critical role of p38 in mutated FGFR3-

induced tumor growth, by showing that p38 inhibition with

SB203580 significantly slowed the tumor growth of MGH-U3 and

RT112 xenografts in athymic nude mice (Fig 4E). An AKT inhibitor

has already been shown to decrease MGH-U3 xenograft growth

slightly in athymic nude mice (Davies et al, 2015).

MYC acts as a key master regulator of proliferation in the FGFR3
pathway, rendering FGFR3-dependent cells sensitive to a BET
bromodomain inhibitor (JQ1)

We looked for other ways to disrupt the FGFR3/MYC loop in blad-

der tumors bearing FGFR3 mutations. Recent studies have shown

that the indirect inhibition of MYC through the targeting of proteins

involved in the regulation of its transcription is an effective strategy

for treating MYC-dependent tumors (Posternak & Cole, 2016). In

particular, several studies have highlighted the use of bromodomain

inhibitors as an effective strategy for blocking MYC transcription

(Delmore et al, 2011; Mertz et al, 2011). We therefore focused on

JQ1, a potent and well-characterized BET bromodomain inhibitor

that inhibits the binding of bromodomain-containing protein 4

(BRD4) to acetylated lysine residues on histones, thereby preventing

transcription. It is particularly active against MYC, the transcription

of which seems to be dependent on the binding of BRD4 to its

enhancers or “super-enhancers” (Lovén et al, 2013). We first

analyzed the BRD4 occupancy of the MYC locus by ChIP–qPCR in

the RT112 and MGH-U3 bladder cell lines (Fig 5A). Using publicly

available data for histone marks, we designed primers binding to

one potential enhancer, one control negative region and the

promoter (Appendix Fig S8A) and checked that the selected regions

harbored the expected histone marks in the RT112 bladder cell line

(Appendix Fig S8B). The MYC enhancer was slightly enriched in

BRD4, and the MYC promoter was strongly enriched in BRD4. In

both cases, this enrichment was prevented by JQ1 treatment

(Fig 5A). We then checked, by Western blotting, that JQ1 treatment

inhibited MYC and FGFR3 expression, in both cell lines (Fig 5B).

The observed inhibition was of similar strength to the FGFR3 inhibi-

tion observed with 1 lM PD173074 (Fig 5B). By contrast, treatment

with (�)-JQ1, the inactive enantiomer of (+)-JQ1, had little impact

on MYC and FGFR3 levels (Fig 5B). Consistent with this inhibition

of MYC and FGFR3 expression following JQ1 treatment, we also

showed that JQ1 treatment significantly decreased the viability of

RT112 and MGH-U3 cells in vitro (Fig 5C). Finally, we showed

in vivo that JQ1 treatment significantly slowed the growth of MGH-

U3 and RT112 xenografts in nude mice (Fig 5D). However, on the

one hand, the inhibition of tumor growth by JQ1 treatment was rela-

tively modest. In the other hand, although they slowed tumor

growth, FGFR inhibitors did not trigger a regression of tumor size

(Appendix Fig S6A). We therefore hypothesized that a combinato-

rial treatment might improve the response. We tested this hypothe-

sis in vitro, on MGH-U3 and RT112 cell viability that made it

possible to use ranges of doses for both molecules (Appendix Fig

S9A). We found that simultaneous use of the two drugs increased

treatment efficacy over that achieved with the two drugs used sepa-

rately, as highlighted in Fig 5E. A mathematical analysis of our

results by the Loewe additivity method (Foucquier & Guedj, 2015)

showed that the two drugs had an additive effect in most cases, and

possibly even a synergistic effect at some concentrations

(Appendix Fig S9B).

Discussion

Alterations of FGFR3 (mutations or translocation) are among the

most frequent genetic events in bladder carcinoma, occurring in

◀ Figure 2. MYC and FGFR3 are involved in a positive feedback loop in bladder cancer cell lines expressing an activated form of FGFR3.

A The expression of MYC and FGFR3 was analyzed by Western blotting in lysates from MGH-U3 and RT112 cells transfected for 72 h with MYC siRNAs. Tubulin was
used as a loading control.

B Relative FGFR3 mRNA levels in MGH-U3 and RT112 cells transfected for 72 h with siRNAs targeting MYC or a control siRNA (Ctr). The results presented are the means
of two independent experiments carried out in triplicate; the standard errors are indicated. Unpaired Student’s t-tests were used for comparison with the control,
****P < 0.0001.

C ChIP–qPCR for MYC at the FGFR3 locus in MGH-U3 and RT112 cells (lower panel). The qPCR target loci of FGFR3 are schematized (upper panel). Data presented are
representative of two replicate experiments. Error bars show standard deviation of three replicate qPCR reactions.

D RT112, MGH-U3, UM-UC-14, RT4, and UM-UC-5 cells were treated for 48 h with a pan-FGFR inhibitor (500 nM PD173074). Lysates were obtained, and levels of
FGFR3 and MYC were analyzed by Western blotting with appropriate antibodies. An anti-tubulin antibody was used as a loading control.

E MGH-U3 and RT112-derived xenograft tumors from mice treated for 9 days with vehicle or PD173074 (25 mg/kg/day) were lysed and immunoblotted with anti-FGFR3
and anti-MYC antibodies. Actin was used as a loading control. Black and white arrowheads indicate WT FGFR3 and FGFR3-TACC3 bands, respectively.

F PDX tumors bearing the FGFR3-S249C mutation from mice treated for 4 days with vehicle or BGJ398 (30 mg/kg/day) were lysed and immunoblotted with anti-FGFR3
and anti-MYC antibodies. Actin was used as a loading control.

