Molecular characterisation and
functional assessment of FGFR3
mutations in cancer

Nádia Sofia de Carvalho Lima

A thesis submitted for the degree of Doctor of
Philosophy

The Institute of Cancer Research
University of London

1

Declaration
I, Nádia Sofia de Carvalho Lima, confirm that the work presented in this thesis is
my own. Where information has been derived from other sources, I confirm that
this has been clearly indicated in the thesis.

2

Abstract
Genetic alterations such as mutations in the Fibroblast Growth Factor Receptors
(FGFRs) family play important roles in the development and progression of
several cancer types. How these mutations affect protein function within the cell
and drive tumour growth is still unknown. Despite the development of selective
inhibitors for FGFR, the majority are still being evaluated in clinical trials where
their efficacy in patients is not always achieved and disease recurrence often
affects responders. This project seeks to understand the receptor mechanisms
and downstream molecular rewiring in tumour cells that sustain cell survival
signalling through FGFR3. I have generated NIH-3T3 cellular models expressing
FGFR3 cancer-associated mutants for molecular characterisation. A set of
mutants were analysed for their baseline activation levels using a multiplex assay
and for their downstream signalling dependencies using a targeted small
molecule inhibitor screen. I have identified that FGFR3 cancer-associated
alterations display increased Src phosphorylation when compared to the WT
FGFR3. Paradoxically, cell lines expressing the FGFR3 S249C mutation and the
FGFR3-TACC3 fusion protein were found to be resistant to Src inhibitors such as
dasatinib. Interestingly, profiling these cells indicate that effective durable therapy
requires the blockade of multiple downstream effectors to overcome resistance
signalling pathways in the presence of FGFR inhibitor monotherapy. These
include the simultaneous blockade of Erk and Src, by respectively utilising the
FGFR inhibitor BGJ398 and the Src inhibitor dasatinib. Similarly, human bladder
cancer cells harbouring the endogenous FGFR3 mutations R248C (639V) and
Y375C (MGHU3) along with the FGFR3-TACC3 fusion (RT112M) were also
found to achieve an effective and durable response with the same combination
therapy. Mechanistic work in an extended panel of extracellular domain cysteine
mutants in NIH-3T3 cells demonstrated that the substitution of the cysteine
residue forms spontaneous dimers that promote growth under anchorageindependent conditions, a described hallmark of cancer. Moreover, results show
that FGFR cysteine mutations are likely to be a useful biomarker to select for
patients who will benefit from FGFR and Src inhibitors combination therapy.
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1.1 - Overview of Receptor Tyrosine Kinases (RTKs)
The eukaryotic protein kinases (ePKs) account for one of the largest
superfamilies of homologous proteins, constituting 1.7% of the entire human
genome (Manning et al., 2002). Protein kinases mediate most of the signal
transduction processes within eukaryotic cells. They are enzymes that catalyse
the transfer of phosphate groups to protein substrates in a reversible reaction. By
doing so, they control and regulate a vast amount of intracellular processes such
as metabolism, transcription, cell cycle, apoptosis and differentiation as well as
intercellular communication for maintenance of homeostasis and physiological
regulation (Manning et al., 2002). Despite a variety of protein sequences,
structures, substrate specificity and mode of regulation, ePKs share structural
features in the catalytic kinase domain (KD) (Steven K. Hanks, 1995). These
conserved amino acids and motifs in the KD have been used to group closely
related enzymes into phylogenetic trees, which are found to reflect similar
structures, modes of regulation and catalytic functions. The ability to predict the
structure and function of a protein from its amino acid sequence simplifies the
study of this superfamily and allows their categorisation. Generically, ePKs can
be divided into two main subfamilies: protein-serine/threonine kinases and
protein-tyrosine kinases, depending on their target phosphorylation site (Steven
K. Hanks, 1995). Although the tyrosine kinases are less divergent as a group,
they can be further subdivided into two classes: receptor tyrosine kinases (RTKs)
and non-receptor tyrosine kinases, depending on the presence or absence of a
transmembrane (TM)-spanning region, respectively (Hanks, 1991). While nonreceptor tyrosine kinases are found in the cytosol, nucleus and inner surface of
the cell membrane, RTKs are TM proteins that possess an extracellular ligandbinding domain, a single-helix TM domain and an intracellular catalytic tyrosine
KD (Hanks, 1991; Krause and Etten, 2005).
RTKs are a highly conserved family in evolution from Caenorhabditis elegans to
Homo sapiens, which supports their importance in multicellular organisms
(Hanks, 1991).
The human genome encodes for 58 RTKs that can be divided into 20 closely
related subfamilies based on their molecular architecture (Figure 1.1) (Lemmon
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and Schlessinger, 2010). RTK subfamilies include amongst others, fibroblast
growth factor receptor (FGFR), epidermal growth factor receptor subfamily
(EGFR/ErbB), vascular endothelial growth factor receptor (VEGFR), plateletderived growth factor receptor (PDGFR), erythropoietin-producing human
hepatocellular receptor (Eph/Ephrin) and MET proto-oncogene (Regad, 2015). In
the inactive state, the majority of RTKs are expressed as monomers at the cell
surface, with the exception of the Ins RTK subfamily where the insulin receptor
(InsR) and the Insulin-Like Growth Factor 1 Receptor (IGF1R) exist as disulphidelinked dimers.

Figure 1.1 – Human tyrosine kinase family. The 58 human RTKs categorised into 20 RTK subfamilies are
here schematically represented according to their structural organisation. The intracellular KD of each
subfamily is well conserved in comparison to the extracellular domain which differs between subfamilies.
Figure adapted with permission from Elsevier, (Lemmon and Schlessinger, 2010).

RTKs are characterised by the presence of a glycosylated amino(N)-terminus
extracellular domain rich in disulphide bonds. This domain is composed by
immunoglobulin (Ig)-like domains enriched for cysteine, leucine, fibronectin type
21

III and other domains depending on the RTK subfamily (Lemmon and
Schlessinger, 2010). These different domains define the specificity and selective
recognition of growth factor ligands. The binding of a receptor-specific growth
factor to the extracellular region of RTKs induces receptor dimerisation and/or
oligomerisation, except for Ins RTK that already exists as an inactive dimer. The
single α-helix TM domain of RTKs plays a key role in the formation and
stabilisation of this dimer. It has been proposed that in the lipid environment of
the cell membrane, receptors exist as non-covalent oligomers making it possible
for RTKs to pre-dimerise before ligand binding (Arkin, 2002). When a ligand binds
to the receptor, conformational changes facilitate intracellular proximity of both
cytoplasmic tyrosine KDs of each monomer allowing its activation through transautophosphorylation (Hubbard and Till, 2000). RTK activation generally requires
the activation of the KD and the formation of phosphorylated binding sites for
docking of proteins responsible for signal transduction. The intracellular domain
is composed of the juxtamembrane (JM) region (just after the TM helix), followed
by the tyrosine KD and the carboxy(C)-terminus region. The intracellular JM
region and the C-terminus regions vary in length between RTKs, whereas the KD
is well conserved across RTKs (Ségaliny et al., 2015). The KD is formed by 12
subdomains forming two lobes connected by the kinase insert domain which is
the ATP-pocket site (Figure 1.2) (Hanks, 2003). The first lobe is formed by βsheets and one α-helix and are known for orienting and stabilising ATP to the
binding pocket site (Hubbard and Till, 2000). The second lobe formed by αhelices helps in the chelation of ATP by Mg2+. The second lobe of the KD also
includes an activation loop containing between one and three tyrosine residues,
depending on the RTK (Hubbard and Till, 2000). Tyrosine phosphorylation in the
activation loop by ATP, changes its orientation resulting in an open conformation
of the KD, which is essential for creating the active kinase and stabilising the
active conformation (Ségaliny et al., 2015). With the KD “open” in both chains of
the dimer, each KD is then able to catalyse the transfer of phosphate groups from
ATP to other tyrosines in the intracellular JM, kinase insert and C-terminus
regions of the opposite receptor chain, generating docking sites for adaptor or
scaffolding proteins with specific modular domains. These include proteins that
contain Src homology-2 (SH2), phosphotyrosine-binding (PTB) or pleckstrin
homology (PH) domains (Volinsky and Kholodenko, 2013). Some of these
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proteins contain enzymatic activity themselves, such as Src proto-oncogene (Src)
and protein phospholipase Cγ (PLCγ), or serve as adapter proteins that can
recruit other molecules able to activate distinct signalling pathways. The number
of tyrosine residues that can be phosphorylated and its distribution within the
intracellular domain vary between RTKs. For example, there are 6 tyrosines
prone to phosphorylation in tropomyosin receptor kinase A (TrkA) and 19 in
PDGFRβ (Bradshaw et al., 2013). These differences determine the type of
docking proteins that bind to the active receptor and the downstream signalling
pathways that are subsequently activated. Although there are a number of shared
docking proteins recruited by multiple RTKs, such as GRB2-associated binding
protein 1 (GAB1), some are specific for particular RTKs, such as FGFR substrate
2 (FRS2) family that mediate FGFR and TrkA signalling, or insulin receptor
substrate (IRS) family for the Ins RTKs (Lemmon and Schlessinger, 2010).

Lobe 1
N-terminus

ATP-binding region
Activation loop

Lobe 2
C-terminus

Figure 1.2 – Representation of the kinase domain organisation of RTKs. Crystal structure of the tyrosine
KD of the human insulin receptor shows the structural conformation of the kinase into two lobes separated
by the activation pocket region. The activation pocket binds ATP in the ATP-binding region (shown by the
blue circle) and is responsible for the phosphorylation of other tyrosine residues on the KD for complete
activation. The activation loop (coloured in blue) is key for the KD activation, as its phosphorylation triggers
a conformational change of the domain to an open status, allowing further tyrosine kinase phosphorylation
for docking of adaptor proteins mediators of different signalling pathways. [PDB: 1IRK].

23

RTKs can be considered the starting point for the activation of a complex network
of cellular signalling cascades (Ségaliny et al., 2015). Upon RTK activation,
docking proteins are phosphorylated, these then have other protein kinases as
targets, which in turn phosphorylate a third protein kinase, and so on. The result
is a cascade of reactions that amplifies the signal by many orders of magnitude.
Such cascades are composed of well-defined signalling pathways including the
mitogen-activated protein kinase (MAPK), phosphoinositide 3-kinases/Akt
serine/threonine kinase 1 (PI3K/Akt), Src and signal transducer and activator of
transcription (STAT) pathways (Choudhary and Mann, 2010). Once these
signalling cascades reach the nucleus, they activate transcription factors that
regulate the transcription of genes involved in the regulation of many cellular
processes (Du and Lovly, 2018). For example, MAPK plays a role in controlling
cell death, proliferation, migration and differentiation (Cargnello and Roux, 2011).
PI3K/Akt pathway has a role in regulating cell survival by degrading pro-apoptotic
proteins such as BCL2 associated agonist of cell death (BAD) and tumour protein
53 (p53) or inducing anti-apoptotic proteins like BCL2 apoptosis regulator (Bcl-2)
(Song et al., 2005). And Src pathway is involved in cell adhesion, motility and
survival and its known to activate other pathways, such as the STAT, PI3K and
focal adhesion kinase (FAK) pathways (Paul A Bromann, 2004).
Given that a single protein adaptor can interact with different RTKs and that there
are different pathways activated by the same RTK which sometimes overlap with
other RTKs, questions have been raised about the specificity of signalling
mediated by different RTKs. Although there is a defined activation cascade of
signalling in distinct pathways such as MAPK that is known to sequentially
activate RAS-RAF-MEK-Erk, all pathways are highly interconnected and form a
complex network with RTKs as key initiation nodes (Volinsky and Kholodenko,
2013). Pathways have points of crosstalk through several protein effectors, and
there are multiple feedback and feedforward loops, both positive and negative
that integrate and regulate cell signalling to determine specific biological functions
(Kholodenko, 2006). For example, there is evidence that PI3K and MAPK
pathways communicate and interact to regulate downstream functions (Von
Kriegsheim et al., 2009; Michelle C. Mendoza, 2011). And there is a known
crosstalk between Src and EGFR, where both can activate each other (Kim et al.,
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2006). Moreover, Raf-1 proto-oncogene (RAF1) from MAPK pathway, transmits
the signal to the downstream effector mitogen-activated protein kinase/Erk kinase
(MEK) followed by extracellular-signal-regulated kinase (Erk). Erk in turn, can
phosphorylate and also inactivate RAF1, in a positive and negative feedback loop
(Dougherty et al., 2005). Other mechanisms also contribute to the negative
regulation of RTK signalling. For example, E-cadherin has been shown to interact
with EGFR, MET or IGF1R and decrease the receptor mobility and affinity for
their ligands (Andl and Rustgi, 2005). The direct inhibition of RTKs
autophosphorylation can also be achieved by protein tyrosine phosphatases
(PTPs) which have been described in the regulation of several RTKs including
EGFR or TrkA (Mertins et al., 2008). Additionally, signal transduction regulation
can also be mediated by antagonist proteins that target effectors of downstream
pathways, such as sprouty homolog (SPRY) and similar expression to fgf gene
(SEF) proteins that are able to inhibit the MAPK pathway and PI3K/Akt signalling
pathways (Yusoff et al., 2002). Receptor ubiquitination for internalisation and
degradation within the lysosomes is also a well-studied mechanism that regulates
RTK signalling (Ledda and Paratcha, 2007).
There are many components that integrate RTK regulation and signalling, making
it a highly complex system, where spatiotemporal dynamics of receptor activation
determines the specificity of signalling. It has been shown that the cellular
response is dependent on cellular context as well as the duration and strength of
signal (Kholodenko et al., 2010). For example, the same RTK can lead to cell
proliferation or differentiation in different tissue contexts. MET levels have a
determinant role in embryogenesis and its enhanced ectopic expression in
myoblasts is buffered in most tissues avoiding development perturbation (Fan,
2015). Whereas in the limb mesenchyme, MET ectopic expression in myoblasts
reduces the bioavailability of hepatocyte growth factors (HGF) resulting in
myoblast migration defects leading to a disruption of morphogen gradients (Fan,
2015; Gurdon and Bourillot, 2001). In addition, the way in which RTKs use shared
pathways to induce differential cellular responses has been intensively studied
for MAPK pathway. Observations in rat pheochromocytoma PC-12 cells show
that sustained Erk activation initiated by nerve growth factor (NGF) induced cell
differentiation whereas transient Erk activation by epidermal growth factor (EGF)
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induced cell proliferation (Pellegrino and Stork, 2006). Moreover, this sustained
Erk activation is required to trigger accumulation of active Fos proto-oncogene
(c-fos) (an immediate-early transcriptional target of Erk) and induce transcription
of genes which otherwise would not been transcribed (Marshall, 1995). Although
not completely understood, temporal dynamics of cell signalling activity,
regulation and termination is clearly vital for cell fate.

1.1.1 - RTKs in cancer
Given the crucial role of RTKs in multiple cellular processes and the complexity
of its regulation, it is not surprising to find that alterations in RTKs are associated
with several pathologies (McDonell et al., 2015). Germline mutations have been
described in inherited human syndromes. For instance, mutations in the FGFR
family can lead to congenital bone diseases including chondrodysplasia and
craniosynostosis syndromes, such as dwarfism, or deafness (Alsmadi et al.,
2009; Ornitz and Itoh, 2015; Rousseau et al., 1996). Another example is
mutations in ErbB3 which have been associated with lethal contractural
syndrome type 2 (Narkis et al., 2007). On the other hand, somatic alterations are
commonly found in malignancies, such as mutations in FGFR3 (S249C) that are
found in urothelial carcinomas, which is the most common form of bladder cancer
and affects 90 % of these patients (Lamont et al., 2011), or mutations in EGFR
(L858R) found in non-small cell lung cancer (NSCLC) (Cappellen et al., 1999;
Gazdar, 2010). Mechanisms of RTK dysregulation that encompass protein
overexpression, amplification, genomic translocations and gain- or loss-offunction somatic mutations have been described in over ten RTK families as
human cancers drivers (Robertson et al., 2000). In particular, genomic
rearrangements can result in the formation of new RTK fusion oncoproteins
(Stransky et al., 2014). Common examples are the fusion of anaplastic lymphoma
kinase (ALK) RTK with a domain of partner proteins such as nucleophosmin
(NPM), echinoderm microtubule-associated protein-like 4 (EML4) or striatin
(STRN), found in anaplastic large cell lymphoma (ALCL), NSCLCs and thyroid
cancers (Lai and Ingham, 2013; Pérot et al., 2014; Soda et al., 2007). ROS protooncogene 1 (ROS1) and RET proto-oncogene (RET) fusions have also been
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identified in lung and thyroid cancers (Bos et al., 2013; Celestino et al., 2012).
Other fusions have been described between EGFR and septin 14 (SEPT14) in
glioma and FGFR3 with the transforming acidic coiled-coil-containing protein 3
(TACC3) in bladder cancer (Stransky et al., 2014). This resulting fusion of an RTK
with another protein can lead to the constitutive oligomerisation of the tyrosine
kinase (TK) with a domain of the partner protein and consequent kinase activation
in the absence of ligand as it happens in the fusion EML4-ALK in NSCLC (Du
and Lovly, 2018). The resulting fusion protein can also lack its inhibitory domain
which may similarly contribute to its constitutive activation, as is the case for the
fusion PDGFRα-FIP1L1, found in chronic eosinophilic leukaemia, where the
breakpoint in PDGFRα is located within the inhibitory JM region, and this
truncation is sufficient to constitutively activate PDGFRα (Stover et al., 2006).
Another common example of RTK dysregulation are oncogenic point mutations.
These mutations are often associated with a disruption of the autoregulatory
function of receptors leading to increased kinase activity in the absence of ligand
(Webster et al., 1996). For example, mutations in the residue K652 of the
activation loop of the KD of FGFR3 impairs the stabilisation of the inactive
conformation of the receptor, leading to ligand independent constitutive activation
of FGFR3. This mutation is often observed in skeletal dysplasia and different
cancer types, such as bladder and multiple myeloma (MM) (Webster et al., 1996).
Other mechanisms of constitutive kinase activation are observed in RET mutants
such as M918T, where this variant becomes phosphorylated at a higher rate than
the wild-type (WT) due to an increased ATP affinity that enables constitutive
kinase phosphorylation (Plaza-Menacho et al., 2014). Point mutations or deletion
mutations in RTKs have also been shown to increase the receptor affinity to its
own or other ligands, leading to an increased receptor activation. An example of
this mechanisms is in FGFR2 mutations found in Apert syndrome, where
mutations in the extracellular domain such as S252W or P253R exhibit
decreased dissociation kinetics for its ligand fibroblast growth factor (FGF)2
(Andersen et al., 1998).
Overexpression or amplification of RTKs and/or its ligands are also known to
drive certain cancers (Ha et al., 2013; Rodríguez-Antona et al., 2010). Increased
ligand expression can induce paracrine ligand activation whereas RTK gene
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amplification can result in increased receptor expression at the cell surface (Du
and Lovly, 2018; Korc and Friesel, 2009). The same can happen with RTK gene
translocations brought under the control of an unrelated promoter leading to
transcriptional/translational enhancement or impaired regulation mechanisms,
that can enhance receptor expression (Zheng, 2013). Augmented receptor
expression can cause increased ligand-receptor binding as it is the case for
human epidermal growth factor receptor 2 (HER2) amplifications in breast cancer
leading to downstream upregulation of oncogenic signalling (Iqbal and Iqbal,
2014). Finally, increased RTK activity can also be a result from impaired negative
regulation mechanisms. For instance, when the mechanisms that control signal
termination or receptor internalisation are faulty, signalling is not terminated and
receptors constitutively exert their activity. An example is the down-regulation of
the TK inhibitor Sprouty2 in NSCLC (Krause et al., 2005; Sutterluty et al., 2007).
Ultimately, there are multiple ways by which RTK aberrations lead to the
dysregulation of the cellular downstream signalling. These alterations can upset
the balance between cell-cycle, apoptosis and growth within the cell, which can
trigger cellular transformation and oncogenesis (McDonell et al., 2015).

1.1.2 - RTKs as targets for cancer therapy
RTKs were initially disregarded in drug development due to the lack of evidence
for a causative role in human cancers, concerns about their drug-target specificity
and on- and off-target effects that compromised the risk-benefit analysis of RTKs
as viable therapeutic targets (Shah et al., 2013). However, with the discovery of
the non-receptor TK Bcr-Abl gene fusion as a key driver for chronic myelogenous
leukaemia (CML), followed by the use of the small molecule TK inhibitor imatinib
mesylate as an effective cancer therapy in CML, kinase inhibitors have since
become a valuable part of the arsenal for cancer treatment (Druker et al., 1996;
Salesse and Verfaillie, 2002). Treatments have rapidly evolved since the
licensing of imatinib in 2001, with more than 20 different RTK inhibitors (RTKi)
now approved by the US food and drug administration (FDA) and European
medicines agency (EMA) for the treatment of diverse malignancies (Table 1.1)
(Bhullar et al., 2018). RTKi can be divided into two categories: multi-target (or
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‘dirty’) kinase inhibitors and selective kinase inhibitors. The first category are
small molecules that can target a broad range of RTKs. For this reason, multitarget kinase inhibitors often display a lower bioavailability against the kinase of
interest because it binds to unspecific kinases, increasing the risk of off-target
effects and toxicity in patients (Shah et al., 2013; J. Zhang et al., 2009). Selective
RTKi, exert their effect against very specific kinases, with minimal off-target
effects. Kinase inhibitors can also be divided into three classes, type I, II and III
inhibitors depending on the way they bind to the 3D conformation of the protein
(Dar and Shokat, 2011). Type I inhibitors are small molecules that bind to the
active conformation of a KD in the ATP pocket site, whereas type II inhibitors bind
to the inactive conformation of the KD. These type I and type II inhibitors are ATPcompetitors that prevent ATP from binding to the active pocket site. Type III
inhibitors are allosteric inhibitors that bind to a distinct site of the protein outside
of its active site. These are non-ATP competitive inhibitors where ATP binding
cannot block their interaction with the enzyme (Roskoski, 2015).
Although advances in the development of kinase inhibitors have improved
disease control and patient outcomes, this class of drugs is prone to the
development of acquired drug resistance in patients ultimately leading to tumour
relapse. Therefore, there is a need to better understand the biology and functional
role of each oncogenic RTK alteration to discover better therapeutic solutions for
RTK-driven cancers. There is also an urgent need to characterise the molecular
consequences of targeted therapies in order to uncover potential escape
mechanisms that might induce resistance and compromise the efficacy of this
class of drugs.
In particular, there is a lack of in-depth knowledge of the molecular and functional
effects of FGFR mutations in cancer. These challenges are exacerbated by a
poor understanding of the mechanisms of response and resistance of FGFR
driven-cancers to small molecule kinase inhibitors. This thesis focuses on the
functional and molecular characterisation of various FGFR aberrations, in
particular FGFR3 mutations, present in different cancer types including bladder
cancer. In parallel, this thesis describes the evaluation of how distinct FGFR
mutations might influence kinase inhibitor sensitivity and proposes new ways to
maximise inhibitor response in cancer cells.
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Table 1.1 – Small molecule RTK inhibitors approved for the treatment of different human cancers.
Adapted from (Bhullar et al., 2018).
Inhibitor

RTK target

Afatinib
Alectinib
Axitinib
Brigatinib
Cabozantinib
Ceritinib
Crizotinib
Erdafitinib
Erlotinib
Gefitinib
Imatinib
Lapatinib
Lenvatinib
Osimertinib
Pazopanib
Ponatinib
Regorafenib
Sorafenib
Sunitinib
Vandetanib

HER2, EGFR
ALK
VEGFR1-3, PDGFRβ,
ALK
KIT
VEGFR2, MET
ALK
ALK, MET
FGFR1-4
EGFR
EGFR
PDGFR, KIT
EGFR, HER2
VEGFR2-3
EGFR
VEGFR1-3, KIT,
PDGFR,
PDGFR VEGFR,
VEGFR1-3,
RET
FGFR
VEGFR2
PDGFRβ, KIT,
VEGFR2
VEGFR2

Cancer type
NSCLC
NSCLC
RCC
NSCLC
HCC
NSCLC
NSCLC
UC
NSCLC, PC
NSCLC
CML, ALL,
BC
GIST
HCC, TC,
NSCLC
RCC
RCC, STS
CML, ALL
CC, GIST,
RCC,
HCC HCC,
GIST,
RCC,
TC
TC
PC

First approval
(US)
2013
2015
2012
2017
2012
2014
2011
2019
2004
2004
2001
2007
2015
2015
2009
2012
2012
2005
2006
2011

RTKs abbreviations: HER (human epidermal growth factor receptor), EGFR (epidermal growth factor receptor), ALK
(anaplastic lymphoma kinase), VEGFR (vascular endothelial growth factor receptor), PDGFR (platelet derived growth
factor receptor), KIT (KIT Proto-Oncogene, Receptor Tyrosine Kinase), MET (hepatocyte growth factor receptor), FGFR
(fibroblast growth factor receptor), RET (RET Proto-Oncogene, Tyrosine-Protein Kinase Receptor Ret).
Cancers abbreviations: NSCLC (non-small cell lung cancer), RCC (renal cell carcinoma), HCC (hepatocellular
carcinoma), CC (colorectal cancer), HNC (head and neck cancer), UC (urothelial carcinoma), PC (pancreatic cancer),
CML (chronic myelogenous leukaemia), ALL (acute lymphoblastic leukaemia), GIST (gastrointestinal stromal tumour), BC
(breast cancer), TC (thyroid cancer), STS (soft tissue sarcoma).

1.2 - The Fibroblast Growth Factor Receptor (FGFR) family
There are four highly conserved FGFRs in this RTK subfamily, FGFR1-4, as well
as a fifth member known as FGFR-like protein (FGFR5). FGFR1-4 are TM
proteins activated by the binding of a variety of FGF ligands which leads to the
activation of diverse downstream signalling pathways through which these
receptors exert their biological functions (Ornitz et al., 1996). FGFR1-4 are
involved in a broad range of important physiological events during embryonic
development including organogenesis; and adult response to injury, tissue repair
and regeneration (De Moerlooze et al., 2000; Kimelman and Kirschner, 1987;
Wilkie, 2005). They are also key to the regulation of a number of cellular
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processes such as survival, proliferation, migration, differentiation and
metabolism (Beenken and Mohammadi, 2009; Carter et al., 2015; Itoh and Ornitz,
2010; Turner and Grose, 2010). While FGFR1-4 are active kinases, FGFR5
which also localises to the cell membrane and binds FGF ligands, lacks the KD
and does not possess kinase activity (Wiedemann and Trueb, 2000). FGFR5 was
initially thought to act as a decoy receptor, negatively regulating the other FGFR
subfamily members by binding and neutralising FGF ligands, reducing cell
signalling (Wiedemann and Trueb, 2000). But later studies have shown that
FGFR5 plays a role in reducing cell growth, accelerating cell differentiation and
inducing cell adhesion (Baertschi et al., 2007; Trueb et al., 2003; Yang et al.,
2016).

1.2.1 - Fibroblast Growth Factor (FGF) Ligands
Extracellular signals are transduced by the binding of FGF ligands to the FGFRs
via the extracellular domain of the receptor. This event is mediated in the
presence of proteoglycan cofactors or other specific protein co-receptors. There
are 22 FGF ligands in mammals that can be subdivided into seven families
according to their phylogeny. These constitute 3 categories: canonical FGFs
(FGF subfamily 1, 4, 7, 8 and 9), endocrine FGFs (subfamily FGF15/19) and
intracellular FGFs (FGF11 subfamily) (Figure 1.3) (Ornitz and Itoh, 2015).
Intracellular FGFs are non-signalling factors that function as co-factors for sodium
channels and other molecules (Goldfarb et al., 2007). Canonical and endocrine
FGFs constitute the secreted FGFs that signal through the FGFRs. Canonical
FGFs function as autocrine or paracrine factors and play a key role in cell
proliferation, differentiation and survival (Itoh and Ornitz, 2010). Endocrine FGFs
are hormone-like factors that regulate the metabolism of phosphates, bile acids,
carbohydrates and lipids (Beenken and Mohammadi, 2009).
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Figure 1.3 – Phylogenetic classification of the human FGF ligands. FGF ligands are here represented
in a phylogenetic tree, where branch lengths are proportional to the evolutionary distance between genes.
There are 22 FGF ligands subdivided into three categories. The canonical FGFs comprehend five
subfamilies and require HS proteoglycan co-factor to bind and signal through FGFR. Endocrine FGFs
include one subfamily and are hormone-like ligands dependent on Klotho TM proteins to signal. Intracellular
FGFs are also composed by one subfamily and do not bind to FGFR, acting only as co-factors to other
molecules. Free access image adapted from (Ornitz and Itoh, 2015).

FGFs range in size from 150-300 amino acids and crystallography studies show
that there is a homologous core domain in all FGFs composed of around 125
amino acids (Itoh and Ornitz, 2004). The conformation of this core is conserved
across canonical FGFs and is formed by 12 anti-parallel β strands (β1- β12) in a
β-trefoil fold (Goetz et al., 2007). This core is also observed in endocrine FGFs
which unlike canonical FGFs lack the β-11 strand, that is substituted by an α-11
helix, resulting in the adoption of an atypical trefoil appearance (Figure 1.4)
(Mohammadi et al., 2005). The region outside the conserved core is composed
of variable amino acid sequences that determine the selectivity of binding of
distinct FGFs to different FGFR family members. After secretion, canonical FGFs
are readily sequestered within the extracellular matrix (ECM) and the cellular
surface by heparin sulphate (HS) proteoglycans (Turner and Grose, 2010). They
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have moderate to high affinity for HS, and this binding impedes their diffusion
across long distances, allowing them to act locally near the source of secretion
(Goetz et al., 2007). This affinity is controlled by the HS binding site in the β1- β2
loop and β10- β12 region of FGFs. Despite similar HS binding topology, these
regions vary in sequence across FGFs, which has a direct effect on the binding
affinity to HS (Makarenkova et al., 2009). Differential binding to HS promotes the
creation of gradients of diffusion in the ECM that contribute to differential
patterning and morphogenesis in development. Moreover, HS-FGF binding
prevents FGF inactivation and degradation (Gospodarowicz and Cheng, 1986;
Saksela et al., 1988). To facilitate signalling, canonical FGFs are released by
proteases or heparinases, which enables its binding to FGFR. This interaction of
FGF and FGFR is further stabilised when a ternary complex is formed in the
presence of HS (Ori, 2008). The spaciotemporal expression of HS at the cell
surface as well as its length and sulphation level ultimately regulate the extent of
FGF binding and signalling (Matsuo and Kimura-Yoshida, 2013; Shimokawa et
al., 2011). Although HS-FGF binding seems to have an important role in cell
signalling fate, there is a further degree of signalling complexity that is determined
by the specificity and affinity of FGF for its receptor FGFR, which will be
discussed in the next section.
In contrast to paracrine FGFs, endocrine FGFs lack the β11 strand which
obstructs their interaction with HS, allowing their diffusion into the blood
circulation to different organs (Harmer et al., 2004). As endocrine ligands, they
act in complex with FGFR and Klotho TM proteins. Studies have shown that the
Klotho proteins bind directly to FGFR monomers which increase its affinity to
FGF23, therefore enhancing FGF23 binding and consequent induction of FGFR
phosphorylation (Kurosu et al., 2006).
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Figure 1.4 – Representative domain organisation of several FGFs. Crystal structures are here shown
for each subfamily of canonical (FGF1,4,8,9,10) and endocrine (FGF19) FGFs in the same orientation. FGFs
adopt a β-trefoil fold with different loop conformations, determining different specificities towards FGFR. In
red are ligands whose structure was solved in complex with its receptor. FGF1 [PDB: 1EVT], FGF4 [PDB:
1IJT], FGF8 [PDB: 2FDB], FGF9 [PDB: 1IHK], FGF10 [PDB: 1NUN], FGF19 [PDB: 2P23].

1.2.2 - FGFR structure and isoforms
Similar to other RTKs, FGFRs contain an extracellular ligand-binding domain, a
single TM helix domain and an intracellular compartment containing a split
tyrosine KD which possesses catalytic activity (Ornitz et al., 1996). Together,
these three domains of FGFR are tightly coordinated to activate essential
signalling pathways (Figure 1.5).
The extracellular domain of FGFRs is composed of three Ig-like domains (Ig-I or
D1, Ig-II or D2 and Ig-III or D3) separated by short linker regions (Wesche et al.,
2011). Ig-I together with the acidic box, a serine-rich region between Ig-I and IgII, have a role in the receptor autoinhibition, competing with FGF and HS for
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binding to Ig-II (Olsen et al., 2004). The Ig-II and Ig-III regions are responsible for
binding FGF ligands, with the first half of Ig-II responsible for binding HS
proteoglycans (Beenken and Mohammadi, 2009). Tissue specific expression of
FGF ligands and receptors play a fundamental role in the specificity and
selectivity of FGF-FGFR binding. Moreover, FGF ligand binding affinity and
specificity of FGFR1-3 is determined by alternative splicing of the extracellular IgIII region (Werner et al., 1991). There are two major spliced forms: when exon 8
is expressed and exon 9 is skipped, isoform IIIb of FGFR is expressed, while
expression of exon 9 and skipping of exon 8 results in the expression of isoform
IIIc (Figure 1.5) (Tiong et al., 2013). As outlined in Table 1.2, the two different
FGFR splice isoforms present distinct ligand-binding characteristics. Moreover,
these spliced forms are regulated in a tissue-specific way, such that isoform IIIb
is preferably produced in the epithelium and isoform IIIc is restricted to
mesenchymal lineages (Eswarakumar et al., 2005). In fact, studies have revealed
that ligands secreted by epithelial tissues preferably bind and signal through
mesenchymal isoform c of FGFRs, whereas FGFs secreted by mesenchymal
tissues signal in the context of epithelial lineages through isoform b of FGFR,
resulting in reciprocal paracrine signalling (Ornitz et al., 1996). For example, in
vitro studies in the mouse BaF3 cell line showed that FGF7 and FGF10, both
expressed by the mesenchyme, have the highest activity towards FGFR2b that
is expressed in the epithelium (Ornitz et al., 1996). Similarly, FGF8 expressed by
epithelial cells was shown to exclusively bind to FGFR3c and FGFR1c isoforms
in the mesenchyme (Zhang et al., 2006). Crystal structures and in silico modelling
of these complexes FGF-FGFR have provided insights into the molecular basis
for this binding specificity or promiscuity. The amino acid sequence and spatial
conformation of FGFs and FGFRs, along with their temporal expression patterns
determine their binding affinity, and the resultant FGF-FGFR complexes initiate
different intracellular signals resulting in distinct biological responses (Belov and
Mohammadi, 2013).
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Figure 1.5 – Structural representation of FGFR and isoforms. A. Domain organisation of FGFR family
common to all four FGFRs. The extracellular domain is formed by three Ig-like domains separated by short
linker regions. Ig-I and the acidic box (AB) regulate the autoinhibition of FGFR. The first half of Ig-II binds
HS proteoglycans, and together with Ig-III, it forms the ligand-binding pocket, with distinct properties to
selectively bind different FGFs. In FGFR1-3, the second half of Ig-III is spliced to either exon IIIb or IIIc,
followed by a single-pass transmembrane (TM) helix domain that links to the intracellular region. The
intracellular region is formed by a juxtamembrane (JM) region and a split tyrosine kinase domain (KD) which
possesses catalytic activity. B. Representative structure of FGFR3 as determined by crystallography.
Structural models are coloured according to the different domains in A and orientation is identified by the
labelling of amino-terminus (N) and carboxy-terminus (C). For FGFR3 the extracellular domain is formed by
amino acids (aa) number 1 to 375, where each Ig domain is formed by β-sheets structures [PDB: 1RY7].
The single helix TM domain is formed of aa 376-396 and connects to the intracellular domain [PDB: 2LZL].
The intracellular region is composed of aa 397-806 in β-sheets and α-helixes and it includes the KD [PDB:
4K33]. C. FGFR1-3 ligand-binding specificity is generated by alternative splicing of Ig-III. The first half of IgIII encodes for the invariant exon IIIa whereas the second half encodes for IIIb or IIIc depending on the exon
expressed, which then splices to the exon that encodes (continuation of figure legend on following page)
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(continuation of legend of Figure 1.5) the TM domain. Figure adapted with permission from Nature, (Turner
and Grose, 2010).

Table 1.2 – Ligand binding specificities of FGFR isoforms. Adapted from Springer with free access,
(Tiong et al., 2013).
FGFR isoform

Ligand specificity

FGFR1, IIIb

FGF-1, 2, 3, 10 and 22

FGFR1, IIIc

FGF-1, 2, 4, 5, 6, 19, 20 and 21

FGFR2, IIIb

FGF-1, 3, 4, 6, 7, 10 and 22

FGFR2, IIIc

FGF-1, 2, 4, 5, 6, 8, 9, 17, 18, 19, 21 and 23

FGFR3, IIIb

FGF-1 and 9

FGFR3, IIIc

FGF-1, 2, 4, 8, 9, 17, 18, 19, 21 and 23

FGFR4

FGF-1, 2, 4, 6, 8, 9, 16, 17, 18 and 19

1.2.3 - FGFR activation and signalling pathways
The binding of canonical FGFs to FGFR induces receptor dimerisation and
activation. This interaction is quite robust, and the dimer is stabilised by a
combination of bivalent ligand-receptor interactions along with additional
interactions between both monomers involving the co-factor HS (Lemmon and
Schlessinger, 2010). Dimerisation shifts the conformational structure of FGFR
bringing

the

intracellular

KDs

into

close

proximity,

triggering

trans-

autophosphorylation of each RTK in the intracellular domain, enabling FGFR
activation (Chen et al., 2008; Sarabipour and Hristova, 2016).
As there are currently no full-length crystal structures of RTKs, the mechanistic
role of the extracellular domain and TM domain in initiating and inducing FGFRs
dimerisation for kinase activation has been extensively debated. The concept of
lateral motion of RTKs through the membrane matrix and stochastic collision to
facilitate dimerisation followed by kinase activation in a ligand-dependent manner
was widely accepted in the 1970s (Schlessinger et al., 1978). However, recent
studies indicate that FGFRs form dimers in the absence of ligand and that these
dimers are phosphorylated at a basal level and stabilised by the autoinhibitory
effect of the Ig-I domain (Figure 1.6) (Comps-Agrar et al., 2015; Sarabipour and
Hristova, 2016). Full phosphorylation is triggered by ligand binding which induces
conformational changes in the TM helices and ultimately kinase activation,
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although the exact mechanisms by which this occurs is still not fully understood
(Figure 1.6). Moreover, the structure of the dimer in the TM domain and the
intensity of FGFR activation was shown to be dependent on the type of ligand
(Sarabipour and Hristova, 2016). For FGFR1 and FGFR3, FGF1 induces TM
helix-helix interactions that are stabilised by a tight packing in the central region
of the TM by hydrogen-bonds, and other types of interactions such as van der
Waals and electrostatic contacts, leaving the flanking charged residues on both
termini sites of the TM helix unstable (Bocharov et al., 2013). This instability is
thought to have a key role in the propagation of conformational changes from the
ectodomain to the KD upon ligand binding. FGF2 on the other hand, induces an
interaction throughout the entire TM domain resulting in a tightly compact crossed
TM domain that results in higher levels of FGFR1 and FGFR3 phosphorylation
compared to FGF1 ligand binding (Sarabipour and Hristova, 2016). However, this
difference between the phosphorylation levels in response to FGF1 and FGF2
are not observed in FGFR2 which maintains the same phosphorylation levels in
the presence or absence of these two ligands (Sarabipour and Hristova, 2016).
This data provides supporting evidence that the level of FGFR activation is liganddependent and that different ligands might induce different phosphorylation levels
and consequently distinct signalling pathways for each FGFR isoform.
In addition, the TM domain is thought to play a role in the symmetry of the KD
determining its activation status (Bocharov et al., 2013). Although no work has
been done directly in FGFR, studies on other RTKs such as EGFR reveals that
the basal phosphorylation state of the KD adopts a symmetric configuration,
whereas upon ligand binding conformational changes allow a shift of the KD to
an active asymmetric orientation, allowing transphosphorylation of the adjacent
KD (Bae and Schlessinger, 2010; Moosa Mohammadi et al., 1996). The
hypothesis suggests that there may be two distinct FGFR dimeric structures: the
unliganded symmetric inactive but basally phosphorylated structure; and the
asymmetric fully phosphorylated structure where ligand binding triggers the
separation of the c-terminus of the TM region to allow the intracellular KD to adopt
a crossed asymmetric configuration (Bocharov et al., 2013).
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Figure 1.6 – Mechanism of FGFR dimer activation. FGFR exists as a basally phosphorylated dimer in the
inactive state and ligand binding induces a conformational change in the TM domain that propagates to the
intracellular domain, bringing the KD to a conformation that allows full activation of the receptor. The level
of activation is ligand dependent and the conformation of the TM and KD domains is variable. FGF1 ligand
is found to activate FGFR1 and FGFR3 to a lower degree than FGF2 ligand, and this activation is associated
with a different structural proximity between the TM and KD domains of both monomers. EC- extracellular;
TM- transmembrane; KD- kinase domain; pY- phosphorylated tyrosine; HS- heparan sulphate. Adapted with
permission from (Bocharov et al., 2013; Sarabipour and Hristova, 2016).

The asymmetric dimer conformation of the KD allows trans-autophosphorylation
of the activation loops in a reciprocal way, where one KD moiety acts as an
enzyme transphosphorylating the other KD that acts as a substrate (Chen et al.,
2008). Similarly to other RTKs, the split KD of FGFRs is formed by an N-terminus
lobe composed by five β-sheets (β1-β5) and one α-helix (αC), and one Cterminus lobe with two β-sheets and seven α-helices. In between the two lobes
lies the active site that binds ATP. This hinge region is formed by several loops
with different functions allowing the stabilisation of the active conformation of the
KD as well as regulation of nucleotide and ATP binding (Moosa Mohammadi et
al., 1996). The activation loop is particularly important because it contains two
tyrosine residues conserved across all studied FGFRs (the Y653 and Y654 in
FGFR1, Y656 and Y657 in FGFR2 or Y649 and Y650 in FGFR3) that once
phosphorylated induce a conformational change that activates the KD to an open
configuration (Figure 1.7). The KD is then able to phosphorylate other tyrosine
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residues outside the activation loop within both lobes of the KD, intracellular JM
region and C-terminus, resulting in full activation of the receptor (M Mohammadi
et al., 1996). The mechanism of activation seems to be conserved between
FGFRs, but the number of phosphotyrosine residues on different receptors that
can be phosphorylated upon receptor activation varies. For example, FGFR1 has
6 tyrosine sites (Y463, Y583, Y585, Y730, Y766, and Y776) that can be
phosphorylated in a very precise and sequential way, whereas FGFR3 has 4
tyrosine sites (Y579, Y726, Y762 and Y772) (Furdui et al., 2006; Hart et al.,
2001). In the inactive state, the αC helix on the N-lobe is known for anchoring the
activation loop to a closed configuration that blocks protein substrate binding
without impairing ATP binding (Moosa Mohammadi et al., 1996). Moreover,
autoinhibition is regulated by a triad of residues in the kinase hinge loop that
forms a network of hydrogen bonds mediating a “molecular brake” that keeps the
KD in the inactive state (Chen et al., 2007). The activation and inactivation states
of FGFR are a transient equilibrium regulated by structural features of the entire
receptor, FGF ligand binding and intracellular regulatory mechanisms.

