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Fibroblast growth factors (FGFs) acting through their cognate receptors (FGFRs) play vital roles in
development and de-regulation of FGF/FGFR signalling is associated with many developmental syndromes.
In addition there is much interest in inhibiting FGF/FGFR signalling as a therapeutic approach to cancer. FGF/
FGFR signalling is certainly important in tumour angiogenesis but studies in the last few years have
uncovered increasing evidence that FGFRs are driving oncogenes in certain cancers and act in a cell
autonomous fashion to maintain the malignant properties of tumour cells. These observations make FGFRs
increasingly attractive as targets for therapeutic intervention in cancer. In this article, we review FGFR
signalling and describe recent advances in cancer genomics and cancer cell biology that demonstrate that
specific tumour types are dependent upon or addicted to de-regulated FGFR. We also describe the range of
therapeutic strategies currently employed or in development to antagonise de-regulated FGFRs including
antibodies and small molecule tyrosine kinase inhibitors.
, diacylglycerol; Der, derivative chromosome; DUSP, dua
receptor; ERK, extracellular signal-regulated kinase; FGF
, guanine nucleotide exchange factor; GIST, gastrointestin
ocus; IL, interleukin; Ins(1,4,5)P3, inositol (1,4,5)-trispho
pathy of undetermined significance; MKP, MAPK phosph
-phosphoinositide-dependent kinase; PI3K, phosphoinos
5-bisphosphate; PTP, protein tyrosine phosphatases; RTK
n of transcription; UC, urothelial carcinoma; VEGFR, vas
+44 1223 496023.

l rights reserved.
© 2009 Elsevier Inc. All rights reserved.
Contents
1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
2. Fibroblast growth factor receptor signalling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
3. Fibroblast growth factor receptors in cancer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
4. Breast cancer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
5. Urothelial carcinoma (UC) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
6. Gastric cancer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
7. Haematological malignancies. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
8. Therapeutic strategies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
9. Future directions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

110
110
111
111
112
113
115
115
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112115
1. Introduction

Todate, 22 structurally related signalling ligandshavebeen classified
asfibroblast growth factors (FGFs) inmammals. These factors all share a
homologous core regionof 120aminoacids that is arranged into 12anti-
parallel β-strands, and is flanked by divergent amino- and carboxy-
termini. FGFs can elicit numerous cellular and physiological responses
during embryonic development as well as in the adult organism, and
have been implicated in processes that include proliferation, differen-
tiation and angiogenesis. FGF1–FGF10 and FGF16–FGF23mediate these
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, fibroblast growth factor; FGFR, fibroblast growth factor receptor;
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effects by binding to a family of five structurally related receptor
tyrosine kinases (RTKs), designated FGF receptors (FGFR1–5) (Beenken
& Mohammadi, 2009). Although FGF11–FGF14 are structurally related
to the other FGFmolecules, they do not bind FGFRs and instead interact
with voltage-gated sodium channels (Olsen et al., 2003). Like other
RTKs, FGFR1–4 are comprised of an extracellular domain, a single-pass
trans-membrane domain, and a carboxy-terminal cytoplasmic domain
(Fig. 1). The extracellular portion contains three immunoglobulin-like
(Ig) folds, IgI, IgII and IgIII, with a stretch of eight consecutive acidic
residues between IgI and IgII (the acidic box). Whilst the IgII and IgIII
domains are necessary and sufficient for ligand binding (Plotnikov et al.,
1999), the amino-terminal portion of the receptor containing IgI and the
acidic box is thought to possess an auto-inhibitory function (Olsen et al.,
2004). The intracellular region contains a juxta-membrane domain
(JM), a split kinase domain that contains the classical tyrosine kinase
motifs, and a carboxy-terminal tail (Eswarakumar et al., 2005). Like
FGFR1–4, FGFR5 contains an extracellular ligand binding domain and a
trans-membrane domain, but lacks an intracellular kinase domain. The
functionof this receptor is unclear but since it is expressed at the plasma
membrane it could potentially form heterodimers with other FGFR
proteins and influence signalling (Sleeman et al., 2001).

In addition to multiple FGFR genes, further diversity is achieved
through alternative splicing of FGFR1–3. A plethora of splice variants
are possible and produce receptors that are prematurely truncated
and secreted, lack Ig domains or utilise different coding regions for the
Fig. 1. Structure of the fibroblast growth factor receptor (FGFR) family of receptor
tyrosine kinases. The major sites of tyrosine phosphorylation in FGFR1 are shown.
FGFR2, -3 and -4 all contain tyrosine residues corresponding to Y653, Y654, Y730 and
T766 in FGFR1. The positions of the Immunoglobulin-like domain (Ig), acidic box, trans-
membrane domain (TM), juxta-membrane domain (JM) and C-terminal cytoplasmic
tail are indicated. FRS2 associates with the receptor in a phosphotyrosine-independent
manner at the JM domain, and is then phosphorylated at multiple sites by the activated
FGFR tyrosine kinase to initiate downstream signalling; FRS2 phosphorylation requires
the recruitment of the Shb adaptor protein to phosphorylated Y766. PLCγ binding to the
C-terminal cytoplasmic tail also requires phosphorylation of FGFR1 Y766.
carboxy-termini (Powers et al., 2000). Of particular significance is the
differential use of exons 8 or 9 in the second half of the IgIII domain
(Fig. 1), which results in expression of either the IIIb or IIIc receptor
isoform. These isoforms have different ligand binding affinities and
are expressed in a tissue specific manner so that the IIIb isoform is
predominantly expressed in epithelial lineages, whilst the IIIc isoform
is expressed in mesenchymal tissues (Ornitz & Itoh, 2001).

An important aspect of FGF biology is the interaction between FGFs
and heparin or heparin sulphate glycosaminoglycans (HSGAGs)
within the extracellular matrix. HSGAG binding serves to protect
FGFs from protease-mediated degradation, and generates a local
reservoir of FGF that can be spatially controlled by HSGAG expression
patterns (Häcker et al., 2005). In addition, activation of the FGFR is
modulated by HSGAGs which directly bind to the receptor via the IgII
domain and are believed to increase FGF:FGFR affinity and half life
(Ornitz & Itoh, 2001; Beenken & Mohammadi, 2009).

2. Fibroblast growth factor receptor signalling

2.1. Receptor activation

Formation of the HSGAG:FGF:FGFR ternary complex stabilises
receptor dimerisation and promotes FGFR trans-phosphorylation
(Plotnikov et al., 1999; Furdui et al., 2006), which in the case of
FGFR1, occurs in three discrete stages. The first phosphorylation event
takes place at Y653, a residue that lies in the activation loop of the
kinase domain of FGFR1 (Fig. 1), resulting in a 50- to 100-fold increase
in its kinase activity (Furdui et al., 2006). Residues Y583 (kinase
insert), Y463 (JM), Y766 (carboxy-terminal tail), and Y585 (kinase
insert) are then phosphorylated, and this allows recruitment of SH2
and PTB domain-containing proteins (Furdui et al., 2006; Lew et al.,
2009). Finally, another activation loop residue, Y654, is phosphory-
lated, resulting in a further 500–1000-fold increase in tyrosine kinase
activity and the subsequent phosphorylation of FGFR substrates
(Furdui et al., 2006).