Source data are available online for this figure.
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about 70% of NMIBCs and 20% of MIBCs. These alterations induce

the constitutive activation of FGFR3 and lead to an oncogene depen-

dence to FGFR3. In this study, we characterized further the mecha-

nisms involved in the activity of aberrantly activated FGFR3,

highlighting new possibilities for the treatment of bladder tumors

with activating alterations of FGFR3. We found that MYC played a

crucial role in the aberrantly activated FGFR3 pathway. This tran-

scription factor regulated by FGFR3 was involved in FGFR3-driven

cell proliferation in two bladder cancer-derived cell lines expressing

FGFR3 (FGFR3-Y375C) or the fusion protein FGFR3-TACC3. We also

showed that MYC upregulated FGFR3 expression directly, by bind-

ing to enhancers upstream from FGFR3, as part of a FGFR3/MYC

positive feedback loop operating both in vitro and in vivo in bladder

cancer-derived cell lines xenografts and in a PDX model bearing an

FGFR3 mutation. The FGFR3-driven accumulation of MYC was due

to both an increase in MYC mRNA levels and stabilization of the

MYC protein. FGFR3 increases MYC mRNA levels by activating the

p38a MAP kinase. FGFR3 also induces stabilization of the MYC

protein, by activating AKT, which, in turn, phosphorylates the Ser9

residue of GSK3b, thereby preventing its interaction with MYC and

the degradation of this protein by the proteasome. Finally, our

results provide in vitro and in vivo proof of concept in xenografts

that the inhibition of MYC expression, and, in turn, of FGFR3

expression, by an inhibitor of AKT or p38 or a BET bromodomain

inhibitor (JQ1) is a potentially effective strategy for the treatment of

FGFR3-dependent bladder tumors. The results obtained with FGFR3

inhibitors in one PDX model and in two cell lines xenografts were

similar, increasing our confidence in the relevance of our results to

human tumors. Based on the results presented here, we devised a

model for this newly identified FGFR3/MYC positive feedback loop

involved in bladder tumor cell proliferation (Graphical abstract).

Interestingly, studies of MYC mRNA levels and of the phosphoryla-

tion of p38 and AKT in human bladder tumor samples harboring

FGFR3 mutations suggested that this loop might also operate in

tumors. The relevance to human tumors was further supported by

the decrease in FGFR3 and MYC levels following anti-FGFR treat-

ment in a PDX model bearing an FGFR3 mutation. The insight into

the aberrantly activated FGFR3 pathway provided by this study

could make it possible to identify tumors presenting alterations to

this pathway, such as MYC overexpression or p38 activation, in

the absence of FGFR-activating genetic alterations. These tumors

might also benefit from the alternative therapeutic strategies

proposed in this study for bladder tumors displaying aberrant

FGFR3 activation.

We found that FGFR3 activation increased MYC expression and

that FGFR3 was a direct transcriptional target of MYC. This FGFR3/

MYC positive feedback loop probably contributes to the higher

levels of FGFR3 expression previously observed in human bladder

tumors with FGFR3 mutations (Bernard-Pierrot et al, 2006). It has

been suggested that this overexpression is also mediated by a loss of

microRNAs99/100 targeting FGFR3 in bladder tumors (Catto et al,

2009; Blick et al, 2013).

In this study, we searched for transcriptional regulators involved

in the regulation of gene expression induced by two types of aber-

rantly activated FGFR3: a mutated form of the receptor (Y375C) and

a fusion protein (FGFR3-TACC3). Specific signaling pathways—

PLCc activation (Williams et al, 2013) and localization to the kine-

tochore (Singh et al, 2012)—have been associated with these two

forms, but we observed a large overlap between the transcriptional

regulators driven by these two types of receptors. Furthermore, both

types of receptor acted via the same molecular mechanism, the acti-

vation of p38 and AKT, leading to MYC accumulation, resulting in

the induction of hyperproliferation. Most of the upstream regulators

activated by both types of receptor in this study have also been

shown to be regulated by FGFR3-BAIAP2L1, another form of aber-

rantly activated FGFR3, in RAT2 cells (Nakanishi et al, 2015). In

both this and a previous study, we found that FGFR3 activation

inhibited tumor suppressor pathways involving RB1/RBL1, TP53, or

P16 (CDKN2A) and activated pro-proliferative pathways involving

E2F, CCND1, or TBX2. However, the MYC activation described

here was not observed in RAT2 cells. This discrepancy may reflect

differences in the technical approach used (inhibition versus over-

expression), the species and tissues studied (human epithelium

versus rat fibroblast) or the thresholds used to identify genes regu-

lated by FGFR3, and the upstream regulators involved in their

regulation.

In a study using a very different approach published during the

preparation of this manuscript, MYC was also implicated in path-

ways involving activated FGFRs in several different types of cancer

(Liu et al, 2016). This study showed that the altered FGFRs were

associated with an increase in MYC protein stability. In one cell line

displaying FGFR1 amplification, the authors showed, as suggested

by our data for FGFR3 revealing a lack of synergy between MYC and

FGFR3 knockdown, that MYC was the main effector of FGFR1

◀ Figure 3. The MYC accumulation induced by activated FGFR3 is dependent on the activation of p38 and AKT.

A MGH-U3 and RT112 human bladder tumor cells were transfected with control siRNA (Ctr) or with siRNAs targeting FGFR3. Lysates were obtained and the levels of
p38, phospho-p38 [P-p38 Thr180/Tyr182), AKT, phospho-AKT (P-AKT Ser473)], and FGFR3 were assessed by Western blotting. Different siRNAs were used in the two cell
lines (see Materials and Methods).

B MGH-U3 and RT112 cells were transfected for 72 h with a siRNA targeting either FGFR3 or MAPK14 (p38a). Lysates were obtained and MYC and p38 protein levels
were analyzed by Western blotting.

C MGH-U3 and RT112 cells were transfected with MAPK14 (p38a) siRNA for 72 h. The level of MYC mRNA level was determined by RT–qPCR (left panel). The results
presented are the means and standard errors of two independent experiments carried out in triplicate. Unpaired Student’s t-tests were used for comparison with
appropriate siRNA control (Ctr), *P < 0.05; **P < 0.005.

D MGH-U3 and RT112 cells were treated for 2 h with DMSO or a FGFR inhibitor (0.5 lM PD173074). Lysates were obtained and analyzed by Western blotting with
antibodies against MYC, phospho-AKT (Ser473) and phospho-GSK3b (Ser9). Tubulin was used as a loading control.

E Western blot comparing MYC, phospho-AKT (Ser473) and phospho-GSK3b (Ser9) levels in MGH-U3 and RT112 cells treated for 3 h with a PI3 kinase inhibitor (20 lM
LY294002) or control DMSO. Tubulin was used as a loading control.