Figure 1.7 – Representation of the activation of FGFR2 KD. On the left is a representation of FGFR2 in
the inactive state whereas on the right is the active state. The activation loop is shown in pink, the catalytic
loop in yellow, the nucleotide binding loop in light blue and the kinase hinge region in orange. The ATP
analog is shown by the pin surface and the tyrosine side chain of the substrate in green and grey mesh. The
right image shows a conformational change of the activation loop upon phosphorylation of the tyrosine
residue Y656 and Y657 that allows ATP to reach its binding site. Image adapted with permission from
Molecular Cell, (Chen et al., 2007).
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Upon phosphorylation in different tyrosine sites of the intracellular JM region, KD
and C-terminus, these phosphorylated residues act as docking sites for adaptor
proteins containing SH2 and PTB domains (Figure 1.8). One of these adaptor
proteins is FRS2 that binds directly to the intracellular JM region of FGFR1 (Hart
et al., 2001). FRS2 contains PTB domains in the N-terminus that binds to FGFR,
myristyl anchors that facilitate localisation to the cell membrane and multiple
tyrosine residues on the C-terminus region (Kouhara et al., 1997; Ong et al.,
2000). Once docked to the active FGFR, FRS2 is phosphorylated at six different
tyrosine sites, creating additional docking sites for other adaptor proteins, namely
four binding sites (Y196, Y306, Y349 and Y392) for the growth factor receptorbond 2 (GRB2) and two sites (Y436 and Y471) for the SH2-containing protein
tyrosine phosphatase 2 (SHP2) (Hadari et al., 2001). The recruitment of docking
molecules leads to the formation of specific complexes that result in the activation
of different downstream signalling pathways. For example, the recruitment of
GRB2 and son of sevenless (SOS) by FRS2, forms a complex that activates the
proto-oncogene GTPase RAS and the MAPK pathway (Kouhara et al., 1997).
The MAPK signalling cascade successively phosphorylates and activates MEK
and Erk (Roskoski, 2012). MEK and Erk kinases can then translocate to the
nucleus where they activate transcription factors that participate in immediate
gene response (Andreadi et al., 2012). In the case of FGFR, the specific
transcription factor that is activated by this pathway is the E26 transformationspecific (ETS) transcription factor which promotes cell survival, division, motility
and differentiation (Ornitz and Itoh, 2015; Raible and Brand, 2001). FRS2 can
also recruit GRB2 indirectly via SHP2 which regulates Src family kinase (SFK)
activity and mediates RAS/Erk and PI3K/Akt pathway activation (Agazie et al.,
2003; Zhang et al., 2004). Independently, another complex formed upon docking
of FRS2 to FGFR is the GRB2 and GAB1 complex, which drives PI3K and Akt
pathway activation (Hadari et al., 2001). In a study to understand the role of FRS2
in FGFR signalling, FRS2 -/- embryonic stem cells were generated, resulting in
the impairment of MAPK and PI3K activity which caused a loss in cell proliferation
and migration (Hadari et al., 2001). In the same study, the six tyrosine residues
of FRS2 were also mutated to phenylalanine residues (four for GRB2 docking Y196F, Y306F, Y349F, and Y392F; and two for SHP2 docking - Y436F and
Y471F) in mouse embryonic fibroblasts (MEF) (Hadari et al., 2001).
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Phenylalanine is identical to tyrosine but lacks the hydroxyl group in its side chain,
impairing

phosphorylation.

The

results showed

that

different

tyrosine

phosphorylation sites on FRS2 mediate different biological responses. Mutant
forms of FRS2 in the GRB2 docking sites only partially reduced cell viability,
whereas mutant forms of FRS2 in the SHP2 sites completely abolished the
mitogenic response. A similar effect was seen in migration assays, although both
mutations in SHP2 and GRB2 docking sites of FRS2 decrease chemotactic
responses, the SHP2 docking sites were found to be more important than GRB2
sites for migration (Hadari et al., 2001).
In addition, C-terminus phosphorylated tyrosine residues act as docking sites for
further adapter proteins. An example is the adaptor PLCγ, that upon
phosphorylation by FGFR at Y762 in FGFR3, hydrolyses phosphatidylinositol
4,5-bisphosphate (PIP2) to produce diacylglycerol (DAG) and IP3 inositol 1,4,5triphosphate (IP3) inducing the release of calcium and subsequent activation of
protein kinase C (PKC) (Chen et al., 2005; Mohammadi et al., 1991). PKC in turn
can also activate RAS

(Huang et al., 1995). Furthermore, phosphotyrosine

residues Y726 (on the KD) and Y762 (on the C-terminus) of FGFR3 are known
to be required for optimal binding the SH2-Bβ adaptor protein which activates the
STAT5 transcription factor (Kong et al., 2002). In particular, in constitutively active
FGFR3 bearing the K652E mutation, the phosphorylation site Y726, was also
found to be important for the phosphorylation of SHP2 and activation of PI3K,
MAPK and STAT1 and STAT3 pathways, playing a crucial role in regulating cell
proliferation (Hart et al., 2001).
Depending on the cellular context, other pathways have also been reported to be
activated by FGFR such as p38 MAPK, Jun N-terminal kinase (JNK) and the p90
ribosomal protein S6 kinase 2 (RSK2) pathways (Hart et al., 2000; Kang et al.,
2009; Klint and Claesson-welsh, 1999). Many of these activated pathways
orchestrate key cellular processes including cell survival, proliferation, migration,
differentiation and metabolism.
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Figure 1.8 – Simplified overview of FGFR canonical signalling pathways. FGFs bind to FGFR in the
presence of HS proteoglycan inducing receptor dimerisation which then allows the transphosphorylation of
the tyrosine KD in the intracellular compartment of the cell inducing the recruitment of adaptor proteins
responsible for the activation of several downstream signalling pathways. The intracellular compartment of
active FGFR is phosphorylated in multiple tyrosine sites. In the C-terminus tyrosine phosphorylation works
as a docking site for molecules containing SH2 domains such as PLCγ. Phosphorylation of PLCγ hydrolyses
PIP2 to produce DAG and IP3 inducing the release of calcium cations and subsequent activation of PKC. In
the intracellular JM region of FGFR, phosphorylation leads to the recruitment of FRS2 which then acts as a
secondary docking protein to form two independent complexes. One complex is FRS2-GRB2-SOS that
activates RAS which in turn activates the MAPK pathway. A second complex is FRS2-GRB2-GAB1 which
drives the activation of PI3K/Akt pathway. Other pathways are also known to be activated by FGFR such as
STAT, p38 MAPK, JNK, Src and RSK2 pathways. Collectively, these pathways play multiple roles in cell
survival, growth, migration, differentiation and metabolism. FGFR signalling is regulated by receptor
internalisation upon ubiquitination by CBL or by negative modulation by different proteins (shown in bold
green) such as MKP, SEF and SPRY. The yellow stars represent tyrosine phosphorylation sites; HS- heparin
sulphate; FRS2- FGFR substrate 2; PLCγ- adaptor (continuation of figure legend on following page)
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(continuation of legend of Figure 1.8) protein phospholipase Cγ; PIP2- phosphatidylinositol 4,5bisphosphate; DAG- diacylglycerol; IP3- IP3 inositol 1,4,5-triphosphate; Ca2+- calcium; PKC- protein kinase
C; GRB2- growth factor receptor-bond 2; SOS- son of sevenless; MAPK- mitogen-activated protein kinase;
PI3K- phosphoinositide 3-kinase; MEK- intracellular mitogen-activated protein kinase/Erk kinase; RAF- Raf1 proto-oncogene, serine/threonine kinase; RAS- proto-oncogene GTPase; GAB1- GRB2-associated
binding protein 1; AKT- Akt serine/threonine kinase 1; JAK- janus kinase; STAT- signal transducer and
activator of transcription; CBL- Cbl proto-oncogene E3 ubiquitin protein ligase; MKP- MAPK phosphatases;
SEF- similar expression to fgf genes; SPRY- sprouty homolog. Figure adapted with permission from Nature,
(Turner and Grose, 2010).

1.2.4 - Regulation of FGFR signalling
FGFR signalling is regulated by different proteins, including SPRY, Cbl protooncogene E3 ubiquitin protein ligase (CBL), MAPK phosphatases (MKP) and
SEF (Wesche et al., 2011) (Figure 1.8). SPRY are a ligand-inducible class of
proteins antagonists of RTK signalling (Mason et al., 2006). This family is known
to negatively regulate FGFR by different mechanisms that are not fully
understood and there is conflicting information in the literature. SPRY is thought
to either interact with the FRS2-GRB2-SOS complex, decoupling the cascade of
downstream signalling, or directly inhibit RAS (Gross et al., 2001; Martínez et al.,
2007). Studies show that SPRY1 and SPRY2 can translocate to the plasma
membrane where they become phosphorylated on a conserved tyrosine and
activated by FGFR (Hanafusa et al., 2002). While unphosphorylated SPRY
constitutively binds to GRB2 at two proline-rich regions, only phosphorylated
SPRY is able to inhibit the recruitment of GRB2-SOS to FRS2 or SHP2, impairing
Erk pathway activation (Martínez et al., 2007). In addition, unphosphorylated
SPRY results in prolonged Erk activation in response to FGF stimuli inducing
outgrowth in PC-12 cell lines in monolayer cultures, in contrast to phosphorylated
SPRY that significantly blocks PC-12 outgrowth (Hanafusa et al., 2002). Other
studies refute the fact that SPRY can bind to GRB2, indicating that SPRY1 or
SPRY2 do not prevent the formation of GRB2-SOS complex, but rather act
downstream of this complex, directly blocking RAS or RAF activation, inhibiting
cell growth and differentiation through MAPK pathway blockade (Gross et al.,
2001; Yusoff et al., 2002). These results might indicate SPRY modes of action
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that are not mutually exclusive, but rather reinforce the plasticity in SPRY activity
in mediating negative regulation of FGFR.
CBL is a ubiquitin ligase that forms a ternary complex with GRB2 bound to FRS2
in response to FGF stimulation (Wong et al., 2002). In complex with FRS2 and
GRB2, CBL conjugates ubiquitin to lysine residues of the active FGFR and FRS2
inducing clathrin-mediated endocytosis for subsequent degradation within the
lysosome and signal termination (Lecker et al., 2006; Monsonego-ornan et al.,
2002). However, in a later study aimed at understanding the role of ubiquitination
in the internalisation and sorting of FGFR1, ubiquitination was found to be only
important for internal cellular sorting of FGFR1 but not for its endocytosis
(Haugsten et al., 2008). In this study, serial mutations of all the lysine residues
(ubiquitination sites) of the intracellular domain of FGFR1 were generated in
human cell lines. Results showed that for the mutations that did not impair kinase
activity, ubiquitination levels were poor but the internalisation by endocytosis was
not affected. In contrast, degradation of these mutants was hampered as mutants
were inefficiently transported to the lysosomes. This indicates that internalisation
of FGFR1 is not ubiquitin-dependent, but its degradation is.
Other modulators of FGFR such as SEF exert its regulatory effects upstream of
RAS by directly preventing FGFR phosphorylation (Kovalenko et al., 2003).
Cellular in vitro studies have demonstrated that in cells expressing constitutively
active FGFR1, SEF can prevent MAPK pathway activation, but interestingly, the
same if voided in cells with a constitutively active RAS, indicating the role of SEF
directly through FGFR (Kovalenko et al., 2003). Dual phosphatases such as the
MKP-1 and MKP-3 also play a role in FGFR signalling regulation. They are able
to block the phosphorylation and enzymatic activity of Erk, negatively controlling
FGFR (Sun et al., 1993). FGFR C-terminus tail was also found to be important in
the regulation of receptor activation (Ahmed et al., 2010). FGFR2 was found to
directly recruit GRB2 to a proline-rich region of FGFR2 SH3 C-terminus tail. But,
GRB2 binding sterically impedes the phosphorylation of FGFR2 in other tyrosine
residues resulting in an inhibition of the recruitment of other FGFR effectors such
as SHP2 or PLCγ.
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In parallel, MAPK has also been shown to play a role in the negative regulation
of FGFR signalling through FRS2. MAPK can phosphorylate FRS2 on multiple
threonine residues not only in response to FGFR stimulation by FGF but also in
response to stimuli with EGF, insulin or platelet-derived growth factor (PDGF)
(Lax et al., 2002). Increased threonine phosphorylation of FRS2 leads to a
reduction in its levels of tyrosine phosphorylation, ultimately leading a reduction
in GRB2 binding and attenuation of MAPK activation (Lax et al., 2002). FRS2 is
therefore an important positive and negative regulator of FGFR signalling and is
responsible for maintaining a precise control over its resultant biological activities.
Trafficking of FGFR within the cells is also a modulator of the spatial and temporal
dynamics of its signalling (Miaczynska, 2013). The efficient internalisation and
intracellular transport of RTKs through endocytic routes is a critical mean to
attenuate or propagate extracellular ligand-induced signalling, via degradation or
recycling respectively, ensuring a constant membrane flow maintaining the
signalling balance (Miaczynska, 2013). However, signalling is not restricted to the
plasma membrane, as evidence shows that activated receptors can associate
with the membrane of internal organelles such as endosomes influencing the
time, intensity and specificity of signalling (Disanza et al., 2009). Moreover, the
signalling outcome within the cell has been shown to be dependent on the type
of internalisation pathway used, either clathrin-mediated endocytosis or nonclathrin-mediated endocytosis (Roy and Wrana, 2005). One study on FGFR has
shown that different FGFR family members display different endocytosis
mechanisms (Haugsten et al., 2011). FGFR3 shows a much slower rate of
endocytosis than FGFR1 and whereas FGFR1 internalisation, signalling
termination and degradation is mediated by clathrin, FGFR3 is internalised by
both clathrin and non-clathrin mechanisms. Clathrin depletion led to a prolonged
and delayed signalling through FGFR1, suggesting that clathrin-mediated
endocytosis of FGFR1 mediates the efficient activation of certain FGFR1
downstream pathways such as MAPK and it is important for signal termination.
In contrast, clathrin depletion in FGFR3 only slightly delayed its degradation and
signalling, showing that FGFR3 is dependent on alternative mechanisms to
maintain signalling and receptor internalisation (Haugsten et al., 2011). This
clathrin-dependent endocytosis for FGFR1 as well as for FGFR2 has been shown
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to be regulated by Src and its phosphorylation target epidermal growth factor
receptor kinase substrate 8 (Eps8) (Auciello et al., 2013). Src is recruited to active
FGFR through FRS2 at the cell membrane and FGFR internalisation to the
endosomes occurs after FGFR is released from complexes containing Src in an
Eps8-dependent manner. Src and Eps8 have also been found to be key
coordinators of immediate MAPK signalling for FGFR1 and FGFR2 and activation
of PI3K for FGFR1 (Sandilands et al., 2007).
FGFR signalling is tightly regulated by a number of different modulators that
control the spaciotemporal dynamics of FGFR network function and cell fate
decisions.

1.3 - FGFR alterations in cancer
As described in earlier sections, FGFR activation and signalling is crucial for
many physiological processes. Aberrations in FGFR or its downstream signalling
components have been implicated in the initiation and progression of several
cancer types (Ahmad et al., 2012). A recent study from 2015 has found through
next-generation sequencing of almost 5000 tumours across all cancer types that
FGFR aberrations are present in 7.1% of these tumours, the majority being
activating mutations or gene amplifications (Helsten et al., 2015). Reported FGFR
aberrations in cancer include receptor translocations, amplifications and point
mutations. In addition to these mechanisms, a switch in FGFR splicing isoform,
alterations in FGFR internalisation, impaired signalling termination and defective
FGF ligand secretion have also been reported to affect FGFR canonical
pathways leading to oncogenesis (Figure 1.9) (Babina and Turner, 2017; Tanner
and Grose, 2015). A list of the FGFR alterations associated with cancer is
summarised in Table 1.3.
FGFR amplification has been shown to occur as a result of gene duplication or
aberrant gene transcriptional control (Dienstmann et al., 2014). Receptor
overexpression can lead to accumulation at the cell surface and ligandindependent dimerisation arising from stochastic diffusion through the cell
membrane. Of the four FGFR family members, cancer-associated amplification
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is more common in FGFR1 and FGFR2 (Carter et al., 2015). For example,
amplification of the FGFR1 gene accounts for 10% of human breast cancers,
being associated with poor prognosis (Reis-Filho et al., 2006). Whereas single
nucleotide polymorphisms (SNPs) in FGFR2 have been found to increase the
risk of breast cancer by altering the binding affinity of transcription factors causing
an increase in FGFR2 protein expression (Easton et al., 2007; Meyer et al.,
2008). FGFR isoform switching is another mechanism that have been shown to
drive tumourigenesis. With the affinity and specificity of FGF ligands being
dependent on the isoform of FGFR expressed in cells, a switch in FGFR isoform
could result in a change in ligand repertoire and as a consequence dysregulated
signal transduction (Yan et al., 1993). For example, a spontaneous switch from
FGFR2-IIIb isoform (enriched in epithelia) to FGFR2-IIIc isoform (enriched in
mesenchyme) has been found in some subgroups of prostate cancer and in
nearly 90% of clear cell renal cell carcinomas (ccRCC) (Kwabi-Addo et al., 2001;
Zhao et al., 2013). Moreover, the mesenchymal-like bladder carcinoma cell line
TSU-Pr1, that presents increasing metastatic ability in culture following
systematic passaging and expresses FGFR1-3-IIIc, was found to spontaneously
acquire epithelial characteristics (Chaffer et al., 2006).
In addition, amplification of FGF genes can alter the dimerisation rate of FGFR
through increased paracrine or autocrine signalling, leading to a constitutive
receptor activation which has been shown in breast and urothelial cancers
(Reintjes et al., 2013; Rodriguez-vida et al., 2015). Chromosomal translocations
of FGFR family members with other fusion protein partners have been identified
in different cancers. The fusion of other genes to FGFR can increase the
dimerisation of the receptors in a ligand-independent manner or increase its
expression when the translocation event submits FGFR under the control of a
different promoter (Kalff and Spencer, 2012; Yagasaki et al., 2001).
Point mutations are the most prevalent form of FGFR abnormalities accounting
for one quarter of all FGFR aberrations found in cancer. Although more frequent
in FGFR2 and FGFR3, mutations affect all four FGFR family members and
happen across the entire length of the receptor (Patani, 2016). For instance,
mutations in the Ig-III region can increase receptor’s potential for dimerisation in
a ligand-independent manner (Rousseau et al., 1996). Mutations on the KD are
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known to induce constitutive receptor activation, whereas mutations of the Cterminus tail can impair the autoregulatory processes of ubiquitination and
internalisation (Ahmad et al., 2012; Gallo et al., 2015). Examples of point
mutations and fusions of FGFR3 will be discussed in detail in the next section.

Figure 1.9 – Mechanisms of FGFR oncogenic activation. There are different mechanisms by which FGFR
function and signalling can be altered in cancer. A. Amplification of FGFR gene can lead to receptor
overexpression at the cell membrane which results in ligand-independent dimerisation by stochastic diffusion
through the membrane. B. FGFR point mutations occur across the entire length of FGFR and have different
outcomes. Mutations on the extracellular domain and TM domain can impair its autoinhibition or drive ligandindependent dimerisation and activation. Mutations on the KD are known to induce allosteric or direct
constitutive activation of FGFR, whereas mutations on the C-terminus tail impair the autoregulatory
mechanisms of ubiquitination and internalisation of FGFR. C. Chromosomal translocations result in fusions
that can drive the constitutive ligand-independent dimerisation of the receptor. D. Gene amplification of FGF
ligands can increase the secretion of FGFs and (continuation of figure legend on following page)
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(continuation of legend of Figure 1.9) overstimulate FGFRs by autocrine or paracrine signalling. Alternative
splicing of the Ig-III domain can also cause a switch on the FGFR isoform inducing FGFR response to a
larger range of FGFs including those produced by neighbour cells such as stromal cells. The yellow stars
represent tyrosine phosphorylation sites. The yellow diamonds represent point mutations. Image adapted
with permission from Nature, (Babina and Turner, 2017).

Table 1.3 – Common FGFR genomic alterations found in cancer. Compiled from (Criscitiello et al., 2017;
Dieci et al., 2013; Dienstmann et al., 2014; Pandith et al., 2010; Tiong et al., 2013; Touat et al., 2015; Wu et
al., 2013; Xu et al., 2018).
Gene
FGFR1

Alteration
Amplification

Mutation
Translocation

FGFR2

Amplification
Mutation

Translocation

FGFR3

Amplification
Mutation

Translocation

FGFR4

Amplification

Mutation

Cancer type
Lung cancer
Head and Neck cancer
Breast cancer
Ovarian cancer
Bladder cancer
Glioma (pilocytic astrocytoma)
Melanoma
Glioblastoma
Breast cancer
Lung cancer
8p11 myeloproliferative syndrome
Chronic myeloid leukaemia
Gastric cancer
Breast cancer
Endometrial cancer
Squamous NSCLC
Gastric cancer
Cholangiosarcoma
Prostate cancer
Breast cancer
Bladder cancer
Salivary adenoid cystic cancer
Bladder cancer
Spermatocytic seminoma
Cervical cancer
Myeloma
Prostate cancer
Colorectal cancer
Oral squamous cancer
Myeoloma
Glioblastoma
Bladder cancer
Lung cancer
Head and Neck cancer
Peripheral T-cell lymphoma
Colorectal cancer
Gastric cancer
Breast cancer
Ovarian cancer
Rhabdomyosarcoma

Incidence %
6-20
10-17
14
5
3
5-8
rare
na
na
na
rare
rare
5-10
4
12-14
5
rare
14
na
na
na
na
40
7
5
5
3
na
na
15-20
3-7
3-6
3-5
na
rare
5
na
na
na
6-8
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1.3.1 - FGFR3 translocations and mutations
Genomic rearrangements or translocations involving FGFR3 are characterised
by the fusion of FGFR3 with a partner gene on the N or C-terminus of the
receptor. FGFR3 translocations have been identified in bladder cancers, MM and
glioblastomas (Wu et al., 2013). A common example found in around 20% of MM
is the t(4;14) translocation, that brings FGFR3 and MM SET domain (MMSET)
genes under the control of IgH locus promoter, increasing their expression and
aberrant signalling (Chesi et al., 1997). FGFR3 inhibition using the multi-targeting
kinase SU5402 and the VEGFR and FGFR1/3 inhibitor PD173074 was shown to
decrease the growth of two t(4;14) MM cell lines regardless MMSET activation,
showing FGFR3 dependency in these cells and its potential as a target for MM
therapy (Grand et al., 2004). Another cancer-driving translocation is the fusion of
FGFR3 with TACC3, which is present in 3-6% of urothelial bladder carcinomas
and 3-7% of glioblastomas (Dienstmann et al., 2014; Touat et al., 2015). TACC
gene encodes for a motor spindle protein dimer known to stabilise the mitotic
spindle during cell division (Schneider et al., 2007). FGFR3-TACC3 proteins are
usually in-frame fusions of the FGFR3 N-terminus with TACC3 C-terminus. In
bladder carcinomas, these fusions lack the last exon of FGFR3, resulting in the
fusion of FGFR3 exon 1-18 with TACC3 exon 11 or exon 4, whereas in
glioblastomas FGFR3 lacks the last three exons, and the fusion protein is formed
by FGFR3 exon 1-16 coupled to TACC3 exon 8 (Singh et al., 2012; Williams et
al., 2013). Due to the presence of a coiled-coil domain in TACC3 which enables
TACC3 dimerisation, in FGFR3-TACC3 fusions the dimerisation and activation of
cellular signalling in the absence of ligand is elevated (Sarkar et al., 2017; Singh
et al., 2012). Because they are intracellular proteins and lack the C-terminus tail
of FGFR3, these fusion proteins also often escape negative regulation
mechanisms, impairing signal termination and protein degradation in the
lysosomes (Lombardi et al., 2017; Wesche et al., 2011). Cells with this fusion
protein are also particularly prone to aneuploidy, one of the hallmarks of cancer,
due to the truncated form of TACC, essential to control mitotic spindle stability
(Costa et al., 2016; Singh et al., 2012). Moreover, although studies have reported
that this fusion protein localises to the mitotic spindle poles during mitosis
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relocating to the midbody during late stage mitosis, it was also shown to display
nuclear localisation in contrast to the WT-FGFR3 (Nelson et al., 2016; Singh et
al., 2012). In addition, a recent study showed that the FGFR3-TACC3 fusion also
exerts its oncogenic effects when it enters the secretory pathway or when it
localises at the plasma membrane, leading to hyperactivation of MAPK pathway
(Nelson et al., 2018).
Point mutations in FGFR3 are found in various cancers such as cancers of the
bladder, head and neck, lung, prostate and colon, amongst others (Table 1.4)
(Ahmad et al., 2012). Although FGFR3 mutations were first identified and studied
in the context of germinal diseases, FGFR3 was the first receptor in the FGFR
family to be reported as somatically mutated in cancer. Detected in around 40%
of bladder cancers in all grades and stages, FGFR3 mutations are particularly
frequent in non-muscle-invasive bladder cancer where they account for
approximately 60 % to 70 % of the cases (Cappellen et al., 1999; Haugsten et
al., 2010; Pandith et al., 2010). In addition, FGFR3 mutations are also found in
16 % to 20 % of the more aggressive muscle-invasive bladder cancers (Haugsten
et al., 2010). Several missense mutations have been found in bladder cancers,
including R248C, S249C, G372C and K652E, and are the same germinal
activating mutations found in thanatophoric dysplasia, a lethal form of dwarfism
(van Rhijn et al., 2002). Within the FGFR family, FGFR3 has one of the highest
rates of point mutations found in cancer (Haugsten et al., 2010). The online
database, cBioPortal, compiles sequencing data from just under 39,000 patients
from 158 studies across all cancer types. Data indicates that FGFR3 is mutated
in 261 unique different amino acid residues in 71 different cancer types and
subtypes, with the most common mutation hotspot being S249C found primarily
in urothelial carcinoma, the most common form of bladder cancer, with a smaller
number of cases also found in lung, head and neck, cervical and oropharynx
cancers.
The oncogenic potential of FGFR3 S249C mutation have been described in
several studies. For example, in the MEF cell line NIH-3T3, the exogenous
expression of FGFR3 S249C substitution has been shown to induce
morphological transformation, cell proliferation, cell viability and anchorageindependent growth (Di Martino et al., 2009). Furthermore, FGFR3 S249C has
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also been shown to enhance receptor phosphorylation and downstream
signalling in vitro, through the activation of Erk and PLCγ1 in NIH-3T3 models
and activation of Src, Akt and PLCγ1 in immortalized normal human urothelial
cells TERT-NHUC (Bernard-Pierrot et al., 2006; Di Martino et al., 2009).

Table 1.4 – FGFR3 missense mutations associated with cancer. Amino acid numbers correspond to the
FGFR3 isoform b. Compiled from (Cerami et al., 2012; Gallo et al., 2015; Gao et al., 2013; Haugsten et al.,
2010; Tiong et al., 2013; Wesche et al., 2011).

Disease

Mutation in FGFR3

Bladder cancer

E216K, D22N, G235D, R248C, S249C, P283S, V306I, G372C, S373C, Y375C,
I378C, Y381C, G382R, F386L, A393E, N542S, K652E/M/N/Q/T, D648Y

Brain cancer

E468K

Cervical cancer

S249C

Colorectal cancer

C228R, R401C, V679I, E322K

Gallbladder cancer
Head and neck cancer

R248C, S249C, G372C, Y375C, G382R, K652M, G699C
Q209H, R248C, S249C, F388L, K415N, K652N, D619G, V632M, E688K,
G699C

Lung cancer

T79S, R248C/H, S249C, S435C, K717M

Mesothelioma
Multiple myeloma

D648Y
G197S, Y241C, R248C, Y375C, G384D, S435C, K652E/M, L796R, P797A,
F386L

Oral squamous cell carcinoma

G699C

Prostate cancer

S249C, F386L, A393E

Spermatocytic semioma

K652E/Q/M/N/T

Notably, cysteine mutations in the extracellular domain of FGFR3 are particularly
prevalent in cancer (Visscher et al., 2017). Only in bladder cancer, S249C
represent more than half of the mutations in FGFR3, comprising 61 % of all
mutations, followed by Y375C, R248C and G372C accounting for 19, 8 and 6 %
of all mutations, respectively (Di Martino et al., 2016). The introduction of a
cysteine residue in the linker region between Ig-II and Ig-III of the extracellular
domain (such as S249C and R248C) or in the JM region of the extracellular
domain (such as G372C, S373C and Y375C) leads to ligand independent
receptor dimerisation (Avis et al., 1998; Naski et al., 1996). The unpaired cysteine
amino acid, in the reducing environment of the extracellular compartment, allows
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the formation of a covalent intermolecular disulphide bond between parallel
monomers, inducing receptor dimerisation, increased tyrosine phosphorylation
and receptor activation (Gallo et al., 2015; Naski et al., 1996). However, receptor
activation was found to be different between mutants, and despite R248C and
S249C showing the highest dimerisation levels, G372C showed the highest
kinase activity on in vitro assays, raising questions for a link between dimerisation
and receptor activation (Avis et al., 1998).
Later studies for the analysis of R248C, S249C and Y375C extracellular
mutations by Förster resonance energy transfer (FRET) indicate that these
cysteine mutations only moderately stabilise FGFR3 dimerisation. Cysteine
mutations are instead thought to structurally perturb FGFR3 dimers leading to the
correct alignment of each monomer for full kinase activation (Del Piccolo et al.,
2015). And although this effect occurs in the absence of ligand for R248C,
S249C, G372C and S373C, ligand binding is required for correct juxtaposition
and full activation of the extracellular JM mutant Y375C (Adar et al., 2002). The
need for a correct dimer orientation was later confirmed with the non-cysteine
mutation A391E in FGFR3 (Sarabipour and Hristova, 2016). In the absence of a
disulphide bond, the glutamic acid (E) residue induces the receptor to be equally
trapped in the active conformation in the absence of ligand, enforcing a tight
closure of the TM domain of the dimer, inducing increased phosphorylation
(Sarabipour and Hristova, 2016). In addition, mutations that affect the
extracellular domain of FGFR3 such as R248C and Y375C, show reduced
internalisation and degradation despite high ubiquitination levels leading to
prolonged retention at the plasma membrane and sustained oncogenic signalling
(Bonaventure et al., 2007).
Mutations in the TM domain of FGFR3 such as G382R/E found in bladder
cancers result in the formation of hydrogen bonds between the two FGFR3
monomers, similarly leading to ligand-independent dimerisation and constitutive
receptor activation (Bodoor et al., 2010; Webster et al., 1996).
Another class of mutations are found to occur in the intracellular domain of
FGFR3. The most frequent KD hotspot mutation is located in the position K652
where variants such as K652E/Q/M/N/T have been identified in different cancers
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including bladder cancer (Haugsten et al., 2010). K652 lies in the activation loop
of the KD, which is essential for the kinase activity upon ligand binding. In contrast
to mutations found in the ectodomain and TM of FGFR3 that induce ligandindependent receptor dimerisation, the K562 mutation induces a conformational
change to the activation loop resulting in constitutive autophosphorylation of the
receptor independent of its dimerisation status (Avis et al., 1998). Despite the
absence of constitutive dimerisation, K652 mutations induce high levels of kinase
activity, with K652E being reported as having 45-fold greater autophosphorylation
than the WT FGFR3 (Patani, 2016). In fact, this effect is restricted to mutations
in this particular residue, since a study where serial mutants were generated
along the activation loop for positions Y649-L658 revealed that only mutations in
K652 can activate the receptor (Webster et al., 1996). Moreover, it has been
shown that K652E and K652M are more activating than the other variants (Bellus
et al., 2000). Interestingly, despite the high kinase activity conferred by this
mutation, expression of K652E in TERT-NHUC cells failed to activate PLCγ1 and
led to a decrease in cell viability and proliferation rate when comparing to S249C
and Y375C mutations (Di Martino et al., 2009). However, in the same study, the
same effect was not seen in NIH-3T3 cell lines, where K652E shows the ability
to transform cells in culture and activate Src, Akt and PLCγ1 pathways. The
authors propose that in TERT-NHUC cells, receptor dimerisation is required for
transphosphorylation of specific tyrosine residues on FGFR3 and consequent
activation of some downstream signalling pathways (Di Martino et al., 2009). This
observation indicates that the effects of mutant FGFR3, including K652E are
likely to be cell line dependent, which might be due to tissue specificity and the
expression of specific mediators for signalling (Sahni et al., 1999).
The crystallographic analysis of FGFR3-K652E clearly shows that the amino acid
exchange from lysine to glutamic acid allows the KD to adopt a structure that
mimics phosphorylation of the activation loop, by introducing a network of
hydrogen bonds that stabilises the open conformation of the KD (Chen et al.,
2013). This network is formed by the carboxylate group of the glutamic acid with
R618 in the catalytic loop, plus the backbone amides of T653, T654 and R642
and with Y650 within the activation loop, which are reminiscent of the interactions
on the active WT FGFR3. As with WT FGFR3, this conformational change is then
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allosterically propagated to the kinase hinge region of the catalytic pocket (which
has an autoinhibitory effect), causing a disengagement of the molecular brake
resulting in kinase activation without dimerisation or ligand binding (Huang et al.,
2013).
In addition, it has been shown in other RTK family members that distinct
mutations result in alterations in the activation of downstream signalling pathways
to the WT form of the receptor (Pines et al., 2010). Mutations in EGFR for
example, can activate molecular pathways to different extents, showing
differential MAPK and Akt activation levels for distinct mutants (Erdem-Eraslan et
al., 2015). While this area of research is still in its infancy in the context of FGFR
receptor signalling, the data presented above suggests that distinct FGFR3
mutations may affect the function and location of the receptor differently, leading
to altered binding of signalling adaptors and activation of downstream signalling.

1.4 - Targeting FGFR3 in cancer
A subset of activating mutations in FGFR3 appear to be sensitive to targeted
therapies. Studies have shown that the inhibition of FGFR3 is able to revert its
oncogenic effects. For example, initial analysis of the 97.7 bladder cancer cell
line bearing a FGFR3-S249C mutation, showed on knockdown with short-hairpin
RNA (shRNA) a significant reduction in its ability to proliferate and survive in
culture as well as to grow under anchorage-independent conditions, when
compared to the WT control in telomerase immortalised normal human bladder
cells (Tomlinson et al., 2007). This indicates that 97.7 tumour cells might be
oncogene dependent on the mutation, and its inhibition is a useful therapeutic
strategy.
There are several therapeutic approaches to target FGFR family members
including FGFR3. Therapies include broad-spectrum multi-target tyrosine kinase
inhibitors (TKIs), FGFR selective TKIs, monoclonal antibodies against FGFR and
FGF traps (Touat et al., 2015). In general, TKIs are small molecule inhibitors that
inhibit RTK activity by interfering with the binding pocket of ATP or substrates of
the tyrosine KD, blocking their interaction and therefore inhibiting activation and
56

downstream signalling (Roskoski, 2015). Due to high homology between KDs of
different RTKs, non-selective multi-target TKIs that inhibit FGFR often
additionally exhibit inhibitory activity towards a varied range of other RTKs,
including VEGFR, EGFR, PDGFR, Fms Related Tyrosine Kinase 3 (FLT3), KIT
proto-oncogene (KIT) among others (Porta et al., 2017). As previously described,
although this form of multi-target-based therapy has the potential to increase
treatment efficacy by simultaneous blockade of redundant oncogenic pathways,
it is associated with greater patient toxicity and lack of bioactivity against the main
oncogenic target of interest, therefore limiting their efficacy in tumours driven by
aberrant FGFR signalling (Giordano and Petrelli, 2008; Levitzki and Mishani,
2006). Moreover, as many of these multi-target RTKs also exert an inhibitory
effect against angiogenic receptors such as VEGFR, it is difficult to associate the
effect of these drugs to the inhibition of FGFR alone (Ferrara et al., 2003; Porta
et al., 2017).
Selective FGFR inhibitors are a class of TKIs that have been specifically
developed to exclusively target the FGFR family of receptors. Homology between
the KDs of FGFR1/2/3 is higher compared to FGFR4 and, as a result, most of the
TKIs in this class inhibit FGFR1-3 but not FGFR4 (Johnson and Williams, 1992).
There are also some pan-FGFR inhibitors available that target all 4 isoforms of
FGFR as well as some selective FGFR4 inhibitors (Katoh, 2016). On-target
inhibitors are an attractive option in patients who harbour FGFR abnormalities.
PD173074 is an example of a small molecule selective FGFR1/3 inhibitor
effective at suppressing cell proliferation in bladder cancer cell lines expressing
mutant FGFR3 (S249C and Y375C) compared to cells expressing the WT
receptor (Miyake et al., 2010). Further in vitro analysis linked this effect with a cell
cycle arrest at G1-S transition, which was dose-dependent. The administration of
PD173074 in mouse xenograft models of these mutant FGFR3 bladder cancer
cell lines suppressed tumour growth and induced apoptosis in comparison to the
untreated control (Miyake et al., 2010). Thus, this selective inhibitor shows a
potential utility in tackling bladder cancers driven by FGFR3 mutations.
A similar effect is seen with the selective FGFR1-3 inhibitor BGJ398 (Infigratinib)
in the treatment of cell line models harbouring extracellular mutations of FGFR3
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including R248C and S249C. In cell line mouse models, this inhibitor was able to
reduce the transformation effects of these cells in anchorage-independent
conditions and reduce tumour volume in xenograft mouse models, proving once
more that oncogenic effects driven by FGFR3 mutations can be reverted with the
blockade of FGFR3 (Liao et al., 2013).
However, despite their success in preclinical in vitro and in vivo studies, selective
inhibitors have faced many hurdles in clinical trials. Most have shown very poor
efficacy in solid tumours, and there has been a substantial variation of clinical
responses between different genetic aberrations and FGFR isoforms which will
be discussed in greater detail in subsequent sections of this chapter (Babina and
Turner, 2017).
Monoclonal antibodies (mAbs) are also being studied as an option to target FGFR
or FGF ligands. Although more expensive than small-molecule inhibitors, these
antibodies have a strong specificity for antigens of selected FGFR isoforms or
FGF ligands, which is thought to limit the side effects and toxicities observed
upon FGFR signalling blockade by TKIs (Tiseo et al., 2015; Touat et al., 2015).
For example, antibody-based targeting of FGFR3 with R3Mab, an antagonistic
anti-FGFR3 monoclonal antibody capable of blocking ligand binding and receptor
dimerisation, was tested in mouse cells BaF3 transfected with the cancerassociated mutants S249C, Y375C, R248C, G372C, and K652E (Qing et al.,
2009). R3Mab was able to inhibit the activation of FGFR3 and the immediate
downstream signalling pathway MAPK. Constitutive proliferation was also
suppressed on all cysteine mutants and ligand-induced proliferation was
abolished for K652E (Qing et al., 2009).
Another alternative therapeutic approach is the use of FGF traps. An example is
the compound FP-1039 (GSK3052230), which consists of the extracellular
domain of FGFR1 fused to the fragment crystallizable (Fc) region of
immunoglobulin G1 (IgG1) (Harding et al., 2013). FP-1039 selectively binds and
neutralizes several FGFs that normally bind FGFR1, blocking the interaction
between FGF-FGFR1 and therefore preventing receptor activation. But to date,
this approach has not been applied to FGFR3 (Tolcher et al., 2016). A list of
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FGFR agents both TKIs and mAbs that are currently undergoing clinical trials in
solid tumours bearing FGFR3 alterations is summarised in Table 1.5.
Table 1.5 – Current ongoing clinical trials evaluating the effects of different FGFR targeted therapies
in solid tumours bearing FGFR3 alterations. * Docetaxel- microtubule associated inhibitor;
Dexamethasone- corticosteroid that inhibits inflammation; JNJ-63723283- anti-PD-1 monoclonal antibody;
AEs- adverse events; ORR- overall response rate.
Inhibitor
(manufacturer)

Target

Clinical trial
identifier

Study purpose / Cancer type

Phase
study

Remarks
(reference)

Non-selective inhibitors

Ponatinib (ARIAD
Pharmaceuticals)

FGFR, PDGFR,
VEGFR, EGFR,
Abl, Src, RET,
KIT, FLT1

Dovitinib
(Novartis)

VEGFR1–3,
PDGFRβ,
FGFR1/3,
FLT3, KIT,
RET, TrkA, and
CSF1

NCT02272998

Advanced cancers with
genomic alterations in FGFR14 and other genomic targets
(KIT, PDGFRα, RET, FLT3,
Abl1)

NCT01732107

BCG refractory urothelial
carcinoma
with FGFR3 mutations or overexpression

II

II

Discontinued
due to high
grade of AEs
(Hahn et al.,
2017)

NCT02965378

Second-line therapy for
treating FGFR positive
patients with recurrent stage
IV squamous cell lung cancers

II/III

Phase II showed
minimal activity
on patients with
FGFR1/3
amplification,
FGFR3 (S249C)
and FGFR3
fusion.

NCT02824133

Recurrent malignant glioma
expressing FGFR-TACC
fusions

I/II

NCT01975701

Patients with recurrent
glioblastoma with FGFRTACC fusions and/or
activating mutations in
FGFR1, 2 or 3

II

NCT01004224

Advanced solid malignancies
including bladder cancer with
FGFR3 mutation or fusion

I

NCT02160041

Solid tumors and hematologic
malignancies with FGFR
genetic alterations

II

NCT01697605

Advanced solid tumor having
alterations of the FGFR
pathway in Asian patients

I

Selective inhibitors

AZD4547
(AstraZeneca)

NVP-BGJ398
(Novartis)

FGFR1-3

FGFR1-3

25.4% ORR in
patients with
metastatic
bladder cancer
(Pal et al., 2018)
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Table 1.5 – Current ongoing clinical trials evaluating the effects of different FGFR targeted therapies
in solid tumours bearing FGFR3 alterations. (Continuation)
Inhibitor
(manufacturer)

Target

Clinical trial
identifier

Study purpose / Cancer type

Phase
study

NCT01976741

Advanced solid tumours

I

Remarks
(reference)

Selective inhibitors (Continuation)
BAY1163877
(Bayer)

Erdafitinib (Astex
Pharmaceuticals)

FGFR1-4

FGFR1-4

NCT01703481

Advanced or Refractory Solid
Tumors or Lymphoma

I

NCT02699606

Advanced NSCLC, urothelial
carcinoma, esophageal cancer
or cholangiocarcinoma

II

NCT03210714

Pediatric advanced solid
tumors, non-Hodgkin
lymphoma, or histiocytic
disorders
with FGFR mutations

II

NCT02365597

Urothelial carcinoma with
FGFR genomic alterations

II

NCT02952573

Relapsed MM in combination
with dexamethasone* in
patients with WT FGFR3 or
mutated FGFR3

II

NCT03825484

Advanced cancers with FGFR
genetic alterations

NCT03390504

Urothelial carcinoma and
selected FGFR gene
aberrations in patients that
exhausted all treatment
options, including
chemotherapy and
immunotherapy

III

NCT03473743

Combination with JNJ63723283* in patients with
metastatic urothelial
carcinoma with FGFR
alterations

I

Clinical activity
and minimal
toxicity in
patients with
advanced
cholangiocarcino
ma (CCA) and
FGFR
alterations

Approved for
marketing
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Table 1.5 – Current ongoing clinical trials evaluating the effects of different FGFR targeted therapies
in solid tumours bearing FGFR3 alterations. (Continuation)
Inhibitor
(manufacturer)

Target

Clinical trial
identifier

Study purpose / Cancer type

Phase
study

Remarks
(reference)

Selective inhibitors (Continuation)
TAS-120 (Taiho
Oncology)

Debio-1347
(Debiopharm)

FGFR1-4

NCT02052778

Advanced solid tumors with
FGF or FGFR aberrations
including urothelial carcinoma

I/II

NCT03834220

Solid tumors harboring a
fusion of FGFR1, FGFR2
or FGFR3

II

NCT01948297

Advanced solid tumours with
FGFR alterations

I

FGFR1-3

E7090 (Eisai)

FGFR1-3

NCT02275910

Solid tumours

I

PRN1371
(Principia
Biopharma)

FGFR1-4

NCT02608125

Solid tumors with metastatic
urothelial carcinoma

I

NCT02401542

Advanced or metastatic
urothelial carcinoma with
FGFR3 mutant/fusion. Dose
escalation and efficacy alone
or combination with
Docetaxel*.