2.2. Downstream signalling

Ligand-activated FGFRs can couple to the activation of several
intracellular signalling pathways, often in a highly cell type-specific
manner (Fig. 2). The two main substrates of FGFR1 are FRS2 and
phospholipase-Cγ (PLCγ). FRS2 associates with the JM region of the
inactive receptor in a constitutive, phosphotyrosine-independent
manner (Ong et al., 2000); however, receptor-mediated phosphory-
lation of FRS2 requires phosphorylation of FGFR1 at Y766 and
subsequent recruitment of the Shb adaptor protein (Cross et al.,
2002). Phosphorylation of FRS2 permits recruitment of GRB2 (both
directly and indirectly via SHP2), which in turn recruits the RAS
guanine nucleotide exchange factor (GEF) SOS1, as well as the
scaffolding molecule GAB1. SOS1 activates the RAS GTPases by
catalysing GDP–GTP exchange, whilst GAB1 binds the regulatory
subunit of phosphoinositide-3 kinase (PI3K), and so leads to RAS-
independent PI3K activation (Ong et al., 2001). RAS itself can of course
activate a number of effector proteins such as RAF, PI3K, RAL-GEFs and
PLCε (Rhee, 2001; Downward, 2003), and so can promote signalling
down several pathways including the RAF–MEK1/2–ERK1/2 (RAF–
MAPK and ERK kinase—extracellular signal-regulated kinase) and
PI3K–PDK1–PKB/AKT (PI3K–3-phosphoinositide-dependent kinase–
protein kinase B).

Like the Shb adaptor, which is required for FGFR-mediated FRS2
phosphorylation, PLCγ binds FGFR1 directly though a conserved motif
(YLDL) containing phosphorylated Y766 (Mohammadi et al., 1991);
indeed, the YLDLmotif is invariant in FGFRs1–4. Since the Shb and PLCγ
proteins both bind to the same region of FGFR it is conceivable that they
may compete with one another for FGFR binding (Fig. 1) so different
pools of activated receptor may engage Shb or PLCγ, presumably with



Fig. 2. Signalling pathways activated by the fibroblast growth factor receptors (FGFRs). Ligand activation of the FGFR results in trans-phosphorylation, followed by recruitment and
phosphorylation of intracellular substrates. FGFR substrate 2 (FRS2) associates with FGFR in a constitutive manner and is phosphorylated following receptor activation, allowing
FRS2 to bind SH2 domain-containing proteins, such as GRB2. Through its SH3 domains, GRB2 associates with the RAS guanine nucleotide exchange factor, SOS1/2, and the scaffold
molecule, GAB1, which in turn results in activation of RAS and phoshoinositide-3 kinase (PI3K). Activation of the RAF–MEK1/2–ERK1/2 and PI3K–PKB pathways can occur
downstream of RAS, as can activation of PLCε. FGFR signalling also couples to phospholipase Cγ (PLCγ) in an FRS2-independent manner, along with several STAT molecules. These
effector signalling pathways are responsible for regulating downstream biological responses either by controlling gene expression in the nucleus or by directly regulating
(phosphorylating) key effector molecules outside the nucleus. For example, both the ERK1/2 and PKB pathways are implicated in promoting cell cycle progression by increasing
expression of the D-type cyclins (e.g., CCND1) and repressing expression of CDK inhibitors such as p27KIP1. Similarly both pathways can promote cell survival by repressing pro-
apoptotic proteins or increasing the abundance of pro-survival proteins of the BCL-2 family.
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different consequences for downstream signalling, or there may be
temporal coordination to allow each in turn to be recruited to activated
receptor complexes. FGFR-mediated phosphorylation of PLCγ results in
hydrolysis of phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P2)
within the inner leaflet of the plasma membrane, generating two
second messengers, diacylglycerol (DAG) and inositol (1,4,5)-trispho-
sphate (Ins(1,4,5)P3). Ins(1,4,5)P3 acts as a ligand for the Ins(1,4,5)P3
receptor, a large calcium channel present in the membranes of
intracellular calcium stores, most notably the endoplasmic reticulum.
Binding of Ins(1,4,5)P3 to its receptor causes channel opening and
diffusion of Ca2+ down its electrochemical gradient into the cytosol. In
this way PLCγ activity promotes activation of Ca2+-dependent protein
kinases such as the calmodulin-dependent protein kinases and Ca2+-
and DAG-dependent proteins such as classical and novel isoforms of the
protein kinase C (PKC) family of kinases (Rhee, 2001). In addition,
studies with constitutively active FGFR3 mutants have shown that
various signal transduction and activation of transcription (STAT)
factors, including STAT1, STAT3, STAT5a and STAT5b, can be activated
downstreamof this receptor (Li et al., 1999; Hart et al., 2000). However,
the precise mechanism by which FGFR promotes the tyrosine
phosphorylation and activation of the STATs is currently unclear.

The consequences of activating these intracellular signalling
pathways are of course varied and far-reaching. In the context of
cancer, the RAF–MEK–ERK1/2 and PI3K–PKB pathways are of great
interest as they are important in mediating the effects of a variety of
other oncoproteins including other RTKs, such as the epidermal
growth factor receptor (EGFR), RAS proteins and BRAF. Both the ERK1/2
and PKB pathways promote cell cycle progression and cell survival and
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frequently act in a partially redundant fashion (Fig. 2). For example,
ERK1/2 can drive the de novo expression of CCND1whilst PKB promotes
the stabilisation of its gene product cyclin D1 and both pathways can
repress expression of the cyclin dependent kinase inhibitor p27KIP1

(Meloche&Pouysségur, 2007). Bothpathways canpromote cell survival
by antagonising pro-death proteins such as BIM and BAD. For example,
ERK1/2 can phosphorylate BIMEL directly, thereby targeting it for
proteasomal degradation (Ley et al., 2003) whilst PKB can phosphor-
ylate BAD directly, promoting it's sequestration by 14-3-3 proteins
(Datta et al., 1997), and can phosphorylate FOXO3a, which also
promotes 14-3-3 binding and nuclear exclusion (Brunet et al., 1999)
thereby preventing expression of BIM. Both the ERK1/2 and PKB
pathways can also promote the expression of pro-survival proteins such
as BCL-xL and MCL-1 (Balmanno & Cook, 2009; Gillings et al., 2009).
Since these pathways are frequently activated upon engagement of
FGFRs they are likely to play amajor role inmediating the effects of FGFR
oncoproteins on cell cycle and cell survival.

2.3. Signal regulation and termination

Various methods are employed by the cell to regulate FGFR
signalling, both at the level of the receptor (Fig. 3) as well as further
downstream in the signalling cascade (Fig. 4). Auto-inhibition of
receptor activation represents one mechanism of regulation, and is
achieved by association of the IgI and acidic box with the ligand
binding region of the receptor comprising the IgII and IgIII domains
(Fig. 1) (Olsen et al., 2004). In addition the carboxy portion of FGFR2
Fig. 3. Mechanisms for termination of active FGFR. Ligand binding results in FGFR dimeris
pathways. Termination of active receptor signalling can occur through RTK dephosphoryl
phosphatase; the identity of the PTP responsible for FGFR dephosphorylation in humans is
complexes may be internalised by endocytosis to endosomes and then either recycled bac
degradation.
may possess an inhibitory function because truncation mutants
derived from this receptor possess increased transforming capacity
in NIH3T3 cells compared to the full length receptor (Lorenzi et al.,
1997).

The phosphorylation status of an RTK reflects a balance between
the intrinsic kinase activity of the receptor and the activity of
opposing protein tyrosine phosphatases (PTPs). CLR-1 is a PTP that
antagonises the activity of EGL-15 FGFR, in C. elegans (Kokel et al.,
1998). The identity of the mammalian PTP(s) that de-phosphorylate
FGFR is not yet known; however, their discovery is anticipated with
much interest since their ability to antagonise FGFR signalling makes
them potential tumour suppressor genes. Ligand-mediated receptor
endocytosis represents yet another mechanism that allows regulation
of FGFR signal intensity, and is believed to be initiated by c-CBL-
mediated FGFR ubiquitination (Wong et al., 2002) (Fig. 3).