F The level of phosphorylation of p38 (left panel) and AKT (right panel) was assessed by reverse-phase protein array (RPPA) in 129 human bladder tumors, as described
in the Materials and Methods. FGFR3 mutations were present in 38 tumors. No tumor harbored an FGFR3-TACC3 or FGFR3-BAIAP2L1 fusion gene. Mann–Whitney test
was used for comparisons between mutated and non-mutated tumors. Means and standard errors are represented.
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activity, because the effect of FGFR inhibitors was abolished by an

undegradable MYC mutant. They suggested that MYC protein stabi-

lization was due to the activation of ERK1/2, rather than AKT as

described here. Our results clearly highlighted the crucial role of

AKT in sustaining MYC stability through the phosphorylation of

GSK3b. However, we did not study the impact of ERK1/2 inactiva-

tion in our FGFR3-dependent bladder tumor models and we cannot,

therefore, rule out the possible involvement of this pathway in coop-

eration with the AKT pathway, as shown for RAS (Sears et al, 2000;

Yeh et al, 2004). Furthermore, we also highlighted the role of
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Figure 4. The inhibition of p38 or AKT reduces the growth and transformation of bladder cancer cells expressing aberrantly activated FGFR3.

A MGH-U3 and RT112 cells were treated with control DMSO, PD [PD173074 (FGFR inhibitor)], SB [SB203580 (p38 inhibitor)] or LY [LY294002 (PI3 kinase inhibitor)] for
72 h and cell viability was then assessed by measuring MTT incorporation.

B Impact of PD (PD173074), SB (SB203580), or LY (LY294002) treatment on the cell anchorage-independent growth of MGH-U3 cells. Colonies in soft agar with
diameters greater than 50 lm were counted 14 days after seeding in the presence of inhibitors.

C Comparison of the effects of MAPK14 (p38a isoform) and FGFR3 knockdown on the viability of MGH-U3 and RT112 cells, as measured by MTT incorporation.
D Soft agar colony formation assay for MGH-U3 cells transfected with siRNA against FGFR3 or MAPK14 (p38a isoform). Cells were grown for 14 days before counting.
E MGH-U3 bladder cancer cells were injected into nude mice (n = 5 animals/group), two xenografts per animal (one in each flank). Nine days later, the mice received

an injection of vehicle or SB203580 (100 ll of 20 lM SB203580) into the tumor, once daily, 6 days per week. Tumor size was measured at the indicated time point,
and tumor volume was calculated.

Data information: (A–D) The results presented are the means of two independent experiments carried out in triplicate; the standard errors are indicated. Unpaired
Student’s t-tests were used to assess the significance of differences, *P < 0.05; **0.001 < P < 0.005; ***0.0001 < P < 0.001; ****P < 0.0001. (E) Data are presented as
means � SEM. Results were compared in Mann–Whitney test.
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mutated FGFR3, dependent on p38 activation, in the upregulation of

MYC mRNA levels both in cell lines and in a PDX model. MYC over-

expression which often leads to MYC oncogene addiction has been

associated with aggressive phenotype in many tumor types (Dang,

2012; Stine et al, 2015). This is not the case in bladder cancer since

the majority of FGFR3-mutated tumors are low-stage, low-grade

tumors. Furthermore, among FGFR3-mutated tumors, no difference

in MYC expression could be observed in MIBC and NMIBC (data not

shown). This could be related to a specific FGFR3-induced MYC

transcriptomic program in bladder tumors (Kress et al, 2015).

Consistent with its key role in FGFR signaling, MYC was also

recently identified as a potential marker of the anti-FGFR response,

because cells expressing both MYC and FGFRs have been shown to

be more sensitive to anti-FGFR therapies (Malchers et al, 2014; Liu

et al, 2016). In light of its key role downstream from FGFR, MYC

inhibition appears to be a valuable therapeutic strategy for bladder

tumors with FGFR3 alterations. MYC has emerged as a clear thera-

peutic target in other cancers, and many strategies for inhibiting

MYC activity through direct or indirect means have been described

(Posternak & Cole, 2016). We evaluated the therapeutic potential of

BET bromodomain inhibitors, a class of epigenetic modulators that

emerged in a clinical setting. We demonstrated that JQ1 prevented

BRD4 binding to the MYC promoter and enhancer, thereby inhibit-

ing MYC expression and, consequently, the growth of bladder tumor

cells expressing activated forms of FGFR3 both in vitro and in vivo

in xenograft. These preclinical results suggest that bladder tumors

with FGFR3 alterations could potentially be treated with BET

bromodomain inhibitors. Resistance to monotherapy with BET

bromodomain inhibitors has been observed and linked to kinome

reprogramming in ovarian cancer (Kurimchak Alison et al, 2016) or

to a decrease in PP2A activity in triple-negative breast cancer (Shu

et al, 2016). Resistance to anti-FGFR therapies has also been

observed in FGFR3-dependent cells and linked to the activation of

ERBB2/3 or EGFR (Herrera-Abreu et al, 2013; Wang et al, 2015).

These observed resistances could be overcome by combination

strategies, involving PI3K inhibitors, for example (Wang et al,

2017). The use of a combination of a pan-FGFR inhibitor and a BET

bromodomain inhibitor induced a stronger growth inhibition as

compared to each individual drug in vitro. In vivo tests for these

treatments are currently underway for our PDX model.

We also demonstrated that the activation of both p38 and AKT

was critical for the induction of bladder cancer cell proliferation and

transformation by FGFR3. This critical role was linked to the ability

of these two pathways to induce MYC accumulation, by increasing

MYC mRNA levels and by stabilizing the MYC protein, respectively.

The role of AKT in cancer progression has been clearly demon-

strated for various tumors (Vivanco & Sawyers, 2002), including

bladder cancer (Calderaro et al, 2014). The role of p38 in cancer is

dual, p38 playing both a tumor suppressor role by inducing cell

apoptosis and protumorigenic functions depending on the cancer

types (Koul et al, 2013; Igea & Nebreda, 2015). The opposite func-

tions could be related to cell specificity, nature of the stimuli, the

isoform activated since p38 exist as four isoforms or the component

downstream p38. p38 can be activated by tyrosine kinase receptors

(PDGF receptor, VEGF receptor, EGF receptor, FGFR1) to function

as a positive regulator of tumor progression, mediating motility and

invasion, suppressing apoptosis, stimulating the epithelial-to-

mesenchymal transition in various cell types (Bates & Mercurio,

2003; Frey et al, 2004; Nishihara et al, 2004). Our results demon-

strating that p38a promotes proliferation, by upregulating MYC

mRNA levels are in line with the protumorigenic functions of p38

and with recent studies in breast, head and neck cancers and

nasopharyngeal carcinoma (Leelahavanichkul et al, 2014; Li et al,

2017; Wada et al, 2017). The activation of p38 by activated-FGFR3

in bladder tumors contributes to malignant behavior and the inhibi-

tion of this activation may be of therapeutic value, as reported for

an increasing number of cancers (Koul et al, 2013; Igea & Nebreda,

2015).