Monoclonal antibodies

MFGR1877S
(Genentech)

FGFR3

I

1.5.1 - FGFR3 pre-clinical results and clinical trials
1.5.1.1 - Non-selective FGFR TKIs
Non-selective FGFR inhibitors have shown activity in the context of FGFRdependent tumours. Several TKIs have been evaluated in clinical trials, or are
still under investigation, and include ponatinib, dovitinib, lucitanib, cediranib,
nintedanib and pazopanib (Liao et al., 2013; Wu et al., 2013). These are all multitarget TKIs that target several RTKs simultaneously including FGFR, PDGFR and
VEGFR. Ponatinib and dovitinib are currently the only TKIs of this class that have
been evaluated preclinically for treatment of cancers with FGFR3 genomic
alterations including amplification and mutations. Ponatinib is an inhibitor of
FGFR, PDGFR, VEGFR, EGFR, ABL proto-oncogene, non-RTK (Abl), Src, RET,
KIT and FLT1. It is currently approved for the treatment of CML and acute
lymphoblastic leukaemia (ALL) (Tan et al., 2019). In preclinical studies, it shows
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growth inhibition and suppression of FGFR activation in cell line models
harbouring FGFR2 or FGFR3 aberrations and is able to reduce tumour growth in
vivo in xenograft mouse models (Gozgit et al., 2012). Dovitinib inhibits VEGFR1–
3, PDGFRβ, FGFR1/3, FLT3, KIT, RET, TrkA, and colony stimulating factor 1
(CSF1) (Mazzola et al., 2014). In bladder cancer cell lines harbouring either the
FGFR3-TACC3 fusion or FGFR3 point mutations, dovitinib was shown to reduce
FGFR3 activation levels as well as phosphorylation of Erk, one of the downstream
effectors of FGFR, which was correlated with increased levels of cellular
apoptosis (Lamont et al., 2011). In the same study, the authors also established
a relationship between high FGFR3 expression levels and higher drug sensitivity,
suggesting that FGFR levels may act as a biomarker for therapeutic response.
Interestingly, the sensitivity to dovitinib is also dependent on the inherent
molecular characteristics of bladder cancer cells lines. In an in vitro study,
dovitinib was tested in 10 different bladder cancer lines known to bear FGFR3
abnormalities such as mutations and fusions (Hänze et al., 2013). The study
revealed that epithelial-like cells are more sensitive to dovitinib than
mesenchymal-like cells, and that the measurement of epithelial and
mesenchymal markers is a good indicative of anti-cancer response towards this
inhibitor.
While both ponatinib and dovitinib show promising pre-clinical results supporting
the rationale to investigate its potential as therapies for FGFR3-driven solid
tumours such as bladder cancer, toxicities are a major concern for this class of
non-selective FGFR inhibitors. Clinical trials are often withdrawn due to severe
adverse events, which provides a strong argument towards the need for more
selective and effective first-line therapies for cancers with FGFR3 aberrations.

1.5.1.2 - Selective FGFR TKIs
There is an array of different selective FGFR inhibitors that are currently being
evaluated in the clinic (Table 1.5). This includes the FGFR1-3 inhibitors
AZD4547, BGJ398, debio-1347, ARQ-087, E7090 and pan-FGFR inhibitors
erdafitinib, TAS-120, PRN1371, BAY1163877. These are being tested in different
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solid tumours harbouring FGFR alterations including FGFR3 mutations and/or
fusions.
AZD4547 is a potent FGFR1-3 inhibitor that can block FGFR signalling and
reduce cellular growth in cancer cells bearing FGFR alterations. In a preclinical
study to test its efficacy, treatment with AZD4547 of KMS-11, a MM cell line that
have a t(4;14) translocation and expresses a mutated form of FGFR3 (Y375C),
led to the downregulation of the phosphorylation levels of FGFR, MAPK and
FRS2 (Gavine et al., 2012). In addition, xenograft models of KMS-11 showed a
99% tumour growth inhibition upon treatment with this inhibitor, which is
accompanied by a significant reduction in the proliferation marker Ki-67. These
results support the use of AZD4547 as a treatment for cancers with FGFR3
alterations (Gavine et al., 2012). In a phase I clinical study (NCT00979134) for
solid tumours, within a cohort of 21 patients with FGFR amplified tumours from
different cancer types, AZD4547 showed a partial response for 1 patient with
FGFR1-amplified NSCLC lasting for more than 12 weeks (Saka et al., 2017), and
from the same cohort of patients, 2 of 3 bladder cancer patients showed disease
stabilisation, with 1 of these patients also showing increased FGFR3 expression
(Di Martino et al., 2016). However, there are no clinical trials assessing the
response of this drug in bladder cancer patients with FGFR3 mutations. Current
clinical trials for AZD4547 are being conducted for recurrent gliomas with FGFR1TACC1 and FGFR3-TACC3 fusions (phase I/II) (NCT02824133), and for
advanced recurrent squamous NSCLC (SqNSCLC) expressing FGFR gene
mutations or amplifications that do not respond to first line therapies (phase II/III)
(NCT02965378). Although the latter is still ongoing, early data has been
published for the phase II study with a cohort of 27 patients with SqNSCLC
(Aggarwal et al., 2019). Data showed minimal activity, where only 1 out of 23
patients with FGFR1 amplification achieved a partial response of less than 3
months, and where 1 out of 2 patients with FGFR3 mutation S249C had an
unconfirmed partial response with a duration of response of 1.5 months
(Aggarwal et al., 2019). However, the study has progressed into the phase III
stage where additional FGFR alterations are being investigated in recurrent or
advanced SqNSCLC.
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BGJ398 (Infigratinib) is a selective ATP-competitive FGFR1-3 inhibitor
discovered and optimised less than a decade ago. The first results with this
compound in RT112 human bladder cancer rat xenograft model which harbours
a FGFR3-TACC3 fusion, showed a significant tumour regression at low doses
with minimal toxicity (Guagnano et al., 2011). Other studies describe its potential
as a selective FGFR inhibitor in the context of FGFR2 and FGFR3 point mutations
found in SqNSCLC. When treated with BGJ398, NIH-3T3 and Ba/F3 mouse
model cell lines expressing FGFR2 W290C and S320C mutants or FGFR3
R248C and S249C mutants showed a significant reduction in cell survival, a
reduction in cell transformation in anchorage-independent conditions and a
reduction in tumour volume in xenograft mouse models (Liao et al., 2013). In a
phase I clinical study (NCT01004224) for patients with solid tumours harbouring
FGFR alterations, BGJ398 was well tolerated and there was a positive antitumour activity in 49 of 132 patients. Partial response was achieved in 4 out of
36 patients (11 %) with FGFR1-amplified sqNSCLC and in 3 out of 8 patients (38
%) with FGFR3-mutant bladder cancer. However, durable responses were limited
and eventually most patients that initially displayed a partial response ended up
with progressive disease and treatment failure (Nogova et al., 2017). In a recently
completed phase I study for advanced or metastatic bladder cancer with FGFR3
alterations that do not respond to other therapies, there was a disease control
rate (DCR) of 64.2 % from a cohort of 67 patients (expanded cohort from the
initial open-label trial NCT01004224) (Pal et al., 2018). A reduction in tumour
volume was observed in 25.4 % of patients and 38.8 % achieved disease
stabilisation, however complete response was only observed in 1 patient out of
the 67. The majority of responding patients harboured FGFR3 extracellular
mutations (example: R248C, S249C, Y375C) and the FGFR3-TACC3 fusion.
Patients with the intracellular FGFR3 mutation K652E showed a lower response
towards BGJ398, which is thought to be caused by the destabilisation of the KD
to which BGJ398 binds, reducing its activity by 5- to 10-fold when compared to
the WT FGFR3 (Pal et al., 2018). Current studies are investigating the effect of
BGJ398 in patients with solid tumours such as glioblastoma, haematologic
malignancies and bladder cancer bearing FGFR alterations (Table 1.5).
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Erdafitinib (JNJ-42756493), is an ATP-competitive pan-FGFR inhibitor and is a
breakthrough in FGFR selective inhibitors, as it is the first and only pan-FGFR
inhibitor approved earlier this year by the FDA, for the treatment of advanced or
metastatic urothelial carcinomas with FGFR3 and FGFR2 alterations (Markham,
2019). Pre-clinical data showed that Erdafitinib has the potential to induce a
prolonged inhibition of FGFR signalling which is accompanied by an
antiproliferative effect in a range of human cancer cell lines with FGFR1-4
amplifications, FGFR3 translocations and FGFR4 mutations (Perera et al., 2017).
Perera et al. also show that Erdafitinib administration results in a potent and dosedependent antitumour activity in xenograft models of the same cell lines. A more
recent phase II study (BLC2001) that led to the approval of Erdafitinib
(NCT02365597) evaluated the drug in 99 patients with advanced and
unresectable or metastatic urothelial carcinoma with FGFR3 mutations or
FGFR2/3 fusions (Loriot et al., 2019). Data showed a response rate of 49 %
among the 74 patients with FGFR3 mutations and an additional stable disease in
35 % of the patients with FGFR3 mutations. Moreover, responses were found
across a range of FGFR3 mutations suggesting that the drug did not selectively
inhibit some FGFR3 mutations over others. The response data with FGFR2/3
fusions were less promising. In the 25 patients with FGFR2/3 fusions, 11 had a
FGFR3-TACC3 fusion, and of these patients a total of 4 (36 %) achieved a
response to the treatment (Loriot et al., 2019). This trial is still active for metastatic
or surgically unresectable urothelial carcinomas with FGFR genomic alterations.
Erdafitinib is also currently being assessed for treatment of several other cancer
types including cholangiocarcinoma, NSCLC, FGFR mutant or advanced
urothelial carcinoma, lymphoma and oesophageal cancer (Table 1.5). For
example, a phase I clinical study (NCT01703481) tested erdafitinib in 187
patients with various solid tumours with activating FGFR genomic alterations
(Bahleda et al., 2019). Results identified that patients with urothelial carcinoma
and cholangiocarcinoma were the most responsive across a range of cancer
types, with an overall response rate (ORR) of 46.2 % and 27.3 %, respectively.
Interestingly all of these patients carried FGFR mutations or fusions but not
amplifications.
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Although preclinical sensitivity to FGFR inhibitors is not readily translated into
clinic, erdafitinib is an example where selective inhibitors have been shown to be
efficacious in patients with bladder cancer. The collective experience gained from
the development of FGFR inhibitors has shown that drug sensitivity varies
according to the specific inhibitor under study and varies from one tumour type to
another (Touat et al., 2015). Furthermore, there appears to be a selective
response in patients bearing different FGFR alterations (Pal et al., 2018). In fact,
previous preclinical studies show that distinct FGFR3 mutants present differential
sensitivities to FGFR inhibitors in vitro. For instance, the FGFR3 N542K activating
mutation is less sensitive to AZD4547 than K652E, whereas the TACC3-FGFR3
fusion displays the best response (Patani, 2016). The lack of response in some
patients and the observation of disease progression on treatment, are indicators
of intrinsic or acquired resistance respectively. Understanding FGFR inhibitor
resistance is an area of active research and some of the mechanisms identified
thus far will be discussed in the following section.
Several challenges remain which hinder the effective use of selective FGFR
kinase inhibitors in the clinic. We do not fully understand why some mutations
fare better than others when treated with these drugs which requires a deeper
analysis of the biochemical and oncogenic properties of different FGFR3
mutations. There is also a need for the development of robust biomarkers for
patient stratification to FGFR inhibitor therapy to enable better patient selection
in order to improve the clinical effectiveness of these targeted therapies.

1.5.2 – Mechanisms of resistance to FGFR3 selective inhibitors
The two main types of resistance to FGFR kinase inhibitors such as AZD4547,
BGJ398 and erdafitinib are intrinsic or primary resistance and acquired or
secondary resistance. Intrinsic resistance is associated with the pre-existence of
mutations or bypass mechanisms that allow cells to be unresponsive towards a
selective inhibitor, whereas acquired resistance involves the assimilation of de
novo mutations or mechanisms that evade the initial cell sensitivity to a selective
inhibitor (Byron et al., 2013).
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One of the common resistance mechanisms observed in clinic for other RTKs
such as EGFR or ALK is mutations in the gatekeeper residue of the KD of the
receptor (Chell et al., 2013). Gatekeeper mutations are usually amino acid
substitutions involving larger hydrophobic residues in the ATP-binding pocket
site, which sterically obstructs drug access to the ATP binding site or, stabilise
the active conformation of the kinase (Byron et al., 2013). Although gatekeeper
mutations in FGFR3 have not been identified in patients, in vitro assays have
shown that the acquisition of a FGFR3 gatekeeper mutant V557M in the KMS-11
myeloma cell line (FGFR3-Y373C) is a mechanism of acquired resistance
emerging from long-term exposure to the selective FGFR1-3 inhibitor
AZ12908010, a closely related molecule to AZD4547, discovered during the
development of AZD4547 that displays higher potency against FGFR1-3 and a
more favourable selectivity profile (Chell et al., 2013). In this study, these resistant
cells were also found to be cross-resistant to other FGFR inhibitors such as
AZD4547 and PD173074, a FGFR1/3 and VEGFR2 kinase inhibitor.
Anticipating such resistant mechanisms to first generation FGFR inhibitors has
led to the development of second generation covalent FGFR inhibitors. Covalent
inhibitors such as the FGFR irreversible inhibitors 2 (FIIN-2) and 3 (FIIN-3) were
designed to overcome clinical resistance by covalently binding to the ATP-binding
pocket, potently inhibiting the proliferation of cells harbouring FGFR alterations
including gatekeeper mutations (Tan et al., 2014). However, both of these
covalent inhibitors proved to be unsuitable for in vivo treatment as they showed
only moderate mouse liver microsomal stability, which is used as a readout for
the metabolic stability of the compound in vivo (Brown et al., 2016). This issue
required the development of an improved version FIIN-4 which showed improved
mouse liver microsomal stability (Brown et al., 2016). FIIN-4 was shown to inhibit
growth of metastatic breast cancer patient-derived xenografts models with
FGFR1 amplification. Although there are no active clinical trials evaluating these
covalent inhibitors at the moment, they are of great interest for future therapies,
including their use in the context of resistance to first generation FGFR inhibitors.
Another known mechanism of resistance to selective kinase inhibitors is the
activation of compensatory or bypass signalling pathways which compensate for
the blockade of FGFR mediated survival signalling by activating similar or
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alternative downstream effectors (Harbinski et al., 2012; Jänne et al., 2009). Due
to the redundancy of intracellular signalling and the cross-talk that exists between
different pathways, cells can trigger adaptive responses to counteract their
dependency on a particular signalling pathway (in this case FGFR signalling) to
enable cell survival and tumour growth in the presence of kinase inhibitors
(Chandarlapaty, 2012). The acquisition of resistance by this mechanism has
been reported in different cancer types driven by different oncogenes, including
FGFR3 mutations in bladder cancer (Manstein et al., 2014). A number of different
compensatory mechanisms to selective FGFR inhibitors in the preclinical setting
have been described in the literature, such as the activation of the PI3K/Akt
pathway upon FGFR inhibition with AZD4547 and BGJ398 and the activation of
the RTKs ErbB2/3 and EGFR upon treatment with BGJ398 and PD173074
respectively.
The PI3K pathway has been shown in two studies to confer resistance to FGFR
inhibitor treatment. In the first study aimed at identifying determinants of cell
survival in the RT112 bladder cancer cell line (which harbours a FGFR3-TACC3
fusion) in the presence of the FGFR inhibitor AZD4547, a synthetic lethality
screen was employed using a kinome-wide shRNA library, targeting all 518
human kinases (Wang et al., 2017). Multiple effectors in the PI3K pathway were
identified as synergistically interacting with FGFR inhibitor treatment, suggesting
that PI3K signalling is a compensatory mechanism that mediates FGFR inhibitor
resistance. Consistent with this hypothesis, treatment with the PI3K inhibitor
BKM12 in combination with AZD4547 resulted in a significant increase in RT112
apoptosis and a reduction in tumour size in vitro and in vivo compared to either
drug as a single agent (Wang et al., 2017). A similar effect was observed in a
different study for the same cell line RT112 but this time with the FGFR inhibitor
BGJ398 (Datta et al., 2017). The authors generated an acquired resistant variant
of this cell line by long-term exposure to the inhibitor. Analysis of this drug
resistant cell line by a reverse-phase protein array (RPPA) led to the identification
of upregulated phosphoproteins in the resistant cell line when compared to the
parental cell line. The study showed that components of the PI3K pathway
displayed increased phosphorylation, including Akt and its downstream target
GSK3. Consistent with this observation, pharmacological inhibition of Akt activity
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was able to restore sensitivity of the resistant cells to BGJ398, indicating the
potential for combination therapy of FGFR and Akt inhibitors in bladder cancer
with FGFR3 fusions (Datta et al., 2017).
Another mechanism of compensatory signalling in response to kinase inhibitor
therapy is the activation of alternative RTKs. Pertinent to FGFR inhibitors,
upregulation of components of the ErbB family of RTKs have been shown to
confer resistance to this class of drugs. One study has shown that ErbB2 and
ErbB3 can be activated as a compensatory mechanism upon FGFR inhibition
with BGJ398 in multiple FGFR dependent cell lines, including NCI-H1581 and
Kato-II which harbour amplified FGFR1 and FGFR2 respectively and the FGFR3TACC3 fusion cell lines RT112 and RT4 (Wang et al., 2014). Additionally, an
increased production of ErbB2/3 ligands was observed and this increase was
found to be sufficient to drive BGJ398 resistance. Taken together, this data
suggests that in a panel of cell lines, there is a switch in the dependency from
FGFR to ErbB family members upon treatment with FGFR inhibitors suggesting
a benefit in utilising ErbB inhibitors as a means to overcome resistance to FGFR
inhibitor treatment (Wang et al., 2014).
The activation of ErbB1 or EGFR signalling pathway has also shown to influence
resistance to FGFR inhibitors in cell lines expressing mutant and fusion forms of
FGFR3 (Herrera-Abreu et al., 2013). An RNA interference (RNAi) genetic screen
in cell lines harbouring FGFR1-4 aberrations in the presence of PD173074,
showed that knockdown of EGFR sensitises cells to FGFR inhibitor treatment.
The authors also showed that while MAPK signalling is downregulated by
PD173074 treatment in mutant FGFR3 cell lines, this was rapidly rescued by
EGFR activation, suggesting a role for EGFR as a compensatory RTK to
overcome the loss of FGFR3 signalling. Consequently, the combination of FGFR
and EGFR inhibition was effective in reducing cell viability in mutant FGFR3
expressing cells (Herrera-Abreu et al., 2013). Interestingly, it has been shown
that the FGFR3-TACC3 fusion protein is similarly able to confer resistance to
EGFR inhibition in cancers such as head and neck squamous cell carcinoma
(HNSCC) (Daly et al., 2016), suggesting that there is a close interaction between
the two RTK where either is able to compensate for the other when inhibited.
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Despite some successes with FGFR inhibitors in the clinic, these therapies are
not curative and do not achieve durable responses. Preclinical studies have shed
light on some of the mechanisms of resistance to selective FGFR inhibitors
(Guagnano et al., 2012). However, a better understanding of some of the
signalling mechanisms that play a role in conferring resistance to this class of
drugs is therefore important to unveil new ways of effectively targeting
compensatory survival pathways to attain long-term responses in patients that
harbour FGFR3 mutations.

1.6 - Conclusions and aims of the project
FGFR3 is one of the most commonly mutated isoforms of FGFR in cancer. With
mutations being present in 40 % of bladder cancer cases, FGFR3 is a target of
interest for therapy. Despite the promising results in a range of studies, the clinical
data shows that there is a diverse range of responses to FGFR inhibitor therapy
across patients harbouring mutant FGFR3. Resistance mechanisms to FGFR
inhibition include gatekeeper mutations or the activation of compensatory
mechanisms that evade oncogene dependency. Moreover, given the observation
that response rates are variable between individual FGFR3 mutations, it is
important to investigate the underlying biology of distinct FGFR3 mutants in order
to discover new signalling dependencies that could be exploited for maximising
the utility of selective FGFR inhibitors in the clinic.
While cancer genome sequencing data have provided detailed information about
the distribution and frequencies of FGFR3 mutations in different cancer types and
structural studies have elucidated the consequences of these mutations at the
molecular level, the functional mechanisms by which these mutations promote
cell survival has yet to be fully described. Similar to other RTKs like EGFR and
ALK, distinct FGFR mutants might harbour different signalling dependencies,
driving cancer progression by the activation of altered downstream pathways.
These alterations are currently unknown and could be qualitative in nature, in that
new signalling effectors are activated compared to WT FGFR3 or quantitative in
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nature, wherein the same well-characterised FGFR3 signalling pathways are
utilised but activated at different levels or in a distinct spatiotemporal fashion.
There is a gap in our knowledge of how FGFR3 mutations act on downstream
oncogenic signalling pathways. Understanding the signalling alterations and
transforming properties that accompany specific FGFR mutations will be key in
establishing their mechanisms of action in driving oncogenesis. Furthermore,
identifying these oncogenic properties of FGFR3 mutations will be necessary to
anticipate resistance mechanisms to FGFR inhibitor therapy and identify new
therapeutic strategies for drug discovery and repurposing to improve patient
outcomes.
To achieve this objective, this thesis undertakes a systematic analysis of the
functional effects in a panel of common and rare FGFR3 mutations across a
range of cancer types, investigates the key signalling pathways activated by
these mutants and characterises the role of FGFR inhibitor therapy in the
treatment of cancers harbouring FGFR3 mutations.
Project aims:
1. Determine the oncogenic properties of common and rare FGFR3 mutants
found in cancer;

2. Characterise mutant FGFR3 signalling dependencies in the presence and
absence of selective FGFR inhibitors;

3. Assess the effects of identified targeted therapies in human cancer cell line
models harbouring FGFR3 mutations.
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Chapter 2
Materials and methods
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2.1 - Molecular Biology
2.1.1 - Plasmids
The DNA constructs used on this project are listed in Table 2.1. pUMVC and
pCMV-VSV-G, packaging and envelope plasmids, respectively, were used
together to produce retroviral particles in most of the transductions generated for
this project. pFB-Hyg-FGFR3b plasmid was used to build a library of FGFR3
mutants to be studied during this project. Src-Rescue has a wild-type (WT) c-Src
insert and Src-Dasatinib-resistant (Src-T338I) has a dasatinib resistant
gatekeeper mutation T338I insert.

Table 2.1 – List of plasmids and selectable markers

Bacterial
Resistance

Selectable
marker

pFB-Hyg-FGFR3

Ampicillin

Hygromycin

Gift (M. Katan)

(Tomlinson et al., 2005)

pUMVC

Kanamycin

-

Addgene (8449)

(Stewart et al., 2003)

pCMV-VSV-G

Ampicillin

-

Addgene (8454)

(Stewart et al., 2003)

pBABE-Hygro

Ampicillin

Hygromycin

Addgene (1765)

pBABE-Src-Rescue

Ampicillin

Hygromycin

Addgene (26983)

(X. Zhang et al., 2009)

pBABE-Src-Dasatinib-resistant

Ampicillin

Hygromycin

Addgene (26980)

(X. Zhang et al., 2009)

Plasmid

Source

Reference

(Morgenstern and Land,
1990)

2.1.2 - Bacterial transformation
XL10-Gold ultracompetent cells (Agilent Technologies) were thawed on ice and
an aliquot of 45 µL was mixed with 2 μL of β-Mercaptoethanol for 2 minutes. 2 μL
of DNA (1-10 ng) was then added and incubated a further 10 minutes on ice
before heat shock in a water bath at 42 °C for 30 seconds, followed by 2 more
minutes of incubation on ice. 500 μL of L-Broth medium at room temperature (RT)
was then added to the mix and transformed cells were shaken at 220 rpm for 1
hour at 37 °C. Different volumes of the same cell suspensions (100 μL and 300
μL) were then spread on agar plates with selection antibiotic and incubated
overnight at 37 °C (a maximum of 16 hours to avoid unspecific growth) until
growth of individual colonies.
73

2.1.3 - Small- and large-scale plasmid preparation
Falcon tubes containing 6 mL of L-Broth medium and comprising selection
antibiotic were inoculated with single bacterial colonies and incubated at 37 °C
with shaking at 220 rpm for 8 hours. For small scale plasmid preparation, the 6
mL of bacterial suspensions were pelleted at 6,000 x g for 10 minutes followed
by plasmid isolation with QIAprep Spin Miniprep Kit (Qiagen) using
manufacturer’s instructions. For larger amounts of plasmid preparation, 6 mL of
the bacterial suspension was scaled up to 200 mL in L-Broth in an Erlenmeyer
flask at 37 °C overnight, after which cells were pelleted at 6,000 x g for 10 minutes
and plasmids isolated with the Hispeed Maxi kit (Qiagen) following
manufacturer’s protocol.

2.1.4 - Glycerol bacterial stocks preparation
Upon inoculation and growth of single bacterial colonies in L-Broth with selection
antibiotic, cell suspensions were mixed with Glycerol 50 % in a 1:1 proportion,
and frozen at -80 °C for long-term storage.

2.1.5 - Bacterial recovery from glycerol stocks
Bacterial stocks were retrieved from -80 °C and kept on dry-ice to prevent
thawing. A small amount from the stock aliquot was scrapped frozen and plated
in the appropriate agar plates with selection antibiotic following overnight
incubation at 37 °C (up to a maximum of 16 hours). Single colonies were then
inoculated on 6 mL of RT L-Broth with selection antibiotic and incubated for 8
hours at 37 °C, following small- or large-scale DNA plasmid preparation.

2.2 - Generation of FGFR3 variants
2.2.1 - FGFR3 construct
The human FGFR3-IIIb WT gene was expressed in the retroviral vector pFB
(Stratagene) and modified by Prof. Matilda Katan laboratory (University College
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of London (UCL)) from the original neomycin-resistant to contain a hygromycin
resistance cassette (Tomlinson et al., 2005). The construct pFB-Hyg-FGFR3-IIIb
was a gift from Prof. Matilda Katan laboratory. The different FGFR3 variants were
generated in-house by site-directed mutagenesis.

2.2.2 - Site-directed mutagenesis (SDM)
Site-directed

mutagenesis

(SDM)

was

performed

using

two

different

commercialised kits as per the manufacturer’s instructions: the QuikChange
Lightning SDM Kit (Agilent) and the Q5® SDM kit (New England Biolabs).
For the first one, primers were designed using the QuikChange Primer Design
online tool from Agilent [https://agilent.com/store/primerDesignProgram.jsp]. A
list of primer sequences is shown in Table 2.2. Reactions were performed with
100 ng of template DNA on a thermocycler and when required, a gradient of
annealing temperatures (Ta) 72-58 °C was applied to improve reaction efficiency.
With the Q5® SDM kit (New England Biolabs), primers were designed with the
online

NEBaseChanger

tool

from

New

England

Biolabs

[https://nebasechanger.neb.com/]. Primer sequences are shown in Table 2.3.
Reactions were carried out with 10 ng of template DNA on a thermocycler using
the optimum Ta for each primer pair as per the manufacturer’s instructions.
Polymerase chain reactions (PCR) products were then digested for the parental
DNA template with the enzyme DnpI (provided with each kit), followed by
transformation in competent bacterial cells with 1-2 μL and 5 μL of the digested
PCR

product

for

QuikChange

and

Q5

reactions,

respectively.

After

transformation and inoculation with overnight growth, up to 10 colonies were
picked for scaling-up, followed by plasmid DNA isolation. DNA concentration was
measured using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific)
to assess the quality of the samples. Samples were then screened by Sanger
sequencing to select for clones with positive incorporation of the desired
mutation. Positive plasmids were subsequently sequenced to discard false
positives with potential extra mutations within the FGFR3 gene.
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Table 2.2 – Primer sequences - QuikChange Lightning SDM Kit
Template
Primers (5' → 3')

FGFR3 mutation

(pFB-HygFGFR3)

S131L

R248C

S249C

S249T

S373C

Y375C

G382E

G382R

R401C

N542K

K652M

K652N

K652T

E629K

V679I

TCG → TTG

CGC → TGC

TCC → TGC

TCC → ACC

AGT → TGT

TAT → TGT

GGG → GAG

GGG → AGG

CGC → TGC

AAC → AAG

AAG → ATG

AAG → AAT

AAG → ACG

GAG → AAG

GTC → ATC

Forward

GACAGACGCTCCATCCTTGGGAGATGACG

Reverse

CGTCATCTCCCAAGGATGGAGCGTCTGTC

Forward

GACGTGCTGGAGTGCTCCCCGCACC

Reverse

GGTGCGGGGAGCACTCCAGCACGTC

Forward

ACGTGCTGGAGCGCTGCCCGCACC

Reverse

GGTGCGGGCAGCGCTCCAGCACGT

Forward

TGCTGGAGCGCACCCCGCACCGG

Reverse

CCGGTGCGGGGTGCGCTCCAGCA

Forward

GACGAGGCGGGCTGTGTGTATGCAGG

Reverse

CCTGCATACACACAGCCCGCCTCGTC

Forward

CGAGGCGGGCAGTGTGTGTGCAGGCAT

Reverse

ATGCCTGCACACACACTGCCCGCCTCG

Forward

CATCCTCAGCTACGAGGTGGGCTTCTTCC

Reverse

GGAAGAAGCCCACCTCGTAGCTGAGGATG

Forward

GCATCCTCAGCTACAGGGTGGGCTTCTTC

Reverse

GAAGAAGCCCACCCTGTAGCTGAGGATGC

Forward

TCTGCCGCCTGTGCAGCCCCCCC

Reverse

GGGGGGGCTGCACAGGCGGCAGA

Forward

GGAAACACAAAAACATCATCAAGCTGCTGGGCGCC

Reverse

GGCGCCCAGCAGCTTGATGATGTTTTTGTGTTTCC

Forward

CTCGACTACTACAAGATGACAACCAACGGCCGG

Reverse

CCGGCCGTTGGTTGTCATCTTGTAGTAGTCGAG

Forward

CAACCTCGACTACTACAAGAATACAACCAACGGC

Reverse

GCCGTTGGTTGTATTCTTGTAGTAGTCGAGGTTG

Forward

CTCGACTACTACAAGACGACAACCAACGGCCGG

Reverse

CCGGCCGTTGGTTGTCGTCTTGTAGTAGTCGAG

Forward

GCAATGTGCTGGTGACCAAGGACAACGTGATGAAG

Reverse

CTTCATCACGTTGTCCTTGGTCACCAGCACATTGC

Forward

ACTCACCAGAGTGACATCTGGTCCTTTGGGG

Reverse

CCCCAAAGGACCAGATGTCACTCTGGTGAGT

WT

WT

WT

WT

WT

WT

WT

WT

WT

WT

WT

WT

WT

WT

WT
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Table 2.3 – Primer sequences – Q5 SDM kit
Template
Primers (5' → 3')

FGFR3 mutation

(pFB-HygFGFR3)

G372C

K652E

R248A*

S249A

G372A

S373A

Y375A

R248C + S249C

S373C + Y375C

G372C + Y375C

G372C + S373C
G372C + S373C
+ Y375C

GGC → TGC

AAG → GAG

CGC → GCC

TCC → GCC

GGC → GCC

AGT → GCT

TAT → GCG

CGC → TGC

TAT → TGT

TAT → TGT

AGT → TGT

TAT → TGT

Forward

TGACGAGGCGTGCAGTGTGTATG

Reverse

GCCTCCACCAGCTCCTCC

Forward

CTACTACAAGGAGACAACCAACGG

Reverse

TCGAGGTTGTGCACGTCC

Forward

CGTGCTGGAGGCCTCCCCGCAC

Reverse

TCCAGCGTGTACGTCTGC

Forward

GCTGGAGCGCGCCCCGCACCGGC

Reverse

ACGTCCAGCGTGTACGTCTGCCGGATG

Forward

GACGAGGCGGCCAGTGTGTATG

Reverse

AGCCTCCACCAGCTCCTC

Forward

CGAGGCGGGCGCTGTGTATGCAGGC

Reverse

TCAGCCTCCACCAGCTCC

Forward

GGGCAGTGTGGCGGCAGGCATCCTCAG

Reverse

GCCTCGTCAGCCTCCACC

Forward

CGTGCTGGAGTGCTGCCCGCA

Reverse

TCCAGCGTGTACGTCTGCCG

Forward

GGCTGTGTGTGTGCAGGCATC

Reverse

CGCCTCGTCAGCCTCCAC

Forward

GTGCAGTGTGTGTGCAGGCATCC

Reverse

GCCTCGTCAGCCTCCACC

Forward

CGAGGCGTGCTGTGTGTATGC

Reverse

TCAGCCTCCACCAGCTCC

G372C

Forward

TGCTGTGTGTGTGCAGGCATC

G372C+

Reverse

CGCCTCGTCAGCCTCCAC

S373C

WT

WT

WT

WT

WT

WT

WT

S249C

S373C

G372C

2.2.3 - Genomic DNA extraction
To extract genomic DNA from cell lines, cells were washed with phosphate
buffered saline (PBS) and trypsinised for harvesting with growth medium. Cells
were pelleted at 300 x g for 5 minutes and processed using a DNeasy Blood and
Tissue Kit (QIAgen) following manufacturer’s instructions.

2.2.4 - Polymerase chain reaction (PCR)
PCR were performed in a total volume of 50 µL, using the HotStarTaq DNA
polymerase (QIAgen). Reaction mixtures contained 10 µL of extracted DNA, 20
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pM – 200 nM of each forward and reverse primer, 2.5 U of HotStarTaq DNA
polymerase, 1x reaction buffer, 200 µM of each dNTP, 1.5 mM of MgCl2 and 0-3
% (v/v) of dimethyl sulphoxide (DMSO) and completed to the final volume with
nuclease-free water (not DEPC-Treated) (Thermo Fisher Scientific). Reactions
were performed on a thermocycler with an initial activation of the DNA
polymerase at 95 ˚C for 15 minutes, followed by 40 cycles of 95 ˚C for 1 minute
of denaturation, 67 ˚C for 1 minute of annealing and 72 ˚C for 1 minute of
extension, with a final extension of 72 ˚C for 10 minutes. For optimisation, primers
concentration and DMSO percentage were changed. PCR products were then
subjected to electrophoresis on a 2 % agarose gel. The products were visualised
under UV and specific band-size cut and extracted with QIAquick Gel Extraction
Kit (QIAgen) following manufacturer’s instructions to clean-up the samples before
Sanger sequencing using Eurofins Genomics.

2.2.5 - Agarose gel electrophoresis
Samples were diluted in nuclease-free water (not DEPC-Treated) (Thermo Fisher
Scientific) to a minimum of 300 ng of DNA and prepared with a 6x gel loading dye
buffer (R0611 - Thermo Fisher Scientific). Samples were loaded onto a 1-2 %
(w/v) agarose gel dissolved in 1x TAE (Tris-acetate-EDTA) buffer with 0.5 μg/mL
of ethidium bromide. Electrophoresis was conducted in 1x TAE running buffer at
150 V for 30 minutes to 1 hour. Gels were visualised with a UV transilluminator
(UVP, LLC).

2.2.6 - Sanger sequencing
All samples were sequenced through Eurofins Genomic tube sequencing service.
Chromatograms were aligned to the original nucleotides sequence using the CLC
Sequence Viewer software tool from Qiagen and using the online tool Benchling
[https://benchling.com/]. A list of the sequencing primers used on this project is
shown on Table 2.4.
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Table 2.4 – Sequencing primers
Primers (5' → 3')

Gene

Reference

PCR and genomic sequencing of FGFR3:
Forward

CGGCAGTGGCGGTGGTGGTG

Reverse

AGCACCGCCGTCTGGTTG

Forward

CAGGCCAGGCCTCAACGCCC

Reverse

AGGCCTGGCGGGCAGGCAGC

FGFR3_Ex18

Forward

AGAGGCCCACCTTCAAGC

TACC3_Ex11

Reverse

CTCACACCTGCTCCTCAGC

FGFR3_249-249C

FGFR3_372-375C

Y. Dodurga,
2011

Sarah V.
Williams, 2012

pFB-FGFR3 sequencing:
Forward

CCTTACACAGTCCTGCTGACC

Reverse

AACAGACCTTGCATTCCTTTG

FGFR3_1

Forward

GAGCGTGTCCTGGTGGGG

FGFR3_2

Forward

CATCCTGCAGGCGGGGCT

FGFR3_3

Forward

CCTGTTCATCCTGGTGGTGG

FGFR3_4

Forward

GACAAGGACCTGTCGGACC

FGFR3_5

Forward

CAAGAAGACAACCAACGGC

pFB-Hyg

pBABE-Src sequencing:
p-BABE5'

Forward

CTTTATCCAGCCCTCAC

Src-1

Forward

ATGGGGAGCAGCAAGAG

Src-2

Forward

GGGAACCTTCTTGGTCC

Src-3

Forward

AGGGCTGCTTTGGAGAG

Src-4

Forward

GGACAACGAGTACACAG

Src-5

Forward

CTGGAGGACTACTTCACC

Src-R

Reverse

AAGAGCTTGGGCTCGGT

Weinberg Lab

2.3 - Mammalian cell culture
2.3.1 - Maintenance of cell lines
All cell lines were kept in a humidified incubator on an atmosphere of 37 °C at 5
% CO2. The origin and growth medium conditions used to grow the cell lines used
in this project are described in Table 2.5. All cell lines were also supplemented
with 10 % (v/v) of Fetal Bovine Serum (FBS) (Life Technologies), 100 IU/ml
penicillin and 100 μg/ml streptomycin. The selection antibiotic used to grow
retroviral transduced cell lines was kept throughout their passaging but removed
during the course of an experiment.
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Cells were passaged when they reached 80-90 % confluence and split 1:5–1:20
depending on the cell line. Adherent cells were washed once with Dulbecco’s
PBS and detached with Trypsin 0.05 % in Versene 0.02 % at 37 °C for up to 5
minutes. Trypsin was then neutralised with growth medium and the suspension
of cells split into a new flask with fresh growth medium. Cells were discarded after
a maximum of 10 passages.
Table 2.5 – Cell lines and growth conditions. Non-essential amino acids (NEAA) (Thermo Fisher Scientific
11140035); FGFR3 constructs include: pFB-Hyg, pFB-Hyg-FGFR3b-WT and all other pFB-Hyg-FGFR3bmutants. Src constructs include: pBABE-Hyg, pBABE-Src rescue and pBABE-Src-Dasatinib-resistant
plasmids.
Retroviral

Cell line

NIH-3T3

Growth medium;

Selection

L-Glutamin;

antibiotic

NEAA 100x

(µg/mL)

transduction
-

Source

DMEM

-

Gift (M.Katan)

DMEM

Hygromycin (100)

Gift (M.Katan)

pFB-HygNIH-3T3

FGFR3b-(WT,
S249C, N542K,
V557M, K652E)

NIH-3T3

FGFR3 constructs

DMEM

Hygromycin (100)

NIH-3T3

RT112Fus

DMEM

Geneticin (800)

PC9

-

RPMI 1640

-

PC9

FGFR3 constructs

RPMI 1640

Hygromycin (100)

BFTC905

-

DMEM; 2 mM

-

BFTC905

Src constructs

DMEM; 2 mM

Hygromycin (100)

RT112M

-

RT112M

Src constructs

MGHU3

-

MGHU3

Src constructs

639V

-

DMEM; 2 mM

-

639V

Src constructs

DMEM; 2mM

Hygromycin (100)

HEK293T

-

DMEM

-

ATCC (CRL-3216)

Phoenix-EcoTM

-

DMEM

Hygromycin (300)

Gift (M.Katan)

RPMI 1640; 2 mM;
1x
RPMI 1640; 2 mM;
1x
MEM with Earle′s
salts; 2 mM; 1x
MEM with Earle′s
salts; 2 mM; 1x

-

Gift (M.Katan)
ECCAC
(90071810)

Gift (M.Katan)

Gift (N. Turner)

Hygromycin (12.5)

-

Gift (N. Turner)

Hygromycin (50)
Gift (M.Katan)
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2.3.2 - Freezing and thawing of cell lines
After being detached from a flask, cells suspension was transferred into a falcon
tube and cell number counted. The cells were then centrifuged at 300 x g for 5
minutes at RT. Upon removal of the supernatant, the pellet was resuspended in
freezing medium, comprised of FBS with 10 % (v/v) of DMSO (Sigma-Aldrich) in
a concentration of 1 x 106 cells per mL. Cells were transferred to cryovials
(Thermo Fisher Scientific) and stored overnight at -80 °C, after which they were
moved to liquid nitrogen for long-term storage.
For the thawing, the cryovial was immerged in a 37 °C water bath for
approximately 1 minute. The content of the cryovials was then transferred to
flasks with pre-warmed medium and left in the incubator overnight. On the
following day cell medium was changed.

2.3.3 - Cell counting
To count cells, 10 μL of cell suspension was mixed with 10 μL of Trypan blue
solution 0.4 % (w/v). 10 μL of this mix was then pipetted into a countess slide and
the number of viable cells was read on a Countess™ II Automated Cell Counter
(Thermo Fisher Scientific).

2.4 - Generation of stable cells lines
2.4.1 - Production of sable cell lines by retroviral transduction for
expression of plasmid constructs
To achieve equal expression levels of FGFR3b and its variants in NIH-3T3 cell
lines, retroviruses were produced using two different packaging cell lines.
HEK293T cell line was used in alternative to the standard retrovirus competent
Phoenix-Eco cell line to overcome the reduced efficiency of the later to produce
retroviral particles after long passaging and high confluency (Yang and Allen,
2018). The generation of all the remaining stable cell lines used in this project
was conducted using HEK293T cells, including the expression of pFB-Hyg
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constructs in PC9 cells, as well as pBABE-Src constructs in the RT112M,
MGHU3, 639V and BFTC905 cell lines.
2.4.1.1 - Production of retroviral particles with Phoenix-Eco cells
On day 1 Phoenix-Eco cells were seeded in 25 cm2 flasks at low density to give
cells a confluence of 50–70 % on the following day. On day 2 cells were
transfected with the plasmid of interest (1.25-5 μg of DNA) using the transfection
reagent Polyethylenimine (PEI) (1 mg/mL, Sigma-Aldrich). For each plasmid, a
falcon tube was set with 11 µL of PEI plus 520 µL of serum-free medium and
incubated at RT for 20 minutes. Then DNA was added, and samples were
incubated a further 20 minutes at RT to allow the formation of PEI-plasmid
complexes, after which 5mL of DMEM medium was added to the mixture. This
solution was used to change medium to Phoenix-Eco cells to start viral
production. Medium was changed at 24 hours and then again at 48 hours but
with a smaller volume of medium (4 mL) to concentrate the shedding virus. On
day 4, the target NIH-3T3 cells were seeded in 25 cm2 flasks at low density to
give 50-60 % confluent cells on the following day. On day 5 virus supernatant
was harvested and filtered through 0.45 μm sterile syringe filters units (Merck
Millipore) to remove cell debris. Target cells were infected with two different virus
titrations (1:2 and 1:4) in an attempt to improve plasmid transduction. In this way,
2 mL or 4 mL of the filtered retrovirus suspension was added to 6 mL or 4 mL of
DMEM respectively with 8 μL of 8 mg/mL polybrene (Sigma-Aldrich), a cationic
polymer used to increase transduction efficiency. Then 4 mL of this solution was
used to change medium to the target NIH-3T3 cells. Infection was carried out for
4 hours in the incubator. Viral supernatant was exchanged with fresh media and
cells maintained in culture for 3 days before passaging and antibiotic selection
initiation. Successfully transduced cells were propagated in selection antibiotic
for 2 more weeks upon which cells with the constructs were considered fully
selected and stable.
2.4.1.2 - Production of retroviral particles with HEK293T cells
HEK293T cells were seeded on day 1 at approximately 4.6 x 104 cells per cm2 of
culture flasks. For most of the retrovirus production, 75 cm2 flasks were used. On
day 2, cells at 50–70 % confluency were transiently transfected with three
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different plasmids: the envelope plasmid pCMV-VSV-G, the packaging construct
pUMVC and the insert plasmid. For each 75 cm2 flask, an eppendorf was set with
15 μg of the insert plasmid and pUMVC and 1.88 μg of pCMV-VSV-G in a volume
made up to 500 μL with 0.9 % (w/v) sterile NaCl solution. PEI was used as
transfection reagent at a ratio of 4:1 to the total amount of DNA used and was
diluted in 0.9 % (w/v) sterile NaCl solution to make up 500 μL. Both tubes were
incubated for 10 minutes at RT. After this step, the PEI solution was added to the
plasmids tube and incubated for a further 10 minutes at RT. During incubation,
fresh media was added to the HEK293T cells and finally the mixture PEI-plasmids
was added to the flask. On the following day, flasks were replenished with fresh
media. On day 4, 75,000-150,000 target cells were seeded in 6 well plates to be
infected with retrovirus. On day 5, the retrovirus suspension was harvested and
filtered through 0.45 μm sterile syringe filters units. The retrovirus was used to
change media to the target cells at a neat, half dilution and one quarter dilution
with a final concentration of 8 μg/mL of polybrene. Cells were placed in the
incubator for 4 hours before changing media, followed by a further 72 hours in
the incubator. At this point, when necessary, cells were used for a second round
of transfection following the same previous steps. Otherwise, cells were split and
antibiotic selection initiated. Upon 2 weeks cells were stably expressing the
constructs of interest.