Feedback inhibition is a cellular control mechanism where an
enzyme promotes the activity or expression of its own negative
regulators. In many cases, feedback mechanisms that control
signalling downstream of FGFR exert their effects on the RAS–RAF–
MEK1/2–ERK1/2 pathway (Fig. 4). Indeed, fine tuning of the ERK1/2
pathway can occur though the direct binding and phosphorylation of
ERK1/2 regulators by the ERK1/2 kinases directly. For example, ERK1/2
have several substrates that act upstream in the pathway, including
MEK1, BRAF and CRAF, SOS1 and FRS2; in each case, ERK1/2-mediated
phosphorylation can result in reduced signal flux down this cascade
(Langlois et al., 1995; Brummer et al., 2003; Shaul & Seger, 2007).
Moreover, certain dual specificity phosphatases (DUSPs, also known as
ation, trans-phosphorylation and transmission of the signal to intracellular signalling
ation by protein tyrosine phosphatases. In C. elegans this is performed by the CLR-1
not known but could be a potential tumour suppressor. Alternatively, active receptor
k to the plasma membrane, or targeted via multivesicular bodies to the lysosome for



Fig. 4. Mechanisms of negative feedback inhibition acting on fibroblast growth factor receptor (FGFR) signalling. The dual-specificity phosphatases (DUSPs) inactivate ERK1/2 by
dephosphorylation. DUSP5 and DUSP6 are expressed as a consequence of ERK1/2 activation and serve to inactivate ERK1/2 in the nucleus or cytoplasm respectively. The SPROUTY
(SPRY) family are regulated transcriptionally and post-translationally downstream of FGFR. SPRY2 expression is induced by ERK1/2 activity, and its activity is enhanced following
phosphorylation by SRC-family kinases that are recruited to FRS2. SPRY negatively regulates RAF–MEK1/2–ERK1/2 signalling, but it is unclear as to whether it acts upstream or
downstream of RAS. The trans-membrane protein, SEF, inhibits FGFR signalling at the level of the receptor, whilst an alternative splice variant, SEF-b, is localised to the cytosol and
appears to negatively regulate RAF/MEK1/2–ERK1/2 signalling at the level of MEK1/2. ERK1/2 can also phosphorylate several components including MEK, RAF and FRS2 to inhibit
signalling down this pathway.
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MAPK phosphatases or MKPs) that catalyse the dephosphorylation and
inactivation of ERK1/2 are also expressed as a consequence of ERK1/2
activation. DUSP1 (also known as MKP1), can be phosphorylated by
ERK1/2 resulting in increased stability (Brondello et al., 1999), whilst
expression of DUSP6 (also known asMKP3) is induced by FGF signalling
in an ERK1/2-dependent fashion in the chick embryonic limb (Smith et
al., 2006) and acts to de-phosphorylate ERK1/2 in the cytoplasm. DUSP5
is also an ERK1/2 inducible gene and can de-phosphorylate ERK1/2 in
the nucleus (Mandl et al., 2005).

SPROUTY (SPRY) was first identified as a negative regulator of FGF
signalling in drosophila, which expresses a single isoform, dSPRY
(Hacohen et al., 1998), but since then has been shown to regulate
signalling downstream ofmany growth factors inmammals, including
FGF, EGF and VEGF (Cabrita & Christofori, 2008). The SPRY2 promoter
contains ETS-1 and CREB binding elements (Ding et al., 2003), placing
its transcription downstream of the ERK1/2 cascade. The exact mode
of action of the SPRY proteins has not been fully elucidated and is
likely to vary depending on the cell type, the identity of the RTK being
activated and the particular SPRY isoform in question. FGF stimulation
results in phosphorylation of several tyrosines including a highly
conserved residue near the amino-terminus of SPRY2 (Y55) by a SRC-
family kinase, and this is required for the inhibitory effect of SPRY2
(Mason et al., 2004; Rubin et al., 2005). SRC kinases are recruited to
phosphorylate SPRY proteins by their binding to phosphorylated FRS2
(Li et al., 2004) and play a key role in controlling FGFR signalling
dynamics (Sandilands et al., 2007). In addition, dephosphorylation of
S112 and S115 by PP2A results in a conformational change that allows
SPRY2 to bind GRB2 (Lao et al., 2006). Whilst some reports show that
GRB2-binding is sufficient for SPRY-mediated inhibition of the RAS–
RAF–MEK1/2–ERK pathway, this finding is by no means universal
(Cabrita & Christofori, 2008; Mason et al., 2006), and it has also been
suggested that SPRY may inhibit the ERK1/2 cascade through binding
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to CRAF and/or BRAF (Mason et al., 2006; Yusoff et al., 2002).
Moreover, this system is further complicated by the finding that SPRY
proteins can both homo- and hetero-oligomerise and that hetero-
oligomers display differential potencies for inhibition of the ERK1/2
pathway downstream of the FGFR (Ozaki et al., 2005).

The SEF gene encodes a single-pass trans-membrane protein that is
expressed in response to FGF stimulation and acts to specifically inhibit
FGFR signalling (Tsang et al., 2002; Kovalenko et al., 2003). The exact
mechanism of FGFR inhibition is still unclear, but there is evidence to
suggest that it may act at the level of the receptor. SEF co-
immunoprecipitates with both FGFR1 and FGFR2, and overexpression
of this protein leads to a decrease in receptor phosphorylation, along
with decreased ERK1/2 and PKB signalling (Tsang et al., 2002;
Kovalenko et al., 2003). An alternative splice form, SEF-b, lacks the
signal peptide present in SEF and is localised to the cytosol. Unlike the
trans-membrane isoform, SEF-b inhibits PDGF-induced proliferation,
does not affect FGF-induced PKB signalling, and is likely to inhibit the
ERK1/2 pathway at the level of, or downstreamof,MEK1/2 (Preger et al.,
2004).

3. Fibroblast growth factor receptors in cancer

Cancer encompasses an array of diseases that are characterised by
uncontrolled proliferation/survival and the eventual invasion of
resultant cells into adjacent or distant tissues within the body. To
achieve this all cancer cells possess specific properties, or ‘hallmarks’,
that allow this; namely self sufficiency in growth signals and
insensitivity to anti-growth signals, evasion of apoptosis, immortality,
the ability to initiate angiogenesis and the acquisition of invasiveness
and metastatic ability (Hanahan & Weinberg, 2000). In addition, a
cancer cell must also evade elimination by the immune system.

Generation of fully transformed cells in vitro requires the de-
regulation of several oncogenes and tumour suppressor genes and
tumour cells typically accrue multiple genetic alterations in their
lifetime. The challenge is to identify which of these mutations are
‘drivers’ that underpin the tumour phenotype, and which are simply
‘passengers’ that are picked up during tumour progression (perhaps
arising as a result of genomic instability) but confer no selective
advantage. It is becoming increasingly apparent that maintenance of
the malignant phenotype requires the continued activity of one or a
few specific driving oncogenes; a phenomenon termed ‘oncogene
addiction’ (Weinstein & Joe, 2006). Tumours evolve to be dependent
on their driving oncogenes, and the pathways they control, for the
maintenance of tumour hallmarks. Whilst normal cells typically use
several redundant pathways to control vital processes such as cell
cycle progression and cell survival, this redundancymay be reduced in
cancer. Indeed it is thought that the tumour cell evolves a greater
dependency upon pathways controlled by its driving oncogene than
surrounding normal cells so that inactivation of these pathways
becomes more catastrophic for the cancer cell than for other cells in
the body (Weinstein & Joe, 2006). This effectively creates a
‘therapeutic window’ and pharmacological inhibitors of oncogenes
that are required for maintenance of a specific tumour therefore
represent an attractive and viable therapeutic strategy.

FGF signalling can produce mitogenic, anti-apoptotic and angio-
genic responses in cells, each of which are considered to be hallmarks
of cancer when de-regulated. Moreover, evidence from in vitro and in
vivo tumour models have shown that FGFs and FGFRs can act as
oncogenes (Jeffers et al., 2002), and consequently there has been
considerable recent interest in FGFR inhibitors as anti-cancer agents.