Our results thus suggest alternative strategies targeting dif-

ferent aspects of FGFR3 signaling that might be beneficial for the

treatment of bladder tumors expressing aberrantly activated

FGFR3. Targeting two parts of the signaling pathway simultane-

ously may increase treatment efficacy or delay the development

of tumor resistance, as observed clinically in melanomas harbor-

ing RAF mutations managed with treatments targeting RAF and

MEK (Flaherty et al, 2012). It has already been reported that of

the simultaneous inhibition of FGFR3 and AKT in MGH-U3 xeno-

graft models increases treatment efficacy over than achieved with

either of the two drugs used separately (Davies et al, 2015). Such

strategies are widely tested in different tumor types and in

◀ Figure 5. The MYC accumulation induced by activated FGFR3 confers sensitivity to BET bromodomain inhibitors in FGFR3-dependent bladder cancer cells
in vitro and in vivo.

A The qPCR target loci for MYC are shown (upper panel). ChIP–qPCR of BRD4 for the MYC locus in MGH-U3 and RT112 cells treated with DMSO or 1 lM (+)-JQ1 for 30
or 120 min (lower panels). Data presented are representative of two replicate experiments. Error bars show standard deviation of three replicate qPCR reactions.

B Western blot analysis of MYC and FGFR3 expression in lysates from MGH-U3 and RT112 cells treated with (+)-JQ1 (1 or 4 lM) for 48 h. Anti-actin antibody was used
as a loading control. Pan-FGFR inhibitor, PD173074 (50 nM and 1 lM), and inactive enantiomer (�)-JQ1 (4 lM) were used as controls. Black and white arrowheads
indicate WT FGFR3 and FGFR3-TACC3 bands, respectively. Asterisk indicates non-specific band.

C MGH-U3 and RT112 cells were treated for 72 h with DMSO, (+)-JQ1 (1 or 4 lM) or PD133074 (50 nM or 1 lM). Cell viability was measured with CellTiter-Glo. Results
were compared with those for a DMSO control in unpaired Student’s t-tests, *P < 0.05; **0.001 < P < 0.005; ***0.0001 < P < 0.001; ****P < 0.0001. Means and
standard errors are represented. Three replicates were performed.

D MGH-U3 and RT112 bladder cancer cells were injected into nude mice (n = 6 animals/group), two xenografts per animal (one in each flank). Nine and seven days
later, the mice received an injection of vehicle or (+)-JQ1 (IP injection, 50 mg/kg, once daily, 6 days per week), respectively. Tumor growth was assessed twice weekly,
by measuring tumor size. Data are presented as means � SEM. Results were compared in Wilcoxon’s test.

E MGH-U3 and RT112 cells were treated for 72 h with (+)-JQ1 and PD133074 alone or in combination. Cell viability was measured with CellTiter-Glo. Data are
presented as means � SD of three experiments carried out in triplicate. Results for the drug combination were compared with those for each individual drug
separately, in unpaired Student’s t-tests, ***0.0001 < P < 0.001; ****P < 0.0001.

Source data are available online for this figure.
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particular using pan-FGFR inhibitors. A multi-drug phase II clinical

trial including pan-FGFR inhibitor (BGJ398) together with a MEK

inhibitor (MEK162) and a RAF inhibitor (LGX818) is currently

ongoing in advanced BRAF melanoma (NCT02159066). A phase Ib

trial of BGJ398 in combination with BYL719 (PI3K inhibitor) on

solid tumors showed encouraging results as eight patients over 24

showed a partial response, among them, one patient with a

urothelial carcinoma bearing FGFR3-TACC3 had a complete tumor

shrinkage for 4 months (NCT01928459). FGFR3-TACC3 fusion

protein expression has been reported in several other cancers,

including glioblastoma (Singh et al, 2012) and lung adenocarci-

noma (Capelletti et al, 2014). It would be interesting to determine

whether this FGFR3/MYC feedback loop, mediated by AKT and

p38, also operates in other types of human cancers expressing

FGFR3-TACC3. If so, these treatments could be extended to other

cancer types.

Materials and Methods

Cell culture and transfection

The human bladder-derived cell lines RT112, RT4, UM-UC-14, and

UM-UC-5 were obtained from DSMZ (Heidelberg, Germany). MGH-

U3 cells were kindly provided by Dr. Paco Real (CNIO, Madrid). We

mostly used RT112 and MGH-U3 cells. RT112 cells were derived

from a transitional cell carcinoma (TCC; histological grade G2)

excised from a woman with untreated primary urinary bladder

carcinoma. The MGH-U3 cell line was established with cells from a

76-year-old patient with a history of recurrent non-invasive bladder

carcinomas (papillary TCC, histological grade G1; Lin et al, 1985).

MGH-U3 cells harbor a homozygous FGFR3-Y375C mutation and

RT112 cells have a FGFR3-TACC3 translocation. A comprehensive

genomic characterization of these cells has been reported (Earl et al,

2015). MGH-U3, UM-UC-5, and UM-UC-14 cells were cultured in

DMEM, whereas RT112 and RT4 cells were cultured in RPMI. Media

were supplemented with 10% fetal calf serum (FCS). Cells were

incubated at 37°C, under an atmosphere containing 5% CO2. The

identity of the cell lines used was checked by analyzing genomic

alterations with comparative genomic hybridization arrays (CGH

array), and the FGFR3 and TP53 mutations were checked with the

SNaPshot technique (for FGFR3) or by classical sequencing (for

TP53), the results obtained being compared with the initial

description of the cells. We routinely checked for mycoplasma

contamination.

Transfected NIH-3T3 cells expressing the mutated human

FGFR3b-S249C receptor (clones S249C1.1, S249C 1.2) or transfected

with the control pcDNAI-Neo plasmid (clones Neo1.5, Neo 2.1)

were established during a previous study (Bernard-Pierrot et al,

2006). They were cultured in DMEM supplemented with 10%

newborn calf serum (NCS), 2 mM glutamine, 100 U/ml penicillin,

100 lg/ml streptomycin, and 400 lg/ml G418.