2.4.2 - Determination of selection antibiotic concentration
To find out the ideal antibiotic concentration to select transduced cells, a preassay was performed on uninfected cells, where escalating doses of antibiotic
were used to evaluate cell response as a colony formation assay, described on
section 2.6.2. The minimum antibiotic dose able to kill 100 % of the cells after 7
days was used for selection after transduction. Cells were then maintained on
half dose of the determined selection antibiotic.
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2.5 - Protein analysis procedures
2.5.1 - Protein extraction
For protein extraction from cell cultures, cell lines were generally seeded on day
1 with 4 x 105 cells per 25 cm2 flask, or when higher amount of protein was
required 1 x 106 cells per 25 cm2 flask, and 2 x 106 cells and 4 x 106 cells per 75
and 175 cm2 flask, respectively. Cells were kept in culture for 48 hours before
any treatment or assay took place. For cell lysis, cells were placed on ice and
washed once with ice-cold PBS before adding RIPA lysis buffer (50 mM Tris-HCl,
pH 7.6, 150 mM NaCl, 1 % (v/v) NP40, 0.5 % (w/v) sodium deoxycholate, 0.1 %
(w/v) sodium dodecyl sulphate (SDS)) with 1x Halt™ Protease and Phosphatase
Inhibitor Cocktail with EDTA (Pierce, Thermo Fisher Scientific). Depending on the
cell number, 150-300 μL of RIPA was added to 25 cm 2 flasks, 1mL and 3 mL
added to 75 and 175 cm2 flasks, respectively. RIPA buffer was spread evenly
through the flask and cells were kept on ice for 5 minutes before being scrapped
and collected into an Eppendorf tube. Lysis was processed for a further 10
minutes on ice with regular vortexing. Tubes were stored at -80 °C overnight
before sample preparation.

2.5.2 - Protein quantification
The day after protein extraction, lysates were thawed on ice and carefully
sonicated with 2 pulses of 5 seconds with 5 seconds interval on ice. Lysates were
cleared out by centrifugation at 15,000 x g for 10 minutes and the supernatant
transferred to a clean tube.
At this point, the amount of protein was quantified with bicinchoninic acid (BCA)
Protein Assay Kit (Pierce, Thermo Fisher Scientific), using 10 μL of each sample
including the standard Albumin according to manufacturer’s instructions. The
wavelength of 562 nm was used on a Spectramax M5 plate reader (Molecular
Devices) to measure the absorbance for calculation of protein concentration.
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2.5.3 - Sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE)
Samples were prepared immediately after protein quantification. Between 15-70
μg of protein was diluted in 4x NuPAGE LDS Sample Buffer and 10x NuPAGE
Sample Reducing Agent (Thermo Fisher Scientific) up to a volume of 20 μL with
water. Samples were boiled at 95 °C for 5 minutes. When analysing non-reducing
samples, the sample reducing agent was not added to the preparation and the
samples were not boiled, but the subsequent steps of the protocol remained the
same. Samples were loaded into a 4-12 % gradient gel (Novex, Thermo Fisher
Scientific) and immerged on 1x NuPAGE™ MOPS SDS Running Buffer
(Invitrogen™ Novex™, Thermo Fisher Scientific). Proteins were separated by
electrophoresis at 150 V for 90 minutes.

2.5.4 - Western blotting
Separated proteins were transferred from the SDS gel into polyvinylidene fluoride
(PVDF) membranes either by wet or dry transfer. Wet transfer was performed for
3 hours at 30 V in transfer buffer (Tris 25 mM, glycine 192 mM, pH 8.3) with 20
% (v/v) methanol. Dry transfer was carried out on an iBlot™ 2 dry blotting
machine (Thermo Fisher Scientific), within iBlot™ Transfer Stacks with increased
voltage for 7 minutes (20 V for 1 minute, 23 V for 4 minutes and 25 V for 2
minutes). Protein transfer was visualised with Ponceau stain (0.1 % (w/v)
Ponceau S dye, 1 % (v/v) acetic acid in water) to facilitate molecular weight (MW)
sorting and consequent immunoblotting.
To avoid non-specific antibody binding, membranes were incubated in blocking
buffer with 5 % (w/v) bovine serum albumin (BSA) (Sigma-Aldrich) in Trisbuffered saline solution with 0.01 % (v/v) Tween (TBS-T) for 30 minutes at RT
with shaking at 60 rpm. Membranes were then incubated overnight at 4 °C on a
shaker (60 rpm) with a solution of the primary antibody in blocking buffer. Three
washes of 10 minutes each in TBS-T at RT on a shaker, were used to remove
unbound antibody before incubation for another hour at RT at 60 rpm with the
secondary antibody in blocking buffer. Antibody details and used concentrations
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are listed in Table 2.6. Three more washes were carried out after secondary
antibody incubation, and membranes were developed with Supersignal™ West
Pico PLUS Chemiluminescent Substrate (Pierce, Thermo Fisher Scientific) for 15 minutes. Signal was visualised by x-ray film or on the ChemiDoc system (BioRad).
When blotting for proteins with equal MW, different gels were run, and
membranes blot separately. Otherwise, membranes were strip from the antibody
no more than once, using Restore Plus Western Blot Stripping Buffer (Thermo
Fisher Scientific) for 10 min and washed once with TBS-T for 5 minutes, both at
RT on a shaker at 60 rmp, before blocking and reprobing with the antibodies of
interest.
Table 2.6 – Primary and secondary antibodies
Protein

Source (species,
clonality)

Vendor

Dilution in
blocking buffer

MW (kDa)

FGFR3

Mouse monoclonal

Santa Cruz
Biotecnology #sc13121

pY1000

Rabbit polyclonal

Cell Signaling #8954

1:2000

N/A

EGFR

Rabbit polyclonal

Cell Signaling #2232

1:1000

175

pSTAT3 Y705

Rabbit polyclonal

Cell Signaling #9145

1:500-1:1000

79, 86

STAT3

Rabbit monoclonal

Cell Signaling #8768

1:1000-1:5000

86

pSrc Y416

Rabbit polyclonal

Cell Signaling #2101

1:500

60

Src

Rabbit polyclonal

Cell Signaling #2108

1:1000

60

pAkt S473

Rabbit monoclonal

Cell Signaling #4058

1:250-1:500

60

Akt

Rabbit monoclonal

Cell Signaling #4691

1:1000-1:2000

60

pErk T202/Y404

Rabbit monoclonal

Cell Signaling #4370

1:2000

42, 44

Erk

Rabbit monoclonal

Cell Signaling #4695

1:2000-1:5000

42, 44

a-Tubulin

Mouse monoclonal

Sigma-Aldrich #T5168

1:10,000

50

Anti-rabbit HRP

Goat monoclonal

Cell Signaling #7074

1:2000-1:10,000

N/A

Anti-mouse HRP

Goat polyclonal

SignalChem #G3262G-1000

1:10,000

N/A

1:500

105, 115
and 130

2.5.5- Luminex assay
Cell lysates were prepared as previously described in RIPA buffer with protease
and phosphatase inhibitors, followed by protein quantification with BCA assay.
For multiplex assay, 10 µg of lysate was used as analyte per well on a 96-well
plate format. A list of the successful proteins used for this assay is presented in
Table 2.7. The protocol followed the manufacturer’s instructions and prepared
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samples were run on the dual-laser flow-based detection instrument Luminex®
200™ by Adam Stewart from Prof. Udai Banerji laboratory.
Table 2.7 – Luminex proteins
Protein (phosphorylation site)

Source

CHK1 (S345)

Homegrown

CHK2 (T68)

Homegrown

ßCATENIN (S33/37)

Homegrown

GSK3ß (S9)

Millipore - #48-611MAG

FAK (Y397)

Homegrown

JAK1 (Y1022/1023)

Homegrown

PRAS40 (T246)

Homegrown

RAF1 (S259)

Homegrown

LCK (Y394)

Homegrown

Src (Y419)

Millipore - #46-710MAG

NFkB (S536)

Millipore - #46-702MAG

FGFR1 (Y653/654)

Homegrown

Rb (S760)

Homegrown

PTEN (S380)

Millipore - #48-611MAG

2.6 - Phenotypic assays
2.6.1 - Anchorage independent assay – soft agar
Colony formation assays in soft agar were performed with NIH-3T3 cells in 6 well
plates with 20,000 cells per well seeded in triplicate. Due to the temperature
sensitivity of the assay, because agar solutions solidify bellow 40 °C, and the
physiologic temperature of cells is 37 °C, a water bath was pre-set at 42 °C along
with a water filled beaker. Two stock solutions of 1.2 % and 1.4 % (w/v) of Noble
Agar (Sigma-Aldrich) in water were melted for 2 minutes in the microwave and
then stabilised at 42 °C for at least 1h. Two-times concentrated (2x) DMEM with
20 % FBS was also prepared and incubated at 37 °C. Once temperature was
equilibrated, the plates were coated with a layer of 1.5 mL of 1.2 % agar and 2x
DMEM (1:1) to give a final concentration of 0.6 % agar in 1x DMEM plus 10 %
FBS. Plates were set aside until agar solidification, for a minimum of 15 minutes
at RT. In the meanwhile, cells were trypsinised, counted and twice the number of
cells to be seeded (i.e. 40,000 cells) were transferred to a tube and mixed with
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2x DMEM and 1.4 % agar in a volume proportion of 2:1:1, respectively. Then, 1.5
mL of this solution of cells was used to cover the base layer of the pre-coated
plates. Plates were placed in the incubator at 37 °C for 30 minutes. Then 1mL of
full medium was added to the plates. To avoid premature agar solidification,
solutions were mixed with tubes placed inside the prewarmed water filled beaker,
and all the solutions were kept in the water bath when not in use.
Media was changed every 3 days. After 3 weeks medium was removed and
colonies were stained with Giemsa Stain Modified Solution (48900, SigmaAldrich) with 1 part Giemsa to 5 parts glycerol:methanol (5:24 parts) for 20
minutes with gentle shaking. Plates were washed several times in water,
including overnight de-staining. The plates were then scanned and the number
of colonies with a diameter greater than 10 pixels was analysed on ImageJ
software.

2.6.2 - Colony formation assay
Cells were trypsinised, counted and seeded in 6 well plates at low density.
Therefore, 1000 cells per well were used for all assays with NIH-3T3 cells and
15,000 cells were used for all other cell lines. On the following day, drug was
added to the plates and replaced with fresh medium and drug. Media and drug
replacement were performed twice a week. Plates were kept in culture for 13 or
14 days before staining. After medium removal, cells were fixed to the plate with
Carnoy’s solution (1 acetic acid: 3 methanol) and incubated for a minimum of 5
minutes at RT. Fixative was removed and plates were air-dried and then stained
with 1 % (w/v) crystal violet (Sigma-Aldrich) for 5 minutes at RT. Plates were
washed throughout with tap water and scanned with ChemiDoc. The percentage
of colonies covering the plates were calculated with ImageJ tool.

2.6.3 - Small molecule inhibitors preparation
The lyophilised chemical inhibitors were resuspended in DMSO to a
concentration of 1-10mM depending on their solubility factor. Aliquots were

88

prepared and stored for long-term at -20 °C. The entire list of small molecule
inhibitors used in this project is shown in Table 2.8.
Table 2.8 – Small molecule chemical compounds
Compound

Source

Compound (continuation)

Source (continuation)

AZD4547

LC Labs #A-1088

MK-8776

Selleckchem #S2735

AZD5363

Selleckchem #S8019

Momelotinib

Selleckchem #S2219

BEZ235

LC Labs #N-4288

MRT67307

Sigma-Aldrich #SML0702

BGJ398

Selleckchem #S2183

NVP-AUY922

LC Labs #N-5300

Binimetinib

LC Labs #B-2332

NVP-TAE684

Selleckchem #S1108

Bosutinib

LC Labs #B-1788

Palbociclib

Selleckchem #S1116

BX-795

Sigma-Aldrich #SML0694

Pazopanib

LC Labs #P-6706

Cediranib

LC Labs #C-4300

PD173074

Selleckchem #S1264

Ceritinib

Selleckchem #S7083

PF562271

Selleckchem #S2890

Crizotinib

LC Labs #C-7900

Ponatinib

LC Labs #P-7022

Dabrafenib

Selleckchem #S2807

GSK126

Selleckchem #S7061

Dasatinib

LC Labs #D-3307

Saracatinib

Selleckchem #S1006

Foretinib

LC Labs #F-4185

Silmitasertib

Selleckchem #S2248

Gefitinib

LC Labs #G-4408

Sorafenib

LC Labs #S-8599

Imatinib

LC Labs #I-5577

Sunitinib

LC Labs #S-8877

JQ1

Selleckchem #S7110

Trametinib

LC Labs #T-8123

Lenvatinib

LC Labs #L-5400

Vandetanib

LC Labs #V-9402

MK2206

Selleckchem #S1078

2.6.4 - Inhibitor dose response viability assay
Dose response assays were done in a 96 well format. Plate edges and space in
between wells were carefully filled with PBS to avoid medium evaporation and
thus improve reproducibility across biological replicates. Cells were trypsinised,
counted and 1000-3000 cells were seeded per well in triplicate. The number of
cells used was calculated to reach 80-90% confluence at the end-point assay.
Thus, 1000 cells were used for NIH-3T3 cells, 2000 cells for PC9 cells and 3000
cells for the other cell lines. After 24 hours, serial dilutions of the inhibitor of
interest were prepared in 12-well reservoirs (9 dilutions ranging from 5nM to
50M). Medium was replaced from the plates with the appropriate drug dosage
and vehicle control. After 72 hours, cell viability was calculated using a measure
of the ATP concentration with CellTitre-Glo (CTG) (Promega) reagent, as per the
manufacturer’s guidelines. Luminescence was read using a Victor plate reader
(PerkinElmer). Values were normalised against the DMSO vehicle control and
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viability percentages were plotted on GraphPad Prism 7 which were then
analysed with a four-parameter non-linear regression curve-fitting with 5000
points. The points of the curve allowed the half maximal inhibitory concentration
(IC50) calculation by taking the closest inhibitor concentration correspondent to
50 % cell viability. A minimum of three biological replicates were obtained to
calculate the average IC50 value.

2.6.5 - Anchorage independent assay – spheroids
Cells were seeded on Corning® Costar® Ultra-Low Attachment 96 well round
bottom plates (Sigma-Aldrich) on a density of 1000 cells per well per 100 μL.
Plates were spun down at 300 x g for 1 minute before incubation at 37°C.

2.6.6 - Inhibitor response – Spheroid size
After 24 hours in round bottom plates, spheroids were formed and 100 μL of a 2x
concentrated inhibitor solution was added to each well. Spheroids were kept in
culture for up to 10 days and image acquisition data using the CeligoS Imaging
Cytometer (Nexcelom Bioscience) were acquired on days 4, 7 and 10. The area
of the spheroids was calculated using ImageJ software with a modified
automated macro processing (Ivanov et al., 2014). Well media was replenished
on day 4 and 7 with careful removal of 100 μL of medium from each well prior to
the addition of 100 μL of 2x inhibitor or DMSO control.

2.6.8 - Targeted small molecule inhibitor screen
A set of 32 small molecule inhibitors were selected to build a library to target a
broad range of signalling pathways. A template was pre-made in 96 well plates
with the different drugs including the vehicle DMSO control at the concentration
of 1 μM which was then stored at -80 °C. Cells were seeded at 1000 cells / well
in 96 well plates in duplicate. After 24 hours, inhibitor library plates were thawed
at RT and cells were treated with the inhibitors up to a volume of 100 μL per well
and to a final concentration of 500 nM. After 72 hours cell viability was measured
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by CTG assay. Raw data was normalised against the DMSO control and the
average of three biological replicates was plotted on a heat map.
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Chapter 3
Assessment of FGFR3 cancerassociated mutations
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3.1 - Introduction
Although FGFR3 mutations have long been associated with skeletal syndromes,
it was only later that FGFR3 alterations were found in cancer (Richelda et al.,
1997). The FGFR3 chromosomal translocation t(4;14) (p16.3;q32) was first
identified in MM and associated with the occurrence of FGFR3 mutations such
as Y375C and K652E/M in different myeloma cell lines. (Chesi et al., 1997;
Fracchiolla et al., 1998; Ronchetti et al., 2001). This finding prompted further
investigations and many other FGFR3 gene mutations associated with human
skeletal disorders were subsequently linked to cancer development, such as
R248C, S249C or G372C (Cappellen et al., 1999). Later, with the arrival of largescale cancer genome sequencing projects, hundreds of other FGFR3 somatic
mutations were identified in diverse human cancers (Helsten et al., 2015), and
are now catalogued in different online databases.
FGFR3 somatic missense mutations account for the development and
progression of different human cancer types, in particular bladder cancer (van
Rhijn et al., 2002). Most common FGFR3 mutations have been studied for their
functional

consequences

at

the

receptor

level.

For

instance,

kinase

hyperactivation and ligand-independent receptor activation are known to result in
downstream signalling exacerbation leading to uncontrolled cell proliferation,
growth and survival in diverse types of cancers (Naski et al., 1996; Ornitz and
Itoh, 2015). However, the way distinct FGFR3 mutations modulate downstream
signalling pathways to drive oncogenesis is poorly understood. Therefore, this
thesis seeks to study the signalling mechanisms involved in the development of
FGFR3 mutation-dependent cancers in order to improve patient outcomes.
This first chapter of results aims to identify and select the most common FGFR3
somatic point mutations found in cancer, through the analysis of curated public
online databases in order to develop relevant models for its study. The generation
of cellular models bearing relevant FGFR3 mutations and the optimisation of
mutant FGFR3 expression levels will be presented along with model validation
by analysis of transforming phenotype and response to FGFR3 inhibitors.
Moreover, FGFR3 mutants will be analysed for their downstream signalling
activity in the presence and absence of ligand stimulation.
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3.2 - Selection of relevant missense somatic FGFR3 point
mutations in cancer
There are several online databases that compile somatic FGFR3 mutations on
an

ongoing

basis,

including

cBioportal

for

cancer

genomics

[https://www.cbioportal.org/] and the Catalogue of Somatic Mutations in Cancer
(COSMIC) [cancer.sanger.ac.uk], which curate data from diverse worldwide
studies including The Cancer Genome Atlas (TCGA) [cancergenome.nih.gov]
and the International Cancer Genome Consortium (ICGC) [icgc.org]. At the
beginning of this project, FGFR3 cancer-associated missense mutations were
gathered from cBioportal, which at the time (October 2015) comprised data from
just under 200 samples, but now includes more than 42,000 samples from 159
studies. For this project, relevant FGFR3 mutants were selected based on a
threshold of 3 or more cases per mutation. With the number of samples being
deposited in the database rapidly increasing, additional mutations were included
to accommodate other high frequency mutations according to the set threshold.
In some cases, residues that are frequently mutated but associated with lower
frequency mutant variants were also included in the panel in order to explore if
different mutations in the same amino acid residue had functional and biological
consequences. One case is for the residue S249 that is frequently mutated to a
cysteine (179 samples out of 659, according to cBioportal) but is also found to be
mutated to a lower frequency to a threonine (1 sample out of 659, according to
cBioportal) (Figure 3.1) (Cerami et al., 2012; Gao et al., 2013). In order to further
increase the number of samples from which mutations were selected, FGFR3
mutations identified in an individual study by Helsten and colleagues, which
analysed nearly 5000 tumour samples specifically to assess the mutation status
of FGFRs, were also included for this study (Helsten et al., 2015).
The panel of FGFR3 mutations included in this study was finalised at the end of
2017, making a total of 16 FGFR3 point mutations across the entire length of the
receptor (Figure 3.1). Mutations include S131L that occurs in the acidic box
region within the linker Ig-I-Ig-II, known to play a role in the receptor autoinhibition
(Kalinina et al., 2012). The panel also includes mutations in the linker region
between Ig-II-Ig-III, namely the most common FGFR3 mutation S249C along with
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a lower frequency mutation S249T and the third most common FGFR3 mutation
R248C. Both residues R248 and S249 are known to form disulphide bonds
between homodimers in a ligand-independent manner, driving the constitutive
activation of the receptor (Bernard-Pierrot et al., 2006). Three other selected
mutations localise at the JM region of the extracellular domain. These are all
cysteine variants and include residues G372, S373 and Y375. The unpaired
cysteine on these residues is also thought to drive constitutive dimerisation of the
TM domain in the absence of ligand, resulting in a conformational change of the
TM domain that is propagated to the KD which becomes active (Bodoor et al.,
2010). Interestingly, cysteine variants are the most common type of mutation in
FGFR3 making up around 95% of all cancer-associated mutations found in
FGFR3, most of which can be found in bladder cancers (Di Martino et al., 2016).
A mutation on the TM domain was also selected on residue G382, where the
mutation arginine (R) is more commonly found in cancer than the glutamic acid
(E) (Bodoor et al., 2010). And on the JM region of the intracellular compartment
of FGFR3 a cysteine mutation on residue R401 was also included. Further along
the receptor, cancer-associated mutations include residues on the KD, such as
E629, K652 and V679. Residue K652 is most frequently mutated to glutamic acid
(E) but lower frequency mutations such as methionine (M), threonine (T) and
asparagine (N) are also found in cancer (van Rhijn et al., 2002). K652 is found
within the activation loop of the KD, known to play a role in the activation of the
receptor (Webster et al., 1996).
Along with the selected 16 FGFR3 cancer-associated mutations, positive and
negative controls were also included in the panel. The gatekeeper mutation
control V557M, that is known to hinder inhibitor binding and confer resistance to
FGFR inhibitors, was selected as a negative control for the response to FGFR
inhibitors (Chell et al., 2013). In parallel, the translocation RT112Fus that
harbours the fusion of WT FGFR3 with TACC3 was used as positive control due
to its high transformation potential in vitro and in xenograft models as described
in chapter 1 (Patani, 2016; Williams et al., 2013). A final variant N542K, only
described in germline diseases, was also included in the panel as a positive
control due to its reported high kinase activity when compared to other FGFR3
mutants (Greulich and Pollock, 2011; Patani, 2016).
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Upon mutant selection, information about the nucleotide exchange for each
mutant was identified in COSMIC, where there is a detailed description of each
mutation. It is important to note that some mutations are found in both FGFR3
isoforms III-c and III-b, depending on their tissue of origin, however in this work
mutations are referred to using the residue numbering of the FGFR3-b isoform,
in contrast to the canonical isoform c commonly used in publications.

Figure 3.1 – Distribution of all FGFR3 cancer-associated mutations selected for this project. FGFR3
mutations represented here were selected from cBioportal curated database (Cerami et al., 2012; Gao et
al., 2013) and from an article where around 5000 tumours were screened for FGFR alterations (Helsten et
al., 2015). The lollipop plot shows on the y-axis the number of samples from different patients presenting
the correspondent FGFR3 mutation. At the end of 2017 when the panel was complete, all mutations for each
residue were found in more than three patients except E629K which was only identified in 1 patient from the
screen by Helsten et al. (Helsten et al., 2015). Their distribution across the different domains of FGFR3 is
indicated by the coloured bar at the bottom of the lollipop plot. From left to right is FGFR3 from (N)-terminus
to (C)-terminus, where the grey bars represent each Ig domain of the extracellular region with Ig-I being
followed by the acidic box (AB), which is therefore followed by Ig-II and Ig-III. The red box represents the
TM domain whereas the blue boxes represent the split KD.

3.3 - Generation of FGFR3 mutant NIH-3T3 cell line models
3.3.1 - Construction of FGFR3 mutant plasmids and cell line
transduction
The aim of this project is to characterise individual FGFR3 mutations to improve
targeted therapies and to define the resistance mechanisms of FGFR3 mutations
towards selective inhibitors. Hence, it was important to utilise the same cell line
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model which allowed the execution of diverse experimental assays, from
phenotypic assessment to the determination of molecular signalling effectors that
play a role in cancer development as well as enable evaluation of the efficacy of
inhibitors. The use of the same model cell line for the expression of FGFR3
mutants facilitated the assessment of mutant specific characteristics in the same
genomic background to minimise confounding genetic and epigenetic factors that
may arise when using a panel of cell lines from a number of different cancer
types. Therefore, the NIH-3T3 mouse fibroblast cell line was used to generate
FGFR3 mutant models. This cell line is a workhorse for evaluating oncogenic
effects and has been widely used in diverse cancer studies. It is a valuable tool
for screening the oncogenic effects of transduced genes as the cells have a high
degree of contact-inhibition in culture (which is lost in cancer cells) (Alvarez et al.,
2014; Williams et al., 2013), and are amenable for signalling pathway analysis
and drug assays (Chang et al., 2015; Yeh et al., 2008).
In order to express FGFR3 mutants in NIH-3T3 cells, a retroviral vector pFB
(Stratagene) containing full length FGFR3-WT modified to have a hygromycin
resistant cassette was obtained from Prof. Matilda Katan (UCL). The plasmid
contained the FGFR3b spliced isoform, selected due to the frequency of FGFR3
mutations in bladder cancer and epithelial tissues, where this isoform b is most
commonly expressed (Tomlinson et al., 2005). Point mutations were introduced
in this pFB-FGFR3-Hyg backbone using SDM followed by full Sanger sequencing
of FGFR3b gene in order to confirm the successful introduction of the single
mutation of interest (method details are described in section 2.2.2) (Appendix
Figure 8.1). The generated plasmid library of FGFR3 mutants, along with the WT
FGFR3 control were then used to engineer stable cell lines in mouse fibroblast
NIH-3T3 background. Moreover, a pFB-Hyg construct lacking the FGFR3 gene
was also transduced into NIH-3T3 cells and used as an empty vector (EV) control.
Plasmids were used to produce retroviral particles in packaging cells lines
(Phoenix-eco or HEK293 cells) that were then able to infect the host NIH-3T3
cells. Hygromycin antibiotic was used for the selection of positively infected cells,
and after a further 2 weeks in culture, populations of cells stably expressing
mutant FGFR3 were generated (refer to section 2.4.1 to see full method details).
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3.3.2 - Optimisation of FGFR3 expression levels
In order to attain comparable data between mutant cell line models, I set out to
establish if the engineered cells express similar levels of mutant FGFR3 by
western blotting analysis. The theoretical MW of FGFR3 is 88 KDa, however as
a result of post-translational modifications, immunoblots often display additional
bands due to the presence of different glycoforms that confer different mobilities
in SDS-PAGE gels (Gibbs and Legeai-Mallet, 2007). Therefore, the
unglycosylated form of FGFR3 exists at 105 KDa and the low and high
glycosylation levels appear at 115 KDa and 130 KDa, respectively (Gibbs and
Legeai-Mallet, 2007). RT112Fus (FGFR3-TACC3 fusion protein) has a distinct
MW due to the presence of the fusion protein TACC3 coupled to FGFR3. Some
of the FGFR3 mutant cell lines were originally a gift from Prof. Matilda Katan,
including FGFR3-WT, RT112Fus, S249C, N542K, V557M and K652E (Figure
3.2A). However, the expression levels of these cell lines were confirmed to be
considerably higher than the mutants generated in-house (denoted with the suffix
“L”) as part of this project (Figure 3.2B). Moreover, in-house generated cell lines
also shown to express distinct FGFR3 levels.

Figure 3.2 – FGFR3 expression levels in NIH-3T3 cell lines. A. FGFR3 expression of cell lines obtained
from Prof. Matilda Katan’s laboratory in UCL in comparison to the EV control generated in-house. The MW
of FGFR3 protein is indicated in KDa. B. Part of the panel of FGFR3 cell lines transduced in-house (L) shows
reduced and uneven levels of expression when compared to the cell lines RT112Fus and K652E from panel
A.
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In order to obtain cells with similar higher mutant FGFR3 expression levels as
those obtained from UCL, different approaches were taken. These included
utilising an alternative retroviral production technique, using different virus
titrations and generating clones from parental mutant cell lines. In the first round
of viral particle production, Phoenix-Eco packaging cells were used. However,
despite further attempts at cell line generation using 1.25-5 µg of plasmid
template and ½ (v/v) of virus for infection of NIH-3T3 cells, the resultant receptor
expression levels were still reduced compared to the cell lines from UCL. To
address this issue, an alternative viral production method was utilised. HEK293
cells were infected with 15 µg of the FGFR3 vector of interest along with two other
plasmids encoding viral packaging components. NIH-3T3 cells were then
transduced with ½ or ¼ (v/v) of virus with either one or two consecutive rounds
of infection in an attempt to increase transduction levels (see full details in section
2.4.1.2). The results were more promising, and the FGFR3 expression levels of
the generated stable cell lines were very similar across the panel and similar to
the S249C cells obtained from UCL (Figure 3.3A and Appendix Figure 8.2).
Moreover, I found that the concentration of virus used for transduction and the
number of repeated infections did not have an impact on the receptor expression
levels of these cells. Therefore, I proceeded with the generation of the remaining
mutants (including G372C, R401C, E629K and V679I) with the same protocol,
using ½ (v/v) of virus and one round of infection. Moreover, at this point, due to
the previously unsuccessful generation of high expressing mutant cell lines, I
decided to re-generate in-house the cell lines from UCL (including WT,
RT112Fus, S249C, N542K and V557M) through the same method, in an attempt
to obtain similar expression levels across all mutant cells, in case the remaining
mutants fail to express high levels of FGFR3. K652E cell lines were not regenerated as cells did not survive upon antibiotic selection. However, finally when
the expression of FGFR3 levels was compared across all generated cell lines,
there were still discrepancies, and the FGFR3 expression levels were still very
low for the in-house generated mutants compared to those acquired from UCL
(Figure 3.3B). Moreover, across the in-house generated mutant cell lines, FGFR3
expression levels were uneven, with cell lines such as G382RL expressing higher
levels than K652ML for example.
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To further attempt to generate similar high-expressing cell lines, single-cell clones
were generated from the engineered cells. The rationale for this assumes that
within the population of engineered cells, the expression levels for FGFR3 in
individual clones vary, following a normal distribution. Hence, isolating and
growing up individual clones from the original population would permit the
generation of cell lines with different expression levels. Therefore, the previously
generated in-house and UCL cell lines were used to generate single-cell clones,
in an attempt to achieve equally high FGFR3 expression levels. The UCL cell
lines were used to generate lower expression clones, whereas the in-house cell
lines were used to generate higher expressing clones. The process consisted of
consecutive serial cell dilutions in full growth media and seeding in 96-well plate
format on day 1. On day 2, wells containing only one cell (in up to 10 wells) were
selected for follow up and monitored through time for cell multiplication until full
well confluency, allowing the expansion of these clones to generate cell lines.
However, the generation of cell lines with high FGFR3 expression again proved
to be challenging using this method (Figure 3.3C and Appendix 8.3).

100

Figure 3.3 – Optimisation of FGFR3 expression levels in NIH-3T3 cell lines. A. Representative example
of the resulting transduction of FGFR3 mutants after virus production with HEK293 cells, one and two rounds
of infection and different virus titrations. The full panel of generated cell lines can be seen on Appendix
Figure 8.2. B. Cell lines transduced in A by virus production with HEK293 cells using one round of
transfection and ½ virus titration, were run together with the panel of cell lines acquired from UCL shown in
Figure 2A, and the remaining generated FGFR3 mutant cells. Differences in FGFR3 expression levels are
still clear. C. Collection of FGFR3 mutants and parental cell lines generated after single cell clones sorting
and growth. Selected clones derived from parental cells are numbered according to the originated clone
number. WT, RT112Fus, S249C, N542K, V557M and K652E from UCL were used as parental cell lines to
obtain lower levels of FGFR3 expression. The remaining cell lines used the in-house generated cell lines to
obtain higher FGFR3 expression levels. The represented cell lines were picked out of all generated clones
according to their similar expression levels. The full panel of generated cell lines can be seen on Appendix
Figure 8.3. However, results still show an uneven and low expression of FGFR3 for some mutant cells when
comparing to the loading control (LC) for high expression S249C from UCL.
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Despite several attempts, the generation of FGFR3 mutant cell lines with equal
FGFR3 expression levels as the UCL cell lines proved to be challenging.
Therefore, the entire panel of generated FGFR3 mutants were divided into two
classes: the high expressing mutants, and the low expressing mutants (Figure
3.4). To distinguish these two groups of cell lines, all low expression mutant cells
generated in-house are denoted with the suffix “L” throughout this entire work.

Figure 3.4 – FGFR3 expression of the final panel of FGFR3 cell lines. The entire panel of FGFR3 mutants
employed in this thesis is shown and divided in low expressing mutants (L) generated in-house on the top
panel, and high expressing mutants on the bottom panel acquired from UCL. On the top panel L2 represents
a second generated mutant cell line. Two different FGFR3 film exposures are shown in order to facilitate the
visualisation of the different expression levels between panels. The loading control (LC) is here a mere
reference to compare FGFR3 expression between blots run at the same time but on different gels.
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3.4 - Effects of FGFR3 mutations on cellular morphology
It has previously been shown that expressing oncogenes in NIH-3T3 cells results
in loss of contact inhibition leading to a dramatic change in cellular morphology
(Bernard-Pierrot et al., 2006; Di Martino et al., 2009). Morphologic assessment
thus allows for the selection of the most transforming mutations which are often
associated with their potential to grow tumours in vivo (Bernard-Pierrot et al.,
2006). Along these lines, I evaluate the effects of FGFR3 mutant expression on
the morphology of NIH-3T3 cells using EV and WT FGFR3 expressing cells as
negative controls and the RT112Fus expressing cells as a positive control. Cells
expressing RT112Fus have a high transformation potential in culture due to its
loss of contact-inhibition, resulting in the ability to form clusters of cells with a
distinct morphology from WT FGFR3 expressing cells (Williams et al., 2013).
Each cell line was seeded and observed under the microscope after 3 days in
culture (Figure 3.5 and 3.6). Presented images represent the morphology of
engineered cell lines at high and/or low confluency at an early passage number
(≤ 3). On day 3, confluency of cells varies between 60 % - 95 % across cell lines,
which might indicate different growth rates between mutants. Morphological
effects were clearly visible upon expression of particular mutants. Across the high
expressing mutants obtained from UCL, RT112Fus had the most markedly
pronounced change in cellular morphology (Figure 3.5). These cells formed clear
elongated protrusions with compact cells. Unlike the flattened morphology of the
EV and WT FGFR3 cells, all the mutants in the high expression panel of cells
from UCL showed a round spindle-like morphology at low and high confluency.
Moreover, RT112Fus cells grew as dense aggregates at high density that were
visible to the naked eye. Cells expressing the high kinase activity mutants N542K
and K652E, also formed aggregates similar to RT112Fus expressing cells when
grown at high confluency, suggesting that these mutants may have similar
transformation ability as RT112Fus.
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Figure 3.5 – Morphology of stably transduced FGFR3 cell lines obtained from UCL. Evaluation of the
morphology of FGFR mutant cell lines highlight that a subset of cells has spindle-like morphology with
extended protrusions. Cells with strong transforming potential grew as dense aggregates at high confluency
that were visible to the naked eye. Cell lines expressing high levels of mutant FGFR3 (obtained from UCL)
are represented here with either low confluency (left image) and high confluency (right image). The scale
bar represents 200 µm.

Evaluation of the in-house low expressing mutant cells finds a wide range of
different cellular morphologies across the range of distinct FGFR3 mutants
(Figure 3.6). For instance, whereas the WTL cells displayed a flattened
morphology, cells expressing the cysteine mutants and RT112FusL were
characterised by spindle-like cells with long extended filaments, along with the
ability to form aggregates that were visible to the naked eye. Interestingly, S249T L
has a distinct morphology from S249CL despite there being a difference in just
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one single amino acid substitution suggesting that the signalling pathways
activated by these two mutants were distinct. Similarly, there are morphological
differences in K652ML versus K652NL and K652TL although the effects are less
apparent compared to S249CL and S249TL. Moreover, whereas some mutants
displayed a similar morphology to the WTL cells composing a very flat monolayer
of cells, without apparent transformation potential such as V557M L cells, others
also displayed different morphologies from the WTL, as well as RT112FusL.
Collectively the similarity in morphology between the RT112Fus cells and the
cysteine mutants in the in-house panel of cells showed that these cells are likely
to have the highest transformation potential amongst all mutants being studied in
this panel.
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Figure 3.6 – Morphology of stably transduced FGFR3 cell lines generated in-house. Evaluation of the
morphology of FGFR mutant cell lines highlight that a subset of cells has spindle-like morphology with
extended protrusions. Cells with strong transforming potential grew as dense aggregates at high confluency
that were visible to the naked eye. Representative pictures are shown for high confluency cell lines
expressing low levels of FGFR3 mutants generated in-house. The scale bar is equal for all pictures and
represents 200 µm.
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3.5 - Anchorage independent growth of FGFR3 mutants
A subset of FGFR3 mutant cell lines were tested for their ability to grow under
anchorage-independent conditions in soft agar, a widely used assay to assess
the transformation potential of cell lines in vitro, a hallmark of carcinogenesis.
This assay tests the ability of cells to grow from single cells into colonies, without
a physical support like the walls of a tissue culture plate. The soft agar assay is
considered a rigorous test for malignant transformation, where cells that do grow
are associated with a more oncogenic phenotype (Borowicz et al., 2014). Rat1A
cell lines expressing the FGFR3-TACC3 gene have previously been shown to be
able to grow under such conditions, confirming their oncogenic potential (Singh
et al., 2012) and thus RT112Fus NIH-3T3 cells were used in my experiments as
a positive control.
For this assay, I first assessed the cells expressing high levels of mutant FGFR3
and compared them with the negative control EV and WT FGFR3 expressing
cells that are known for not growing colonies in soft agar, and the positive control
RT112Fus cell line that was shown before to form colonies in soft agar (Williams
et al., 2013). Each cell line was seeded in triplicate in freshly prepared agar and
after four weeks, colonies were imaged and quantified for the percentage of
surface covered with colonies (Figure 3.7A). All tested mutant cell lines formed
numerous colonies in soft agar, which was significantly higher than the EV or WT
cells, with RT112Fus, S249C and N542K mutants displaying an average well
coverage between 16.5 - 21.3%, and K652E and average of 9.3% well coverage
(Figure 3.7B). As expected, there were no colonies visible in the EV control and
a very low number of colonies in the WT FGFR3 expressing cells (1.5% well
coverage). In order to confirm that the effect seen is due to the presence of the
mutant FGFR3, the same assay was done in parallel with the addition of the panFGFR inhibitor BGJ398. Treatment with this inhibitor completely abolished the
formation of colonies in soft agar for all tested cells confirming that the observed
anchorage independence is driven by mutant FGFR3 signalling.
I then evaluated a subset of the low expression mutant FGFR3 expression
models that were generated in-house (Figure 3.7C). The extracellular mutations
R248CL and S249CL were selected due to their transforming morphology (Figure
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3.6) and ability to grow as aggregates in monolayers. As a comparator, the
S249TL cell line which displayed a distinct morphology to S249C L despite being
mutated at the same amino acid was also selected for evaluation. Alongside, the
WTL cell line was used as a negative control. The assay was performed only with
two biological replicates and so it was not quantified. However, results showed
that the two cysteine mutants R248CL and S249CL were able to form colonies in
soft agar, despite their low expression levels of FGFR3. In contrast, the control
mutant cells S249TL were not able to form colonies in soft agar, suggesting that
that the two distinct mutations on the same amino acid S249 showed very
different phenotypes, where the cysteine substitution was more transforming than
the threonine mutation.
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Figure 3.7 – Colony formation of FGFR3 mutant cell lines under anchorage-independent conditions.
Cell lines were seeded in soft agar and kept in culture for 4 weeks before staining and quantification. A.
Representative images of one biological replicate for the high expressing FGFR3 mutants and its negative
controls EV and WT cell lines and positive control RT112Fus cell line. The top row represents cells growing
in normal media, whereas on the bottom row cells were treated with 100nM of BGJ398. B. Quantification of
6 biological replicates of well coverage from the soft agar assay is represented by the bar chart, ** p-value<
0.01. C. Representative images of the soft agar assay for a selected subset of low expressing FGFR3
mutants and control WTL generated in-house.
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3.6 - Sensitivity to the pan FGFR inhibitor, BGJ398
It has previously been demonstrated that the total expression levels of mutant
FGFR is important in its ability to drive oncogenesis. Notably, sensitivity to FGFR
inhibitors has been shown to be confined to bladder cancer cell lines expressing
high levels of either FGFR3-S249C or FGFR3-TACC3 (Chell et al., 2013). In this
study, Chell et al. evaluated the sensitivity of the FGFR inhibitors AZD4547 and
PD173074 in two bladder cancer cell lines 97-7 and 97-29, which express high
and low mRNA levels of FGFR3-S249C, respectively. The results indicated that
only 97-7, with high levels of mutant FGFR3, showed strong dependency on
FGFR3, showing to be sensitive to the FGFR inhibitors in contrast to the 97-29
cell line (Chell et al., 2013).
To assess if the NIH-3T3 models obtained from UCL and generated in-house
were dependent on FGFR3 signalling, I undertook a systematic investigation of
the sensitivity of the FGFR3 mutant cell line models towards the FGFR inhibitor
BGJ398. Each cell line in the panel was subjected to drug treatment to evaluate
the dose dependent effects of BGJ398 on cell viability. Each cell line was seeded
in 96-well format plates on day 1, following inhibitor treatment after 24 hours with
serial dilutions of BGJ398. After a further 72 hours in culture cell viability was
measured using the luminescence CTG assay. The resulting data was
normalised against the vehicle DMSO control to plot the dose response curves
(Figure 3.8). The data was also used to calculate the half maximal inhibitory
concentration (IC50) value, which corresponds to the dose of inhibitor required to
inhibit cell viability by 50% when compared to the vehicle-treated counterpart.
Treatment of the high expressing mutant cells resulted in a distinct separation in
the dose response curves between the mutants and the controls, EV, WT and
gatekeeper mutant V557M (Figure 3.8A). The dose response curves showed a
shift towards the left for all three mutants S249C, N542K and K652E and fusion
RT112Fus, indicating a higher sensitivity of these cells towards BGJ398 than the
controls. The IC50 have mean values ranging from 0.2 µM to 0.4 µM for the
mutants and fusion, and an average of 1.7 µM for the control WT and EV, showing
a significant difference of around 5-fold between controls and mutants. As
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anticipated, the gatekeeper mutant V557M which is unable to bind to the drug
had an average IC50 of 1.3 µM which is similar to the controls.
In contrast, when the same drug treatments were administered to the low mutant
FGFR3 expressing cell lines that were generated in-house, this therapeutic
window between the WT and mutant receptors was lost (Figure 3.8B). Here, the
dose response curves were very similar across the panel, without significant
differences observed between mutants and controls. The mean IC 50 values
range from between 1.5 µM and 3.1 µM. This data is consistent with the previous
study by Chell et al., and demonstrates that only cells which express high levels
of mutant FGFR3 harbour a strong dependency on FGFR signalling (Chell et al.,
2013).