FGFR family members are found to be de-regulated in a variety of
cancers including solid tumours and haematological malignancies.
Gene amplification or aberrant transcriptional regulation can result in
receptor overexpression, whilst a number of point mutations have
been identified that produce receptors that are either constitutively
active or exhibit a reduced dependence on ligand binding for
activation. In addition translocations can result in expression of
FGFR-fusion proteins with constitutive FGFR kinase activity. Finally,
isoform switching alters the ligand binding specificity of resulting
receptors and hence sensitizes cells to FGFs that they would not
normally be responsive to (Jeffers et al., 2002; Eswarakumar et al.,
2005).

Aberrant expression of FGF family members represents another
mechanism through which FGF:FGFR signalling can become de-
regulated in cancer. Indeed, mouse mammary tumour virus (MMTV)
insertion can induce murine mammary gland cancer by increasing the
expression of FGF3 and FGF4 (Basilico & Moscatelli, 1992). Moreover,
amplification and/or overexpression of FGF proteins has also been
observed in various cancers (Basilico & Moscatelli, 1992; Powers et al,
2000; Jeffers et al., 2002), suggesting a possible role for FGF autocrine
signalling in tumour development.

This review will focus on examples of FGFRs as cell autonomous
oncoproteins in tumour cells, focusing on breast cancer, urothelial
carcinoma, gastric cancer and the haematological malignancies
multiple myeloma and 8p11 myeloproliferative syndrome. These
exemplify the various strategies employed to de-regulate FGFR
signalling in tumours. However, it should be noted that FGFR de-
regulation occurs in numerous other tumour types, including prostate
cancer (Kwabi-Addo et al., 2001), astrocytoma (Yamaguchi et al.,
1994), thyroid carcinoma (Onose et al., 1999), cervical carcinoma
(Cappellen et al., 1999), head and neck squamous cell carcinoma
(Streit et al., 2004), colorectal cancer (Jang et al., 2001) and peripheral
T cell lymphoma (Yagasaki et al., 2001). Furthermore, the angiogenic
activities of FGF/FGFR may be important in the progression to
malignancy and readers are directed to recent reviews on this topic
(Suhardja & Hoffman, 2003; Chen & Forough, 2006).

4. Breast cancer

Worldwide, breast cancer is the secondmost common cancer after
lung cancer, representing about 10% of all new cancer cases, and 23%
of all cancer cases in women. The majority of breast tumours are
ductal adenocarcinomas (~85%), whilst the remainder are derived
from lobular tissue. Due to improvements in screening, most tumours
are detected at an early stage with ~90% of all new cases being non-
invasive at diagnosis (ductal carcinoma in situ). Invasive tumours are
staged according to the TNM staging system (Sellers, 1960) and are
examined for the expression status of the oestrogen receptor (ER),
progesterone receptor and HER2, in order to plan efficient treatment
regimes. HER2 is amplified and/or over expressed in about 30% of
cases (Slamon et al., 1987), and antagonism of this receptor has
prolonged disease-free survival; however, the molecular mechanism
for tumour progression in the remaining 70% is poorly understood.

In normal breast tissue, expression of FGFs and FGFRs is highest
during ductal morphogenesis, which represents a highly proliferative
stage of development when epithelial tissue invades the stroma
(Welm et al., 2002). This expression profile suggests that FGFs act as
potent mitogens in the mammary gland and could therefore
potentially play a role in mammary tumorigenesis. Indeed, FGFR
family members are frequently over expressed in breast cancer, and
this is often accompanied by increased, or altered, expression of FGF
ligands. The 8p11-p12 amplicon, which contains FGFR1, is observed in
about 10–15% breast cancer patients, and a subset of these over
express FGFR1 protein (Ray et al., 2004). Interestingly, FGFR1 appears
to be significantly more highly expressed in lobular carcinomas
compared to ductal tumours, with one study reporting FGFR1
amplification and overexpression in 7 out of 13 tumours derived
from lobular tissue (Reis-Filho et al., 2006; Xian et al., 2009). In
addition, conditional activation of FGFR1 in non-transformed mouse
or human mammary cells resulted in morphological transformation
(Xian et al., 2005; Xian et al., 2009), whilst transgenic mice expressing
AP20187-activated FGFR1 under the control of the mammary-specific
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MMTV promoter developed alveolar hyperplasia and invasive lesions
following sustained treatment with AP20187 (Welm et al., 2002).
Moreover, inhibition of FGFR1 kinase activity causes death of breast
cancer-derived cell lines that over express FGFR1 (Reis-Filho et al.,
2006) indicating that these cells are addicted to continued FGFR1
signalling for viability.

Amplificationandoverexpressionof FGFR2 isobserved inabout4–12%
breast tumours (Ray et al., 2004), whilst FGFR4 protein is over expressed
in around 30% patients (Koziczak et al., 2004). Inhibition of FGFR
signalling causes a proliferative block in breast cancer-derived cell lines
that over express FGFR2 or FGFR4 (Ray et al., 2004; Koziczak et al., 2004),
and thus both receptors are likely to act as oncogenes in this disease. In
addition to this, genome-wide association studies have shown that single
nucleotide polymorphisms (SNPs) that lie within intron 2 of FGFR2 are
associated with an increased risk of breast cancer (Easton et al., 2007).
Since several of these SNPs lie within close proximity to transcription
factor binding sites, it has been postulated that their association with
breast cancer risk may be due to changes in FGFR2 gene expression. In
particular, oneSNP identifiedgenerates aputativeERbindingsite, and this
may be relevant to the pathology of ER+breast cancer (Easton et al.,
2007).

Alternative splicing may represent another mechanism by which
FGF:FGFR signalling can become de-regulated and contribute to breast
tumorigenesis. Differential splicing of FGFR2 can produce a variety of
receptors that differ in their extracellular and carboxy-terminal
domains; at least three different carboxy-terminal variants have been
described for FGFR2, designated C1, C2 and C3. The C1 and C2 variants
are produced from the same exon with different splice acceptor sites,
whilst C3 utilises a separate exon, is shorter than the other two variants
and has different signalling properties (Tannheimer et al., 2000; Moffa
et al., 2004). This FGFR2-C3 variant lacks the PLCγ binding site and
appears tophosphorylate the FRS2 adaptor proteinmore efficiently than
its C1 counterpart (Moffa et al., 2004). FGFR2-C3 is also more
transforming than the other two carboxy-terminal variants, and since
this isoform is expressed in breast cancer-derived cells, but not normal
humanmammary epithelial cells (Moffa et al., 2004), isoform switching
from FGFR2-C1 to FGFR2-C3 may play a role in neoplastic progression.
This theory is further supported by the finding that FGFR2-C3 is more
highly expressed in stomach cancer cells when compared to normal
stomach epithelium (Moffa et al., 2004).

Anti-oestrogen therapy is routinely used as a first line treatment in
ER+patients, but acquired resistance has become a problem in the
clinic. Resistance to endocrine therapy is thought to occur through the
tumour cell's use of alternative signallingpathways to bypass theERand
FGF:FGFR signalling has been implicated as one mechanism by which
oestrogen-independence arises (McLeskey et al., 1998). Since a
significant proportion of breast cancer patients display de-regulated
FGFR signalling in some form or another, it is anticipated that inhibition
of these receptors may be useful in the treatment of this disease.

5. Urothelial carcinoma (UC)

Urothelial carcinoma (UC) is the most common type of bladder
cancer, representing about 90% of all cases. The disease is broadly
divided into two subtypes: papillary and muscle invasive UC. Over 70%
of UC tumours are papillary (stage Ta on the TNM staging system), and
well differentiated (lowgrade) at diagnosis, and this form of the disease
has a good prognosis with relatively infrequent progression to invasive
UC (10–20%). Those cases that are invasive at diagnosis, on the other
hand, have a very poor prognosis withmetastasis being a major clinical
problem. Invasive disease is staged on a scale of T1–T4 depending on the
extent of invasion, and themajority of cases are thought to evolve froma
superficial, but poorly differentiated (high grade), lesion designated
carcinoma in situ (Knowles, 2006).