For siRNA transfection, MGH-U3 and RT112 cells were used to

seed six-well or 24-well plates at a density of 250,000 cells/well for

MGH-U3 cells and 200,000 cells/well for RT112 cells. Cells were

transfected with 5 (FGFR3 siRNA #3 and #4) or 20 nM siRNA in the

presence of Lipofectamine RNAi Max reagent (Invitrogen), in accor-

dance with the manufacturer’s protocol. siRNAs were purchased

from Ambion and Qiagen. For the control siRNA, we used a Qiagen

control targeting luciferase (SI03650353).

The sequences of the siRNAs were as follows:

FGFR3 #1 50-GCUUUACCUUUUAUGCAA-30 (sense strand)

50-UUGCAUAAAAGGUAAAGGC-30 (antisense strand)

FGFR3 #2 50-GGGAAGCCGUGAAUUCAGU-30 (sense strand)

50-ACUGAAUUCACGGUUCCC-30 (antisense strand)

FGFR3 #3 50-CCGUAGCCGUGAAGAUGC-30 (sense strand)

50-AGCAUCUUCACGGCUACGG-30 (antisense strand)

FGFR3 #4 50-CCUGCGUCGUGGAGAACA-30 (sense strand)

50-UUGUUCUCCACGACGCAGG-30 (antisense strand)

FGFR3 siRNA#1 and siRNA#2 targeted exon 19 of FGFR3

(NM_001163213). They therefore knocked down the expression of

wild-type and mutated FGFR3, but not of the FGFR3-fusion gene

containing the first 18 exons of FGFR3 (Wu et al, 2013). Conversely,

siRNA#3 and siRNA#4 targeted exons 12 and 6 of FGFR3

(NM_001163213), respectively, knocking down both wild-type and

FGFR3-TACC3 expression in RT112 cells.

p38a #2 50-GGUCUCUGGAGGAAUUCAA-30 (sense strand)

50-UUGAAUUCCUCCGAGACC-30 (antisense strand)

p38a #4 50-CUGCGGUUACUUAAACAUA-30 (sense strand)

50-UAUGUUUAAGUAACCGCAG-30 (antisense strand)

p38a refers to MAPK14

MYC #1 50-UCCCGGAGUUGGAAAACAATT-30 (sense strand)

50-UUGUUUUCCAACUCCGGGATC-30 (antisense strand)

MYC #2 50-CGGUGCAGCCGUAUUUCUATT-30 (sense strand)

50-UAGAAAUACGGCUGCACCGAG-30 (antisense strand)

Cell viability was assessed with the MTT assay (0.5 mg/ml) in

24-well plates, or the CellTiter-Glo assay (Promega) in 96-well

plates, 72 h after transfection. Cell lysates were also prepared 72 h

after transfection, in six-well plates, for subsequent immunoblotting

analysis.

Kinase and protein inhibitors

The inhibitors LY294002, PD98059, SB203580, SU5402, and

PD173074 were purchased from Calbiochem (Merck Eurolab, Fonte-

nay Sous Bois, France). MG132 was obtained from Selleckchem

(Euromedex, Souffelweyersheim, France). BGJ398 was purchased

from LC Laboratories (USA).

The inhibitors (+)-JQ1, (�)-JQ1 and PD173074 (for in vivo stud-

ies) were purchased from MedChem Express (MedChemtronica,

Stockholm, Sweden).

Immunoblotting

NIH-3T3, MGH-U3, RT112, RT4, UM-UC-14, and UM-UC-5 cells

were resuspended in Laemmli lysis buffer [50 mM Tris-HCl (pH

6.8), 2 mM DTT, 2.5 mM EDTA, 2.5 mM EGTA, 2% SDS, 5%

glycerol with protease inhibitors and phosphatase inhibitors
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(Roche)], and the resulting lysates were clarified by centrifugation.

The protein concentration of the supernatants was determined with

the BCA protein assay (Thermo Scientific, France). Proteins (10–

50 lg) were resolved by SDS–PAGE in 10% polyacrylamide gels,

electrotransferred onto Bio-Rad nitrocellulose membranes, and

analyzed with antibodies against p38 and the phosphorylated form

of p38 (Thr180/Tyr182; Cell Signaling Technology # 9212 and #

4511, used at 1/5,000), AKT and the phosphorylated form of AKT

(Ser473; Cell Signaling Technologies # 2920 and # 4060, used at 1/

5,000), GSK3b (Ser9; Cell Signaling Technology # 5558, used at 1/

1,000), MYC (Cell Signaling Technology # 9402, used at 1/1,000),

a-tubulin and b-actin (Sigma Aldrich #T6199, used at 1/15,000 and

#A2228, used at 1/25,000), or the extracellular domain of FGFR3

(Abcam, # ab133644, 1/5,000). Anti-mouse IgG, HRP-linked, and

anti-rabbit IgG, HRP-linked antibody (Cell Signaling Technology #

7076 and # 7074, used at 1/3,000) were used as secondary anti-

bodies. Protein loading was checked by Amido Black staining of

the membrane after electrotransfer.

ChIP–qPCR

RT112 and MGH-U3 cells were cross-linked directly by adding 1%

formaldehyde to the medium and incubating for 10 min at room

temperature. The reaction was stopped by adding glycine to a final

concentration of 0.125 M and incubating for 5 min at room temper-

ature. The cells were then harvested. The fixed cells were rinsed

twice with PBS, resuspended in extraction buffer [0.25 M sucrose,

10 mM Tris–HCl pH 8, 10 mM MgCl2, 1% Triton, 5 mM b�mercap-

toethanol, protease inhibitors (Roche)] and centrifuged at 3,000 × g

for 10 min. We then used the ChIP-IT� High Sensitivity kit (Active

motif), treating the samples according to the manufacturer’s instruc-

tions. ChIP was performed with the following antibodies: mouse

anti-BRD4 (Bethyl Laboratories A301-985A50), rabbit polyclonal

anti-c-MYC (Santa Cruz sc-764), anti-H3K4me3 (Abcam ab8580-25),

and anti-H3K27ac (Abcam ab4729) antibodies and the rabbit IgG

polyclonal isotype control antibody (Abcam ab37415).