Figure 3.8 – Sensitivity of FGFR3 cell lines towards BGJ398. Cells were seeded in 96 well plates and
treated with nine serial dilutions of BGJ398 across a broad range of drug doses as stated, for 72h. Viability
was measured with CTG assay and normalised to the vehicle-treated DMSO control. IC50 values were
calculated using four-parameter non-linear regression analysis and statistical analysis was performed with
one-way ANOVA multiple comparisons against the WT of each panel with GraphPad Prism software. Curves
represent the mean of three biological replicates and the bar charts are the mean IC 50 calculated from those
replicates. A. B. Drug dose curve (left) and IC50 values (right) for the high (A) and low (B) expressing FGFR3
mutant cells and controls. *** p-value< 0.0001; ns- not significant.
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3.7 - Effect of FGFR3 mutations on the cell signalling
The impact of FGFR3 mutations on downstream cellular signalling was also
investigated by western blotting. As distinct mutations in different regions of the
receptor may have unique consequences on the constitutive activity of FGFR3,
the basal levels of the main downstream signalling effectors of FGFR3 in the
absence of ligand were investigated and compared against the controls EV and
WT. Given that the BGJ398 drug response data previously described in Figure
3.8A showed that only the high expressing FGFR3 panel of cell lines harboured
a dependence on FGFR signalling, I focussed on these cell lines for these
signalling experiments. Cells were seeded in media with 10% FBS and harvested
48 hours later. Lysates were run on a gradient gel where proteins were separated
prior to immunoblotting for total (t) and phospho (p) proteins with antibodies
recognising components of the MAPK pathway (tErk/ pT202/Y204 Erk), PI3K/Akt
pathway (tAkt/ pS473 Akt), Src pathway (tSrc/ pY416 Src) and STAT3 pathway
(tSTAT3/ pY705 STAT3) (Figure 3.9). Despite multiple attempts at optimising
phospho-specific FGFR3 antibodies as well as immunoprecipitation experiments
to evaluate the phosphorylation levels of FGFR3, I was unable to successfully
measure the phosphotyrosine status of FGFR3. As an alternative, I have used
the pY1000 antibody, which generally recognises phosphorylated tyrosine
residues in cell lysates as a readout of the levels of the tyrosine residues
phosphorylated in the same mass range as FGFR3.
All mutant cells showed stronger tyrosine phosphorylation (pY1000 antibody) at
the same MW as FGFR3 (~130 KDa) compared to the EV cells, indicating that
the bands shown by pY1000 is likely to be due to FGFR3 phosphorylation. STAT3
phosphorylation was reduced in the FGFR3 mutants and RT112Fus expressing
cells when comparing to the EV and WT FGFR3 controls, however this decrease
was also accompanied by a decrease in the total levels of STAT3, suggesting
that expression of FGFR3 mutations leads to the suppression of the STAT3
pathway via the downregulation of the total STAT3 protein levels. Src tyrosine
phosphorylation was upregulated in all FGFR3 mutants and the fusion RT112,
comparing to the controls EV and WT indicating that constitutive activation of
FGFR3 mutations leads to increased activation of the Src pathway. In contrast,
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there were no apparent differences in Akt and Erk activation across the panel of
different cell lines. Overall, these comparisons suggested that mutations in
FGFR3 as well as translocations of FGFR3 with TACC3 gene results in
constitutive activation of the receptor and have an impact in the main downstream
signalling effectors, namely an increase in Src pathway activity and a
downregulation of total STAT3 levels.

Figure 3.9 – Comparison of basal levels of expression of the major FGFR3 downstream signalling
components in the high expressing FGFR3 mutant cell line panel. Cell lines were seeded in full growth
medium and cells lysed after 48h in culture, when cells were approximately 80% confluent. Proteins were
analysed by western blotting with antibodies against total proteins or phosphosite-specific proteins as
indicated. Tubulin was used as a loading control.
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3.8 - Effect of ligand stimulation on the downstream
signalling of FGFR3 mutants
To gain further insights about the signalling pathways activated by FGFR3
mutants, I assessed the phosphorylation of the key downstream pathways
(MAPK, PI3K/Akt, Src and STAT3) upon receptor activation by the addition of the
FGF1 ligand. Confluent cells were starved for at least 16h under serum starvation
conditions to avoid any confounding signalling arise from the addition of FBS and,
subsequently treated with 25 ng/mL of FGF1 in fresh serum free media prior to
lysis at 5, 10 and 30 minutes. For each cell line, lysates were also prepared at
the 0 minute (no ligand time point). Lysates were resolved and analysed by
western blotting (Figure 3.10).
The data showed that FGF1 stimulation did not have an impact on the total levels
of FGFR3 at the time points analysed, but it did increase the levels of tyrosine
phosphorylation (pY1000) in the same mass range as FGFR3 for the EV and WT
cells but not the FGFR3 mutants and fusion expressing cells. The mutants
S249C, N542K and K652E and fusion presented the same tyrosine
phosphorylation levels across all time points despite ligand stimulation, and these
were higher than the non-stimulated EV and WT cells. There was also a marked
decrease in STAT3 tyrosine phosphorylation activity after 30 minutes of
stimulation in all cell lines. A similar outcome was observed for Akt
phosphorylation for RT112Fus, K652E and to a less extent S249C, where FGF1
stimulation resulted in reduction of Akt phosphorylation after 5 minutes. An
opposite effect was however seen for the EV cells, where pAkt increased after 5
minutes and was maintained up to 30 minutes. In turn, Src tyrosine
phosphorylation activity was not affected in any of the cell lines. Interestingly,
phosphorylation of Erk activity was significantly increased for all cell lines except
the fusion which remained invariant to ligand stimulation with FGF1. Although
S249C also showed pErk increase at 5 minutes, this effect is attenuated to almost
basal levels upon 30 minutes of stimulation.
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Figure 3.10 – FGFR3 downstream signalling after ligand stimulation with FGF1 in the high expressing
FGFR3 mutant cell line panel. Cell lines were seeded in full growth medium and starved after 24h for at
least 16h with medium without FBS. Cells where then stimulated with 25ng/mL of FGF1 for 5, 10 and 30
minutes. As a comparator, the same panel of cells were serum starved but not subjected to ligand stimulation
and are here represented by the 0 min time point. Cells were lysed and proteins were analysed by western
blotting with antibodies against total proteins or phosphosite-specific proteins as indicated. Tubulin was used
as a loading control. The loading control (LC) is here used to compare blots run at the same time but in
separate gels.

3.9 - Discussion
In this chapter, a panel of cancer-associated FGFR3 mutants was generated and
stably transduced into NIH-3T3 cells, along with the respective controls.
Engineered cell lines were subdivided into a group of cells expressing high levels
of FGFR3 mutants (obtained from UCL) and a group of cell lines expressing low
levels of FGFR3 mutant (L). Cancer-associated mutations were then
characterised for their transformation and oncogenic potential in culture and the
downstream pathways were investigated under basal and ligand stimulated
conditions in the subset of high expressing FGFR3 mutant cells.
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In the extracellular region of FGFR3, the hotspot S249C is the most frequent
mutation in FGFR3-driven cancers and is a well validated oncogenic driver as
previously described (Di Martino et al., 2009). Consistent with these reports, I
have confirmed its oncogenic activity by demonstrating that NIH-3T3 cells that
express this S249C mutant are able to form colonies under anchorageindependent conditions in both the high and low expressing mutant. Interestingly,
all the cysteine mutants (R248CL, S249CL, G372CL, S373CL and Y375CL)
showed a morphology that was more similar to known transforming mutants (e.g.
RT112FusL) such as a spindle cell morphology and the ability to form aggregates
at high confluence. This was similarly observed in the soft agar functional assay,
where cysteine variants R248CL and S249CL showed a strong ability to confer
anchorage independent growth while S249TL mutant did not. This demonstrates
that there is a variant specific effect where substitution of a cysteine selected
amino acid within the extracellular domain of FGFR3 is a strong driver of
oncogenicity. This observation is in line with the idea that the cysteine variants
promote the formation of covalent disulphide bonds between monomers, leading
to the constitutive dimerisation of the receptor in a ligand-independent manner
and consequently increased and uncontrolled activation of FGFR3 (Avis et al.,
1998).
Mutations in the TM domain (G382E/RL) or JM intracellular region (R401CL) of
FGFR3 as well as mutations E629KL and V679IL on the KD did not seem to exert
a particular transforming phenotype in this model, indicating that they might not
be as oncogenic as some of the other mutants. In contrast, the KD mutants
K652E and N542K were shown to be capable of forming colonies in the soft agar
assays with a similar capacity as the positive control RT112Fus. K652 is the most
frequently mutated residue in the FGFR3 KD in cancer and is known for its ability
to transform cells in culture and grow in soft agar (Di Martino et al., 2009). N542K
has also been described in the literature to induce a transforming morphology
and grow in soft agar (Patani, 2016). This effect seen for N542K and K652E can
be associated with their high baseline kinase activity. In in vitro kinase purified
assays, it has been shown that these two mutants harbour a 45-fold increase in
baseline kinase activity when compared to WT FGFR3 (Patani, 2016). This is in
line with historical data that demonstrates that the kinase activity of K652E is a
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100-fold above that of WT FGFR3 (Webster et al., 1996). I further showed that
the anchorage independent growth was driven by mutant FGFR3 signalling given
that the addition of the pan-FGFR inhibitor BGJ398 completely abolished the
capacity of the FGFR3 mutant cell lines to grow in soft agar. Taken together,
these results indicate that different mutants display distinct levels of
transformation. This is likely to be the result of the specific structural effects that
each mutant confers on the receptor, with some mutations driving constitutive
dimerisation of the receptor and other mutations harbouring high basal
constitutive receptor activation.
In the FGFR3 inhibitor BGJ398 dose response experiments, I showed that there
is a correlation between high FGFR3 mutant expression and sensitivity to
BGJ398. My results demonstrate that the high expressing mutant cell lines were
more dependent on FGFR3 signalling as illustrated by their higher sensitivity
towards BGJ398. In contrast, the low expressing mutants generated in-house
showed similar levels of sensitivity to the WT FGFR3 and EV cells. These results
were consistent with previously published data, where low expression of FGFR3S249C in the human bladder cancer cell line 97-29, did not confer a strong
FGFR3 dependency, whereas the same mutation expressed at higher levels in
the human bladder cancer cell line 97.7 was associated with a strong
dependency on FGFR3 signalling (Chell et al., 2013). In general, the high
expressing mutants displayed a response that better mimics the results reported
in the literature, with a significant increased sensitivity to FGFR inhibitors
observed for all the cancer-associated mutants and fusion when comparing to
the WT FGFR3 (Guagnano et al., 2011; Lamont et al., 2011). Moreover, the
V557M gatekeeper mutant response was consistent with the expected results
(Chell et al., 2013), where its inability to bind to kinase inhibitors resulted in a low
sensitivity towards the ATP-competitor BGJ398, with an IC50 similar to the WT
control. Despite different levels of FGFR3 expression having a clear impact on
the sensitivity towards FGFR inhibitors, the transforming profile of some strong
oncogenes such as S249C was not affected by its expression levels in the soft
agar assay where both the low and high expressing cell lines formed colonies in
an anchorage independent manner. Therefore, the panel of low expressing
mutants may be suitable for studying the functional and molecular effects of
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strongly oncogenic mutants, whereas high expressing mutants may be used to
explore the downstream dependencies of distinct mutant variants including
dependencies to FGFR3 inhibitors.
Western blot analysis of the basal signalling in the high expressing mutant
FGFR3 cell lines showed that FGFR3 mutants had distinct signalling profiles
compared to WT FGFR3. For instance, there was a marked increase in Src
tyrosine phosphorylation in all the mutants and fusion receptors when comparing
to the WT FGFR3. This finding suggests that the FGFR3 mutants activate a
different signalling network to the canonical WT receptor which may have
implications on an altered dependency on the Src pathways which will be
explored in more detail in subsequent chapters. This data highlights the need to
further examine the role of each mutation in influencing downstream signalling
networks in order to drive oncogenesis, which may create new pathway
dependencies that can be targeted by therapeutics. Src activation had been seen
before in the context of FGFR3 mutants in NIH-3T3 cells (Di Martino et al., 2009).
This event was investigated in bladder cancer cell lines expressing the fusion
FGFR3-TACC3 in the presence of the Src inhibitors such as dasatinib, where
dasatinib was shown to have anti-cancer effects in these cells and in mouse
model xenografts of the same cell lines (Levitt et al., 2010). However, other
studies have shown that Src inhibition promote the ability for bladder cancer cells
to migrate and metastasise (Thomas et al., 2011). Moreover, a phase II clinical
study (NCT00706641) have not found any benefit for the use of dasatinib alone
as a therapy for muscle-invasive urothelial carcinomas (Hahn et al., 2016). Src
had also been associated with the activation and signalling modulation of FGFR1
(Sandilands et al., 2007), and for that reason might also play an important role in
the regulation of FGFR3 mutants which will be the subject of experiments
described in subsequent chapters.
Upon evaluation of the signalling profiles of the panel of cell lines stimulated with
the FGF1 ligand, my data highlighted two interesting aspects. The first is that the
majority of FGFR3 mutants did not respond to the addition of FGF1 with an
increase in pY1000 signal, suggesting the constitutive activation of these mutant
receptors is not impacted by the addition of ligand at least at the level of receptor
tyrosine phosphorylation. The second observation is that FGF1 ligand stimulation
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induced an increase in pY1000 signal in the ~130kDa mass range of FGFR3 in
the EV cells, indicating that there are cellular proteins that are tyrosine
phosphorylated at the same MW as FGFR3 on the EV control cells. As the NIH3T3 cells do not express endogenous FGFR3, these results may indicate that
there are other FGFR family members that are activated by FGF1. NIH-3T3 cells
have previously been shown to express the FGFR1 receptor which also binds to
FGF1 which may account for the increase in receptor phosphorylation levels
observed in the EV cells (Citores et al., 1999). The activation of FGFR1 may
therefore mask the effects of FGFR3 WT and mutant signalling readouts in these
ligand stimulation experiments. For instance, the upregulation of pErk across the
cell line panel including the EV cells may be indicative of an FGFR1 rather than
a FGFR3 effect.
Collectively, my experiments demonstrate that a subset of FGFR3 mutants are
oncogenic and harbour constitutive activity that is not responsive to the addition
of FGF1. It also suggests that the Src pathway may be an important signalling
node that drives the oncogenic signalling downstream of mutant FGFR3. These
models will be used to investigate the signalling pathway dependencies activated
by mutant FGFR3 in subsequent chapters.
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Chapter 4
Functional mechanisms and
dependencies of FGFR3 mutants
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4.1 - Introduction
Activating cancer-associated FGFR3 mutants have been described as good
candidate targets for therapy, with in vitro and in vivo preclinical studies showing
a good response towards a number of different FGFR3 inhibitors (Tomlinson et
al., 2007; Touat et al., 2015). However, to date only one selective FGFR inhibitor
has been licensed by the FDA (Tony et al., 2019). Clinical trials that evaluate
FGFR inhibitor efficacy often do so in a range of different cancer types that
encompass a large number of different FGFR family members and genetic
alterations. Collectively, there is clinical evidence that patients with the best
clinical responses are those with FGFR1 amplifications, FGFR2 fusions or
FGFR3 mutations (Dienstmann et al., 2014; Javle et al., 2018). However, it
should be noted that although patients with FGFR3 mutations display partial
responses to FGFR inhibitors, tumours often relapse due to drug resistance
(Nogova et al., 2017). Moreover, clinical trial data indicate that FGFR inhibitor
response rate is linked to the specific types of FGFR3 alterations, with patients
harbouring extracellular mutations responding better than KD mutations (Pal et
al., 2018).
Therefore, there is a need to find new ways to better target FGFR3 cancer
associated mutations to overcome acquired resistance to selective FGFR
inhibitors and achieve durable responses or improve the efficacy of these
inhibitors in mutants that are intrinsically resistant. In this chapter, the high
expressing FGFR3 mutant models were subjected to further characterisation to
investigate mutant-specific sensitivity to the FGFR inhibitor BGJ398 and other
inhibitors of interest, utilising cell viability assays, colony formation assays and
spheroid formation assays (Figure 4.1). In parallel, cell line models were
assessed for their downstream signalling profiles to better characterise the
temporal cellular signalling responses to FGFR inhibitor treatment (Figure 4.1).
There is currently a gap in our knowledge of the signalling pathway dependencies
associated with FGFR3 mutations in cancer. A better understanding of the
oncogene addiction pathways attributed to different FGFR3 mutations may reveal
new candidate targeted therapies which can delay the acquisition of FGFR
inhibitor resistance and achieve long-term durable drug responses.
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To identify these vulnerabilities and key signalling pathways responsible for
conferring oncogene addiction in distinct FGFR3 mutants, a targeted small
molecule inhibitor screen and a Luminex assay were used to characterise the
FGFR mutant cell line panel. For the targeted small molecule inhibitor screen, a
library of pharmacological compounds designed to disrupt a broad range of
different signalling pathways was employed to probe the major pathway
dependencies in different FGFR3 mutant expressing cells. This analysis was
aimed at identifying mutation-specific signalling effectors that are necessary for
survival in the context of FGFR mutants but not in WT FGFR3 control cells. The
Luminex assay is an orthogonal approach employed to determine the levels of
basal activity of major downstream signalling effectors driven by mutant FGFR3.
It is a technique where colour-coded beads are coated with analyte-specific
capture antibodies to provide a readout of the analyte levels in cell lysates. This
technique has the potential to assay a larger number of downstream effectors
than the conventional western blotting and was employed in my studies as a tool
aimed at detecting key differences on the activated signalling pathways in FGFR3
mutants.
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Figure 4.1 – Diagram of the proposed experiments for the characterisation of FGFR3 mutant cell
lines.

Different techniques were utilised to characterise mutant FGFR3 cell lines sensitivity and

dependencies.

4.2 - BGJ398 is ineffective in a subset of FGFR3 mutations
in long-term survival assays
The FGFR3 mutant cell models were further characterised for their survival and
growth properties in the presence of BGJ398. While 72 hours cell viability assays
described in chapter 3 (Figure 3.8A) showed that BGJ398 had a clear therapeutic
window between the FGFR3 mutants and controls, it is unknown if such FGFR
inhibitors achieve durable effects upon long-term drug exposure. To investigate
this further, colony formation assays were performed to evaluate the efficacy of
the FGFR inhibitor in long-term culture over the course of 2 weeks. For this assay,
FGFR3 mutant cells, RT112Fus expressing cells and three controls EV, WT and
gatekeeper V557M cell lines were seeded in 6-well plates and treated with 1 µM
and 2 µM of BGJ398 after 24 hours. Media was replenished with fresh drug every
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3 days. Cells that are sensitive to BGJ398, die over time and are washed out
upon media change. The survival fraction of cells after 2 weeks was stained with
crystal violet for quantification (Figure 4.2A, C). After 14 days in culture the
number of colonies for 1 µM of BGJ398 was high for all cell lines, with no
significant difference when comparing to the vehicle-treated DMSO control.
There was no statistical difference between the mutants, fusion and WT FGFR3
cells at this dose, with a mean well coverage between 76-93 % for the mutants
and fusion and a mean of 94-99 % for the three controls. Despite similarly high
well coverage across all the cell lines in the panel, BGJ398 had an impact on the
morphology of all mutants compared to the WT FGFR3 (Figure 4.2B). In
particular, RT112Fus and S249C cell lines were found to be flatter and with an
enlarged cytoplasm when compared to the DMSO control or the WT FGFR3
(Figure 4.2B). With an increased dose of drug (2 µM), there was a significant
reduction in colony formation for all cell lines apart from the WT, when compared
to the DMSO counterpart, with well coverage dropping to a mean of ~20 %
(Figure 4.2C). It should be noted that this reduction in colonies was also observed
in the negative control gatekeeper V557M, suggesting that the reduction in colony
formation observed in the panel of cell lines is likely due to the non-specific toxic
effects of the inhibitor at this higher dose (Figure 4.2C).
Spheroid-based assays were used as a measure for the ability of cells to grow
under anchorage-independent conditions, a hallmark of cancer. In contrast to soft
agar assays where single cells are seeded in an agarose matrix, in spheroidbased assays, a large number of cells are seeded into wells with a low-adherent
surface to form spheroids. Such spheroid cell cultures are thought to better
recapitulate the three-dimensional properties of tumours including maintaining a
gradient of hypoxia, nutrients, metabolism and proliferation between its core and
surface (Hirschhaeuser et al., 2010). It has previously been shown from gene
expression studies that spheroids can more accurately mimic clinical expression
profiles than those observed in monolayer cultures (Schmidt et al., 2016). To
evaluate the effects of BGJ398 in spheroid cultures, cells were seeded into 96well low-adherent plates and grown in culture for 24 hours to allow for spheroid
formation prior to treatment with BGJ398. After 72 hours of treatment, brightfield
images of the spheroids were captured using the Celigo high content microscope,
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and the largest cross-section area of the spheroid was measured as a readout
for their growth (Figure 4.3A). Cells in the vehicle DMSO control were found to
display different propensities to growth in the spheroid assays. Spheroids for
RT112Fus and K652E formed significantly larger spheres than the WT FGFR3
control, with a 2-fold and 1.6-fold increase in cross-sectional area respectively
(Figure 4.3B). The EV cells formed the smallest spheroids followed by the V557M
and WT. When treated with BGJ398, the FGFR mutant and fusion spheroids
failed to grow resulting in the same baseline cross-sectional area as the EV cells.
This data demonstrates that the growth effect observed under DMSO conditions
is driven by FGFR3 signalling. As expected, the reduction in spheroid crosssectional area is observed across the cell line panel except for the EV and V557M
gatekeeper mutation (Figure 4.3C).
Overall, these experiments have shown that while BGJ398 was effective at
reducing spheroid growth in the FGFR3 mutant expressing cells under low
attachment conditions in short-term 72 hours assays, similar to the monoculture
experiments described in chapter 3, this effect is lost when undertaking longerterm colony formation assays. These data indicate that consistent to the lack of
durable responses observed in patients that have been treated with FGFR
inhibitors, BGJ398 is ineffective in long-term cellular assays highlighting the need
for better strategies to overcome resistance to this class of drugs.
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Figure 4.2 – Effect of BGJ398 in long-term colony formation assays. FGFR3 expressing cells and
controls were seeded in 6-well plates at low density (1000 cells/well) and treated with 1µM and 2µM of
BGJ398 for 14 days. A. Representative images of colony formation staining with crystal violet. B.
Microscopic images showing the morphologic changes associated with BGJ398 treatment. Images were
acquired from the colony formation plates on day 14 before staining C. Colony formation quantification. The
percentage of the wells being covered by cells was calculated using imageJ software. Results are
normalised for each cell line relative to its vehicle-control DMSO. Statistical analysis was performed with
two-way ANOVA compared to the WT. ** p-value< 0.01. (n=3 biological replicates).
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Figure 4.3 – Growth potential of FGFR3 expressing cell lines under anchorage-independent
conditions in spheroid assays. 1000 cells were seeded on low-adherent 96-well plates and treated with
DMSO vehicle or BGJ398 for 72 hours before scanning for cross-sectional area quantification. A.
Representative images of spheroids after 72 hours of treatment with 100 nM of BGJ398 and DMSO control.
B. Spheroid area for cell lines treated with DMSO vehicle control was calculated using imageJ and plotted
for comparison. C. Spheroid area is here shown when comparing to spheres treated with 100nM of BGJ398
or DMSO. Statistical analysis was performed on GraphPad Prism with one-way ANOVA for B relative to the
WT and two-way ANOVA for C between BGJ398 and DMSO control treatments for each cell line. * p-value<
0.05. (n=3 biological replicates).
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4.3 - FGFR3 mutants mediate their signalling and functional
effects through the MAPK pathway
To understand the signalling pathway alterations that are modulated as a result
of FGFR3 blockade by BGJ398, western blotting analysis was performed in the
cell line panel upon being subjected to different drug doses and time points. Four
major signalling nodes (Src, STAT3, Akt and Erk) were investigated along with
total levels of FGFR3 and phosphotyrosine using the pY1000 antibody. To test
the effect of different doses of BGJ398, FGFR3 mutant cells and the relevant
controls were seeded on day 1 and treated on day 3 when confluency was ~80
%. Cells were treated for 6 hours with DMSO vehicle and 10 nM, 100nM and 1
µM of BGJ398. Cells were harvested for protein extraction, resolved and
subjected to immunoblotting. Treatment with BGJ398 led to a decrease in the
phosphotyrosine levels in the WT FGFR3 and FGFR3 mutant cell lines but not
the EV and V557M gatekeeper cells (Figure 4.4A). This result is consistent with
the view that the phosphorylation signals being detected by pY1000 in this mass
range is likely to be representative of FGFR3 tyrosine phosphorylation. Moreover,
it was noted that at the highest doses of BGJ398, there was a reduction in the
total levels of FGFR3 in all cell lines including the V557M and WT cells.
Interestingly, the only downstream signalling node that consistently showed a
dose dependent response upon drug treatment is pErk. Phosphorylation of Erk
was decreased when the mutant FGFR3 cells were treated with BGJ398
compared to the DMSO vehicle but not in the three EV, WT FGFR3 and V557M
controls (Figure 4.4A). In contrast, pSrc levels remained invariant to the treatment
with BGJ398, although the phosphorylation levels of this signalling node were
much higher in the FGFR3 fusion and mutants compared to the EV and WT
FGFR3 cells.
To examine the temporal effects of BGJ398 treatment on cell signalling, cell
lysates were collected at 1 and 6 hours after treatment with 100 nM BGJ398 and
subjected to western blot analysis (Figure 4.4B). The data shows rapid inhibition
on pErk levels at 1 hour which is partially restored at 6 hours in the RT112Fus,
S249C and K652E mutant cell lines. The same effect was also visible but to a
lesser extent in the N542K cells. BGJ398 had no effects on pErk phosphorylation
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in the control cell lines, confirming that mutant FGFR3 signalling is primarily
mediated by the MAPK pathway. The RT112Fus cell line also showed a decrease
for both total FGFR3 levels and a decrease in pY1000 signals after 1 and 6 hours
of treatment with BGJ398. In addition, there was a slight increase in pSTAT3
levels at 6 hours for the EV, WT, S249C and V557M cell lines, for both the DMSO
control and BGJ398, and a slight decrease in pAkt levels at 1 hour for WT,
N540K, K652E and V557M cell lines upon BGJ398 treatment.
This analysis demonstrates that of the measured proteins, pErk signalling is
selectively inhibited by BGJ398 in the FGFR3 mutants examined as well as the
RT112Fus expressing cells, indicating that this is a major signalling node
downstream of altered FGFR3 signalling.
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A.

B.

Figure 4.4 – The effect of BGJ398 in mutant FGFR3 expressing cells signalling pathways. A, B. Cells
were seeded in full growth media and after 48 hours were treated with BGJ398. Cells were lysed, and protein
extracts resolved by SDS-PAGE for immunoblotting with antibodies for the indicated proteins. A. Increasing
concentrations of BGJ398 was added to cells for 6 hours to evaluate signalling alterations associated with
drug treatment. The DMSO vehicle control is represented here as 0 nM and uses the same DMSO volume
used to treat cells at 1000 nM. B. 100 nM of BGJ398 was added to the cell line panel for 1 and 6 hours. The
DMSO vehicle control is represented here as (-) and uses the same DMSO volume used to treat cells at 100
nM. The loading control (LC) was used to compare protein levels between different gels and tubulin was
used as a housekeeping protein. Representative images are shown from 3 biological replicates.
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4.4 - MAPK signalling is important in driving the functional
effects of FGFR3 activating mutants
Given that the MAPK pathway was found to be a key downstream component of
mutant FGFR3 signalling, I hypothesised that the functional effects of BGJ398 on
mutant FGFR3 cells in the phenotypic assays (cell viability, colony formation and
spheroid assays) described in Figure 3.8A and section 4.2 may be the result of
suppression of the MAPK pathway. To test this hypothesis, the small molecule
kinase inhibitor trametinib that selectively blocks MEK, the upstream kinase of
Erk, was used to establish if downregulation of the MAPK pathway will phenocopy
the effects of BGJ398. Colony formation assays showed that in contrast to
treatment with BGJ398, the ability for cells to form colonies was completely
abolished under long-term treatment with 100 nM of trametinib for all cell lines
including the controls (Figure 4.5A). I then undertook a cell viability assay using
CTG assay to evaluate the dose dependent effects of trametinib in the cell line
panel. This assay showed that at 72 hours treatment, there was a statistically
significant decrease in IC50 values for all the FGFR3 mutant and RT112Fus cells
when compared to the EV and WT FGFR3 control cells (Figure 4.5B). Whereas
the FGFR3 mutants and fusion cells had an average IC50 value of between 1545 nM, the WT FGFR3 cells had an average IC50 of 123 nM, 3-fold higher
compared to RT112Fus and 8-fold higher compared to the K652E mutant (Figure
4.5B). It should be noted that comparing the IC50 values for BGJ398 (calculated
from Figure 3.8A), the IC50 for trametinib treatment was significantly lower than
that of BGJ398 treatment in all cell lines investigated (Figure 4.5C). In spheroidbased assays where cells were subjected to 72 hours trametinib treatment, I
observed a reduction in spheroid size in all mutant and WT FGFR3 expressing
cells to a baseline cross sectional area equivalent to the EV control (Figure 4.5D).
In this assay, the effect between BGJ398 (previously calculated in Figure 4.3C)
and trametinib treatment was very similar, with a Pearson r 2 correlation of 0.86
(Figure 4.5E).
Western blotting experiments confirm that trametinib treatment led to a reduction
in the phosphorylation of Erk (Figure 4.6). Interestingly, there appears to be a
reciprocal increase in Akt phosphorylation levels upon trametinib treatment which
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was not seen with BGJ398 treatment (Figure 4.4B). Moreover, there was an
increase of pSTAT3 levels at 6 hours for the EV, WT and V557M control cell lines,
under both the DMSO and trametinib treatment conditions. pSTAT3 was also
increased with trametinib at 6 hours for RT112Fus, S249C, N542K and the
K652E expressing cells.
This analysis shows that the inhibition of MEK by trametinib leads to a reduction
in cell survival of FGFR3 mutant and fusion cell lines, indicating that MAPK
pathway is a major signalling node downstream of mutant FGFR3 signalling.
These results indicate that the effects seen with BGJ398 in the phenotypic assays
in Figure 3.8A and section 4.2, where a reduction in cell viability was observed
along with a reduction in spheroid growth for all FGFR3 alterations are a result of
MAPK pathway suppression.
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Figure 4.5 – Functional effects of Trametinib on mutant FGFR3 cell line panel across a range of
phenotypic assays. The MEK inhibitor trametinib was used to investigate the sensitivity of each cell line to
the suppression of MAPK pathway. A. Colony formation assays: representative example of colony formation
in the presence of 100 nM and 200 nM of trametinib. Cells were seeded at low density (1000 cells/well) and
treated after 24 hours in culture. Media was replenished every 3 days and cells were fixed and stained with
crystal violet at day 14. B. IC50 values of trametinib treatment across the cell line panel in cell viability assays.
Cells were seeded in 96-well plates and treated with 9 increasing doses of trametinib (5 nM – 50 µM). After
72 hours the viability of the cells was measured with CTG assay and results normalised against the DMSO
vehicle control. Data was plotted and fitted to a curve with four-parameters on GraphPad Prism to calculate
the IC50 values. Statistical analysis was performed with one-way ANOVA compared to the WT. * p-value<
0.05. (n=3 biological replicates). C. Comparison of the (continuation of figure legend on following page)
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(continuation of legend of Figure 4.5) IC50 values of B with the IC50 values previously shown for BGJ398
treatment in Figure 3.8A. Two-way ANOVA statistics was employed to compare between trametinib and
BGJ398 treatment for each cell line. *** p-value< 0.001, * p-value< 0.05. (n=3 biological replicates). D. Cross
sectional area data generated from trametinib treatment in the panel of cell lines in the spheroid growth
assay. 1000 cells from each cell line were seeded on a round-well low adherent plate for 24 hours before
treatment with 100 nM of trametinib and a further 72 hours in culture. Spheroids were screened and the area
of the largest cross-section calculated using imageJ. Results were plotted along with the DMSO control for
comparison. Statistical analysis to compare the data between trametinib and vehicle control were performed
for each cell line with two-way ANOVA. *** p-value< 0.001, ** p-value< 0.01. (n=3 biological replicates). E.
Comparison of spheroid assay data between trametinib treatment from D and BGJ398 treatment from Figure
4.3C. The fold change between the relevant inhibitor and its DMSO vehicle control are here plotted to
establish the correlation coefficient factor between the trametinib and BGJ398 treatments. Pearson
correlation coefficient r2 was calculated. (n=3 biological replicates). All statistical analysis was performed on
GraphPad Prism.

Figure 4.6 – The effect of trametinib on the downstream signalling pathways in the panel of NIH-3T3
cell lines. Cells were seeded in full growth media and treated after 48 hours with 100 nM of trametinib for 1
hour and 6 hours, along with the DMSO vehicle control (-) for each condition, which uses the same DMSO
volume used to treat cells at 100 nM. Cells were lysed and proteins extracted prior to SDS-PAGE for
immunoblotting with antibodies for the indicated proteins. The loading control (LC) was used to compare
protein levels between different gels and tubulin was used as a loading control between samples of the same
gel. Representative images are shown from 2 biological replicates.
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4.5 - Multiplex assay reveals that Src phosphorylation is
increased in the context of FGFR3 alterations
Functional characterisation of FGFR3 cancer-associated mutant cell lines
indicated that high expressing FGFR3 mutants and the fusion RT112Fus were
oncogenic and transforming in culture. Moreover, cells were sensitive to the panFGFR inhibitor BGJ398 either on monolayer or spheroid cultures and this was
accompanied by a mutant- and fusion-specific downregulation of the MAPK
pathway. However, the mutant FGFR3 expressing cells lacked sensitivity to
BGJ398 in long-term colony formation assays and this phenotype was
accompanied by a restoration of Erk phosphorylation levels at 6 hours.
In order to identify the downstream signalling pathways activated by individual
FGFR3 mutants across a broad-spectrum of signalling effectors, a Luminex
multiplex experiment was performed in the RT112Fus, S249C and K652E
FGFR3 mutant expressing cells and compared to the WT FGFR3 control.
RT112Fus was selected due to its high transformation potential and the S249C
and K652E were selected because they are the most frequent mutations on the
extracellular domain and KD of FGFR3, respectively.
Cells were harvested after 48 hours in culture and lysates were processed for
coupling with antibody coated beads. Luminex integrates coloured labelled
microbeads coated with analyte-specific capture antibodies. Each bead colour is
associated with a specific phospho-specific antibody that could be recognised by
the dual-laser flow-based detection multiplex instrument. The cell lysates were
then mixed with the beads prior to biotinylation for detection in the Luminex 200TM
instrument. The output for this data is the number of detected beads for each
analyte with the associated fluorescence intensity. Analysis excluded all proteins
for which the number of counts was inferior to 20 beads to avoid background
interferences. A panel of proteins was quantified across the FGFR3 mutants
investigated and the data was normalised against the WT FGFR3 cell line control
which is depicted as a heatmap in Figure 4.7. Table 4.1 shows the list of the
phosphorylated proteins used, which includes amongst others, effectors of the
major downstream signalling pathways of FGFR3, providing a basal readout for
the signalling activity of cellular networks. This analysis finds that basal
135

phosphorylation levels of Src was increased 3.5-fold, 2.3-fold and 3.7-fold for the
fusion, S249C and K652E, respectively, compared to the WT FGFR3. This result
is consistent with the previous baseline analysis of major signalling pathways
performed by western blotting in section 3.7, demonstrating that the Luminex
methodology can effectively measure phosphorylated proteins in the NIH-3T3
cells. This analysis further shows that the phosphorylation of the proinflammatory signalling protein nuclear factor kappa B (NFkB) was decreased in
the fusion FGFR3 expressing cell but, increased 2.6-fold in S249C cells when
compared to the WT FGFR3. It is interesting to note that the majority of proteins
measured such as GSK3β (WNT signalling), retinoblastoma-associated protein
(Rb) and phosphatase and tensin homolog (PTEN) (tumour suppressor genes),
along with proteins RAF1 and janus kinase (JAK1) (growth signalling), generally
showed a slight reduction in protein phosphorylation in the FGFR3 mutants and
fusion cells compared to the WT FGFR3 control. This analysis demonstrates that
across all the proteins examined, only phosphoSrc levels were consistently
increased in all the FGFR3 mutants and may serve as a key functional candidate
signalling pathway by which these mutations mediate their oncogenic effects.
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Table 4.1 – Overview of the proteins measured in the Luminex assay and the major pathways they
are involved in. All proteins and respective phosphorylation sites are described with their associated biology
function and involvement in major pathways.
Protein (phosphorylation
site)

Function and major pathway

CHK1 (S345)

DNA damage response and cell cycle checkpoint response.

CHK2 (T68)

DNA damage response.
Regulation of cell–cell adhesion and gene transcription. WNT
signalling pathway.
Regulator in the glucose homeostasis, transcription factors and
microtubules. WNT signalling.
TK plays critical roles in integrin-mediated signal transductions.
TK membrane adaptor, phosphorylates STAT proteins.
JAK/STAT signalling pathway.
Substrate of Akt and a component of mTORC1.

ßCATENIN (S33/37)
GSK3ß (S9)
FAK (Y397)
JAK1 (Y1022/1023)
PRAS40 (T246)
RAF1 (S259)

FGFR1 (Y653/654)

Upstream of MEK. MAPK signalling pathway.
Developing of T-cells. Is a member of the Src family of protein
tyrosine kinases.
Non-receptor TK proto-oncogene, is involved in cell adhesion,
growth, movement and differentiation.
Pro-inflammatory signalling pathway. Transcription of DNA,
cytokine production and cell survival.
RTK

FGFR3 (Y649/650)

RTK

Rb (S760)

Tumour suppressor.

PTEN (S380)

Tumour suppressor.

LCK (Y394)
Src (Y419)
NFkB (S536)
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WT

RT112Fus S249C

K652E

SRC (Y419)
NFkB (S536)
FGFR1 (pan Y)
GSK3ß (S9)
FAK (Y397)
Rb (S760)

3

PTEN (S380)
ßCATENIN (S33/37)

2

LCK (Y394)
RAF1 (S259)

1

CHK2 (T68)
PRAS40 (T246)
CHK1 (S345)

0

z-score normalised to WT

JAK1 (Y1022/1023)

-1

Figure 4.7 – Luminex assay to identify the levels of phosphorylation of 14 different proteins in the
context of FGFR3 mutant and fusion cell lines. Cells were seeded in full growth media and lysed after 48
hours. Proteins were extracted and processed for antibody coupling with capture colour-coded beads.
Samples were then run on a Multiplexing processor for analyte detection and quantification. Results were
analysed and filtered to avoid background and data was normalised across cell lines by z-score. Results
were plotted on a heat map for each cell line according to the levels of phosphorylation of each protein in
comparison to the WT control.

4.5 - Targeted small molecule inhibitor screen reveals that
specific FGFR3 alterations confer a protective effect to
dasatinib
To interrogate the key signalling dependencies in the FGFR3-mutant cell models,
I undertook a small molecule inhibitor screen in the WT FGFR3 control and
S249C, N542K, K652E and RT112Fus mutant FGFR3 cells. This screen was
designed to identify signalling dependencies by utilising small molecule inhibitors
that target major downstream signalling pathways and RTKs. The screen is
composed by 32 small molecule inhibitors which is administered at 500 nM. A list
of all compounds used in the screen and their key targets is shown in Table 4.2.
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The inhibitors include broad-spectrum kinase inhibitors, which are able to target
multiple kinases such as imatinib (targets Abl, KIT and PDGFR) and foretinib
(targets VEGFR and MET). It also has selective kinase inhibitors such as BGJ398
(FGFR), Binimetinib (MEK) or AZD5363 (Akt). And it also comprises a small
number of inhibitors for non-kinase proteins such as NVP-AUY922 (Hsp90),
GSK126 (enhancer of zeste homolog 2 (EZH2) methyltransferase) and JQ1
(bromodomain and extra-terminal (BET) family members). This assay was used
to identify small molecule inhibitors that selectively reduced cell viability in mutant
FGFR3 expressing cell but not in the WT FGFR3 cells. This strategy would
identify unique mutant-specific dependencies with a suitable therapeutic window
and also provide information on the signalling effectors that drive cell survival in
the FGFR3 mutants but not the WT FGFR3.
Cells were seeded in 96-well plates and 24 hours later, cells were treated with
the panel of inhibitors in fresh media. After 72 hours, cell viability was measured
using CTG. Results from three biological replicates and two technical replicates
each, were normalised to WT FGFR3 expressing cells and represented as a
heatmap in Figure 4.8. To assess reproducibility of the assay, Pearson
correlation was calculated, with a strong correlation of r2> 0.7 shown for all
replicates in each cell line (Figure 4.9). The screen demonstrated that the distinct
FGFR3 mutants and fusion expressing cells displayed differential sensitivity to
individual inhibitors in the panel. Moreover, the analysis revealed that some
mutants conferred a survival advantage to selected inhibitors when compared to
the WT FGFR3 control cells. For example, JQ1 that is a selective inhibitor of
bromodomain containing (BRD)1-4, is more potent in WT FGFR3 cells compared
to the mutants. A similar effect was seen with BEZ235, an inhibitor of PI3K and
mammalian target of rapamycin (mTOR) pathways, where only N542K and
K652E expressing cells conferred survival to this drug when compared to the WT
FGFR3 expressing cells.
In contrast, there was a subset of inhibitors that were selective for FGFR3
mutants compared to WT FGFR3. These group of inhibitors included selective
FGFR inhibitors such as BGJ398 and AZD4547, and broad-spectrum kinase
inhibitors such as ponatinib or cediranib and foretinib which also target all FGFR
family members. Dasatinib, a broad-spectrum kinase inhibitor that potently
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targets Src and Abl (Kwarcinski et al., 2016), was also found to decrease the cell
viability in the N542K and K652E mutant expressing cells. Interestingly the
RT112Fus and S249C mutants conferred a survival advantage to this drug
compared to the WT control. Interestingly, bosutinib, a more selective Src
inhibitor, also showed the same effect, although to a lesser extent. Taken
together, these data suggest that the Src protein may be an important mediator
for mutant FGFR3 signalling and should be further investigated.
Table 4.2 – List of inhibitors in small molecule inhibitor screen. The major cellular targets of inhibitors
included in the screen are indicated.
Compound

Target

Major pathway

AZD4547

FGFR1-3

FGFR

AZD5363

Akt

PI3K/Akt/mTOR

BEZ235

PI3K, mTOR

PI3K/Akt/mTOR

BGJ398

FGFR1-3

FGFR

Binimetinib

MEK1/2

MAPK

Bosutinib

Src

Src

BX-795

PDK1, TBK1, IKKϵ

NFkB and TBK1

Cediranib

Broad-spectrum: VEGFR, Flt1/4, KIT

Broad-spectrum TKi

Ceritinib

ALK

ALK

Crizotinib

Met, ALK

ALK

Dabrafenib

BRAF V600E

MAPK

Dasatinib

Broad-spectrum: SFK, Abl, KIT

Src

Foretinib

Broad-spectrum: VEGFR, MET

Broad-spectrum TKi

Imatinib

Broad-spectrum: Abl, KIT, PDGFR

Broad-spectrum TKi

JQ1

BRD1-4

BET bromodomain family

Lenvatinib

Broad-spectrum: VEGFR2/3

Broad-spectrum TKi

MK2206

Akt

PI3K/Akt/mTOR

MK-8776

CHK1

ATR-CHK1

Momelotinib

JAK1/2

JAK/STAT

MRT67307

IKKϵ, TBK1

NFkB and TBK1

NVP-AUY922

Hsp90

Hsp90

NVP-TAE684

ALK

ALK

Palbociclib

CDK4, CDK6

Cell cycle regulator

Pazopanib

Broad-spectrum: VEGFR1-3, PDGFR

Broad-spectrum TKi

PF562271

FAK, Pyk2

FAK

Ponatinib

Abl, PDGFRα, VEGFR2, FGFR1, Src

Broad-spectrum TKi

GSK126

EZH2

EZH2 methyltransferase

Silmitasertib

CK2

CK2

Sorafenib

Broad-spectrum: VEGFR2, BRAF, RAF

Broad-spectrum TKi

Sunitinib

Broad-spectrum: VEGFR2, PDGFRß

Broad-spectrum TKi

Trametinib

MEK1/2

MAPK

Vandetanib

Broad-spectrum: VEGFR2/3, EGFR

VEGFR
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Foretinib

K652E

N542K

S249C

500nM

RT112Fus

B.
WT

K652E

N542K

S249C

500nM

RT112Fus

WT

A.