Whilst many genetic alterations have been documented for
invasive UC, only a small number are found in low grade Ta tumours;
the most common being deletions involving chromosome 9 and
activating mutations affecting FGFR3. Over 60% of low grade and low
stage tumours express mutant FGFR3, but this abnormality is rarely
found in invasive bladder cancer (Kimura et al., 2001; Billerey et al.,
2001; Bakkar et al., 2003; Tomlinson et al., 2007a). However, FGFR3
overexpression does occur in both forms of the disease (Tomlinson
et al., 2007a), and changes to FGFR3 splicing may represent another
mechanism by which FGF signalling contributes to pathology. In
normal urothelial cells two FGFR3 isoforms are expressed: the
epithelial splice form, FGFR3IIIb, and a truncated form (FGFR3Δ8–
10) that is secreted, binds FGF1 and FGF2, and acts as a dominant
negative regulator of FGF1-induced proliferation (Tomlinson et al.,
2005). Expression of FGFR3Δ8–10 is decreased in several bladder
cancer cell lines (Tomlinson et al., 2005) and this could potentially
increase FGF signalling through decreased ligand sequestration. In
addition, isoform switching from FGFR3IIIb to the mesenchymal
isoform, FGFR3IIIc, has been documented for cell lines derived from
invasive UC (Tomlinson et al., 2005), and since FGFR3IIIc binds a
larger repertoire of FGF ligands than its epithelial counterpart, these
tumour cells may acquire responsiveness to FGFs that they were not
previously sensitive to. As epithelial-derived tumour cells acquire
increasedmigratory ability they often lose differentiation and begin to
express mesenchymal markers, a process known as the epithelial-to-
mesenchymal transition. Whether the FGFR3IIIb to FGFR3IIIc isoform
switch actively drives this increased migratory capacity, or whether
the switch is a result of the epithelial-to-mesenchymal transition
process, remains to be seen. Since FGFR3IIIb remains the dominant
isoform expressed in cell lines derived from low grade and stage
tumours (Tomlinson et al., 2005), signalling by this receptor could
potentially limit the invasive capacity of tumour cells. Indeed, mutant
FGFR3IIIb is frequently expressed in benign urothelial papilomas,
along with benign skin tumours such as epidermal nevi and
sebhorreic keratoses (Bernard-Pierrot et al., 2006).

Although papillary UC has a good prognosis, multiple recurrences are
common and patients therefore require long term monitoring and
repeated surgery. The high frequency of FGFR3 mutations in low grade
and stage tumours, along with the fact that relatively few other genetic
abnormalities are found for papillary UC, has pinpointed it as a potential
target for therapeutic inhibition. This concept is supported by two studies
where RNA interference or FGFR kinase inhibition caused reduced
proliferation and colony-forming ability of UC-derived cell lines that
express activated FGFR3 (Bernard-Pierrot et al., 2006; Tomlinson et al.,
2007b). However, whilst FGFR inhibitors may prevent the need for
repeated surgery inorder to removebenignbladderpolyps, papillaryUC is
already relativelywell served in termsof therapies:BCG therapypromotes
a local immune reaction against tumour cells and provides cheap and
effective treatment for about 2/3 papillary UC patients (http://www.
cancerhelp.org.uk), whilst intravesical valrubicin (Valstar) treatment can
be used to treat BCG-refractory UC (http://www.valstarsolution.com).
Thus, although FGFR inhibition is well validated as an approach to low
grade papillary UC, the effectiveness of current therapies and the costs of
new inhibitors mean that FGFR inhibitors may not be an economically
viable strategy for treatment of these patients. It remains to be seen
whether FGFR inhibitors would be beneficial for those patients with
invasive forms of the disease that exhibit de-regulated FGFR signalling.

6. Gastric cancer

Gastric cancer is a particularly lethal cancer and although the overall
incidence is decliningworldwide, the incidence in parts of Asia remains
high. Gastric cancer is broadly divided into the well-differentiated
intestinal subtype and a poorly differentiated diffuse subtypewith a less
favourable prognosis and these subtypes are characterised by different
underlying oncogenic lesions. HER2 amplification (Yokota et al., 1988)
and KRAS mutations (Yashiro et al., 2005) are found in the well-
differentiated subtypewhereasMET and FGFR2 amplification is found in
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the more aggressive diffuse subtype (Kuniyasu et al., 1992; Tsujimoto
et al., 1997). FGFR2 amplificationwas first detected in gastric cancer cell
lines (Hattori et al., 1990) and has since be found in up to 10% of primary
gastric cancers (Yoshida et al., 1993; Mor et al., 1993; Hara et al., 1998).
In addition, activating mutations have also been found in FGFR2 in
primary gastric cancers (Jang et al., 2001).

Whilst these reports serve as a ‘smoking gun’ implicating FGFR2 as
a driving oncogene more recent interventional studies have provided
evidence that gastric cancer cell lines with amplified FGFR2 may
respond well to anti-FGFR therapeutics. AZD2171, a mixed vascular
endothelial growth factor receptor (VEGFR)/FGFR inhibitor, and
Ki23057 both show good anti-tumour activity against FGFR2-positive
gastric cancer cell lines (Nakamura et al., 2006; Takeda et al., 2007). A
more recent study of a panel of 12 gastric cancer cell lines showed that
only those that exhibited amplification of FGFR2were sensitive to the
growth inhibitory effects of the FGFR1–3 selective tyrosine kinase
inhibitor PD173074 (Kunii et al., 2008). More specifically gastric
cancer cell lines with FGFR2 amplification were 200-fold more
sensitive to PD173074 than those without, revealing a substantial
therapeutic window for selective intervention. These studies provide
strong evidence that gastric cancer cells with FGFR2 amplification are
indeed addicted to FGFR2 activity for proliferation and/or viability,
providing a rationale for the use of FGFR inhibitors in such instances.
This last study was also notable for demonstrating that gastric cancer
lines with amplified FGFR2 also exhibit elevated phosphorylation of at
least three EGFR family members: EGFR1, HER2 (also known as
EGFR2) and Erbb3 (EGFR3). This phosphorylation was a consequence
of FGFR2 activity since it was abolished by PD173074 and could be
further enhanced by FGF7, a dedicated ligand for FGFR2. Furthermore,
shRNA-mediated inhibition of Erbb3 inhibited the growth of FGFR2
amplified gastric cancer cell lines suggesting that activation of EGFR
family members contributes to their FGFR2-dependent proliferation.
Finally, FGFR2-dependent phosphorylation of EGFRs in these cells was
not inhibited by EGFR inhibitors such as erlotinib or gefitinib
suggesting that the amplified FGFR2 may phosphorylate these
EGFRs directly (Kunii et al., 2008). This apparent coupling of FGFR2
to EGFRs has only been demonstrated in gastric cancer cell lines to
date so it will be important to confirm these observations in primary
tumour tissue; nonetheless, it raises the possibility that amplification
of FGFR2, like MET (Engelman et al., 2007), may be another
mechanism for gefitinib resistance (Thomson et al., 2008; Kono
et al., 2009). In summary, these data provide strong evidence that
FGFR inhibitors may be particularly effective in cases of gastric cancer
that exhibit FGFR2 amplification.

7. Haematological malignancies

Haematological malignancies derive from cells of haematopoietic
origin and affect the bone marrow, blood and lymph nodes. They are
classified according to lineage: lymphoid neoplasms, myeloid neoplasms,
mast cell disorders and histiocytic neoplasms. Within each category,
individual diseases are defined according to immunophonotype, genetic
features, morphology and clinical symptoms (Harris et al., 2000).
Although rare in solid tumours, chromosomal translocations represent a
common cause of these malignancies and translocations affecting FGFR1
or FGFR3 in particular have been observed in certain disease types.