For ChIP–qPCR experiments, quantitative PCR was performed

with the SYBR Green PCR kit from Applied Biosystems. Enrichment

in ChIPed DNA was calculated as a percentage of the input minus

IgG ChIP signal. The sequences of the primers used were as follows:

FGFR3 locus

E1 AAGATGAGCAAGGCACCTG
(forward)

CTCCAGGTCAGAACCAAAGC
(reverse)

E2 ACACGCAGGCACACACAG
(forward)

AGGGCTTGTTGCTTCCTCTG
(reverse)

P GCAGGTAAGAAGGGACCCAC
(forward)

CGGAATCCGGGCTCTAACC
(reverse)

N ACTCCTTCGACACCTGCAAG
(forward)

GTCCTTGAAGGTGAGCTGCT
(reverse)

MYC locus

E TCTTGCCAGACCTAATGCTG
(forward)

CCTTGGCCACATTGCTTATC
(reverse)

N CAGCTAAATGGCACATAGGC
(forward)

ATATTGCCCCGGCTAATCTC
(reverse)

P TTCGGGTAGTGGAAAACCAG
(forward)

GTGTCAATAGCGCAGGAATG
(reverse)

Soft agar assay

MGH-U3 cells (20,000), untransfected or transfected with siRNA,

were used to seed 12-well plates containing DMEM supplemented

with 10% FCS and 1% agar, in triplicate. Cells were cultured in the

presence or absence of inhibitors in the agar and culture medium,

as appropriate. The medium was changed weekly. The plates were

incubated for 14 days, and colonies larger than 50 lm in diameter,

as measured with a phase-contrast microscope equipped with a

measuring grid, were counted.

RNA extraction from cell lines

RNA was isolated from cell lines with RNeasy Mini kits (Qiagen,

Courtaboeuf, France).

Real-time reverse transcription-quantitative PCR

Reverse transcription was performed with 1 lg of total RNA, with

the High-Capacity cDNA reverse transcription kit (Applied Biosys-

tems), and MYC and GAPDH and TATA-box binding Protein (TBP)

were amplified by PCR in a Roche real-time thermal cycler, with

the Roche Taqman master mix (Roche) with the Hs00153408_m1,

Hs02758991_g1 and 4326322E assays on demand (encompassing

primers and Taqman probes) purchased from Applied Life

Technologies.

DNA array

For the identification of genes displaying changes in expression after

the depletion of FGFR3 in MGH-U3 cells, we transfected the cells for

72 h with FGFR3 siRNA#1, FGFR3 siRNA#2 or SMARTpool: ON-

TARGETplus FGFR3 siRNA (Dharmacon, L-0031333-00-0005). For

the identification of genes displaying a change in expression after

FGFR3 depletion in RT112 cells, we transfected the cells for 40 h

with FGFR3 siRNA#3 or FGFR3 siRNA#4. mRNA was extracted and

purified with RNeasy Mini kits (Qiagen). Total RNA (200 ng) from

control and siRNA-treated MGH-U3 and RT112 cells was analyzed

with the Affymetrix human exon 1.0 ST DNA array and the Affyme-

trix U133 plus 2 DNA array, respectively, as previously described

for PPARG-regulated genes (Biton et al, 2014). The microarray data

described here are available from GEO (https://www.ncbi.nlm.

nih.gov/geo/) under accession number GSE84733. The LIMMA

algorithm was used to identify genes differentially expressed

between FGFR3 siRNA-treated (two and three different siRNAs were

used for RT112 and MGH-U3 cells, respectively) and Lipofectamine-

treated cells (three replicates; Ritchie et al, 2015). The P-values were

adjusted for multiple testing by Benjamini–Hochberg FDR methods.

Genes with a log2 fold-change of at least 0.58, in a positive or nega-

tive direction, with a FDR below 5%, were considered to be dif-

ferentially expressed.

Human bladder samples

We used protein extracted from 129 human bladder tumors (57

non-muscle-invasive and 72 muscle-invasive tumors) for RPPA

analysis (Calderaro et al, 2014). The flash-frozen tumor samples

were stored at �80°C immediately after transurethral resection or
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cystectomy. All tumor samples contained more than 80% tumor

cells, as assessed by the hematoxylin and eosin (H&E) staining of

histological sections adjacent to the samples used for transcriptome

analyses. All subjects provided informed consent, and the study was

approved by the institutional review boards of the Henri Mondor,

Foch and Institut Gustave Roussy Hospitals. RNA, DNA, and protein

were extracted from the surgical samples by cesium chloride density

centrifugation, as previously described (Calderaro et al, 2014).

FGFR3 mutations were studied with the SNaPshot technique. The

expression of FGFR3-TACC3 and FGFR3-BAIAP2L1 was analyzed by

PCR, as previously described (Wu et al, 2013).

Lyophilized proteins were solubilized in Laemmli sample buffer

and boiled for 10 min. Protein concentrations were determined with

the Bio-Rad Bradford Protein Assay Kit (Bio-Rad, France).

Reverse-phase protein array (RPPA)

Reverse-phase protein array with specific anti-phospho-AKT

(S473; Cell Signaling Technology # 4058, used at 1/1,000) and

anti-phospho-p38 (T180/Y182; BD Biosciences #612288, used at

1/500) antibodies was performed and analyzed as previously

described (Calderaro et al, 2014). The specificity of the antibodies

used for RPPA for the protein of interest was checked by Western

blotting with 18 tumor lysates, before the study. We obtained a

Pearson coefficient for the correlation between RPPA and Western

blotting of 0.84 for P-AKT (66) and 0.88 for P-p38 (data not

shown).

In vivo models

Mouse experiments reported herein were approved by Animal Hous-

ing and Experiment Board of the French government.

Xenograft models

Six-week-old female Swiss nu/nu mice (Charles River Laboratories)

were raised in the animal facilities of Institut Curie, in specific

pathogen-free conditions. They were housed and cared for in accor-

dance with the institutional guidelines of the French National Ethics

Committee (Ministère de l’Agriculture et de la Forêt, Direction de la

Santé et de la Protection Animale, Paris, France), under the supervi-

sion of authorized investigators. Mice received a subcutaneous

injection, into each flank (dorsal region), of 5 × 106 RT112 or MGH-

U3 bladder cancer cells in 100 ll PBS. For each study, with each of

the cell lines, mice were randomly separated into two groups when

tumors reached a volume of 100 mm3 (�20). For FGFR3 inhibition

studies, the mice were treated daily for 9 days, by oral gavage with

PD173074 (25 mg/kg; n = 4) in one group and with vehicle (0.05 M

acetate buffer) in the other (n = 4). The tumors were then removed.