Foretinib

Ponatinib

Ponatinib

Lenvatinib

Lenvatinib

BGJ398

BGJ398

NVP-TAE684

NVP-TAE684

NVP-AUY922

NVP-AUY922

Cediranib

Cediranib

AZD4547

AZD4547

BEZ235

BEZ235

JQ1

JQ1

Dasatinib

Dasatinib

MK8776

MK8776

Vandetanib

Vandetanib

Sunitinib

Sunitinib

Pazopanib

Pazopanib

Crizotinib

Crizotinib

Trametinib

Trametinib

PF562271

PF562271

Imatinib

Imatinib

Bosutinib

Bosutinib

AZD5363

AZD5363

MK2206

MK2206

GSK126

GSK126

Momelotinib

Momelotinib

Dabrafenib

Dabrafenib

Silmitasertib

Silmitasertib

Binimetinib

Binimetinib

BX-795

BX-795

Pabociclib

Pabociclib

MRT67307

MRT67307

Ceritinib

Ceritinib

Sorafenib

Sorafenib

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Fold change cell viability normalised
to the WT

< 80%

80-120 %

> 120%

Cell viability normalised to the WT

Figure 4.8 – A targeted small molecule inhibitor screen of the panel of FGFR3 mutant expressing
cells. Cells were plated in 96-well plates and treated after 24 hours with the panel of inhibitors at a final
concentration of 500 nM. Data is represented as heat map relative to the WT FGFR3 control cells. The
dendrogram represents a hierarchical clustering of all drugs calculated with Perseus software. A. Cell
viability for each inhibitor and each cell line was normalised to the viability of the FGFR3 WT cell line, and
fold changes are represented as a heat map. B. Results are plotted as a categorical map where for each
drug a 20 % threshold was applied between each FGFR3 altered cell line and the WT FGFR3. Therefore,
blue represents the conditions for which the cell viability was 20 % lower than the WT FGFR3 control, and
red represents those conditions where cell line viability was 20 % higher compared to the WT FGFR3 for
the same inhibitor. (n=3 biological replicates, 2 technical replicates each).
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Biological replicate #
1 vs 2

1 vs 3

2 vs 3

WT

0.815

0.743

0.960

RT112Fus

0.899

0.960

0.918

S249C

0.951

0.946

0.970

N542K

0.933

0.963

0.947

K652E

0.939

0.892

0.940

0.75

0.80

0.85

0.90

0.95
2

Pearson correlation coeffient r

Figure 4.9 – Pearson correlation coefficient between biological replicates from the targeted small
molecule inhibitor screen. Pearson correlation coefficient r2 was calculated on GraphPad Prism for each
cell line across three biological replicates. Each column represents the r2 between the indicated pair of
biological replicates.

4.6 - RT112Fus and S249C are resistant to Src inhibitors,
dasatinib and saracatinib
Given that the western blotting and Luminex assay data showed an increased
Src phosphorylation in the context of FGFR3 alterations; and that dasatinib (a
multi-target kinase inhibitor that blocks Src activity) had a unique sensitivity profile
across the FGFR3 mutants examined, I sought to further investigate the effects
of dasatinib in the NIH-3T3 cell line panel across a range of phenotypic assays.
These assays include cell viability in short-term CTG assays, cell survival in longterm colony formation assays and cell growth and survival under non-adherent
conditions in spheroid-based assays. Evaluation of the key downstream
signalling alterations upon treatment with dasatinib was also evaluated to assess
the signalling effects of this drug.
Dose response measurements by the CTG assay showed that consistent with
the kinase inhibitor screen data, the RT112Fus and S249C FGFR3 mutant cell
lines were more resistant compared to the WT FGFR3 control cells after 72 hours
treatment with dasatinib (Figure 4.10A). This was reflected in the IC50 values with
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the RT112Fus and S249C cells having an average IC50 value of 3 µM and 4.4
µM respectively, compared to the WT FGFR3 cells with a mean of 0.6 µM (Figure
4.10B). This analysis was extended to another more selective but less potent
Src inhibitor Saracatinib (Green et al., 2009). Results obtained with this drug were
comparable to dasatinib with mean IC50 values of 4 µM and 6 µM for RT112Fus
and S249C expressing mutant cells respectively compared to the WT FGFR3
expressing cells (1.6 µM) (Figure 4.10C, D). Together, the cell viability data
suggests that the translocation RT112Fus and the cysteine mutation S249C
confer a significant protective effect against Src inhibitors that is not observed
with the other FGFR3 mutants.

Figure 4.10 – Evaluation of dasatinib and saracatinib dose response effects on cell viability in the
panel of mutant FGFR3 expressing cells. Cells were seeded and treated over a range of concentrations
with the indicated inhibitors for 72 hours. Viability was measured by CTG assay and normalised against the
DMSO vehicle control. A, C. Viability data was plotted against inhibitor concentration and a four-parameter
non-linear regression was fitted with GraphPad Prism. B, D. IC50 values were extrapolated from the fitted
dose response curves and plotted. One-way ANOVA was used for statistical analysis compared to the WT
control. * p-value< 0.05. (n=3 biological replicates).

In long-term colony formation assays performed at 3 different doses of dasatinib
(100nM, 1uM and 2uM), the RT112Fus and S249C FGFR3 mutant expressing
143

cells had more colonies across all drug doses after 14 days of treatment
compared to the EV, WT FGFR3 and V555M gatekeeper controls as well as the
other FGFR3 mutants N542K and K652E (Figure 4.11A, B). In contrast, spheroidbased assays did no fully recapitulate the effects seen in the CTG viability and
colony formation assays. Here, data showed that only the RT112Fus mutant
conferred a survival advantage to dasatinib in the cell line panel (Figure 4.11C,
D). This discrepancy is likely to be due to the limitations of this assay where the
small spheroids formed by the control cell lines (EV and WT FGFR3) limits the
sensitivity of the assay in detecting small changes in spheroid cross-sectional
area upon dasatinib treatment in these cells.
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Figure 4.11 – Evaluation of dasatinib effects in colony formation and spheroid assays in the panel of
mutant FGFR3 expressing cells. A. Representative images of crystal violet staining of colony formation
assays. Cells were seeded in 6-well plates for 24 hours and treated with the indicated concentration of
dasatinib for 14 days. B. Quantification of colony formation from A. Colonies were first measured as a
percentage of well coverage for each condition with imageJ. Data was normalised against the DMSO control
of each cell line. Statistics were performed with two-way ANOVA. * p-value< 0.05. C. Representative images
from spheroid assay. Cells were seeded on a round-well low adherent plate for 24 hours and treated with
100 nM of dasatinib along with the vehicle control (continuation of figure legend on following page)
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(continuation of legend of Figure 4.11) DMSO for 72 hours before imaging. D. The area of the largest crosssection of the spheroids from C was calculated using imageJ. Results were plotted along with the DMSO
control for comparison. Statistics comparing between dasatinib and vehicle control were performed for each
cell line with two-way ANOVA. ** p-value< 0.01. (n= 3 biological replicates).

To better understand the signalling mechanisms that may be driving the
differential survival effects observed in the RT112Fus and S249C FGFR3
mutants, I assessed the dose response effects of dasatinib on a small number of
key FGFR3 downstream signalling nodes (MAPK, Akt and Src) by western
blotting. Cells were lysed after 6 hours of treatment with increasing doses of
dasatinib (10 nM, 100 nM and 1000 nM) (Figure 4.12). As expected, dasatinib
potently supressed phosphorylation levels of Src in all cell lines at the
intermediate dose of 100 nM. Dasatinib did not alter the total levels of FGFR3 for
any of the cell lines, however there was a dose dependent decrease in the
pY1000 signal in all cell lines except RT112Fus. This mutant only showed a slight
reduction of pY1000 at 1 µM of dasatinib. The pY1000 signal for WT FGFR3 cells
for the DMSO vehicle control was here similar to RT112Fus cell line, which is not
consistent with previous blots (e.g. Figure 4.4A) where in contrast to WT FGFR3
cells only the fusion cell line and the FGFR3 mutant cells display and increased
phosphorylation at the same MW as FGFR3. This effect denotes activation of WT
FGFR3 or phosphorylation of FGFR1 (that is known to be expressed by NIH-3T3
cells) that could be a sporadic result of media change upon DMSO treatment.
Media contains FBS that has growth factors that can transiently activate FGFR
in the WT setting. In contrast, Akt phosphorylation levels appeared to be reduced
for all cell lines only at the highest dasatinib doses of 100 nM and 1 µM but not in
the WT FGFR3 expressing cells. The phosphorylation levels of Erk varied across
cell lines. For instance, pErk was markedly suppressed at the intermediate dose
of 100 nM for the EV control cells, whereas in the WT FGFR3 and V557M
gatekeeper cell, the phosphorylation levels of this protein remained constant. For
the non-responsive cell lines RT112Fus and S249C, pErk levels appear to
increase upon drug treatment. Collectively, I have shown that dasatinib
consistently reduces Src phosphorylation levels in a dose dependent fashion in
all the cell lines examined. However, there is variation in the response of the other
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signalling nodes to dasatinib across the distinct FGFR3 mutants, suggesting that
each mutant responds differently to treatment with this inhibitor.
The effects of saracatinib were also analysed by western blotting. Consistent with
the more selective but less potent nature of this compound, the data showed that
phosphorylation levels of Src was only inhibited at the highest drug
concentrations of 1uM (Figure 4.13). There were no other alterations in any of
the other proteins examined.

Figure 4.12 – Investigation of the signalling effects of dasatinib treatment in the panel of mutant
FGFR3 cells. Cells were seeded for 48 hours and treated with the indicated doses of dasatinib for 6 hours.
The DMSO vehicle control is represented here as 0 nM and uses the same DMSO volume used to treat
cells at 1000 nM. Extracted proteins from lysates were run on an SDS-PAGE for immunoblotting with the
indicated proteins. The MW of the correspondent blotted protein is indicated in KDa. The loading control
(LC) was used to compare protein levels between different gels and tubulin was used as a loading control
between samples of the same gel. This blot is a representative image from 2 biological replicates.
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Figure 4.13 – Assessment of the signalling effects of dasatinib treatment in the panel of mutant
FGFR3 cells. Cells were seeded for 48 hours and treated with the indicated doses of saracatinib for 6 hours.
The DMSO vehicle control is represented here as 0 nM and uses the same DMSO volume used to treat
cells at 1000 nM. Lysates were processed for protein extraction and samples were resolved by SDS-PAGE
for immunoblotting with the indicated proteins. The MW of the correspondent blotted protein is indicated in
KDa. The loading control (LC) was used to compare protein levels between different gels and tubulin was
used as a loading control between samples of the same gel.

4.7 - Dasatinib in combination with BGJ398 synergises to
reduce cell survival in RT112Fus and S249C FGFR3
expressing cells
The use of combination therapy as a means to suppress multiple signalling
pathways to overcome drug resistance is a well-established concept in cancer
biology (Faivre et al., 2006). It has been extensively shown that many cancer
cells are resistant to single agent targeted therapies as a result of the activation
of compensatory signalling mechanisms, which can be overcome by the addition
of a second agent that inhibits said compensatory signalling. To investigate
whether the addition of dasatinib could modulate the sensitivity of mutant FGFR3
expressing cells to BGJ398, the panel of cell lines was subjected to combination
treatment with both inhibitors (Figure 4.14). Cell viability assays after 72 hours of
treatment with both inhibitors showed that while all cells were sensitive to the
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combination, the FGFR3 mutants were significantly more sensitive than the
control cell lines with a mean IC50 value of 10-18 nM for the mutants versus the
WT FGFR3 control cells which had a mean IC50 value of 69 nM (Figure 4.14A,
B). When comparing the inhibitor dose response curves of single agents
dasatinib and BGJ398 versus the combination in the WT FGFR3, RT112Fus and
S249C cells, there was a clear demonstration that the effect of the combination
was more potent than each inhibitor as a single agent (Figure 4.14C). Statistical
analysis showed that the difference between both inhibitors as single agents
versus the combination was significant for drug doses between 50 nM and 1 µM
in the WT FGFR3 expressing cell, and between 10 nM and 1 µM in the RT112Fus
and S249C mutant cells. To establish if the combination therapy was synergistic,
the combination index (CI) was calculated according to the Chou-Talalay method,
in which CI values < 1 indicate drug synergism (Figure 4.14D) (Chou, 2010). This
analysis revealed that synergy was observed for the dasatinib and BGJ398
combination at all assayed doses for all three cell lines, RT112Fus, S249C and
WT FGFR3. Extending this analysis to saracatinib and BGJ398 led to very similar
findings, indicating that a structurally distinct inhibitor of Src could recapitulate the
phenotypic effects observed with dasatinib (Figure 4.15).
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Figure 4.14 – Valuation of dasatinib and BGJ398 combination effects on cell viability in the panel of
mutant FGFR3 expressing cells. A-C. Cells were seeded in 96-well plates for 24 hours and treated with a
range of doses of the combination of BGJ398 plus dasatinib in a 1:1 ratio. Cell viability was measured after
72 hours of treatment utilising the CTG assay. A. Cell viability data from the CTG assay was normalised
against the DMSO vehicle control and plotted to fit a four-parameter non-linear regression on GraphPad
Prism. B. IC50 was extrapolated from the curves from A. Statistical analysis was performed with a one-way
ANOVA against the WT control. * p-value< 0.05. C. Dose response curves for BGJ398 and dasatinib as
single agents and their combination were plotted together for comparison for the WT, RT112Fus and S249C.
BGJ398 and dasatinib single agent data was previously shown in Figures 3.8A and 4.10A. Statistical
analysis was performed with two-way ANOVA for each individual dose across the three treatments. ** pvalue< 0.01, *** p-value< 0.001 and it is indicated only when statistical significance was found between the
combination of BGJ398 plus dasatinib versus both inhibitors alone. D. The combination index (CI) was
calculated using the dose response data employing the Chou-Talalay method (Chou, 2010). Values < 1
indicate drug synergy.
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Figure 4.15 – Evaluation of saracatinib and BGJ398 combination effects on cell viability in the panel
of mutant FGFR3 expressing cells. A-C. Cells were seeded in 96-well plates for 24 hours and treated with
a range of doses of the combination of BGJ398 plus saracatinib in a 1:1 ratio. Cell viability was measured
after 72 hours of treatment utilising the CTG assay. A. Cell viability data from the CTG assay was normalised
against the DMSO vehicle control and plotted to fit a four-parameter non-linear regression on GraphPad
Prism. B. IC50 was extrapolated from the curves from A. Statistical analysis was performed with a one-way
ANOVA against the WT control. * p-value< 0.05. C. Dose response curves for BGJ398 and saracatinib as
single agents and their combination were plotted together for comparison for the WT, RT112Fus and S249C.
BGJ398 and saracatinib single agent data was previously shown in Figures 3.8A and 4.10C. Statistical
analysis was performed with two-way ANOVA for each individual dose across the three treatments. ** pvalue< 0.01, *** p-value< 0.001 and it is indicated only when statistical significance was found between the
combination of BGJ398 plus saracatinib versus both inhibitors alone. D. The combination index (CI) was
calculated using the dose response data employing the Chou-Talalay method (Chou, 2010). Values < 1
indicate drug synergy.
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Further assessment of the combinatory effects of BGJ398 and dasatinib in longterm colony formation assays showed a complete abrogation of colony formation
in all mutant FGFR3 expressing cell lines (Figure 4.16). Notably, all the three
controls used, EV, WT FGFR3 and the gatekeeper mutant V555M had residual
colonies in the low dose combination (1 µM BGJ398 and 100 nM dasatinib),
suggesting that the effects of the combination were selective for the FGFR3
mutants.

Figure 4.16 – BGJ398 in combination with dasatinib treatment in long-term colony formation assays.
A. Representative images of colony formation in the presence of BGJ398 plus dasatinib combination. Cells
were seeded at low density (1000 cells/well) for 24 hours and treated with the indicated doses. Cells were
stained with crystal violet after 14 days. B. Quantification of well coverage normalised to the DMSO control.
Statistical analysis was performed on GraphPad Prism with two-way ANOVA compared to the WT control
for each drug concentration. *** p-value< 0.001. (n=3 biological replicates). BGJ- BGJ398, Das- dasatinib
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To identify candidate signalling mechanisms that may explain the synergistic
effect of these two drugs, I evaluated the signalling alterations in the panel of cells
after treatment for 6 hours with increasing doses of a combination of both BGJ398
and dasatinib (in a 1:1 ratio) (Figure 4.17). As expected, for the EV, RT112Fus,
S294C, N542K and K652E cells the data showed that the phosphorylation levels
of Src, Akt and Erk were downregulated upon treatment with the combination,
which is the result of the independent effects of dasatinib and BGJ398 as single
agents (see Figures 4.4 and 4.12). Notably, in some mutants (S249C and K652E)
there was a more potent inhibition of pErk in the combination compared to single
agent treatment with BGJ398 alone (Figure 4.4A). Interestingly, the combination
also had the added effect of suppressing the phosphorylation levels of Erk in the
WT FGFR3 and V557M cell lines at 1 µM, that was not previously observed in
the single agent treatment of either inhibitor alone (Figures 4.4 and 4.12).
Overall, this section demonstrates that BGJ398 in combination with dasatinib
induces a greater reduction in cell survival for all FGFR3 mutant cell lines and
RT112Fus cell line, than each of the inhibitors alone. Moreover, the growth
advantage observed for the RT112Fus and S249C FGFR3 cell lines with
dasatinib (Figure 4.11A) and the resistance observed in the presence of BGJ398
in long-term colony formation assays for all FGFR3 altered cell lines (Figure 4.2)
was abrogated by the combination of both BGJ398 and dasatinib. The synergy
between both inhibitors was linked to the more potent inhibition of pErk signalling
and added inhibition of pAkt signalling.
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Figure 4.17 – Assessment of key FGFR3 downstream signalling alterations upon combined treatment
of FGFR3 mutant cells with BGJ398 and dasatinib. Cells were seeded for 48 hours and treated with
dasatinib plus BGJ398 for 6 hours at the indicated doses. The DMSO vehicle control is represented here as
0 nM and uses the same DMSO volume used to treat cells at 1000 nM. Inhibitors were administered in a 1:1
ratio, and the indicated concentration represents the total concentration used. Cells were lysed for protein
extraction and resolve by SDS-PAGE prior to immunoblotting with antibodies against the indicated proteins.
The MW is indicated in KDa. The loading control (LC) was used to compare protein levels between different
gels and tubulin was used as a loading control between samples of the same gel. This blot is a representative
image from 2 biological replicates. BGJ- BGJ398, Das- dasatinib.

4.8 - Discussion
In this chapter, an analysis of the phenotypic profile and signalling response of
FGFR3 mutant expressing cells in the presence of BGJ398 was performed along
with the investigation of the signalling pathway dependencies of FGFR3 mutants.
This analysis led to the identification the Src pathway as a candidate signalling
protein which may be important for regulating FGFR3 mutant biology.
Importantly, I show that the multi-target kinase inhibitor dasatinib was able to
sensitise mutant FGFR3 expressing cells to BGJ398 in long-term colony
formation assays.
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Although BGJ398 was capable of decreasing the cell viability of FGFR3 mutant
expressing cells as shown in Figure 3.8A in chapter 3, these cells were ultimately
resistant to BGJ398 treatment in the long-term colony formation assays (Figure
4.2). In fact, there was no significant reduction on cell survival and growth of
cancer-associated FGFR3 mutants expressing cells at a high dose of 1 µM of
drug. This data is consistent with the clinical observation that many patients that
harbour FGFR3 mutations ultimately become resistant to selective FGFR
inhibitors with tumour relapse (Katoh, 2019; Nogova et al., 2017).
To better understand the molecular mechanisms associated with the lack of
response to BGJ398, I investigated the dose-dependent and temporal effects of
the drug on the MAPK, Akt and Src pathways in the panel of mutant FGFR3 cells.
My studies show that 1 hour treatment of BGJ398 was accompanied by a
reduction of phosphorylation levels of Erk in all mutant cell lines compared to the
controls, suggesting that one of the key signalling pathways directly regulated by
FGFR3 is the MAPK pathway. It also suggests that this pathway may be a key
driver of the oncogenic properties of mutant FGFR3 receptors. My findings are
consistent with previously published studies, where pErk levels have been found
to be reduced with BGJ398 treatment in bladder cancer cell lines expressing
FGFR3 fusions and mutations. This includes the RT112 and RT4 (FGFR3TACC3 fusions), KMS-11 (FGFR3-Y375C) and OPM2 (K652E) cell lines
(Guagnano et al., 2012, 2011). Notably, pErk levels start to reappear after 6 hour
treatment with BGJ398 which may be a potential reason why this drug is
ineffective in long-term assays. This data is consistent with a published study
data showing complete suppression of pErk levels in the human bladder cancer
cell line RT112M (FGFR3-TACC3 fusion) after 1 hour treatment with the selective
FGFR3 inhibitor PD173074, which was similarly partially restored after 6 hours
treatment (Herrera-Abreu et al., 2013). There were also some changes observed
in the phosphorylation levels of Akt and STAT3 that were independent of BGJ398
treatment, such as pAkt activation for the DMSO control condition at 1 hour and
pSTAT3 activation at 6 hours. Such observations are likely to be an artefact of
the fresh media change upon drug addition, as full serum media contains growth
factors and cytokines responsible for inducing pathways of cell survival.
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Given that the MAPK pathway was downregulated by BGJ398 treatment in the
mutant FGFR3 cell lines, I sought to test the hypothesis that this pathway may
be implicated in mediating the oncogenic properties of cancer-associated
mutations of FGFR3. Treatment of cells with trametinib (MEK inhibitor), showed
a reduction in pErk levels that was accompanied by a decrease in cell survival in
colony formation, cell viability and spheroid-based assays. A similar effect has
recently been reported in NIH-3T3 cells expressing the RT112Fus and K652E
FGFR3 mutants (Nelson et al., 2018). I further showed that trametinib was more
potent in reducing the viability in all cell lines examined compared to BGJ398.
Trametinib completely suppressed pErk levels in all cell lines at both 1 and 6
hours. This is in contrast to BGJ398 treatment where the suppression of pErk
levels was transient. Taken together, this data demonstrates that the MAPK
pathway is a critical pathway essential for the survival of all cell lines examined,
including the controls. It also provides additional evidence that the reduction in
pErk levels observed downstream of mutant FGFR3 upon treatment with BGJ398
is a key signalling driver for their oncogenic properties.
Since BGJ398 treatment is ineffective in long-term colony formation assays,
identifying additional signalling dependencies may shed light on therapeutics that
could serve as salvage therapies in the context of FGFR inhibitor resistance. I
undertook a multipronged approach to address this including the Luminex beadbased assay as well as a targeted small molecule inhibitor screen. The Luminex
assay was very informative, highlighting not only the proteins that were
differentially phosphorylated between the WT and FGFR3 mutants, but was also
helpful in identifying differences in signalling between the three FGFR3 mutants.
This analysis confirmed that distinct mutations activate different signalling
pathways, raising the possibility that each mutation may have a unique set of
pathway dependencies. One observed difference is in the phosphorylation levels
of NFkB, that increased in the S249C expressing cells but was decreased in the
RT112Fus cells compared to WT FGFR3. NFkB plays a crucial role during the
inflammatory response in cancer development and is being exploited as a target
for anti-cancer and anti-inflammatory drugs (Perkins, 2012). NFkB has previously
been shown to be activated by mutant FGFR3 via TGFβ-activated kinase 1
(TAK1) in the bladder cancer cell line MGHU3 which harbours the Y375C
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mutation and in HEK293 cells expressing the K652E FGFR3 mutation (Salazar
et al., 2014). The Luminex data also showed an increased Src phosphorylation
levels in the S249C, K652E and RT112Fus mutants compared to the WT FGFR3
expressing cells. Src is a non-receptor tyrosine kinase that is involved in many
different cellular processes including cell adhesion, motility and survival (Paul A
Bromann, 2004), and its deregulation is known to contribute to oncogenesis in a
range of cancer types (Zhang and Yu, 2012). Src has been explored as a target
for cancer therapy and has particularly been studied for its role as a key signalling
node driving acquired and intrinsic resistance to tyrosine kinase inhibitors (Rexer
et al., 2011). For instance, in HER2-overexpressing human breast cancer cell
lines, the Src inhibitor AZD0530 was found to overcome resistance to lapatinib,
a dual HER2 and EGFR inhibitor (Rexer et al., 2011). In this study, combined
inhibition with AZD0530 and lapatinib was effective in preventing acquisition of
lapatinib resistance (Rexer et al., 2011). However, studies exploring the potential
of Src as a target for therapy in the context of FGFR3 mutant-driven cancers such
as bladder cancer has been very limited.
In parallel, I conducted a targeted small-molecule inhibitor screen to perturb
major signalling pathways and kinases implicated in cancer, facilitating the
identification of signalling nodes that have a functional role in driving mutant
FGFR3-mediated oncogenesis. Interestingly, my data demonstrates that distinct
FGFR3 mutants harbour unique dependencies compared to the WT FGFR3
expressing cells. As expected, FGFR inhibitors and some broad-spectrum
inhibitors that target the FGFRs such as ponatinib, cediranib and foretinib were
found to sensitise all mutant FGFR3 expressing cell lines when comparing WT
FGFR3. This is consistent with previously published studies in cancer cell lines
that harbour FGFR3 mutation and validates the targeted small molecule inhibitor
screen as a valid strategy to identify mutant-specific dependencies (Gozgit et al.,
2012; Kataoka et al., 2012). The PI3K/mTOR inhibitor BEZ235 had selectivity for
the S249C and RT112Fus mutants, suggesting that these mutants may
preferentially utilise the PI3K-Akt-mTOR pathway to mediate their oncogenic
effects. However, since there have been previous studies reporting the use of Akt
pathway inhibitors to overcome resistance to FGFR3 inhibitors, this strategy was
not pursued further (Datta et al., 2017).
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Dasatinib, a broad-spectrum tyrosine kinase inhibitor whose targets include Src,
also showed a distinct sensitivity profile across the mutants. Specifically, the
RT112Fus and S249C mutants were found to confer a protective effect against
dasatinib compared to the other mutants and WT FGFR3. Collectively my
experiments show that despite the phosphorylation levels of Src being elevated
across all the FGFR3 mutants profiled, there was contrasting functional effect
when a Src inhibitor was investigated. These findings demonstrate that
measuring protein phosphorylation levels alone is insufficient in predicting
pathway dependencies and phenotypic assays remain the gold standard for
evaluating functional effects. Although the number of studies reporting the role of
Src in FGFR3 cancer-associated cell lines have been very limited, Vallo et al.
found that Src suppression by dasatinib treatment can inhibit tumour growth and
invasion in RT112 xenograft mouse models that are not resistant to the therapy
regimen with gemcitabine (Vallo et al., 2016). In addition, studies in FGFR1 have
shown that Src is able to modulate the activation, localisation and signalling
dynamics of this receptor (Sandilands et al., 2007). This study showed that Src
activity can regulate FGFR1 activation and transport to the plasma membrane
through a RhoB in an actin-dependent mechanism. Moreover, in the same study,
Src was found to function as a positive and negative regulator of FGFR1
signalling. Treatment of FGF2-stimulated MEFs with dasatinib failed to activate
Akt, delayed Erk activation and failed to attenuate MAPK signalling. These results
showed that activation of the Akt pathway through FGFR1 is dependent on Src
and that Src is essential to activate Erk and regulate its signalling through FGFR1
(Sandilands et al., 2007). In the same study, the authors also suggested that Src
inhibitors might be useful in the treatment of cancers which harbour FGFR1
mutations.
Based on my findings and evidence for the role of Src in modulating other FGFR
family members, the next step of my studies sought to validate and further explore
the differential sensitivities of distinct FGFR3 mutants to Src inhibitors. A full dose
response cell viability assay as well as long-term colony formation assay
confirmed the effects observed by the small molecule inhibitor screen, with the
RT112Fus and S249C FGFR3 mutant expressing cells displaying resistance to
dasatinib compared to the other mutations and controls. A similar phenotype was
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also observed with the more selective but less potent Src inhibitor saracatinib,
which provides additional evidence that this observed phenotype is a Srcmediated effect. Downstream signalling pathway analysis by immunoblotting
confirmed that the phosphorylation levels of Src was equally suppressed across
all cell lines upon treatment with dasatinib. Interestingly, in the N542K and K652E
FGFR3 mutant expressing cells, this reduction in Src phosphorylation was
accompanied by concomitant decrease in the phosphorylation of Erk at 1 µM.
This data suggests that in these mutants dasatinib interferes with MAPK pathway
and that this may be the reason why these cells are sensitive to treatment with
this inhibitor. Supporting this idea, no reduction in the phosphorylation levels of
Erk was observed in the for RT112Fus and S249C FGFR3 expressing cells. In
fact, pErk levels were shown to increase at 1 µM of dasatinib. It is therefore
possible that the inability of dasatinib to suppress pErk levels is the reason why
these cells were not sensitive to treatment with this inhibitor.
The potential for Src inhibitors to sensitise cells to inhibitors of other RTKs such
as EGFR have been previously reported (Rexer et al., 2011). To determine if a
similar effect is observed in the context of FGFR inhibitors, I undertook inhibitor
combination experiments of BGJ398 and dasatinib and showed that both drugs
have synergistic effects when used together in mutant FGFR3 expressing cells.
In particular, I show that low dose dasatinib was able to overcome resistance to
BGJ398 in long-term colony formation assays. Analysis of downstream signalling
showed that the combination led to a significant suppression of both the pErk and
pSrc levels and a slight decrease in pAkt in the FGFR3 mutant expressing cells.
This data demonstrates that combining low doses of dasatinib together with
BGJ398 is an effective strategy to overcome resistance of mutant FGFR3
expressing cells to selective FGFR inhibitors.
In conclusion, I show that Src phosphorylation levels were elevated in the cancerassociated FGFR3 mutations investigated in this study. However, a subset of
mutants (RT112Fus and S249C) harboured resistance to the broad-spectrum
inhibitor dasatinib which was shown to downregulate the Src pathway. I further
demonstrate that dasatinib was able to sensitise all FGFR3 mutant expressing
cells to BGJ398 in long-term assays, highlighting the utility of this strategy as a
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means of overcoming FGFR inhibitor resistance and potentially achieving more
durable responses in mutant FGFR3 driven cancers.
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Chapter 5
Investigation of the role of Src in a panel
of FGFR3 altered human bladder cancer
cell lines
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5.1 - Introduction
In chapter 4, I have shown that Src phosphorylation increases upon expression
of activating FGFR3 alterations in NIH-3T3 cells. However, the RT112Fus and
S249C mutants were found to confer a survival and growth advantage to broadspectrum Src inhibitors such as dasatinib and saracatinib, showing a differential
dependency towards the Src pathway when compared to the other FGFR3
mutants and controls. Moreover, treatment of RT112Fus and S249C expressing
cells with both dasatinib and the FGFR inhibitor BGJ398 led to a synergistic
reduction in cell viability in long-term colony formation assay. To establish if the
observations made in the NIH-3T3 model are also present in human cancer cell
lines harbouring endogenous FGFR3 mutants, in this chapter, I evaluated the
effects of dasatinib and BGJ398 in a panel of human bladder cancer cell lines
(Table 5.1). The RT112M cell line was directly used to compare the effects
observed with RT112Fus NIH-3T3 model while the 639V and MGHU3 cells which
harbour extracellular cysteine mutations, were used to compare the phenotypic
effects seen with the FGFR3 S249C NIH-3T3 expressing cells.
Table 5.1 – Panel of human bladder cancer cell lines with FGFR3 alterations.
Cell line

FGFR3 status

Reference

BFTC905

WT

(Nakanishi et al., 2015)

RT112M

FGFR3-TACC3

(Acquaviva et al., 2014)

639V

R248C

(Elliott et al., 1977)

MGHU3

Y375C

(Lin et al., 1985)

Previous studies have shown that other RTKs and alternative compensatory
signalling pathways can bypass mutant FGFR3 dependency in cancer cells. For
example, in the RT112 bladder cancer cell line, HGF ligand-mediated activation
of MET was found to compensate for the loss of FGFR3 signalling induced by
BGJ398 treatment (Harbinski et al., 2012). In a subsequent study, the activation
of PI3K/Akt pathway was also found to induce resistance to the FGFR inhibitor
AZD4547 in RT112M cells, and PI3K inhibitors were found to act in synergy with
FGFR inhibitors in this cell line (Wang et al., 2017). However, targeting these
compensatory pathways into effective clinical strategies has been a challenge. A
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phase I clinical trial has shown that the combination of BGJ398 with the PI3K
inhibitor BYL719 lead to a partial response in 8 patients over 24, one of which
with bladder carcinoma bearing the FGFR3-TACC3 fusion achieved a complete
response (NCT01928459). Although there is one ongoing clinical trial to explore
the effect of BGJ398 together with the MEK inhibitor (MEK162) plus the RAF
inhibitor (LGX818) in advanced BRAF mutant melanoma (NCT02159066), there
are currently no clinical trials exploiting the combination of FGFR3 inhibitors with
other signalling effectors in mutant FGFR3-driven bladder cancers.
Although Src has been found to be overexpressed and highly activated in a
variety of cancers such as breast and liver cancers (Irby and Yeatman, 2000),
the combination of Src inhibition with FGFR3 blockade has never been tested.
This chapter investigates the potential of inhibiting Src signalling as a means of
achieving durable drug responses in bladder cancer

5.2 - Bladder cancer cell lines respond differently towards
FGFR3 inhibitors, and are resistant to Src inhibitors
Based on the observation that the combination of BGJ398 and dasatinib have a
more potent effect in reducing long-term cell survival in RT112Fus and S249C
expressing NIH-3T3 cells, four human bladder cancer cell lines were evaluated
for their response to FGFR3 and Src inhibitors. Initially, to confirm the presence
of R248C and Y375C FGFR3 mutations in 639V and MGHU3 bladder cancer cell
lines, respectively, genomic DNA was isolated from each cell line and sequenced
using Sanger sequencing, which confirmed the mutational status of these cell
lines (Figure 5.1A). The FGFR3 expression levels of each cell line were also
assessed by western blotting analysis (Figure 5.1B). 639V was found to express
lower levels of FGFR3 when compared to the other cell lines. As expected, the
FGFR3 protein from the RT112M cell line displayed a higher MW band which is
consistent with the expression of the FGFR3-TACC3 fusion protein.
To investigate the phenotypic effects of FGFR inhibitors (BGJ398 and
PD173074) and Src inhibitors (dasatinib and saracatinib) in the panel of bladder
cancer cell lines, dose response assessment utilising the CTG assay was
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performed. Consistent with data in the FGFR3 altered NIH-3T3 cell line models,
all the bladder cancer cell lines were more sensitive to BGJ398 treatment
comparing to the WT FGFR3 cell line BFTC905 (Figure 5.2A, E). Moreover, this
sensitivity was more pronounced in the RT112M and MGHU3 cell lines which
expressed higher levels of FGFR3 mutant receptor and correspondingly had
lower IC50 values than BFTC905 and 639V (Figure 5.2E). In order to establish if
the observed phenotype was specific to BGJ398, another FGFR inhibitor with a
different molecular structure (PD173074) was also tested. PD173074 showed
similar effects to treatment with BGJ398 with similar sensitising effects on the
RT112M and MGHU3 cell lines comparing to BFTC905 (Figure 5.2B, E).
Interestingly, the IC50 values for 639V and BFTC905 with PD173074 was
considerably higher than with BGJ398. This suggests that different FGFR
inhibitors might result in the downregulation of distinct pathways and/or have
different potencies. For 639V and BFTC905 cell lines, it can be that the
downstream pathways affected by PD173074 are not detrimental for cell survival,
or in contrast to BGJ398, it results in a weaker downregulation of essential
pathways for these cells.
When the panel of cell lines were subjected to dasatinib treatment, there was no
significant difference in drug sensitivity across the panel of bladder cancer cell
lines (Figure 5.2C, E). This observation is in contrast to the NIH-3T3 model where
the expression of the RT112 fusion induced a protective effect towards dasatinib
in the NIH-3T3 cells (Figure 4.10). Assessment of a second Src inhibitor
saracatinib showed that this drug was ineffective in the bladder cancer cell lines
with IC50 values >14 µM across all cell lines (Figure 5.2D, E).
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Figure 5.1 – Confirmation of FGFR3 mutation status in bladder cancer cell lines. A. Sanger sequencing
was performed on the two FGFR3 mutant cell lines 639V and MGHU3 and results were aligned to the WTFGFR3 sequence for comparison. Altered nucleotides are highlighted in red and mutated amino acid residue
shown in the red square. B. Cells were lysed and extracted protein was subjected to a western blotting for
verification of the expression levels of FGFR3.
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Figure 5.2 – Dose response curves of bladder cancer cell lines to FGFR3 and Src inhibitors. A-D.
Cells were seeded in full media and treated with a range of 9 concentrations with the indicated inhibitors for
72 hours. Viability was measured by CTG assay and normalised against the DMSO vehicle control. Viability
data was plotted and fitted with four-parameter non-linear regression with GraphPad Prism. E. IC50 values
were extrapolated from the fitted dose response curves. Two-way ANOVA was used for statistical analysis
against the WT BFTC905 control for each inhibitor. * p-value< 0.05. (n=3 biological replicates).

5.3 - The combination of FGFR inhibitors and dasatinib has
synergistic effects in bladder cancer cell lines
Given the limited effects of single agent dasatinib treatment in the bladder cancer
cell lines, I sought to investigate the cell line panel to the combination of FGFR
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inhibitors with dasatinib (Figure 5.3A, B). The dose response curves showed that
while the cell lines harbouring the fusion and FGFR3 mutants were insensitive to
dasatinib alone, the combination of BGJ398+dasatinib was more effective than
BGJ398 alone. Notably, the combination was also more effective at reducing cell
viability in the control BFTC905 cell line when compared to the single agent
BGJ398 but, required higher doses (above 1µM) than the cell lines harbouring
FGFR3 alterations (below 0.5 µM). However, statistical significance was not
achieved between single and combination treatment in the RT112M and MGHU3
cell lines (Figure 5.3B).
To assess if there is synergy between both inhibitors, the CI was calculated
(Figure 5.3C). Synergy (CI<1) was observed in the 10 nM to 200 nM combined
drug dose in RT112M, 639V and MGHU3 cell lines but only for 100 nM and 200
nM combined drug dose for BFTC905. Taken together, the results showed that
the combined effect of BGJ398+dasatinib was more effective in all cell lines
investigated and although the overall IC50 value of the combination was not
statistically significant compared to BGJ398 treatment alone in the RT112M and
MGHU3 cell lines, this combination showed a synergistic effect at lower
combined drug doses compared to BFTC905.
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Figure 5.3 – Dose response assessment of BGJ398 and dasatinib treatment as single agent or in
combination in a panel of bladder cancer cell lines. A. Cell viability was measured with CTG assay after
72 hours treatment with serial dilutions of BGJ398 and dasatinib as single agent or in combination. In the
combination arm, an escalating dose in 1:1 ratio was maintained. Data was fitted with a four-parameter nonlinear regression on GraphPad Prism. Data for BGJ398 and dasatinib are the results from the previous
Figure 5.2 and is displayed here for comparison (continuation of figure legend on following page)
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(continuation of legend of Figure 5.3) purposes and visualisation of the effects exerted in the combination
arm. Statistical analysis was performed with two-way ANOVA for each individual dose across the three
treatments. * p-value< 0.05, ** p-value< 0.01, *** p-value< 0.001 and it is indicated only when statistical
significance was found between the combination of BGJ398 plus dasatinib versus each inhibitor alone. B.
IC50 values were calculated for independent replicates from dose response curves shown in A. Two-way
ANOVA was applied to calculate the significance between dasatinib and BGJ398+dasatinib in comparison
to BGJ398 alone for each cell line. ** p-value< 0.01, *** p-value< 0.001. C. The combinations index (CI) of
BGJ398 plus dasatinib was calculated using the drug dose response data employing the Chou-Talalay
method (Chou, 2010). Values <1 indicate a synergistic interaction between the two inhibitors. (n= 3 biological
replicates).

Treatment of PD173074 with dasatinib, showed an analogous response in some
of the cell lines. All cell lines investigated apart from MGHU3 showed a reduction
in cell viability with the combination treatment compared to the FGFR3 inhibitor
as single agent (Figure 5.4A). The IC50 value of the PD173074+dasatinib
combination also did not show a significant cell survival decrease for RT112M
when comparing to PD173074 alone (Figure 5.4B). CI calculation showed that
there was no synergy observed across the majority of combined drug doses in
the 639V cells (Figure 5.4C). As with BGJ398 treatment, synergy was shown in
the RT112M cell line at multiple low drug doses. MGHU3 displayed synergy only
in a subset of doses examined. The fact that PD173074 and BGJ398 display
different synergy profiles in combination with dasatinib for different cell lines, in
particular for 639V cells (Figure 5.3 C and 5.4C), suggests that these selective
FGFR inhibitors interact with dasatinib in distinct ways affecting cell viability
differently.
Overall, the data suggests that while dasatinib as a single agent has minimal
effects on the viability of bladder cancer cells harbouring FGFR3 alterations, the
combination of FGFR inhibitors and dasatinib is effective in reducing cell viability
in a synergistic manner across a number of different drug concentrations.
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Figure 5.4 – Dose response assessment of PD173074 and dasatinib treatment as single agent or in
combination in a panel of bladder cancer cell lines. A. Cell viability was measured with CTG assay after
72 hours treatment with serial dilutions of PD173074 and dasatinib as single agent or in combination. In the
combination arm, an escalating dose in 1:1 ratio was maintained. Data was fitted with a four-parameter nonlinear regression on GraphPad Prism. Data for PD173074 and dasatinib are the results from the previous
Figure 5.2 and is displayed here for comparison purposes and visualisation of the effects exerted in the
combination arm. Statistical analysis was performed (continuation of figure legend on following page)
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(continuation of legend of Figure 5.4) with two-way ANOVA for each individual dose across the three
treatments. * p-value< 0.05, ** p-value< 0.01, *** p-value< 0.001 and it is indicated only when statistical
significance was found between the combination of PD173074 plus dasatinib versus each inhibitor alone.
B. IC50 values were calculated for independent replicates from dose response curves shown in A. Two-way
ANOVA was applied to calculate the significance between dasatinib and PD173074+dasatinib in comparison
to PD173074 alone for each cell line. * p-value< 0.05, *** p-value< 0.001. C. The combinations index (CI)
was calculated using the drug dose response data employing the Chou-Talalay method (Chou, 2010).
Values <1 indicate a synergistic interaction between the two inhibitors. (n= 3 biological replicates).