7.1. Multiple myeloma (MM)

Multiple myeloma (MM) is a cancer of bone marrow plasma cells
(and therefore is classified as a lymphoid neoplasm) and accounts for
~10% of all haematological malignancies. The disease is characterised
by the uncontrolled proliferation of transformed plasma cells within
the bone marrow and is thought to evolve from a pre-malignant and
asymptomatic stage termed monoclonal gammopathy of undeter-
mined significance (MGUS) (Kyle & Rajkumar, 2008). MM is
designated symptomatic when tissue impairment becomes apparent.
Although myeloma cells have a lower rate of antibody secretion than
normal plasma cells, clonal growth results in a high concentration of
monoclonal Ig (also known as paraprotein, or M protein) within the
serum and urine. Tumour cells produce cytokines that stimulate
osteoclast-mediated bone resorption, and this ultimately results in
bone lesions and the release of calcium into the blood, causing
hypercalcaemia. Normal bone marrow cells are replaced by infiltrat-
ing tumour cells, haematopoiesis is disrupted, and patients become
both anaemic and immunocompromised. In addition, renal failure
may occur as a result of hypercalcaemia, recurrent infections, and
accumulation of paraprotein and/or tumour cells within the kidney
(Jagannath, 2008).

Lymphoid neoplasms are often characterised by translocations affecting
the immunoglobulin heavy chain locus (IgH)on chromosome14, and these
are thought to occur through aberrant class switch recombination. Class
switch recombination is the process by which one antibody isotype is
converted toanother, and involves theexcisionof a segmentofDNAand the
joiningof discontinuous sequenceswithin the IgH locus. Translocations that
place proto-oncogenes under the transcriptional control of the strong IgH
enhancer regions are frequently observed in MM (~60% MM), and are
thought to represent an initiating event in disease pathogenesis (Fenton
et al., 2002). The t(4;14)(p16;q32) reciprocal translocation is the second
most common IgH translocation and is observed in about 15%ofMM(Keats
et al., 2006). This genetic abnormality brings FGFR3 on derivative
chromosome 14 (der(14)), and an IgH-MMSET fusion product on der(4),
under the influence of the IgH enhancer regions Eα and Eμ respectively
(Dring et al., 2004), and in the majority of cases, results in high levels of
FGFR3 expression. A subset of t(4;14)(p16;q32) patients also carry point
mutations within the translocated FGFR3 allele that are thought to arise
later in the disease process and confer ligand-independent activation of the
mutant FGFR3 (Chesi et al., 2001).

De-regulated FGFR3 probably acts as a driving oncogene in t(4;14)
(p16;q32) positive MM, but it is currently unclear whether over-
expression of the wild type receptor alone is sufficient for transfor-
mation. Whilst activated forms of FGFR3 induced transformation of
NIH3T3 cells, wild type FGFR3 was found to be non-transforming in
this system even in the presence of its ligand (Chesi et al., 2001).
Conversely, ectopic expression of wild type FGFR3 in interleukin 6
(IL6)-dependent murine B9 MM cells resulted in IL6-independent
proliferation when exogenous FGF1 and heparin was added (Plo-
wright et al., 2000), suggesting that wild type FGFR3 may be
transforming only in a limited number of cell types. Importantly,
when murine bone marrow cells were transduced with retroviral
vector containing either wild type or activated FGFR3 and then
transplanted into mice, wild type FGFR3-expressing bone marrow
cells developed pro-B cell leukaemia/lymphoma ~1 year after trans-
plantation (Li et al., 2001), demonstrating that wild type FGFR3 can
indeed contribute to the pathogenesis of lymphoid malignancy.
Consistent with activated FGFR3 being more strongly transforming
than its wild type counterpart, mice transplanted with activated
FGFR3-expressing bone marrow cells exhibited leukocytosis with
circulating pre-B cell tumours within six weeks of transplantation (Li
et al., 2001). Furthermore, transgenic mice expressing activated
FGFR3 under the control of the lymphoid specific enhancer Eμ
developed lethal pro-B-cell lymphoma within six weeks after birth
(Chen et al., 2005).

Multiple myeloma is still considered an incurable disease, with
treatment focusing on containment and suppression. In recent years,
treatment with thalidomide/lenalidomide or bortezomib in combi-
nation with steroids, alkylating agents and haematopoietic stem cell
transplantation has been the treatment of choice for treatment-naïve
MM. Those patients carrying the t(4;14)(p16;q32) translocation are
classified into the ‘high risk’ category of MM with a poor prognosis of
just 2–3 years median survival (Fenton et al., 2002; Keats et al., 2006).
These patients do not respond well to current treatments (Keats et al.,
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2006), and as such new regimes are needed for second and third line
treatment of these t(4;14)(p16;q32) positive cases. Whilst bortezo-
mib has offered some patients prolonged survival a recent study has
shown that FGFR3 expression does not influence response rates to this
drug (Dawson et al., 2009). Thus, there may be utility for FGFR
inhibitors in the treatment of these t(4;14)(p16;q32) patients with
FGFR3 expression. Indeed, many studies have shown that FGFR3
inhibition by antagonistic antibodies or small molecule inhibitors
causes reduced proliferation and increased apoptosis of FGFR3-
positive MM cell lines (Trudel, et al., 2004; Grand et al., 2004a,
2004b, Trudel, et al., 2005, Trudel, et al., 2006) and thus inhibition of
FGFR3 signal transductionmay represent a viable therapeutic strategy
for this group of MM patients.

7.2. 8p11 myeloproliferative syndrome (EMS)

Myeloproliferative disorders are a heterogeneous group of diseases
that are caused by uncontrolled proliferation of cells of the myeloid
lineage. 8p11 myeloproliferative syndrome (EMS) is a rare atypical
myeloproliferative disorder that is characterised by myeloid hyperpla-
sia, eosinophilia and is sometimes associated with T cell lymphoblastic
lymphoma (Grand et al., 2004a, 2004b). Clinically, EMS is an aggressive
diseasewith a short chronic phase rapidly followedby transformation to
acute myeloid leukaemia, which can result in death within weeks or
months if left untreated.

A characteristic feature of EMS is the presence of chimeric proteins
that contain the kinase domain of FGFR1 fused to the oligomerisation
domain of one of a number of unrelated partners, and this occurs
following reciprocal chromosomal translocations involving FGFR1 at
8p11. Ten partner genes have been identified to date (ZNF198, FOP,
CEP1, BCR, FGFR1OP2, TIF1, MYO18A, CPSF6, HERV-K and LRRFIP1)
(Soler et al., 2009), and in each case the partner gene drives ligand-
independent dimerisation of the fusion protein, resulting in trans-
phosphorylation and activation of the FGFR1 kinase. In cases where
EMS is associated with T cell lymphoblastic lymphoma, these
translocations are observed in both the myeloid leukaemia and
lymphoma cells, suggesting that both cell types are derived from a
single transformed haematopoetic stem cell that carries this genetic
abnormality (Xiao et al., 1998). ZNF198–FGFR1 and BCR–FGFR1 fusion
proteins have been shown to exhibit constitutive FGFR1 kinase
activity that is localised to the cytoplasm, and are capable of
transforming IL3-dependent Ba/F3 cells to growth factor indepen-
dence in a PI3K- and p38 MAPK-dependent fashion (Demiroglu et al.,
2001). Moreover retroviral transduction of ZNF198–FGFR1 into bone
marrow of immunocompromised mice results in EMS-like disease
with myeloproliferation as well as T cell lymphoma, demonstrating
that the translocation event is sufficient for EMS pathogenesis
(Roumiantsev et al., 2004).