Part of the tumor was flash-frozen in liquid nitrogen for protein

extraction in Laemmli buffer. For p38 inhibition studies, one group

received daily injections of SB203580 (100 ll, 20 lM) into the

tumor (n = 5), whereas the other group received daily injections of

vehicle (PBS; n = 5). For JQ1 treatment, mice received a daily

intraperitoneal injection of 50 mg/kg JQ1 (n = 6) or vehicle (10%

DMSO, 90% 10% 2-hydroxypropyl b-cyclodextrin; n = 6). For each

treatment, the tumor was measured twice weekly with calipers, and

its volume in mm3 was calculated with the formula: p/6 × (largest

diameter) × (shortest diameter)2.

Patient-derived Tumor Xenograft (PDX) model (F659)

A patient-derived bladder cancer xenograft model (F659) was estab-

lished as follow. A fresh specimen was collected from a patient diag-

nosed with a muscle-invasive bladder carcinoma with two positive

perivesical lymph nodes (pT3bN2Mx), in accordance with French

regulations concerning patient information and consent and then

xenografted subcutaneously in the interscapular space of 5-week-old

male Swiss nu/nu mice (Charles River Laboratories) and serially

passaged into male Swiss nu/nu mice (Charles River Laboratories).

DNA was isolated from snap-frozen tumor from the patient and

from the PDX tumor (at passage 3 in mice), with a classical phenol-

chloroform-isoamyl alcohol extraction protocol. FGFR3 mutations

were studied by the SNaPshot method, as previously described (van

Oers et al, 2005), and a FGFR3-S249C heterozygous mutation was

detected in both samples.

For treatment with the pan-FGFR inhibitor, BGJ398, PDX (F659)

tumor tissue at passage 4 in mice was cut into small pieces (5 mm3)

and subcutaneously xenografted into multiple mice in the inter-

scapular region. When tumor sizes reached 100–200 mm3, mice

were randomly divided into two groups and treated by daily oral

gavage with BGJ398 (30 mg/kg, LC Laboratories) or vehicle

(0.05 M acetate buffer). Tumor growth was measured twice weekly

with an electronic caliper, and tumor volume was calculated and

expressed relative to the initial size of the tumor. Two experiments

were conducted as follows: one for a long-term treatment (29 days;

n = 5 animal per group) in which tumors were monitored for two

additional weeks after the end of treatment, and one for a short-term

treatment over a period of 4 days (n = 4 animal per group). The

mice were sacrificed at the end of the experiments. Their tumors

were harvested and flash-frozen. RNA was isolated with Trizol, and

proteins were recovered by lysis in Laemmli buffer for subsequent

RT–qPCR and Western blot analyses, respectively.

Statistical analysis

Linear models for microarray data (LIMMA) was used to analyze

DNA array experiments involving simultaneous comparisons

between large numbers of RNA targets (Ritchie et al, 2015). All

functional experiments were carried out twice or three times, in trip-

licate. Data are expressed as means � SD. Tukey’s tests were used

for multiple comparisons, and unpaired Student’s t-tests (two-tailed)

or Mann–Whitney U-tests were used for other statistical analyses.

The control siRNA group, the IgG group, or the vehicle group was

used as the reference group, depending on the experiment. The

RPPA signals of tumors with and without FGFR3 mutations were

compared in Wilcoxon’s rank sum tests. Non-parametric Spearman’

rank correlation tests were carried out to evaluate the correlation

between levels of MYC and FGFR3 mRNA in human bladder tumors.

Data availability

Transcriptomic data obtained with Affymetrix U133plus2.0 DNA

arrays for our CIT-cohorts of bladder tumors, encompassing 82

NMIBCs and 85 MIBCs, were previously deposited on the publicly

available ArrayExpress databases E-MTAB-1803 and E-MTAB-1940,

respectively (El Behi et al, 2013; Biton et al, 2014; Rebouissou et al,

2014). RNA-Seq data for an independent cohort of 416 tumors were

available from ArrayExpress E-MTAB-4321 (Hedegaard et al, 2016).
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FGFR3 mutational status and data for eight normal samples were

kindly provided by Dr. Ellen Zwarthoff (Erasmus MC Cancer Insti-

tute, the Netherlands) and Dr. Lars Dyrskjøt (Aarhus University

Hospital, Denmark). The microarray for MGH-U3 and RT112 cells

treated with FGFR3 siRNA are available from GEO (https://www.

ncbi.nlm.nih.gov/geo/) under accession number GSE84733.

Expanded View for this article is available online.
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The paper explained

Problem
Bladder cancer is the ninth most common cancer worldwide. FGFR3
alterations (mutations or translocations) are among the most frequent
genetic events in bladder carcinoma. They lead to constitutive activa-
tion of the receptor and to oncogene addiction to FGFR3. Anti-FGFR
therapies have recently yielded promising results, but the efficacy of
such targeted therapies is currently limited by the emergence of resis-
tance. In this study, we investigated the molecular mechanisms
underlying the oncogenic activity of activated FGFR3 in bladder
tumors, with a view to identifying new drug targets to improve treat-
ment efficacy and/or limit resistance.

Results
We identified MYC as a key master regulator of proliferation activated
by aberrantly activated FGFR3 in bladder cancer-derived cell lines. We
showed that FGFR3 is a direct target gene of MYC establishing an
FGFR3/MYC positive feedback loop. Consistently, we found that human
bladder tumors bearing FGFR3 mutations had levels of FGFR3 and
MYC expression that were positively correlated. Further evidence of
relevance to human tumors was provided by the use of a PDX model
carrying an FGFR3 mutation, in which FGFR3 inhibition induced a
decrease in the expression of both MYC and FGFR3. We demonstrated
that this loop was dependent on the activation of p38 and AKT by
FGFR3, regulating MYC mRNA levels and protein stability, respectively.
We showed that p38 and AKT activity were required for FGFR3-
induced cell proliferation. Finally, we demonstrated that JQ1, a BET
bromodomain inhibitor, was able to prevent MYC and FGFR3 expres-
sion. JQ1 treatment significantly decreased cell viability in vitro and
tumor outgrowth in a xenograft model.