5.4- Dasatinib sensitises bladder cancer cell lines to FGFR
inhibitor treatment in long-term colony formation assays.
To assess the effects of the single agent FGFR inhibitors in the human bladder
cancer cell lines in longer-term colony formation assays, the panel of cells were
seeded at low density and treated with the FGFR inhibitors BGJ398 and
PD173074. After 14 days in culture, the surviving population was fixed and
stained for imaging and quantification (Figure 5.5A, B). The data shows that,
consistent with the short-term viability assays, the RT112M and MGHU3 cell lines
were more sensitive to both inhibitors compared to BFTC905 and 639V. It should
be noted that despite the increased sensitivity of these two cell lines, there were
still a large proportion of residual colonies, suggesting that a significant proportion
of cells were resistant to single agent FGFR inhibitor treatment. In contrast to
FGFR inhibitors, dasatinib was effective across all four cell lines with dramatic
reduction in colony formation in the BFTC905 and MGHU3 cells and to a lesser
extent the RT112M and 639V lines. The combination of either of the two FGFR3
inhibitors with dasatinib showed a significant reduction in colony formation
compared to the DMSO control for all cell lines, with colonies covering less than
20% of the well (Figure 5.5B, C). However, no significant statistical differences in
well coverage area were seen between any of the cells harbouring FGFR3
alterations and the BFTC905 WT FGFR3 expressing cell line. Moreover, when
comparing the enhanced effects of the combination treatment with single agent
FGFR3 inhibitor alone, there was only statistical significance for the BFTC905
and 639V cell lines (Figure 5.5B), which is consistent with the results obtained in
short-term viability assays (Figures 5.3B and 5.4B). Overall, long-term cell
survival was reduced with the combination of BGJ398 or PD173074 with
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dasatinib for all tested cell lines, prompting further analysis on the mechanistic
processes involved in cell survival reduction with the combinations.

Figure 5.5 – Effects of FGFR inhibitors and dasatinib as single agents and in combination in colony
formation assays. Colony formation assay was assessed by seeding cells at low density (15,000 cells/well)
in 6 well plates and after 24 hours 100 nM of the corresponding inhibitors was added. The total dosage of
inhibitor combination was 100 nM in a 1:1 ratio. (continuation of figure legend on following page)
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(continuation of legend of Figure 5.5) Inhibitors were replenished every 3 days with fresh media for 14 days.
A. Representative crystal violet staining of colony formation at day 14. B. The percentage of cells covering
each well on the colony formation plates was calculated with imageJ and then normalised to the DMSO
vehicle control. Two-way ANOVA statistical analysis was performed across cell lines for the same inhibitor
when comparing to BFTC905. C. Two-way ANOVA statistical analysis was performed for each cell line
across different drugs for pairwise combinations of the values displayed in B. ** p-value< 0.01, *** p-value<
0.001. (n=3 biological replicates). DM- DMSO, B- BGJ398; P- PD173074; D- dasatinib.

To characterise the temporal signalling changes associated with the addition of
BGJ398 or dasatinib as single agents or in combination, I performed a western
blot analysis in the RT112M cell line. Cells were lysed after 2, 4, 6 and 24 hours
of treatment with the stated inhibitor to investigate the signalling dynamics in
response to these inhibitors of interest (Figure 5.6). In the presence of BGJ398,
pErk levels decreased at 2 hours but started to reappear at 4 and 6 hours posttreatment. This result is consistent with the signalling dynamics observed in the
NIH-3T3 cell line model expressing the fusion protein (Figure 4.4). However, at
24 hours Erk phosphorylation was completely abolished by the addition of
BGJ398 and this was accompanied by the suppression of pAkt. As expected, the
addition of dasatinib treatment showed a complete suppression of pSrc for all
time points up to 24 hours, accompanied by a small decrease in pAkt at 2 hours.
The combination of both inhibitors displayed an additive effect of the individual
inhibitors with concomitant decrease in the activation of both the Erk and Src
signalling pathways. However, there was a lower decrease of pAkt at 24 hours
compared to BGJ398 treatment alone.
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Figure 5.6 – Immunoblot of temporal signalling response of inhibitor treatment in RT112M cells. Cells
were seeded in full media for 48 hours and treated with the indicated inhibitors at 100 nM. The combination
arm consists of a total drug concentration of 100 nM in a 1:1 ratio for each inhibitor. Cells were lysed after
2, 4, 6 and 24 hours post-treatment. DMSO vehicle control cells were also collected at 2 hours. Protein
extracts were resolved by SDS-PAGE for immunoblotting with the indicated proteins. Western blot is a
representative image from 2 biological replicates.

5.5 - Investigating if the link between mutant FGFR3 and
EGFR signalling is mediated through the Src pathway
Several molecular mechanisms have been shown to drive resistance to selective
FGFR inhibitors in bladder cancer (see section 1.5.2). One of these mechanisms
is the upregulation of EGFR signalling to compensate for the loss of mutant
FGFR3 activity in the presence of the FGFR inhibitor PD173074 (Herrera-Abreu
et al., 2013). The study by Herera-Abreu et al. further showed that the RT112M,
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639V and MGHU3 cell lines were only partially dependent on FGFR3 signalling
and inhibition by PD173074 induced EGFR phosphorylation leading to pErk
reactivation after 6 hours of drug treatment. Consistent with this mechanism, dual
blockade of FGFR3 and EGFR with a combination of PD173074 and gefitinib (an
EGFR inhibitor) led to sustained downregulation of pErk signalling for up to 48
hours and a durable drug response (Herrera-Abreu et al., 2013). Given that Src
is a major downstream signalling node of both FGFR3 and EGFR (Paul A
Bromann, 2004), and that the combination of dasatinib and FGFR inhibitors was
synergistic, I sought to investigate if the drug resistance induced by EGFR in the
presence of FGFR inhibitors was due to the activation of the Src tyrosine kinase
by this receptor.
Viability assays were therefore conducted to assess the dose response effect of
gefitinib alone or in combination with either FGFR inhibitors or dasatinib in the
panel of bladder cancer cell lines (Figure 5.7). Gefitinib as a single agent was
ineffective in all four cell lines investigated (Figure 5.7A). To test if EGFR
blockade exerts the same effect as Src blockade when used in combination with
BGJ398, the combination of gefitinib plus BGJ398 was assess, however I found
that this combination had no added benefit compared to single agent BGJ398
(Figure 5.7A-C). In addition, dual inhibition of the EGFR and Src with the
combination of gefitinib and dasatinib was no more effective than dasatinib
treatment alone (Figure 5.7A-C). To validate the observations made by HerreraAbreu et al., I also assessed the response of PD173074 in combination with
gefitinib in the panel of bladder cancer cell lines. The data showed that unlike
BGJ398, combined treatment of gefitinib plus PD173074 shows a significant
reduction in cell viability in the BFTC905 and 639V cell lines compared to
PD173074 alone.
I further sought to establish the effects of gefitinib as a single agent or in
combination in long-term colony formation assays (Figure 5.8). Consistent with
the short-term cell viability assays, there is no additional benefit of adding gefitinib
to BGJ398 or dasatinib in combination compared to single agent treatment alone.
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Figure 5.7 – Dose response profiles of a panel of bladder cancer cell lines upon treatment with FGFR,
EGFR and Src inhibitors as single agents or in combination. A. Cell viability was measured with CTG
after 72 hours treatment with serial dilutions of the indicated inhibitors. The combination arm used a 1:1 ratio
for each drug with simultaneous escalating concentrations as indicated. Data was fitted with a fourparameter non-linear regression on GraphPad Prism. B. IC50 values were calculated from the data points of
each individual regression in A for independent replicates. A, B. Data for BGJ398 and dasatinib are the
results from the previous Figures 5.2A, 5.2C and 5.2E and is used here for comparison purposes and
visualisation of the effects exerted with the combined agent. C. Two-way ANOVA statistical analysis was
performed for each cell line across different drugs (continuation of figure legend on following page)
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(continuation of legend of Figure 5.7) for pairwise combinations of IC50 values displayed in B. D. The dose
response profiles were also evaluated for the combination of gefitinib and PD173074. The extrapolation of
the correspondent IC50 values are here represented for the indicated inhibitors. PD173074 data was shown
before in Figure 5.2E and is represented for comparison purposes. Statistical analysis used two-way ANOVA
test to compare the effect of the combined agent and gefitinib to PD173074 alone. * p-value< 0.05, ** pvalue< 0.01, *** p-value< 0.001. (n= 3 biological replicates). G- gefitinib, B- BGJ398, D- dasatinib.

Figure 5.8 – Colony formation assay assessing the long-term effects of FGFR, EGFR and Src
inhibitors as single agents or in combination. Colony formation assay was assessed by seeding cells at
low density (15,000 cells/well). Cells were treated with 100 nM of the corresponding inhibitors after 24 hours
in culture. The total dosage of combined inhibitors was 100 nM in a 1:1 ratio. Fresh inhibitor was replenished
every 3 days for 14 days. A. Representative crystal violet staining of colony formation at day 14. Images for
BGJ398 and dasatinib were previously represented in Figure 5.5A and here represented for comparison. B.
The percentage of colonies covering each well was (continuation of figure legend on following page)
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(continuation of legend of Figure 5.8) calculated with imageJ and then normalised to the DMSO control.
DMSO, BGJ398 and dasatinib data was presented previously and is plotted for comparison. C. Statistical
analysis was performed with two-way ANOVA for each cell line across different drugs for pairwise
combinations the values displayed in B. (n=3 biological replicates). DM- DMSO, G- gefitinib, B- BGJ398, Ddasatinib.

To study the signalling mechanisms driving the observed phenotypes in the
bladder cancer cell lines upon treatment with BGJ398, dasatinib and gefitinib as
single agents or in combination, western blot analysis of the key signalling nodes
was performed. Cancer cell lines were treated with the indicated drugs for 1 hour
prior to cell lysis and immunoblotting (Figure 5.9).
Similarly to what was observed in the NIH-3T3 cell line models, BGJ398 and
PD173074 treatment did not affect pErk levels for BFTC905 (WT FGFR) but it
completely abolished pErk levels for the RT112M (FGFR3-TACC3 fusion) and
MGHU3 (Y375C mutant) cell lines. Notably, these latter two cell lines were found
to be the most sensitive to FGFR inhibitor treatment within the cell line panel
(Figure 5.2A, E). Interestingly, both FGFR inhibitors did not reduce pErk levels in
the 639V cells, which was shown to be non-responsive to both BGJ398 or
PD173074 in cell viability assays (Figure 5.2A, E). For all four cell lines, dasatinib
treatment suppressed Src phosphorylation and this was accompanied by an
increase of total Src. The combination of inhibitors showed an additive effect of
each inhibitor as single agents in the BFTC905, RT112M and MGHU3 cell lines.
Therefore, for RT112M and MGHU3 cell lines, there was a decrease in pErk and
pSrc as it was seen with FGFR3 inhibitors and dasatinib alone, respectively, and
for BFTC905 cell line, there was a decrease in pSrc as seen with dasatinib alone.
Notably, in the 639V cell line, the combination of either BGJ398 or PD173074
and dasatinib was now able to reduce pErk levels compared to treatment with
any of the FGFR inhibitors or dasatinib alone.
Gefitinib as a single agent also induced an increase of pSrc for MGHU3 and had
no effect on any of the remaining cell lines. Importantly, given that Src has
previously been shown to be a downstream mediator of EGFR signalling (Paul A
Bromann, 2004), treatment of all the cell lines with gefitinib did not lead to a
reduction of the phosphorylation levels of Src, indicating that for these cell lines
Src signalling is not dependent on upstream EGFR activity. On the other hand,
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the combination of either FGFR inhibitor with gefitinib reduced the
phosphorylation levels of Erk for RT112M and MGHU3 cell lines, as seen with
BGJ398 and PD173074 alone, and partially reduced pErk levels for 639V cell
line, which was not seen with either drug alone.

Figure 5.9 – Assessment of key signalling proteins in bladder cancer cell lines upon treatment with
FGFR, EGFR and Src inhibitors as single agents or in combination. Cells were seeded for 48 hours
and treated with the indicated inhibitors at 100 nM or vehicle control DMSO for 1 hour. The combination arm
consists of a total concentration of 100 nM in a 1:1 ratio for each drug. Protein extracts were resolved by
SDS-PAGE for immunoblotting with the indicated proteins. Representative images are shown from 2
biological replicates. BGJ- BGJ398; Das- dasatinib; PD1- PD173074; Gef- gefitinib.

Based on the data that pErk was reduced upon BGJ398 and PD173074 treatment
in the RT112M and MGHU3 cell lines (Figure 5.9) and that this treatment was
sufficient to reduce cell viability as a single agent (Figure 5.2A, B, E), I sought to
investigate if the pErk pathway is a driver for cell survival in the panel of bladder
cancer cell lines. Dose response assessment of trametinib, a MEK inhibitor, was
performed in the panel of four bladder cancer cell lines (Figure 5.10). Consistent
with the treatment with BGJ398 or PD173074 (Figure 5.2A, B, E), trametinib
caused a dose dependent reduction in cell viability in the RT112M and MGHU3
cell lines (Figure 5.10). Interestingly this inhibitor had a more potent effect on the
BFTC905 cells and showed no response in the 639V line, suggesting that the
639V cell line was not dependent on the MAPK pathway for survival.
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Figure 5.10 – Dose response assessment of trametinib treatment in the panel of bladder cancer cell
lines. A. Cells were seeded for 24 hours and treated with the indicated range of concentrations of trametinib.
Viability was measured with CTG assay after 72 hours and data fitted with a four-parameter non-linear
regression on GraphPad Prism. B. IC50 values were calculated from the data points of each individual
regression in A for independent replicates. Statistical analysis used one-way ANOVA test to compare IC50
between RT112M, MGHU3 and 639V cell lines compared to BFTC905. ** p-value< 0.01. (n= 3 biological
replicates).
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To determine if the action of dasatinib in the panel of bladder cancer cell lines
was due specifically to the inhibition of Src activity, we utilised a gatekeeper
mutant of Src. A point mutation of T338I in the avian Src gene has previously
been shown to selectively block the binding of dasatinib (X. H. F. Zhang et al.,
2009). By expressing this dasatinib-resistant gatekeeper mutant in the panel of
bladder cancer cell lines, one can establish if Src is the target of this multi-target
kinase inhibitor should the mutant rescue the phenotype induced by the treatment
of dasatinib. As comparator, the WT Src gene and an EV control plasmid were
used. Plasmids were transduced into the four bladder cancer cell lines, BFTC905,
RT112M, 639V and MGHU3 by retroviral transfection and expression of gene
maintained by selection with hygromycin. Stable expression was confirmed by
western blotting and compared to the untransduced parental cell lines and EV
controls (Figure 5.11). When comparing to the parental cells and the EV control,
an increase in Src was only obtained for 639V cell line. Notably, there is an
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increase in the levels of Src expression upon transduction of the EV plasmids in
the BFTC905, RT112M and 639V cell lines for reasons that are unclear. An
increase Src expression was obtained in the MGHU3 cell line when compared to
the EV control, but expression was still lower than the parental cell line. Overall,
high ectopic expression of Src was not achieved in any of the cell lines, which
might be explained by the ability for cells to adapt and change their gene
expression to accommodate and limit expression of the exogenous gene (Eguchi
et al., 2018; Grubera et al., 2008).

Figure 5.11 – Evaluation of ectopic Src expression in the panel of bladder cancer cell lines. Retroviral
transduced cells were lysed and protein extracts separated on an SDS-PAGE for immunoblotting with tSrc.
A. Levels were run along with the parental non-transduced cell line and the EV control. Tubulin was used
as a loading control. B. Levels of tSrc were quantified with imageJ and normalised to the tubulin loading
control.

Despite lack of an observable increase in Src expression levels in the gatekeeper
mutant expression cells, the transduced cell line panel was subjected to longterm colony formation assays in the presence of 100 nM and 500nM of BGJ398
and dasatinib as single agents or in combination (Figure 5.12). After 14 days in
culture, there was a clear rescue effect in the cells expressing the Src-T338I
gatekeeper mutant in the presence of dasatinib, indicating that low ectopic protein
expression levels were still capable of inducing a phenotype on these cells.
Compared to the EV and Src-WT controls, cells displayed a lack of sensitivity
towards dasatinib and the combination of dasatinib plus BGJ398 for all four cell
lines. These data provide evidence that the phenotypic effects observed with
dasatinib treatment or the combination of dasatinib with FGFR inhibitors is due to
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the selective targeting of Src by the drug. When short-term cell viability assays
were performed, a similar trend of a rescue effect was observed in the presence
of dasatinib, with all cells except 639V presenting a higher IC50 when expressing
the Src gatekeeper mutant compared to the EV control, although statistical
significance was not reached (Figure 5.13). The exception for the 639V cells
where the rescue effect was not pronounced is due to the parental cell line being
already resistant to dasatinib (Figure 5.2E). In the presence of BGJ398 plus
dasatinib, Src-T338I expressing cells were able to revert the phenotype to
BGJ398 alone for all cell lines, and a significant increase the cell viability was
observed for all cell lines compared to the EV control cells, except in MGHU3
cells (Figure 5.13B).
Taken together, these experiments demonstrate that the observed sensitisation
effect of dasatinib on BGJ398 treatment in the panel of FGFR3 dependent
bladder cancer cell lines is due to the selective inhibition of the Src protein.
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Figure 5.12 – Colony formation assays of Src transduced bladder cancer cell lines upon treatment
with BGJ398 and dasatinib. A. Cells were seeded at low density (15,000 cell/well) on 6-well plates. After
24 hours, cells were treated with the indicated dose of the corresponding inhibitors along with the vehicle
control DMSO. Fresh inhibitor was replenished every 3 days for 14 days. On day 14 cells were fixed and
stained for visualisation with crystal violet. B. Quantification of the colony formation assay. The percentage
of colonies covering each well was calculated with (continuation of figure legend on following page)
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(continuation of legend of Figure 5.12) imageJ and then normalised to the DMSO control. Statistical analysis
was performed with two-way ANOVA for each inhibitor of each cell line against the EV control. * p-value<
0.05, ** p-value< 0.01, *** p-value< 0.001. (n=2 biological replicates). BGJ- BGJ398; Das- dasatinib.

Figure 5.13 – Dose response assessment of Src transduced bladder cancer cell lines upon treatment
with BGJ398 and dasatinib. A. Cells were treated with a dose range of the indicated inhibitors after seeding
for 24 hours in culture and viability was measured after 72 hours of treatment using the CTG assay. The
combination arm was performed using a 1:1 ratio with escalating drug concentrations as indicated. Data was
normalised against the DMSO control and data fitted with a four-parameter non-linear regression on
GraphPad Prism. B. IC50 values were calculated from the data points of each individual regression in A for
independent replicates. Statistical analysis used one-way ANOVA test to compare IC50 compared to the EV
control for each inhibitor in each cell line. * p-value< 0.05, ** p-value< 0.01. (n= 3 biological replicates). BGJBGJ398; Das- dasatinib.
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5.7 - Dissecting the pathway dependencies in the FGFR3
mutant bladder cancer cell lines
In section 5.5, I showed that treatment with BGJ398 in combination with dasatinib
led to pSrc suppression in the BFTC905 cell line, and dual pSrc and pErk
suppression in MGHU3, RT112M and 639V cell lines. To establish which
signalling pathways are critical for maintaining cell survival in each of the FGFR3
bladder cancer cell lines, small molecular inhibitors for key signalling pathways
were used. Specifically, the MEK inhibitor trametinib was used to inhibit the Erk
pathway, the PI3K/mTOR inhibitor BEZ235 was employed to suppress the Akt
pathway and dasatinib the Src pathway. These inhibitors were added to the panel
of bladder cancer cell lines either as single agents or in combination and
evaluated in short-term (72 hour) cell viability assays (Figure 5.14). Western
blotting was also undertaken to evaluate pathway suppression in the cell lines
upon drug treatment (Figure 5.15).
This analysis found that of all the single agent inhibitor treatments in the BFTC905
cell line, only trametinib was able to reduce cell viability, while BEZ235 and
dasatinib had no activity as single agents, although no statistical significance was
found (Figure 5.14A). Interestingly, the combination of dasatinib plus BEZ235
was able to reduce BFTC905 cell viability to a similar degree as trametinib alone.
This data indicates that in addition to the Erk pathway, this cell line was
dependent on the simultaneous activation of both the Src and Akt pathways
(Figure 5.15). In the case of the RT112M FGFR3 fusion cell line, blockade with
any of the three inhibitors as single agents did not have an effect on cell viability
(Figure 5.14B). However, targeting any combination of the three inhibitors or the
addition of all three inhibitors simultaneously, although not significant, led to a
reduction in cell viability which demonstrates that the suppression of at least two
of the three pathways under investigation (MAPK, Akt and Src) is required to
reduce survival in this cell line (Figure 5.15). In contrast, the 639V cell line which
harbours the R248C FGFR3 mutation, was only sensitive to trametinib plus
BEZ235 and dasatinib plus BEZ235 combination but not the trametinib plus
dasatinib combination (Figure 5.14C). This finding shows that in this cell line, cell
survival requires the activation of the Akt pathway and either the Erk or Src
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pathways (Figure 5.15). Notably, given that dual blockade of Src and Erk (with
trametinib plus dasatinib) was insufficient to cause a reduction in cell viability, one
can conclude that the presence of the Akt pathway alone is able to maintain
survival in the 639V cell line (Figure 5.15). In the case of the MGHU3 cell line, a
strong dependency on the Akt pathway was observed, as BEZ235 treatment led
to a reduction in cell viability, which was not observed for dasatinib and to a lesser
extent trametinib (Figure 5.14D). A dependency on the Akt pathway for MGHU3
cells was previously described with BKM120 (PI3K inhibitor) and AZD5363 (Akt
inhibitor) (Davies et al., 2015; Wang et al., 2017). In these studies, tumour growth
of MGHU3 xenograft models was reduced by BKM120 or AZD5363 treatment,
and both inhibitors were found to act synergistically with FGFR3 inhibition by
AZD4547. This effect was demonstrated to be caused by an activating mutation
on AKT1 (E17K) gene on MGHU3 cell line, which drives PI3K/Akt pathway
activation and dependency (Davies et al., 2015).
Taken together, this data demonstrates that the bladder cancer cell lines bearing
distinct FGFR3 mutants are dependent on different downstream signalling
pathways. Whereas different combinations of inhibitors targeting the main
downstream signalling pathways could lead to cell sensitivity in the different cell
line models, only the BGJ398 plus dasatinib combination was able to selectively
reduce cell viability in the panel of FGFR3 altered bladder cancer cell lines
examined, in comparison to the BFTC905 cell line (Figure 5.3B).
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Figure 5.14 – Dose response assessment in bladder cancer cell lines upon treatment with trametinib,
BEZ235 and dasatinib. A-D. FGFR3 bladder cancer cell lines. The dose response curves (on the left)
represent cell viability that was measured with CTG assay upon 72 hours treatment with a range of
concentrations of the indicated inhibitors. The double and triple combination arms used a 1:1 and a 1:1:1
ratio respectively, with escalating drug concentrations as indicated. Data was fitted with a four-parameter
non-linear regression on GraphPad Prism. Data for dasatinib and trametinib are the results collected
previously (Figures 5.2 and 5.10) and are used here for comparison. The bar charts (in the middle) represent
the IC50 values calculated from the data points of each individual regression for independent replicates. Twoway ANOVA statistical analysis (on the right) was performed for each cell line across different drugs for
pairwise combinations of each IC50 value. ** p-value< 0.01, *** p-value< 0.001. (n=2 or 3 biological
replicates). BE- BEZ235; T- trametinib; D- dasatinib.
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Figure 5.15 – Assessment of key signalling proteins in bladder cancer cell lines upon treatment with
trametinib, BEZ235 and dasatinib as single agents or in combination. Cells were seeded for 48 hours
in culture and treated with the indicated inhibitors at 100 nM or vehicle control DMSO for 1 hour. The
combination arm utilised drug doses at 100 nM each. Protein extracts were resolved by SDS-PAGE for
immunoblotting with the indicated proteins. The loading control (LC) was used to compare samples between
different blots. BEZ- BEZ235; Tram- trametinib; Das- dasatinib.

5.8 - Discussion
In this chapter, I undertook a characterisation of the phenotypic and signalling
effects of a number of inhibitors for key signalling pathways in a panel of bladder
cancer cell lines that harbour endogenous FGFR3 mutations (Table 5.2). This
analysis included the FGFR inhibitors BGJ398 and PD173074 and the Src
inhibitor dasatinib which were previously shown to be effective as a combination
strategy for some FGFR3 mutants in the NIH-3T3 models in chapter 4. As single
agents, the FGFR inhibitors BGJ398 and PD173074 had variable effects in the
bladder cancer cell lines investigated. In both the short-term cell viability assay
and colony formation assay, the 639V (R248C) cell line was found to lack
sensitivity to both inhibitors when compared to the MGHU3 (Y375C) and RT112M
(TACC3-FGFR3 fusion) cell lines. In our experiments, both MGHU3 and RT112M
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displayed comparable sensitivity to these drugs which is inconsistent with the
previous study by Acquaviva et al, which demonstrated that RT112M was
significantly more sensitive to BGJ398 than MGHU3 (Acquaviva et al., 2014).
Notably, the 639V cells were considerably more sensitive to BGJ398 than to
PD173074 in cell viability assays, which demonstrates that distinct selective
FGFR inhibitors induce different responses in the same cell line and may allude
to FGFR3 mutant specific selectivity to structurally distinct FGFR inhibitors.

Table 5.2 – Summary of the results from the phenotypic assays and signalling effects executed for
the panel of bladder cancer cell lines. For the cell viability and colony formation assays the comparison
evaluated is indicated on the ‘vs’ column. Cell viability summary is based on Figures 5.2-5.4, 5.7 and 5.10.
Colony formation summary is based on Figures 5.5 and 5.8. Western blot summary is derived from Figures
5.6 and 5.9. S↓- significantly inferior; S↑- significantly superior; NS- not sensitive; ↑- increased levels of
phosphorylation; ↓- decreased levels of phosphorylation (small arrow represents small decrease); (=)phosphorylation levels remain the same; (—)- not evaluated; na- not applicable; BGJ- BGJ398; Dasdasatinib; PD1- PD173074; Gef- gefitinib; BFTC- BFTC905.

In the short-term cell viability assays, all four bladder cancer cell lines were
insensitive to single agent treatment with the Src inhibitors dasatinib and
saracatinib. However, in the colony formation assays, three of the four cell lines
(BFTC905, MGHU3 and 639V) displayed a significant reduction in colony
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formation upon treatment with dasatinib when compared to the DMSO control as
a single agent, with the BFTC905 and MGHU3 cell lines harbouring the greatest
sensitivity to this drug. This data is consistent with that observed in the NIH-3T3
models which show that ectopic expression of the RT112Fus (TACC3-FGFR3
fusion) and the S249C mutant (adjacent to the R248C mutant in 639V cells) are
resistant to dasatinib treatment. Given that the WT FGFR3 expressing cell line
is also sensitive to Src inhibition, it is difficult to establish if the observed
phenotypic effects are intrinsic dependencies associated with specific FGFR3
mutations. This is one of the limitations of utilising cancer cell lines with
endogenous FGFR3 mutations as they do not share an isogenic background and
may harbour other heterogeneous genomic and epigenetic aberrations that
impact drug sensitivity.
Despite the efficacy of single agent BGJ398 in some of the cell lines e.g. MGHU3
and RT112M, combination treatment with dasatinib and BGJ398 shows synergy
at low drug dose (<200nM) in all three FGFR3 mutant cell lines. This effect was
replicated in the colony formation assay where the combination was particularly
effective in reducing the number of colonies across all four bladder cancer cell
lines. Consistent with the effect seen in the NIH-3T3 cells, my data demonstrates
that the combination of these two agents is likely to be an effective strategy for
targeting FGFR3 mutant-driven bladder cancers, in particular for patients who
display intrinsic resistance to single agent FGFR inhibitors (e.g. 639V cells).
When the signalling alterations associated with drug treatment were examined
by immunoblotting, my data shows that BGJ398 and PD173074 treatment led to
a downregulation of Erk phosphorylation levels in the cell lines which were
sensitive to FGFR inhibitors (RT112M and MGHU3) but not the cells which are
resistant (BFTC905 and 639V). This data is consistent with the NIH-3T3 data and
suggests that the MAPK pathway is key cell survival node in some of the mutant
FGFR3 bladder cancer cell lines. I confirmed this hypothesis by showing that the
RT112M and MGHU3 cells but not the 639V cell line were sensitive to treatment
with the MEK inhibitor trametinib. This analysis further confirms that the 639V cell
line is not dependent on the MAPK pathway for survival. Treatment of the bladder
cancer cell line panel with dasatinib led to a reduction in the phosphorylation of
Src in all four cell lines which was accompanied by an increase in the total levels
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of Src. The upregulation of total Src levels upon dasatinib treatment has
previously been reported in CML cells (Konig et al., 2008) and also been
observed in other cell lines used in our laboratory. Combined treatment of both
FGFR inhibitors and dasatinib led to a decrease in both pErk and pSrc levels for
RT112M and MGHU3 cells as expected, and also for the 639V cell line that didn’t
show pErk reduction with either inhibitor alone. Since low nanomolar
concentration of this combination was able significantly reduce cell viability in the
FGFR3 mutant cell lines in a synergistic manner, the data suggests that
simultaneous blockade of both parallel pathways is necessary to overcome
survival in these cells.
Herrera-Abreu et al., previously demonstrated that in a subset of FGFR3 mutant
bladder cancer cell lines, EGFR activation is a compensatory mechanism by
which cells achieve intrinsic resistance to FGFR inhibitors (Herrera-Abreu et al.,
2013). Specifically, the authors showed that in the RT112M cells, combination
treatment of PD173074 and gefitinib led to a durable and complete suppression
of the pErk pathway. Given that dasatinib was similarly able to sensitise cells to
FGFR inhibitor therapy, I sought to determine if the Src pathway was the key
pathway downstream of EGFR activation responsible for conferring drug
resistance in the bladder cancer cell line panel. In contrast to the data presented
by Herrera-Abreu, my experiments show that there was no additive effect of
adding gefitinib to BGJ398 or PD173074 in the RT112M cells. There was
however a statistically significant difference in the combination of PD173074 with
gefitinib compared to PD173074 alone for the BTFC905 and 639V cell lines.
Furthermore, the combination of gefitinib to dasatinib did not have an additive
effect in the phenotypic assays compared to dasatinib as a single agent in all cell
lines tested. Notably, dasatinib was more effective than gefitinib at reducing cell
survival in all cell lines when combined with BGJ398. Immunoblotting analysis
finds that phosphorylation of Src does not decrease with the addition of the EGFR
inhibitor indicating that Src is not downstream of EGFR activation but rather a
parallel resistance signalling pathway in the bladder cancer cell lines.
While there is a consistent correlation between the decrease in phosphorylation
levels of Src and dasatinib treatment in the bladder cancer cell lines, given that
this drug is a broad-spectrum multi-target TKI, it was necessary to show that Src
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was the causative driver of cell survival and resistance to FGFR inhibitors. I used
a gatekeeper mutant of Src (Src-T338I) which is unable to bind to TKIs such as
dasatinib as a means to demonstrate that Src was the primary target of dasatinib
in these cells. Ectopic expression of this mutant conferred a robust resistance to
dasatinib in all cell lines and rescued the survival phenotype in the colony
formation assays compared to the expression of the WT Src control. This effect
was less evident in the short-term cell viability assays, but nevertheless there was
a significant phenotype rescue in the presence of both BGJ398 and dasatinib in
all cell lines except MGHU3 due its high sensitivity towards BGJ398 as a single
agent in these assays. Taken together, this data demonstrates that dasatinib
mediates its effect on cell viability (as a single agent and in combination with
FGFR inhibitor) in the bladder cancer cell lines through the suppression of Src
signalling.
There is limited knowledge regarding the role of Src in FGFR3-driven cancers. In
bladder cancer cell lines expressing the RT112 fusion (TACC3-FGFR3), studies
have shown that the Src inhibitor dasatinib is able to inhibit tumour growth and
muscle invasion in xenograft mouse models (Vallo et al., 2016). Nevertheless,
this effect was shown to be compromised in cell lines expressing the same RT112
fusion from patients resistant to first-line conventional therapy regimen with
gemcitabine. In RT112 gemcitabine resistant mouse xenografts, dasatinib
showed to induce an increase in tumour size and growth (Vallo et al., 2016).
Moreover, a phase-II clinical study have not shown benefit for the use of dasatinib
as a single agent in invasive bladder cancer patients (NCT00706641), where out
of 25 patients treated with dasatinib only 4 showed a non-significant decrease in
the proliferation marker Ki-67 (Hahn et al., 2016). To date, the use of Src
inhibitors alone as a therapy for bladder cancer remains controversial.
Finally, to further assess the involvement of the MAPK, PI3K/Akt and Src
pathways on maintaining cell survival in each of the bladder cancer cell lines
within the panel, I conducted cell viability assays to determine the dose
dependent effects of selective inhibitors of these pathways either as single agents
or in combination. The data demonstrates that cell lines bearing different FGFR3
alterations harboured distinct signalling dependencies. For BFTC905 cells,
MAPK suppression by trametinib or the combined suppression of Src and Akt by
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dasatinib and BEZ235 induce a reduction in cell viability. Regarding the RT112M
fusion cell line, the inhibition of any two pathways (from MAPK, Akt and Src) is
enough to reduce cell viability. For 639V, Akt plays a fundamental role only when
combined with the suppression of either Src or MAPK pathway. And finally,
MGHU3 showed to be the most dependent on the Akt pathway. This analysis
provided insights of the major dependencies of different cell lines and reinforces
the need for personalised therapies for bladder cancer and FGFR3 mutations.
One limitation of the data outlined in this chapter is that only a small number of
bladder cancer cell lines with a limited number of FGFR3 mutations was
assessed. As such it is not possible to attribute the phenotypes observed in these
cancer cell lines entirely to the specific FGFR3 mutation under study. To address
this limitation, future work could include CRISPR engineering of specific FGFR3
mutations into the same cancer cell line to generate isogenic lines for the
validation of the pathway dependencies identified in this chapter.
Despite these limitations, some of results were consistently observed in both the
NIH-3T3 models in chapter 4 as well as the cancer cell line panel employed in
this chapter. This gives one, additional confidence that these observations are
specific to the selected FGFR3 mutations under study. For instance, pErk was
consistently suppressed across all FGFR3 mutants by the addition of the FGFR
inhibitors which is associated with sensitivity to this class of drugs. Furthermore,
the fusion protein and to a lesser extent the R248C and S249C mutations were
resistant to dasatinib as a single agent in both NIH-3T3 models and cancer cell
lines. Finally, the addition of dasatinib is able to sensitise both NIH-3T3 and
cancer cell line models that harbour FGFR3 mutations to FGFR inhibitors.
Collectively, this data demonstrates that this combination is a promising therapy
to either overcome drug resistance to FGFR inhibitors in the salvage therapy
setting or be used as upfront strategy to achieve durable drug responses in
bladder cancer patients.
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Chapter 6
Evaluation the phenotypic properties
and

sensitivity

of

FGFR3

cysteine

mutations to therapy with BGJ398 and
dasatinib
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6.1 - Introduction
The most common FGFR3 mutations found in cancer involve cysteine
substitutions on the extracellular domain of the receptor. These include mutations
R248C, S249C and Y375C which constitute more than 85 % of the mutations
found in bladder cancer (Di Martino et al., 2016). Early studies demonstrate that
the introduction of a cysteine residue leads to ligand-independent receptor
dimerisation by the formation of a disulphide bond, promoting constitutive
activation of FGFR3 (Cappellen et al., 1999). However, later studies suggest that
this dimerisation of FGFR3 may be a transient effect (Del Piccolo et al., 2015).
Cysteine mutations are now known to perturb the structure of FGFR3 dimers
leading to the correct alignment of each monomer inducing full kinase activation
(Del Piccolo et al., 2015). Moreover, studies have shown that the position of the
cysteine mutations in the receptor can affect its activation levels (Adar et al.,
2002), and that some less activating mutations such as Y375C only become fully
activated in the presence of FGF ligand (Adar et al., 2002). These studies suggest
that cysteine mutations might lead to the differential activation of FGFR3 that
could modulate downstream signalling in distinctive ways to drive oncogenesis.
Several studies have revealed the importance of FGFR3 cysteine mutations as
cancer drivers (Bernard-Pierrot et al., 2006; Di Martino et al., 2009; Miyake et al.,
2010). For instance, mutations such as S249C are able to induce morphological
transformation, cell proliferation, cell viability and anchorage-independent cell
growth in NIH-3T3 cell models (Di Martino et al., 2009). In addition, cells
expressing FGFR3 S249C were shown to hyperactivate several downstream
signalling pathways including Erk and PLCγ1 in NIH-3T3 models and Src, Akt
and PLCγ1 in TERT-NHUC cells (Bernard-Pierrot et al., 2006; Di Martino et al.,
2009). Furthermore, bladder cancer cell lines expressing S249C and Y375C
cysteine mutations were found to induce tumour growth in xenograft mouse
models, and this effect could be inhibited by FGFR3 inhibitors such as PD173074
(Miyake et al., 2010a).
The enrichment of cysteine mutations found in FGFR3-driven cancers, highlights
its importance for cancer development and progression, as well as the need to
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study these mutations in greater detail to find new effective treatment options.
The results presented in the chapters 4 and 5 show that cell lines bearing FGFR3
mutations, such as S249C in NIH-3T3 cell models as well as R248C (MGHU3) in
the bladder cancer cell lines, are resistant to dasatinib but sensitive to the
combination of BGJ398 plus dasatinib in long-term colony formation assays. It
remains unclear if this sensitivity is caused by the acquisition of the cysteine
mutation and if this combination has utility across other FGFR3 cysteine
mutations. To address these outstanding questions, in this chapter I engineered
a series of matched FGFR3 cysteine and alanine/glycine mutant expressing cell
lines to investigate if the potent effects of the BGJ398 and dasatinib combination
was specific to the cysteine mutants and if the combination could be expanded
to a broader range of FGFR3 cysteine mutations found in cancer patients.

6.2 - FGFR3 cysteine mutants display a growth advantage in
anchorage-independent conditions
My hypothesis is that due to the high frequency of FGFR3 cysteine mutations
found in cancer, these mutations possess a higher ability to activate FGFR3 and
therefore form tumours. Correspondingly, it is likely that these mutations are
more susceptible to the combination of FGFR inhibitors and dasatinib. To test
this hypothesis, I first undertook an anchorage independent spheroid assay to
compare the cysteine mutants (R248C, S249C, G372C, S373C, Y375C and
R401C) versus the remaining low expressing FGFR3 mutant NIH-3T3 cell lines
generated in chapter 3. As controls, I utilised the EV and WT FGFR3 cell lines,
along with the gatekeeper mutant cells V557M and the non-cysteine negative
control S249T mutant cells, which is used to compare the specificity of the
cysteine mutation in the same residue as S249C. Cells were seeded in lowattachment 96-well plates to generate spheroids and treated after 24 hours with
BGJ398 or DMSO as a vehicle control. After 72 hours in culture, cells were
screened and spheroid cross-sectional area was measured (Figure 6.1A). Under
baseline DMSO conditions, a subset of mutants was found to have markedly
higher spheroid area compared to WTL FGFR3 expressing cells (Figure 6.1B).
These mutants are R248CL, S249CL, S373CL, Y375CL, G382RL and K652ML.
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Notably, all the cysteine mutations in the extracellular domain of FGFR3 (R248C L,
S249CL, S373CL and Y375CL), with the exception of G372CL displayed increase
spheroid area compared to WTL FGFR3 expressing cells. Moreover, this growth
effect was driven by FGFR3 signalling as BGJ398 treatment completely abolish
spheroid growth (Figure 6.1C).
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Figure 6.1 – Evaluation of spheroid formation and growth of cancer-associated FGFR3 mutations.
FGFR3 mutant expressing NIH-3T3 cells were seeded on round-bottom low adherent 96-well plates in full
media and with 100 nM of BGJ398 or vehicle DMSO control. A. Spheroids were imaged with high content
microscope after 72 hours of treatment and representative images are shown for each cell line.
Representative images from 3 biological replicates. B. The largest cross-section area of each spheroid was
calculated with imageJ. The dotted line represents the average area of WT L FGFR3 spheroids. Statistical
analysis was performed with one-way ANOVA test to compare spheroid area of each cell line against the
WTL control. *** p-value< 0.001. C. Spheroid area (continuation of figure legend on following page)
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(continuation of legend of Figure 6.1) was calculated for BGJ398 treated cells and plotted against the DMSO
results for each cell line shown in B. Two-way ANOVA was employed to assess the statistical significance
between paired DMSO and BGJ398 treated cells. ** p-value< 0.01, *** p-value< 0.001. B-C. Spheroid area
was calculated with imageJ. (n= 3 biological replicates).

To assess the dynamic growth rate of these spheroids, I undertook a temporal
analysis of the spheroid area over the course of 9 days under DMSO conditions
or a treatment with the small molecule inhibitors BGJ398 and dasatinib as single
or combined agents. The data demonstrates that compared to WT FGFR3 and
EV cells, all of the extracellular domain cysteine mutants showed an increase in
spheroid growth with time reinforcing the concept that the presence of cysteine
mutations is capable of inducing growth under non-adherent conditions (Figure
6.2). Given that I previously showed that Src is an important signalling pathway
downstream of mutant FGFR3, I sought to establish if spheroid growth was
dependent on this pathway by treating the cells with dasatinib (Figure 6.2). My
experiments find that unlike treatment with BGJ398, spheroid growth was not
affected by the presence of dasatinib, suggesting that the Src pathway is not a
key driver of anchorage independent growth in FGFR3 mutant expressing cells.
Treatment with the combined agent shows spheroid growth impairment similar to
the effect of BGJ398 alone.
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Figure 6.2 – Temporal analysis of spheroid growth of cancer-associated FGFR3 mutants. Spheroids
were kept in culture for a total of 9 days after treatment with the indicated inhibitors at the indicated
concentrations and imaged at 3 day intervals. The combined arm was used in a 1:1 ratio for a total
concentration of 100 nM. Spheroid images were acquired with high content microscope at day 3, 6 and 9
after treatment. Spheroid area was calculated with imageJ. (n= 3 biological replicates).
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6.2 - FGFR3 cysteine mutants form constitutive dimers
It has previously been shown that FGFR3 cysteine mutants are capable of
forming disulphide bonds in the absence of ligand stimulation (Avis et al., 1998;
Miyake et al., 2010; Naski et al., 1996). These disulphide bonds are thought to
drive ligand-independent receptor dimerisation and constitutive receptor
activation (Gallo et al., 2015). To confirm this observation in my NIH-3T3 cell line
model, I assessed the entire cell line panel for FGFR3 expression in non-reducing
gels. Upon immunoblotting for FGFR3, I sought to identify FGFR3 dimer at a MW
of ~250 kDa (Figure 6.3). All cysteine mutations within the extracellular domain
of FGFR3 (R248C, S249C, G372C, S373C and Y375C) were able to form dimers
with the R248C and S249C forming more prominent dimers compared to G372C,
S373C and Y375C. Dimerisation was also identified in the cell line expressing
the fusion RT112Fus which has been described previously (Nelson et al., 2016).
Taken together, my data suggests that FGFR3 cysteine mutations form
constitutive dimers which may result in increased oncogenic activity and
consequently increase spheroid cell growth.