Currently the only effective treatment option available for EMS
patients is allogenic stem cell transplantation, but studies with FGFR
inhibitors suggest that such drugs may be useful in managing this
disease. Growth of ZNF198–FGFR1- or BCR–FGFR1-transformed Ba/F3
cells is inhibited by FGFR inhibition (Demiroglu et al., 2001; Chase et al.,
2007), and treatment of FGFR1OP2–FGFR1 positive cell lines (KG1 and
KG1A) with the multi-targeted tyrosine kinase inhibitor, TK1258,
results in significant apoptosis (Chase et al., 2007). Furthermore, this
compound also inhibits proliferation and survival of primary cells from
EMS patients, demonstrating the potential effectiveness of FGFR
inhibitors in a more clinically relevant system (Chase et al., 2007).

8. Therapeutic strategies

Since FGFR inhibition can reduceproliferation and induce cell death in
a variety of in vitro and in vivo tumour models, inhibitors of FGFR or
FGFR-dependent downstream signalling pathwaysmay represent useful
anti-cancer agents in the clinic. Since tumour cells with de-regulated
FGFR frequently exhibit hyper-activation of RAF–MEK1/2–ERK1/2 and
PI3K–PKB there could be merit in using therapeutics targeted against
these pathways. For example, expression of FGFR1 in normal human
urothelial cells confers FGF-dependent cell proliferation and cell survival
that can be blocked by ERK1/2 pathway inhibitors (Tomlinson et al.,
2009). It follows then that tumour cells with high ERK1/2 activity
resulting from FGFR1 de-regulation are likely to evolve some degree of
addiction to ERK1/2 signalling and consequent sensitivity to ERK1/2
pathway inhibitors. However, the situation in tumour cells is frequently
more complex; the degree of downstream pathway activation can vary
substantially between tumour cell lines and will determine the
sensitivity to MEK1/2 and PI3K inhibitors. For example, the degree of
redundancy between theRAF–MEK1/2–ERK1/2 and PI3K–PKB pathways
in cell proliferation and cell survival signalling (see Section 2.2, Fig. 2)
means that concomitant activation of these pathways may reduce the
efficacy of targeting either of them individually; certainly this is the case
in colorectal cancer cell lines where coincident activation of the PI3K
pathway confers intrinsic resistance to the MEK1/2 inhibitor AZD6244
(Balmanno et al., 2009). For these reasons, it is far more likely that
efficacy (tumour cell cycle arrest or death) will be achieved by targeting
the upstream driving oncoprotein, FGFR, rather than one of several
pathways downstream. FGFR inhibition can be achieved by several
approaches and both small molecule tyrosine kinase inhibitors directed
against FGFR activity, and FGFR-antagonistic antibodies have been
described.

8.1. Small molecule fibroblast growth factor receptor tyrosine kinase inhibitors

Protein kinases catalyse the transfer of the terminal phosphate group
of ATP onto serine, threonine or tyrosine residues of their protein
substrates. Approximately 518 kinases are encoded by the human
genome (Zhang et al., 2009), and all share a common structure
characterised by two lobes connected by a hinge region. The ATP-
binding site is situated at the interface of the two lobes,whilst the protein
substrate binding site is located mostly in the carboxy-terminal lobe
(Johnson et al., 1998). Many small molecule kinase inhibitors discovered
to date associate with the ATP-binding pocket of the enzyme, andmimic
hydrogen bonding patterns normally produced by ATP binding. These
drugs are classed as ATP-competitive, and are subdivided into Type I and
Type II inhibitors that recognise the ‘active’ or ‘inactive’ conformation of
the active site, respectively. All kinases possess anactivation loop, and it is
the conformation that this loop adopts that determines whether the
active site is ‘active’ or ‘inactive’. In many cases, an open conformation is
produced by phosphorylation of activation loop residues, whilst a closed,
‘inactive’ conformation of the loop sterically hinders substrate binding
and therefore produces a catalytically incompetent enzyme (Zhang et al.,
2009). Other classes of smallmolecule kinase inhibitors include allosteric
inhibitors that bind to a site other than the ATP-binding site and are
usually non-competitive with respect to ATP, and irreversible inhibitors
that form covalent bonds with the ATP-binding site, usually through
cysteine residues (Zhang et al., 2009).

The first tyrosine kinase inhibitor to be approved for clinical use was
the ABL, KIT and platelet-derived growth factor receptor (PDGFR) Type
II ATP-completive inhibitor, imatinib (Glivec), which induces remission
of virtually all chronic myeloid leukaemia (CML) patients when
administered during the chronic phase of the disease (Azam et al.,
2003). The effectiveness of imatinib treatment in such a large group of
CML patients lies in the fact that this disease is clearly linked to a very
specific genetic abnormality, the Philadelphia chromosome transloca-
tion; as such, all CML patients express BCR–ABL, a constitutively active
kinase chimera, which is the target of kinase inhibition. Imatinib is now
also licensed for treatment of gastrointestinal stromal tumour (GIST),
and several other kinase inhibitors have subsequently been approved
for anti-cancer therapy, including gefitinib (Iressa) and erlotinib
(Tarceva) (EGFR inhibitors for treatment of a variety of cancers
including advanced or metastatic non-small cell lung cancer (NSCLC)),



Table 1
Small molecule inhibitors of the FGFR tyrosine kinase currently in clinical development.

Drug Company Inhibits Comments Refs

BMS-540215
(Brivanib)

Bristol-
Myers
Squibb

FGFR, VEGFR Prodrug hydrolysed
to BMS-540215 in
vivo.

Huynh
et al., 2008

CHIR-258
(TKI-258)

Novartis VEGFR, PDGFR,
FGFR, FLT-3,
c-KIT

Effective in t(4;14)
(p16;q32) positive
MM cells that
express either wild
type or activated
FGFR3.

Sarker
et al., 2008;
Trudel
et al., 2005

BIBF 1120
(Vargatef)

Boehringer
Ingleheim

FGFR, VEGFR
and PDGFR

Hilberg
et al., 2008

AB1010
(Masitinib)

AB-Science c-KIT, PDGFR
and FGFR3

Hahn et al.,
2008

SU6668 Sugen FGFR, PDGFR,
VEGFR2

Fabbro and
Manley,
2001

GW786034
(Pazopanib)

Glaxo-
Smith-
Kline

VEGFR, PDGFR,
c-KIT, (FGFR1/3)

Primarily developed
as a VEGFR inhibitor
but also inhibits
FGFR1 and FGFR3
with IC50 values of
140 nM and 130 nM
respectively in vitro.
Inhibits FGF2-driven
angiogenesis in vivo.

Kumar
et al., 2007

RO438596 Roche VEGFR, PDGFR,
FGFR

Inhibits
proliferation and
anchorage-
independent growth
of NSCLC cell lines
that coexpress FGF2
or FGF9 and FGFRs.

Marek et
al., 2009;
McDermott
et al., 2005

The table lists small molecule FGFR inhibitors that are currently under development
and/or undergoing clinical evaluation and notes other RTKs that are also targeted by
these drugs.
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sunitinib (Sutent) (VEGFR, PDGFR, KIT and FLT3 inhibitor for treatment
of GIST and renal cancer), lapatinib (Tyverb) (EGFR and HER2 inhibitor
for treatment of trastuzumab (Herceptin)-refractory breast cancer) and
sorafenib (Nexavar) (BRAF, VEGFR2, EGFR and PDGFR inhibitor for
treatment of renal cancer) (Imai & Takaoka, 2006).