Impact
We have identified a novel FGFR3-MYC positive feedback loop in blad-
der tumor cell lines harboring aberrantly activated FGFR3, which may
be of clinical relevance, because it was also found in a PDX model
harboring an FGFR3 mutation. We also provide the first proof of
concept that disrupting this loop with various inhibitors of FGFR3,
p38, or AKT or with BET bromodomain inhibitors (JQ1) is of potential
therapeutic value. These findings open up new possibilities for the
treatment of bladder tumors displaying aberrant FGFR3 activation.
The simultaneous inhibition of two targets from the same pathway
may increase efficacy and prevent the development of resistance, as
reported for the use of BRAF and MEK inhibitors for the treatment of
melanoma with BRAF mutations.
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ABSTRACT 

 
Bladder cancer is the fourth most common cancer in men in Europe and is a deadly disease once it invades the muscle (MIBC). In spite 

of this, it is only in the last few years that improvement has been made in patient treatment. Recent clinical trials have shown promising 

results for MIBC following the inhibition of FGFR3 (with a pan-FGFR inhibitor), a receptor tyrosine kinase altered in 20% of MIBC by 

activating mutations. These alterations are enriched in the luminal papillary subtype of MIBC. 

 

The aim of this project was to characterize the poorly-studied FGFR3 gene regulatory network in bladder cancer, allowing for a better 

understanding of the role of such receptor in bladder tumorigenesis, an improved interpretation of patient outcome from clinical trials 

(positive response and resistance) and the identification of new therapeutic targets. 

 

During the first part of this project we constructed a bladder-cancer-specific gene regulatory network using a data mining algorithm (H-

LICORN) as well as transcriptomic data coming from: (1) bladder cancer cell lines and bladder tumors expressing a mutated FGFR3 

and (2) different preclinical models where the expression or activity of FGFR3 was modulated. 

 

Secondly, the predicted network was functionally validated through the use of large and small gene invalidation screens followed by 

analysis of cell viability. Such results allowed for the identification of p63, a transcription factor previously described as important in the 

basal aggressive subtype of MIBC that present a low rate of FGFR3 mutation. Further functional investigation allowed us to confirm that 

TP63 mediates cell viability, proliferation, differentiation and migration in FGFR3 mutated bladder cancer cell lines in vitro and in vivo. 

These findings point to a similar yet slightly different role of p63 in basal MIBC and in luminal papillary tumors mutated for FGFR3. 

 

In parallel to the construction and validation of the FGFR3 gene regulatory network, we characterized a mutated FGFR3 transgenic 

mouse model of bladder carcinoma, that shows for the first time the oncogenic role of an altered FGFR3 in vivo. Reinforcing the potential 

use of the model for translational research, we confirmed that tumors derived from FGFR3 transgenic mice were at the histologic and 

transcriptomic levels close to their human counterparts. Additionally, our murine model enabled us to pinpoint a male-dominant tumor 

incidence in FGFR3 mutated human tumors, observed in all molecular subtypes of bladder cancer. As a possible mechanism explaining 

such phenomenon, we observed that the androgen receptor (AR) was more active in FGFR3-mutated human tumors (both male and 

female) compared to FGFR3-wildtype tumors. 

MOTS CLÉS 

 
Cancer de la vessie, FGFR3, réseaux de régulation de gènes, modèle murin de tumeur, p63. 

RÉSUMÉ 

 
Le cancer de la vessie est le quatrième cancer le plus fréquent chez les hommes en Europe et lorsque la tumeur envahit le muscle vésical 
(TVIM), le pronostic est très péjoratif. Or, la prise en charge thérapeutique et la survie des patients atteints d’un cancer de vessie a peu évolué 
pendant de nombreuses années. Récemment, des essais cliniques évaluant l’inhibition de FGFR3 (avec un inhibiteur pan-FGFR) ont montré 
des effets bénéfiques chez des patients atteints d’une TVIM. FGFR3 est un récepteur à activité tyrosine kinase qui présente des mutations 
activatrices dans 20% des TVIM appartenant au sous-type luminal-papillaire. 
 
L’objectif de ce projet était d’élucider le réseau de régulation de gènes impliquant FGFR3 dans le cancer de la vessie. Cette étude devrait 
permettre d’améliorer la compréhension du rôle de FGFR3 dans le développement et la progression du cancer de vessie, d’interpréter les 
résultats des essais cliniques (réponse et résistance au traitement) et d’ajuster la stratégie thérapeutique actuelle (à travers l’identification de 
nouvelles cibles). Dans la première partie de mon projet, nous avons construit un réseau de régulation de gènes via un algorithme 
bioinformatique (H-LICORN) et des données transcriptomiques issues de : (1) lignées de cancer de la vessie exprimant un FGFR3 muté et (2) 
deux modèles précliniques dans lesquels l’expression de FGFR3 a été altérée.  
 
Dans une seconde partie, le réseau prédit a été validé fonctionnellement en utilisant des données de viabilité cellulaire (criblages à large et 
petite échelle : CRISPR-Cas9, siRNA). Cette validation nous a permis d’identifier p63 ; déjà décrit comme impliqué dans un sous-groupe de 
tumeurs basales présentant un faible taux de mutations de FGFR3, en tant que facteur de transcription également impliqué dans la voie du 
récepteur FGFR3 altéré.  Une étude plus approfondie nous a permis de confirmer que p63 contrôle la viabilité, la prolifération, la différenciation 
et la migration des lignées de cancer de vessie exprimant FGFR3 muté. Ainsi, ces résultats démontrent un rôle inattendu de p63 dans les TVIM 
luminales enrichies en mutations de FGFR3. 
 
Parallèlement, nous avons caractérisé un modèle murin de tumeurs de vessie surexprimant la forme FGFR3 humain mutée (S249C). Grâce à 
ce modèle nous avons pu démontrer in vivo le rôle oncogénique de FGFR3 muté dans la vessie. Nous avons confirmé que les tumeurs murines 
et humaines sont comparables au niveau transcriptomique et histologique, montrant la possibilité d’utiliser ce modèle en recherche 
translationnelle. Par ailleurs, les résultats de l’étude murine nous ont amené à comparer l’incidence des tumeurs de vessie entre hommes et 
femmes, révélant un biais important avec une incidence plus élevée chez les patients hommes atteints de tumeurs de vessie exprimant un 
FGFR3 muté, indépendamment du sous-type tumoral. En outre, nous avons démontré que le récepteur aux androgènes est fortement activé 
dans les tumeurs de vessie humain exprimant FGFR3 muté (que ce soit un patient homme ou femme) comparé aux tumeurs exprimant un 
récepteur sauvage. 

KEYWORDS 

 
Bladder cancer, FGFR3, gene regulatory networks, murine bladder tumor model, p63. 
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