Figure 6.3 – Ligand-independent dimer formation of cancer-associated FGFR3 mutations. Cells were
seeded in full media and lysed after 48 hours. Protein extracts were prepared in native conditions in the
absence of β-mercaptoethanol and resolved by SDS-PAGE for immunoblotting with FGFR3. The MW for
the indicated protein is indicated in KDa. The MW at which the dimer FGFR3 can be observed is indicated
by the arrow. Tubulin was used as a loading control. This blot is a representative image from 2 biological
replicates.
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6.3 - FGFR3 cysteine mutations rescue PC9 sensitivity to
gefitinib
To further evaluate the oncogenic potential of the FGFR3 cysteine mutants, I
sought to assess the ability of these receptors to rescue the sensitivity of an
EGFR dependent cell line to an EGFR inhibitor. It has previously been shown
that ectopic FGFR1 or FGFR2 expression are capable of inducing EGFR inhibitor
resistance in the PC9 cell line (Sharifnia et al., 2014). PC9 is a NSCLC cell line
that expresses an EGFR-mutant (deletion E746-A750) which is a wellestablished model for sensitivity to EGFR TKIs such as erlotinib or gefitinib. The
concept that a genetic modifier, such as an FGFR3 mutation for example, can
overcome dependency of this cell line to EGFR signalling would indicate the
potential of these mutants to induce the activation of compensatory pathways
required for maintaining cancer cell survival in the presence of an EGFR inhibitor.
The FGFR3 cysteine mutations along with the controls EV, WT FGFR3,
gatekeeper V557M and the non-cysteine negative control S249T were all
transduced into the PC9 cells. S249T was chosen as a negative control to
demonstrate that mutation to a cysteine residue (in S249C) is required for
disulphide bond formation and not a threonine residue (in S249T), providing
evidence that the cysteine residue is the key driver for any observed phenotype.
Cells were selected with hygromycin to produce stable cell lines, and expression
of mutant FGFR3 confirmed by western blotting (Figure 6.4A). FGFR3 expression
was shown to be consistent across all transduced mutants. Cells were then
subjected to viability assays in the presence of gefitinib to test the potential of
FGFR3 mutants to rescue the sensitivity of PC9 cells to this drug (Figure 6.4B,
C). Dose response curves demonstrate that the cells expressing the FGFR3
cysteine mutants were resistant to gefitinib treatment compared to the controls,
including PC9-S249T (Figure 6.4B, C). This effect was driven exclusively by the
presence of the cysteine residue as the variant S249T, unlike the S249C mutant,
was unable to induce resistance in the PC9 cells with an IC50 closer to the
parental and PC9-EV cell line.
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Overall, data showed that cysteine variants could rescue PC9 oncogene
dependency to EGFR signalling, demonstrating their increased oncogenic
potential compared to other FGFR3 mutations.

Figure 6.4 – Rescue of PC9 gefitinib sensitive cell line by the expression of FGFR3 cysteine
mutations. A. PC9 cell lines were transduced with FGFR3 cysteine mutants and controls. Stable cell lines
were lysed and proteins resolved on an SDS-PAGE for immunoblotting of FGFR3 protein. Samples were
blotted along with the parental PC9 cell line and the EV control for comparison. Tubulin was used as a
loading control. B. PC9 cells expressing mutant or WT FGFR3 were seeded (3000 cells/well) in 96-well
plates for 24 hours and treated with a range of gefitinib doses. Viability was measured at 72 hours after
treatment and data was normalised to the vehicle DMSO control of each cell line and fitted with a fourparameter non-linear regression on GraphPad Prism. C. IC50 values were calculated from the data points of
each individual regression in B for independent replicates. One-way ANOVA statistical analysis was
performed against the PC9-EV control. * p-value< 0.05. B, C. Results are the average of 3 technical
replicates for 1 biological replicate for PC9-WT and PC9-V557M cells, 3 biological replicates for the parental
cell line, PC9-EV and PC9-S249C and, 2 biological replicates for the remaining cell lines.

202

6.4 - Constitutive dimerisation and growth phenotype
observed in FGFR3 cysteine mutant expressing cells is the
consequence of cysteine point mutations
To investigate the role of the cysteine residue in driving constitutive receptor
dimerisation and spheroid growth, the cysteine residues were substituted by SDM
to an alanine in positions S249, G372, S373 and Y375. For the R248C mutant,
a glycine substitution was utilised instead as it was not possible to generate the
alanine mutation by SDM despite several attempts. Moreover, to determine if the
addition of multiple disulphide bonds could further influence the transforming and
oncogenic potential of cells, combination compound mutations of double and
triple cysteine residues were engineered. This included the R248C+S249C in the
extracellular

region

of

FGFR3

and

G372C+S373C,

G372C+Y375C,

S373C+Y375C and G372C+S373C+Y375C in the JM region of the receptor
(Table 6.1).
Table 6.1 – List of FGFR3 cysteine mutants and respective controls.
Type of
mutant

FGFR3 cysteine
mutation

FGFR3 noncysteine control
mutation

Single

R248C

R248G

Single

S249C

S249A

Single

G372C

G372A

Single

S373C

S373A

Single

Y375C

Y375A

Double

R248C+S249C

Double

G372C+S373C

Double

G372C+Y375C

Double

S373C+Y375C

Triple

G372C+S373C+Y375C

Constructs were then transduced into NIH-3T3 cells for comparison. Cells were
selected with hygromycin for stable transduction and FGFR3 expression was
evaluated by western blotting (Figure 6.5). Expression levels were fairly similar
across mutants and were comparable to the cysteine mutants previously
generated, although it was slightly lower for S373A L. Cells were then subjected
to the spheroid growth assay to evaluate their ability to grow under anchorageindependent conditions and form spheroids after 72 hours in the presence of
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BGJ398 and the DMSO vehicle control. Spheroid area was calculated, and data
plotted in Figure 6.6. As previously shown, all cysteine mutants examined formed
larger spheroids under DMSO conditions while corresponding mutation to an
alanine or glycine residue abolished this growth advantage, confirming that the
cysteine residue was the key driver for the observed phenotype. Not all
compound mutations conferred the ability for cells to grow under non-adherent
conditions. When compared to the WTL control, only the triple cysteine mutant
(G372C+S373C+Y375CL) and the S373C+Y375CL compound mutation were
able to form larger spheroids. Notably, these two compound mutants did not
display a higher growth potential compared to single cysteine mutations,
suggesting that there is no additive effective when combining multiple cysteine
residues. The abolishment of spheroid growth in the other 3 compound mutants
suggests that localisation of compound cysteine residues (R248C+S249C,
G372C+S373C and G372C+Y375C) may disrupt receptor activation and could
be a reason why such compound mutations are not selected for in cancer.
To determine if constitutive dimer formation was abolished in the alanine and
glycine mutants, a non-reducing western blot for total FGFR3 levels was
performed (Figure 6.7). In this experiment, cells were either treated with DMSO
or BGJ398 for 1 hour to determine if kinase activity is required for constitutive
dimer formation in the FGFR3 cysteine mutants. Results confirmed that only the
single FGFR3 cysteine mutants were able to form ligand-independent constitutive
dimers and that BGJ398 did not have an impact on the levels of dimer formation.
The data only showed that amongst the double and triple mutants, only the
G372C+S373CL pair was able to induce dimer formation.
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Figure 6.5 – Generation of NIH-3T3 cell line models with alanine and glycine mutations, as well as
double and triple compound cysteine mutants. New FGFR3 mutant constructs were generated by SDM
(Sanger sequencing results can be seen on Appendix Figure 8.1) and transduced into NIH-3T3 cells. Cell
lines were selected with hygromycin for stable transduction. Cells were lysed and proteins resolved on an
SDS-PAGE for immunoblotting of FGFR3 protein. G372CL is here used as a control to compare the
expression of the previously generated FGFR3 mutants. Tubulin was used as a loading control.
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Figure 6.6 – Evaluation of spheroid growth in cysteine mutant FGFR3 expressing cell lines. Cells
were seeded on round-bottom low adherent 96-well plates in full media for 24 hours and treated with 100
nM of BGJ398 or vehicle DMSO control. Spheroids were imaged with high content microscope after 72
hours of treatment. The largest cross-section area of each spheroid was calculated with imageJ. Two-way
ANOVA tested the statistical significance between the pair DMSO and BGJ398 treated cells. Data shown
for single cysteine mutations, WT and EV were previously shown (Figure 6.1C) and were used for
comparison. *** p-value< 0.001. (n=3 biological replicates). S2- S249C; R2- R248C; G3- G372C; S3- S373C;
Y3- Y375C.
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Figure 6.7 – Non reducing western blot analysis of constitutive dimer formation of FGFR3 cysteine
mutants. Cells were seeded in full media for 48 hours and treated with 500 nM of BGJ398 (+) or vehicle
control DMSO (-) for 1 hour. Protein extracts were prepared in native conditions in the absence of βmercaptoethanol and resolved by SDS-PAGE for immunoblotting with FGFR3. The MW at which the dimer
FGFR3 can be observed is indicated by the arrow. Tubulin was used as a loading control.

To investigate the cysteine-specific responses observed, the basal signalling
levels of these cells and their controls were assessed by western blotting for the
main downstream effectors of FGFR3 (Figure 6.8). Results demonstrated that
when comparing to their individual controls, cysteine mutant cells showed
increased pSTAT3 except for Y375CL, whereas all alternative controls were
found to have increased levels of Akt activation except for the position S249. The
assay also showed an increased pSrc for S249CL, G372CL and R248GL, whereas
pErk was only decreased for R248CL and S373CL. Overall, it was challenging to
establish a pattern between the basal activity of cysteine mutants and their
controls that could explain the ability of all cysteine-specific mutants to grow
bigger spheroids in culture.
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Figure 6.8 – Basal signalling pathways of FGFR3 cysteine mutants and their corresponding alanine
and glycine mutant counterparts. Cells were seeded in full media and lysed after 48 hours in culture.
Lysates were processed for protein extraction and samples resolved by SDS-PAGE for immunoblotting with
the indicated proteins. Tubulin was used as a loading control.

6.5 - Dasatinib sensitises FGFR3 cysteine mutants to
BGJ398 treatment
Based on the previous findings, S249C and fusion RT112Fus in NIH-3T3 cell
lines along with RT112M (TACC3-FGFR3) and 639V (R248C) in bladder cancer
cell lines, conferred a strong protective effect against dasatinib, but these were
sensitive to the combination dasatinib plus BGJ398 in long-term assays. Here, all
of the cysteine mutants and respective controls were next tested for their
response towards BGJ398 and dasatinib as single or combined agents. This was
set to understand whether there is a link between constitutive dimerisation and
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dasatinib resistance, testing if only FGFR3 dimers activity can become modulated
by Src signalling and also to test if dasatinib can sensitise cells to BGJ398. Thus,
short-term 72 hours inhibitor response viability assays were performed (Figure
6.9). In the presence of BGJ398, results showed that cysteine mutants tended to
be more sensitive than their respective controls, except S373CL and Y375CL that
displayed a similar sensitivity to their controls (Figure 6.9). Regarding the
response of these cells towards dasatinib there was a clear curve separation
between cysteine FGFR3 mutant cells and respective controls, with cysteine
mutant cell lines being significantly less sensitive to dasatinib than their control
cells, except for S373CL. Interestingly, in the presence of the combined treatment
BGJ398 plus dasatinib, FGFR3 cysteine mutant cells S249C and S373C were
found to be significantly more sensitive to some inhibitor doses than their controls
S249A and S373A respectively.
To explore the response of these mutants in long-term assays, 14 days colony
formation assays were also performed in the presence of the same inhibitors
(Figure 6.10). Results showed that there was a trend for certain cysteine mutants
to grow significantly better with dasatinib when comparing to their alanine
controls, as it was the case for S249CL and G372CL (Figure 6.10B). On the other
hand, crystal violet staining also showed that cysteine mutations are more
sensitive to the combined agent BGJ398 and dasatinib than their controls, which
was clear for all cell lines apart from cell lines with mutations on the residue G372
which displayed equal colony formation impairment (Figure 6.10A).
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Figure 6.9 – Evaluation of dasatinib, BGJ398 and its combination effects on cell viability in the panel
of FGFR3 cysteine mutant expressing cells. Cell viability was measured with CTG assay after 72 hours
treatment with serial dilutions of the indicated inhibitors as single agent or in combination. The combination
arm was added in a 1:1 ratio for each drug. Data was fitted with a four-parameter non-linear regression on
GraphPad Prism. Statistical analysis was performed with two-way ANOVA for each individual inhibitor
between the cysteine mutant and its corresponding alanine or glycine mutant counterpart. * p-value< 0.05,
** p-value< 0.01, *** p-value< 0.001. P-values represent the comparison between the cysteine mutant and
its corresponding alanine or glycine mutant counterpart. Moreover p-values are represented by different
colours, where black represents the p-value for BGJ398 treatment, red corresponds to dasatinib treatment
and blue represents the p-value for the combination BGJ398+dasatinib treatment. (n=3 biological replicates).
BGJ- BGJ398; Das- dasatinib.
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Figure 6.10 – Evaluation of FGFR3 cysteine mutant expressing cell lines in colony formation assays
in the presence of dasatinib, BGJ398 as single agents and in combination. Cells were seeded to assess
colony formation at low density (15,000 cells/well) in 6 well plates and treated with inhibitors at the indicated
doses. A. Representative images of crystal violet staining of colonies at day 14. N=3 biological replicates for
cell lines FGFR3 WTL, S249CL, S249AL, G372CL and G372AL; the remaining cell lines represent 1 biological
replicate. B. The percentage of cells covering each well on the colony formation plates was calculated with
imageJ for the indicated cell lines with 3 biological replicates and then normalised to the DMSO vehicle
control. Statistical analysis used two-way ANOVA to compare the cysteine mutant and corresponding
alanine or glycine mutant control for each inhibitor. ** p-value< 0.01. (n=3 biological replicates). BGJBGJ398; Das- dasatinib.

6.5 - Discussion
In this chapter, I investigated the importance of cancer-associated FGFR3
cysteine mutants in driving oncogenicity using the NIH-3T3 cell line as a model
and assessed their sensitivity to BGJ398 and dasatinib as single agents and in
combination. As controls, I engineered corresponding alanine or glycine
counterparts to confirm that the functional effects observed are due to the
presence of the cysteine residue.
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Cell lines expressing FGFR3 extracellular domain cysteine mutants formed larger
spheroids compared to other FGFR3 mutants in my panel of cells. I further
showed that these cysteine mutants enhanced spheroid growth compared to their
corresponding alanine or glycine counterparts, demonstrating that the increased
proliferative potential was due to the presence of the cysteine mutation.
Treatment with BGJ398 led to a reduction in spheroid size indicating that the
increased proliferative potential of the cysteine mutations was due to FGFR3
kinase activity. Notably, in cell viability assays, FGFR3 cysteine mutant
expressing cells were more sensitive to BGJ398 treatment compared to the
alanine/glycine counterparts. Moreover, experiments in the PC9 model show that
only the FGFR3 cysteine mutants were able to rescue drug sensitivity towards
gefitinib, indicating their signalling potential as a genetic modifier to compensate
for the inhibition of the EGFR oncogene. When downstream signalling pathways
were evaluated by immunoblotting, the data shows that the majority of cysteine
mutants examined (with the exception of Y375C) resulted in an upregulation of
phosphorylated STAT3 compared to their alanine and glycine controls.
Interestingly, I also show that these cysteine mutants appear to actively suppress
the Akt pathways as mutation to an alanine or glycine led to an upregulation of
Akt phosphorylation. Taken together, my data finds that cysteine mutations in the
extracellular domain harbour increased oncogenic potential of FGFR3 in multiple
cell line models.
It has previously been shown that the presence of unpaired cysteine residues in
FGFR3 monomers leads to the formation of covalent disulphide bonds between
monomers, resulting in ligand-independent receptor dimerisation (Gallo et al.,
2015). I sought to investigate if this effect was also observed in the studied panel
of cysteine FGFR3 mutants, and further engineered double and triple cysteine
mutants to determine if the addition of more disulphide bonds would enhance
dimerisation and oncogenic potential. Under non-reducing gel conditions, all the
FGFR3 variants with extracellular cysteine mutants formed covalent dimers with
the R248C and S249C expressing cells forming more prominent dimers
compared to G372C, S373C and Y375C. As expected, mutation of the cysteine
residue to alanine or glycine led to the loss of dimer formation. For the FGFR3
double and triple cysteine mutant expressing cells, only the G372C+S373C L cell
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line was able to form dimers under the conditions studied. This data suggests
that the addition of compound cysteine mutations does not necessarily lead to
the formation of covalent dimers.

Furthermore, the presence of compound

cysteine mutations might account for structural constrains or alterations in the
receptor that might influence its dimerisation capacity and receptor activity
(Bocharov et al., 2013). Interestingly, across the double and triple cysteine
mutant expressing cells, increased spheroid growth was only observed in the
double mutant S373C+Y375CL and the triple mutant G372C+S373C+Y375CL cell
lines which is not concordant with the assessment of dimerisation by nonreducing PAGE. One possible explanation for this result is that receptor
dimerisation is not an important driver of oncogenic potential in these compound
mutations and other mechanisms are at play. An alternative explanation is that
compound cysteine mutants form dimers with different kinetics compared to
single point mutants and further optimisation of experimental conditions are
required to visualise these dimers in the non-reducing PAGE experiment. Finally,
I show that treatment with BGJ398 did not have an impact on dimer formation
confirming that kinase activity is not required for constitutive dimer formation in
the FGFR3 cysteine mutants.
In addition to treatment with the FGFR inhibitors, I also assessed the effects of
dasatinib on the FGFR3 cysteine mutants. The data demonstrates that the
cysteine mutant cell lines were more resistant to this inhibitor when compared to
their corresponding alanine and glycine controls in cell viability assays. In the
long-term colony formation assays, only the S249CL and G372CL mutant cell
lines are able to grow better in the presence of dasatinib compared to their
corresponding alanine mutants. These two mutations have previously been
reported to be the most activating mutants amongst the cysteine mutants in the
extracellular domain of FGFR3 in NIH-3T3 cell lines (Avis et al., 1998) which may
explain why these mutants are capable of providing survival signals to confer
resistance to dasatinib treatment. In both the cell viability and colony formation
assays, the dual inhibition with BGJ398 and dasatinib lead to a dramatic
reduction in cell survival. Further work is necessary to determine the mechanisms
by which this combination exerts its phenotypic effects on FGFR3 cysteine
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mutants, including its effects on downstream cellular signalling, receptor
localisation and kinase activity.
Collectively, my experiments have shown that FGFR3 cysteine mutants in the
extracellular domain of the receptor form constitutive dimers which lead to
enhanced proliferative potential and ability to rescue EGFR inhibitor resistance.
Furthermore, I demonstrate that most of these mutants led to the modulation of
downstream signalling including the upregulation of the STAT3 pathway and
suppression of Akt phosphorylation. I further show that while these mutants are
more sensitive to BGJ398 treatment and are resistant to dasatinib, the combined
administration of these two drugs led to enhanced effectiveness in reducing cell
viability and colony formation. These data reinforce the conclusions made in
earlier chapters that this drug combination is an attractive strategy to overcome
FGFR inhibitor resistance in cancers harbouring the most common FGFR3
mutations.

213

Chapter 7
Discussion
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7.1 - FGFR3 mutations – one therapeutic target for many
cancers
FGFR3 is one of the most commonly mutated FGFR isoforms found in cancer
(Helsten et al., 2015). FGFR3 is frequently mutated in bladder cancer and is also
known to account for the progression and development of several different
cancers including prostate, colorectal, cervix, lung, MM and others (Kelleher et
al., 2013; Wesche et al., 2011). In bladder cancer, FGFR3 mutations account for
40 % of cases and is associated with low grade urothelial carcinomas (Pandith et
al., 2010). In lung cancer, FGFR3 mutations are present in 1.9 % of patients with
lung squamous cell cancer (SCC) and accounts for one of the ten most frequent
somatic mutations in this lung cancer subtype (Tao et al., 2016). FGFR3
mutations such as E322K, R401C and V679I have also been identified in
colorectal cancer (Gallo et al., 2015; Jang et al., 2001). Analysis of 112 prostate
cancer patient samples has revealed a prevalence of FGFR3 mutations in 8 % of
the cases and was found to be associated with low-grade tumours (Hernández
et al., 2009). However, there has been limited research in individual cancers
bearing low-frequency FGFR3 mutations, and published work has mainly focused
on the most common mutations found in bladder cancer due to its increased
frequency (Helsten et al., 2015). Notably, point mutations are found across the
entire length of the FGFR3 receptor and these are not exclusive to particular
types of cancer, for instance the same mutation S249C is associated with
different cancers, including bladder, prostate, lung and head and neck cancers
(Gallo et al., 2015). Conversely the same cancer type may harbour different
mutations, as for example S249C, Y375C and K652E mutations are all found in
bladder cancers (Knowles, 2008).
As detailed in the introductory chapter, section 1.4, the value of FGFR3 as a
therapeutic target has been established across different cancer types (Touat et
al., 2015). In the context of FGFR3 mutation-driven lung SCC, the FGFR inhibitor
BGJ398 was found to reduce tumour growth in xenograft mouse models
expressing FGFR3 S249C and R248C mutations (Liao et al., 2013). In MM, the
translocation t(4;14), which brings the FGFR3 and MMSET genes under the
control of IgH locus promoter, increasing the expression of both genes, is a
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primary event for oncogenesis (Trudel et al., 2004). However, studies have
shown that FGFR3 activating mutations such as Y375C and K652E can also be
acquired in t(4;14) MM (Chesi et al., 1997). In the context of t(4;14) MM with the
FGFR3 mutation Y375C, the FGFR inhibitor PD173074 was found to delay
tumour progression and increase survival of xenograft mouse models (Trudel et
al., 2004). In bladder cancer, xenografts of established cell lines expressing
FGFR3 S249C and Y375C (MGHU3 and UM-UC-14, respectively) (Lin et al.,
1985; Sabichi et al., 2006), PD173074 suppressed tumour growth and induced
apoptosis (Miyake et al., 2010). In metastatic bladder cancer, FGFR inhibition by
erdafitinib, also confers a therapeutic advantage, being recently approved by the
FDA for the treatment of patients with advanced or metastatic bladder cancer
expressing FGFR2 or FGFR3 genetic alterations (Nadal and Bellmunt, 2019).
Overall, targeting FGFR3 is of clinical relevance for multiple cancer types and
research in this field has the potential to impact a large number of patients
(Hallinan et al., 2016). However, there is preclinical and clinical evidence which
shows that not all FGFR3 alterations are equal and there are differential
responses to distinct FGFR mutations (and tumours types) to FGFR inhibitors
(Bahleda et al., 2019; Pal et al., 2018; Touat et al., 2015). Yet, the low frequency
of certain mutations makes the design of targeted clinical trials aimed at rare
FGFR3 mutations challenging and costly, as it would require the screening of a
high number of patients for the selection of a representative cohort (Rouanne et
al., 2016). While there is a drive to identify therapeutic strategies that can be
employed to target both common and rare FGFR3 mutations in different cancer
types, many of the past and ongoing clinical trials have studied the effects of
FGFR inhibitors without discerning the specific FGFR3 aberration or mutation
type (refer to table 1.5). Nevertheless, disease progression often occurs following
the use of FGFR inhibitors, suggesting the need for more effective types of
treatment to overcome drug resistance and achieve durable responses (Nogova
et al., 2017).
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7.1.1 - Discerning between passenger and driver mutations
Distinguishing between cancer-associated mutations that contribute to the
initiation and progression of cancer, the ‘driver mutations’, and mutations that are
biologically neutral and do not contribute to a growth advantage, the ‘passenger
mutations’, have been addressed in different studies (Greenman et al., 2007;
Merid et al., 2014). The distinction between these two types of mutations is
particularly important to facilitate the development of personalised cancer
therapies (Merid et al., 2014). Although high frequency or “hotspot” mutations
commonly found in patient tumour samples have been associated with a higher
likelihood to contribute to cancer progression, other studies have found that low
frequency mutations can also act as ‘drivers’ (Wood et al., 2007). Therefore,
preclinical methods that can systematically assess the functional relevance of
different mutations observed in human tumour specimens in cell lines or in vivo
models are essential to robustly discriminate between driver and passenger
mutations (Carter et al., 2009). However, this effort becomes a challenge when
there is a large number of candidate mutations either within the same gene or in
the same tumour. There has been an intensive effort in the development of
computational methods to predict driver mutations from sequencing data, but this
is arguably still a developing field with few truly robust predictive algorithms
(Bailey et al., 2018; Merid et al., 2014).
All of the FGFR3 mutant cell lines generated in this project have been reported
to be found in cancer. However, for many of the mutations that I have
investigated, there is no published information about their role in carcinogenesis,
particularly for the rare FGFR3 mutants. Whereas some of the more common
mutations are known for their ability to transform cells in culture, for instance
S249C or K652E (Bernard-Pierrot et al., 2006; Ronchetti et al., 2001), others
such as R401C that have been identified by large scale next generation
sequencing studies have had no functional work performed thus far (Helsten et
al., 2015).
The starting point of this project was to generate and characterise cell lines based
on the NIH-3T3 model by expressing both common and rare FGFR3 mutations
to study their potential as oncogenic drivers. A number of orthogonal assays were
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used to evaluate oncogenic potential including spheroid growth under low
adherent conditions and colony formation assays. My experiments demonstrate
that while all known common activating mutations of FGFR3 (e.g. R248C, S249C,
Y375C) led to an increase spheroid growth compared to the WT control, some
poorly characterised FGFR3 mutants such as G382R and the rare K652M also
formed larger spheroids in this assay. In contrast, non-cysteine mutations on the
most common cancer associated FGFR3 residue (such as S249T) failed to
confer a growth advantage compared to the WT FGFR3 expressing cells. My
studies show that while the majority of hotspot mutations in FGFR3 are oncogenic
drivers, there are exceptions to this rule (e.g. S249T). Furthermore, low frequency
rare FGFR3 mutants should not be ignored given that a proportion of them
harbour significant oncogenic potential. While predictive algorithms based on
mutational frequency and structural information are useful for identifying
candidate driver mutations in silico, my data demonstrates that functional
characterisation in preclinical models is still necessary to ultimately prove that
these FGFR3 mutants are oncogenic.
There are multiple mechanisms by which these oncogenic FGFR3 mutants drive
anchorage independent growth. These include constitutive kinase activation
through the stabilisation of the active conformation of the KD, ligand-independent
receptor dimerisation, aberrant receptor localisation and differential activation of
downstream signalling pathways. One of the limitations of my studies is the lack
of in-depth biochemical, cell biology and structural assessment of individual
mutants to identify which mechanisms are responsible for the observed cellular
phenotypes. Future work will require the use of a multimodal strategy to elucidate
the mechanisms driving the oncogenic properties of these mutations, in particular
the rare poorly characterised oncogenic FGFR3 mutants identified in my studies.

7.2 - The need for effective therapies to achieve durable
responses.
There are different treatment modalities under clinical investigation for mutant
FGFR3-driven cancers, based on their promising results in the preclinical setting.
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Most of these candidate agents are small molecule selective kinase inhibitors,
followed by multi-targeted kinase inhibitors and antibody-based therapies (Katoh,
2019). However, only a small proportion of mutant FGFR3 patients respond to
these drugs. Furthermore, one of the major problems of kinase inhibitor therapy
is the inability to achieve long-term durable responses in patients harbouring
mutant FGFR3 cancers (Nogova et al., 2017) due to the plasticity of tumour cells
(Camidge et al., 2014). Most patients who initially respond to this class of drugs
will almost inevitably acquire drug resistance and disease relapse with prolonged
treatment with kinase inhibitors. The work presented in this thesis show that in
long-term colony formation assays, the efficacy of FGFR3 inhibitors (BGJ398 and
PD173074) is sub-optimal indicating that alternative strategies are required to
establish durable responses with these drugs. Unlike other RTKs including EGFR
and ALK where the majority of acquired resistance mechanisms have been
attributed to drug resistant mutations such as EGFR T790M and C797S (Ma et
al., 2011; Thress et al., 2015), such mutations are not commonly found in FGFR
isoforms (Chell et al., 2013). Instead published studies have determined that
some of the mechanisms responsible for FGFR3 inhibitor resistance are driven
by the activation of PI3K/Akt pathways as well as co-opting the EGFR signalling
pathway (Datta et al., 2017; Gavine et al., 2012; Herrera-Abreu et al., 2013).
One of the most common ways to overcome or prevent resistance is the use of
combination

therapies

that

abrogate

emergent

compensatory

survival

mechanisms. To date there are no clinical trials investigating the effects of a
combination EGFR inhibitor with FGFR inhibition in mutant FGFR3-driven
cancers. However, a phase I clinical trial has been carried out to explore the
benefit of combining BGJ398 with the PI3K inhibitor BYL719 (NCT01928459). In
this trial, the safety, tolerability and preliminary activity of the drug combination
was assessed in patients with advanced solid tumours harbouring PI3K catalytic
subunit (PIK3CA) mutations with or without FGFR alterations (Hyman et al.,
2016). The maximum tolerated dose was calculated based on a total of 62
patients enrolled. During the expansion phase 24 patients (divided into 3 arms:
PIK3CA-mutant; PIK3CA-mutant + FGFR-altered; PIK3CA-mutant + FGFRaltered in breast cancer) were enrolled. Of these patients, 8 had a partial
response, with 4 cases comprised of urothelial, melanoma, anal and head and
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neck cancers. Notably, 1 patient with FGFR3-TACC3 fusion positive urothelial
carcinoma achieved a complete response lasting for 4 months with this
combination (Hyman et al., 2016). However, this report did not specify which of
the three arms the 8 partial responders came from and thus it is not possible to
attribute the effects of this combination with FGFR3 alterations, furthermore, the
benefit of the combination treatment over single agent was not investigated.
In addition to combinations of targeted therapies, there are currently several
ongoing phase I clinical trials evaluating the combined use of FGFR inhibitors
with immune checkpoint inhibitors (ICI) in bladder cancer (NCT03473743,
NCT03123055 and NCT03473756) (Tony et al., 2019). Retrospective analysis of
patients treated with ICIs has found that FGFR3-altered urothelial carcinoma
patients respond worse to these drugs as the levels of immune infiltrate in the
tumour are low (cold immune environment) (Robertson et al., 2017; Sweis et al.,
2017). Given the lack of immune infiltrate in these tumours, it remains to be seen
if the combination of FGFR inhibitors with ICI will be effective as a treatment
strategy in FGFR3-mutant bladder cancer.
Although combination therapies as a means to overcome FGFR inhibitor
resistance and achieve durable responses have proven beneficial in preclinical
experiments, clinical investigation in patients who harbour FGFR3 mutations are
still in its early stages. Furthermore, the large proportion of FGFR3 alterations
assessed in these preclinical studies comprise of the common FGFR3 point
mutations and not the rare variants. There thus remains a need to consider new
treatment strategies either by way of drug combinations or dose scheduling to
tackle kinase inhibitor resistance across pan-FGFR3 mutations in order to
improve long-term patient outcomes.

7.2.1 - The role of Src in mutant FGFR3 driven cancers
In this thesis I show that Src phosphorylation is increased when FGFR3 mutants
and RT112Fus are expressed in NIH-3T3 cells. Src is known to mediate the
downstream signalling dynamics of the FGFR family of receptors (Li et al., 2004).
Our understanding of the role of Src signalling in the FGFR receptor family has
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been most well-studied in the prototypical member FGFR1. Src activation by
FGFR1 and its adaptor FRS2 is important for phosphorylation of SPRY which is
a negative regulator of MAPK signalling, highlighting the crucial role of Src in
regulating signal attenuation after RTK activation (Li et al., 2004). Subsequent
studies in MEF cells expressing endogenous FGFR1 show that Src is activated
by FGFR1 but active Src is also reciprocally required for full activation of the
receptor. Following receptor activation by FGF2, Src was shown to colocalise
with FGFR1 at the cell membrane where Src activates FGFR1 leading to receptor
internalisation (Sandilands et al., 2007). In addition, the same authors report that
expressing a Src dominant negative kinase dead mutant failed to activate FGFR1
upon ligand stimulation. Furthermore, a constitutively active mutant of Src
activates FGFR1 in the absence of ligand, demonstrating a reciprocal activation
of Src by FGFR1 and vice versa. Although there are no studies specifically
investigating the role of Src in FGFR3 signalling, my data demonstrating that
multiple FGFR3 mutants activate Src phosphorylation, as well as prior studies in
FGFR1 described above suggest that this pathway is important for propagating
FGFR oncogenic signalling and may be a suitable candidate to be exploited for
targeted therapy.

7.2.2 - Dasatinib in combination with FGFR inhibitors as a new
strategy for treating FGFR3 mutant cancers
This thesis presents data that demonstrates that in the context of cell line models
harbouring FGFR3 mutants such as the cysteine mutants and the translocation
fusion RT112, the kinase inhibitor dasatinib is capable of overcoming resistance
to the FGFR inhibitor BGJ398. Dasatinib is currently approved by the FDA for the
treatment of ALL and CML with resistance to other therapies including the
tyrosine kinase inhibitor imatinib (Kantarjian et al., 2006). It is a multi-kinase
inhibitor that potently targets the Src and Abl kinases, along with c-KIT, PDGFRβ and other members of the SFK including Yes, Lck and Fyn (Kantarjian et al.,
2006). In addition to ALL and CML, this drug has also been evaluated in
preclinical studies across a wide range of cancer types including lung, MM,
prostate and colorectal cancers (Gallo et al., 2015). For instance, in lung SCC,
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studies have shown that dasatinib is an effective agent in patients that harbour
DDR2 mutations (Pitini et al., 2013). Dasatinib treatment has also been shown to
elicit an anti-tumour response in colorectal cancer KRAS mutant patient-derived
xenograft mouse models, which was associated with an increased baseline of
Src and FAK gene expression levels (Scott et al., 2017). Studies investigating the
use of dasatinib for the treatment of FGFR3-driven cancers as single agent have
shown that dasatinib treatment has the potential to reduce tumour growth and
cell invasion in RT112 xenograft mouse models, but only if these cells are not
resistant to the therapy regimen with gemcitabine (Vallo et al., 2016). However to
date, there are no published studies investigating the benefit of using dasatinib
in combination with FGFR3 inhibitors for FGFR3-driven cancers.
Given the increase in Src signalling observed upon the expression of FGFR3
mutants in the NIH-3T3 models, I investigated the use of dasatinib as a means to
suppress this pathway in FGFR3 mutant expressing cell lines. While dasatinib
was able to downregulate the phosphorylation of Src across the panel of cell
lines, the FGFR3 cysteine mutants and RT112 fusion paradoxically conferred
resistance to dasatinib treatment alone in both the NIH-3T3 and cancer cell line
models, suggesting that dasatinib as a single agent is likely to be ineffective in
FGFR3 mutant cancers. Mechanistic work in an expanded panel of extracellular
domain cysteine mutants demonstrates that this resistance is due to the
substitution of the cysteine residue, as corresponding glycine/alanine controls
were sensitive to this drug. However, the addition of dasatinib was highly effective
in sensitising the FGFR cysteine mutation or RT112 fusion bearing cells to
BGJ398. This effect is synergistic and it is tempting to speculate a mechanism
whereby the addition of dasatinib alone has no effect on FGFR3 cysteine
mutations, but the addition of the FGFR inhibitor induces a new dependency to
the Src pathway leading to vulnerability to co-treatment with dasatinib. The
precise mechanisms that are operating to drive this synergistic interaction are
unknown but my data provides evidence that this combination strategy is likely to
be effective for some of the most oncogenic and difficult-to-treat FGFR3 mutant
cancers.
The use of dasatinib to overcome resistance to RTK targeted agents has
previously been shown in the context of EGFR driven cancers. In NCI-H226 lung
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cancer cell lines, acquired resistance to cetuximab (an anti-EGFR antibody) is
associated with an increase in the expression of the Src protein (Wheeler et al.,
2009). Treatment with dasatinib is able to re-sensitise cells to cetuximab with the
combined treatment leading to an augmentation of growth inhibition and
decrease in pAkt survival pathways (Wheeler et al., 2009). In clinical trials,
dasatinib in combination with erlotinib (an EGFR inhibitor) had a disease control
rate of 63 % in a cohort of 34 patients with advanced NSCLC, compared to a
disease control rate of 51% observed in a phase II study for erlotinib alone (Haura
et al., 2010), demonstrating the clinical activity of such combination therapies
involving dasatinib.
Future work will seek to extend these in vitro findings into in vivo xenograft mouse
models using FGFR3 mutant bladder cancer cell lines RT112M, MGHU3 and
639V. If the combination of BGJ398 and dasatinib is able to induce a significant
reduction in tumour growth and development, with an acceptable in vivo toxicity
profile, then a clinical trial could be designed. The clinical trial would be aimed at
investigating the clinical activity and safety of the combination of these two drugs.
Although the safety of dasatinib treatment in bladder cancer patients was shown
to be generally well tolerated (NCT00706641), toxicity remains a major concern
(Hahn et al., 2016). Treatment related side-effects include amongst others
supraventricular tachycardia, enteric fistula and pulmonary embolism (Hahn et
al., 2016), which can progress into pleural effusions (Light, 2001). In addition,
dasatinib in combination with erlotinib in the treatment of NSCLC patients was
also reported to induce pleural effusions along with gastrointestinal intolerance,
rash, anaemia, and fatigue (Haura et al., 2010). Therefore, toxicity is also likely
to occur in patients treated with the combination of dasatinib and BGJ398.
Hopefully early detection and management of side-effects such as pleural
effusions can reduce morbidity and sustain the clinical benefit of dasatinib and
FGFR inhibitor combinations (Cortes et al., 2017).
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7.2.2 - Understanding the signalling dependencies driven by FGFR3
cysteine mutants
The most common cancer-associated point mutations in FGFR3 are the
extracellular cysteine mutations (Di Martino et al., 2016). Data presented in this
thesis shows that this class of mutations is consistently more oncogenic with a
higher potential to grow under anchorage independent conditions compared to
WT FGFR3 or other cancer-associated FGFR3 mutants. In the NIH-3T3 cell line
model, these cysteine mutants formed covalently bound constitutive dimers in the
absence of ligand and were resistant to dasatinib treatment as a single agent. As
indicated in the previous section, durable response to BGJ398 in a colony
formation assay could be augmented by the co-administration of dasatinib. A
similar phenotype was also observed in the human bladder cancer cell lines. The
combination of BGJ398 plus dasatinib was found to simultaneously abrogate Erk
and Src phosphorylation in the cell lines harbouring endogenous FGFR3
mutations (MGHU3 and 639V) resulting in durable efficacy in long-term colony
formation assays.
Other signalling pathway and RTK dependencies have been reported in the
bladder cancer cell lines (harbouring FGFR cysteine mutants) that were used in
my studies. For instance, MGHU3 is more dependent on the Akt pathway due to
a mutation in the AKT1 gene (E17K). This mutation induces PI3K/Akt pathway
activation and a combination of the FGFR inhibitor AZD4547 together with the
PI3K inhibitor BKM120 or the Akt inhibitor AZD5363 was synergistic in reducing
cell viability (Davies et al., 2015; Wang et al., 2017). In addition, the 639V and
MGHU3 cell lines have been shown to only be partially dependent on FGFR3
signalling, with EGFR playing an important role in maintaining cell survival in the
presence of an FGFR inhibitor. These studies highlight the importance of a
combination strategy in eliminating cancer cells harbouring FGFR3 cysteine
mutant alterations by dual blockade of FGFR3 signalling and downstream
signalling pathways such as PI3K/Akt or other RTKs such as EGFR. My studies
show that the co-targeting of FGFR3 and the Src pathway can be exploited in a
similar manner for cancer therapy in this class of FGFR3 mutants. It remains
unclear if the PI3K/Akt, EGFR and Src signalling pathways intersect in the
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bladder cancer cell line models featured in this thesis.

Preliminary work

presented in chapter 5 suggests that treatment with the EGFR inhibitor gefitinib
does not reduce the phosphorylation levels of Src indicating that Src signalling in
these cells is a parallel pathway that is not dependent on upstream EGFR
activation. Future work will seek to unravel the likely complex pathway
interactions that dictate signalling dependencies observed in mutant FGFR3
driven bladder cancer.

7.4 - Concluding remarks and future directions
FGFR3 mutations account for the development and progression of many different
cancer types, and therefore FGFR3 inhibition has been investigated as a
potential treatment option. Although preclinical assays show the ability for FGFR
kinase inhibitors to supress tumour growth and survival, clinical trials show a lack
of durable responses with this class of drugs and reinforce the need for more
efficacious treatment strategies.
At the beginning of this project, there was a limited understanding about the role
of different FGFR3 mutations in mediating oncogenesis. Moreover, most
published studies focused on the most common mutations, for instance S249C
in bladder cancer whereas little was known about the poorly characterised rare
FGFR3 mutants. I conducted a systematic assessment of the phenotypic effects
of a broad range of FGFR3 mutations in the NIH-3T3 model system. While this
model has its limitations, it allowed for the robust assessment of the oncogenic
potential of distinct FGFR3 mutants in the same genetic background. Response
to the FGFR inhibitor BGJ398 was dependent on mutant FGFR3 expression
levels and largely mediated through the downregulation of the MAPK pathway.
Furthermore, while Src phosphorylation was increased in cells expressing
FGFR3 activating mutations, a small molecule inhibitor screen showed that cell
lines bearing FGFR3 cysteine mutations and the RT112 fusion were not
dependent on this pathway for growth and survival. As elaborated in earlier
sections, the combination of FGFR and Src inhibitors appears to be an effective
mean to achieve durable responses in mutant FGFR3 bearing cell lines in my
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preclinical experiments. While effectively, given the clinical experience with
kinase inhibitor and the inevitability of resistance in this class of drugs, it is
unlikely that this combination strategy will indefinitely overcome acquired
resistance, and the challenge moving forward is to anticipate and predict what
new mechanisms of resistance could arise as a result of this combination therapy.
Several outstanding questions remain. The role of Src signalling downstream of
FGFR3 is currently unknown and therefore the mechanisms by which Src
inhibition sensitises FGFR3 inhibition in a synergistic manner is poorly
understood. From a clinical perspective, it is known that the combination of
dasatinib with other kinase inhibitors such as erlotinib is toxic and may not be
tolerable in patients. One possible strategy is to evaluate if other more selective
(and therefore less toxic) Src inhibitors are similarly capable of achieving durable
responses in FGFR3 mutant expressing cells. More work is also required to
investigate the efficacy of the FGFR and Src inhibitors combination beyond
FGFR3 cysteine mutations in order to expand its utility to patients harbouring
other FGFR3 mutations. This thesis did not investigate the paradigm of acquired
resistance to FGFR inhibitors. It would be interesting to generate BGJ398resistant in vitro by exposing bladder cancer cell lines to long-term escalating
dose treatment with FGFR inhibitors and establish that the blockade of the Src
pathway is able to re-sensitise cells in this context. Finally, our preliminary studies
show that FGFR cysteine mutations is likely to be a useful biomarker to select for
patients who will benefit from FGFR and Src inhibitors combination therapy,
whether this alone is sufficient or further biomarker optimisation is required must
be ascertain in future in vivo experiments and clinical trials.
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Chapter 8
Appendix
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Figure 8.1 – Sanger sequencing of FGFR3 mutants. Sanger sequencing was performed for all generated
pFB-FGFR3b mutants to confirm the presence of the mutation of interest for posterior cell transduction.
Results were aligned to the WT-FGFR3b sequence for comparison. Altered nucleotides are highlighted in
red and mutated amino acid residues are shown immediately below. The corresponding amino acid number
is indicated on the WT-FGFR3b row. Note that V557M is not included as it was a gift from Prof. Matilda
Katan (UCL).
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Figure 8.2 – Effect of virus titration and number of infections on FGFR3 mutant expression levels in
NIH-3T3 cell lines. Transduction of FGFR3 mutants after virus production with HEK293 cells. One and two
rounds of infection and different virus titrations were utilised to infect NIH-3T3 cells. Stable cells were
collected and protein lysates isolated for western blotting with the indicated proteins.
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Figure 8.3 – FGFR3 expression levels in NIH-3T3 cell lines upon single cell clone generation.
Collection of FGFR3 mutants and parental cell lines generated after single cell clone sorting and growth.
Clones are numbered according to the originated clone number. WT, RT112Fus, S249C, N542K, V557M
and K652E from UCL were used as parental cell lines to obtain lower levels of FGFR3 expression. The
remaining cell lines used the in-house generated cell lines to obtain higher FGFR3 expression levels. Cell
lines indicated in red were selected as having similar FGFR3 expression levels across all cell lines. Loading
control (LC) was used to compare results with the high expression S249C mutant from UCL.
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