Many smallmolecule inhibitors of FGFR tyrosine kinase activity have
been described in the literature and some are currently in clinical trials.
For example, PD173074 is a potent ATP-competitive and reversible
inhibitor of FGFR1–3, with in vitro IC50 values of 3.6 nM for FGFR1,
3.3 nM for FGFR2 and 5.3 nM for FGFR3 (IC50~5–10 μM for FGFR4 in
cells) (Ezzat et al., 2005; Kunii et al., 2008). This compound inhibits
FGFR-dependent growth and/or survival in several cancer cells,
including t(4;14)(p16;q32) positive MM cell lines (Trudel et al.,
2004), mutant FGFR2-expressing endometrial cancer cell lines (Byron
et al., 2008) and FGFR2-amplified gastric cancer cell lines (Kunii et al.,
2008), demonstrating the potential use of FGFR-targeted kinase
inhibitors as anti-cancer therapy. PD173074 has now been dropped
fromclinical developmentowing to toxicity issues, and as a result is now
primarily used by the academic community as a research tool. Likewise,
SU5402, which was a precursor compound in development of SU6668
(Table 1), is used as a tool for studying FGFR signalling (Laird et al.,
2000), whilst other compounds such as Ki23057 (Kyowa Hakko Kirin
Pharmaceuticals) are currently at the development stage (Nakamura
et al., 2006). Other FGFR inhibitors remain in the pipelines of several
pharmaceutical companies (see Table 1 for a list of FGFR-targeted
inhibitors currently in clinical development) and their entry into the
clinic is anticipated. Since the catalytic domains of various kinases
exhibit significant structural homology, small molecule inhibitors
generally demonstrate activity against more than one kinase. Indeed,
a striking feature of these FGFR inhibitors is that they almost invariably
have activity againstVEGFRand/orPDGFR, two structurally relatedRTKs
(Table 1); the converse is also true, as some compounds isolated as
VEGFR inhibitors have activity against FGFR (Table 1). Although this
means that the patient may be subject to toxicities associated with
inhibition of each kinase, these side effects are often mild compared to
those seenwith conventional cytotoxic chemotherapies. For example, in
Phase I clinical trials the main adverse effects associated with the
Novartis RTK inhibitor, CHIR-258 (TKI-258) (which has activity against
VEGFR, PDGFR, FGFR1–3, FLT-3 and c-KIT), were fatigue, hypertension
and gastrointestinal complications (including nausea, vomiting, an-
orexia and diarrhoea). Importantly gastrointestinal effects were easily
controlledwith antiemetic treatment,whilst hypertensionwas resolved
when dosing wasmodified (Sarker et al., 2008). This is in stark contrast
with cytotoxic drugs that affect all areas of the bodywhere cells rapidly
divide, including the lining of the gut, the skin, hair and bonemarrow (it
should be noted here that RTK inhibitors are usually administered in
combination with conventional chemotherapeutics, and so their use
will not preclude such adverse effects). It is now recognised that
inhibition of more than one kinase by a drugmay increase effectiveness
in the treatment of a particular tumour type by disrupting redundant
pathways (whichmight otherwise drive resistance). In addition, multi-
kinase inhibition may also allow the use of a particular drug for other
tumour types or may inhibit tumorigenesis at multiple stages. For
example, multi-kinase inhibitors that target FGFR and VEGFRmay have
superior efficacy by inhibiting both the cell autonomous growth of
FGFR-dependent tumour cells and by preventing tumour angiogenesis;
whether this is associated with greater toxicity remains to be seen.

8.2. Antagonistic antibodies to fibroblast growth factor receptors

Monoclonal antibodies (MAbs) that bind and antagonise RTKs
represent another weapon in the fight against cancer. Such drugs can
directly inhibit cancer progression by blocking ligand binding and RTK
dimerisation (andhence exploit the tumours cell's addiction toa specific
oncogene), but can also act indirectly to promote tumour cell removal
by the immune system. In addition, antibodies can be conjugated to a
variety of molecules, including toxins or radioisotopes, and this may
provide a mechanism by which chemotherapy or radiotherapy can be
targeted primarily at tumour cells. Although the production of MAbs is
more costly than the production of small molecules, clinical approval of
chimeric and humanised antibodies has been superior over that of
kinase inhibitors (Reichert et al., 2005), and indeed the pharmaceutical
industry has shown interest in bothdrug types. Antibodies are relatively
large proteins, and as such must be administered intravenously, in
contrast to small molecules that are much smaller and often orally
available. However, the less convenient administration of antibodies
may be reconciled with a longer half life compared to small molecules
(the EGFR-targeted MAb, cetuximab (Erbitux), has a half life of 3.1–
7.8 days whilst the EGFR kinase inhibitors gefitinib and erlotinib have
half lives of 48h and 36h respectively) (Dancey & Sausville, 2003),
meaning that antibodies can be administered on a weekly basis whilst
small molecules must be taken daily. Nonetheless, in the case of brain
cancers, antibodies need to be administered directly into the tumour
itself owing to inefficient delivery across the blood–brain barrier, and
therefore administration of antibody therapy to such patients requires a
relatively invasive procedure.

Binding of an antibody to its target is incredibly specific and
therefore therapeutic MAbs can be produced that exhibit high
specificity for a particular molecule expressed on the cancer cell
surface. Indeed, antibodies can be raised that are specific for particular
FGFR isoforms, including defined splice variants, and these may be
expected to target fewer normal cells in the body and hence produce
fewer side effects. What is more, since different FGFR isoforms often
have opposing effects in target cells, this technique would also allow
specific inhibition of oncogenic FGFR molecules, including splice
variants that are selectively up-regulated in tumour cells.

Ligand-competitive antibodies have been shown to inhibit
proliferation of wild type FGFR3-expressing MM and UC cell lines



115V. Knights, S.J. Cook / Pharmacology & Therapeutics 125 (2010) 105–117
(Martínez-Torrecuadrada et al., 2005; Trudel et al., 2006), and more
recently an FGFR3-specific antagonistic antibody (R3Mab) has been
described that inhibits proliferation driven by wild type FGFR3 or by
two of the common ligand-independent FGFR3 mutants expressed in
UC (FGFR3R248C and FGFR3S249C) (Qing et al., 2009). This suggests that
antibody therapymay be viable for treatment of wild type andmutant
FGFR3-driven tumours. The FGFR3R248C and FGFR3S249C mutations
both generate unpaired cysteine residues between the IgII and IgIII
domains, resulting in inter-molecular disulphide bond formation and
constitutive FGF-independent dimerisation. Crystallographic studies
showed that R3Mab binds to an epitope that includes the IgII and IgIII
region of the receptor (Qing et al., 2009) and so is likely to disrupt
dimerisation, and hence activation, of the FGFR3R248C and FGFR3S249C

mutants. However, it did not inhibit in vitro proliferation of the MM-
derived KMS-11 cell line that expresses ligand-independent
FGFR3Y373C at high levels (Qing et al., 2009), probably reflecting the
fact that these mutants form dimers through inter-molecular
disulphide bonds that are localised outside of the IgII and IgIII regions.
Interestingly, despite being ineffective against KMS-11 cells in vitro,
growth of KMS-11 cells subcutaneously transplanted in mice was
inhibited by R3Mab, likely reflecting an immune response generated
by R3Mab-coating of these cells (Qing et al., 2009). Thus, although
these antibodies may not inhibit proliferation and/or survival driven
by all activated FGFR mutants in human tumours, they may still be
used to eliminate tumour cells through complement-dependent or
antibody-dependent cellular cytotoxicity. It should be noted however
that such antibody therapies would only be useful for treating tumour
cells that express FGFR at the plasma membrane, and so are unlikely
to be effective against diseases where de-regulated FGFR activity is
localised to the cytoplasm (such as EMS, which is driven by chimeric
FGFR1 fusion proteins that do not reside at the plasma membrane).
Small molecule inhibitors of FGFR, on the other hand, do not rely on
plasma membrane localisation of FGFR and so could potentially be
useful for treating a larger cohort of diseases in which FGFR activity is
de-regulated.

9. Future directions

De-regulated FGFR signalling is clearly important for growth and/
or viability of several tumours, including a subset of breast cancer, UC,
gastric and haematological malignancies. By all commonly used
criteria the de-regulated FGFRs observed in these diseases are acting
as driving oncoproteins and as such they represent attractive and
increasingly well validated therapeutic targets. Several pharmaceuti-
cal companies currently have FGFR-directed therapies in their
pipelines and these drugs are likely to be available for use in the
clinic in the near future. What remains to be seen is the longevity of
responses to this class of compounds. Other kinase-directed inhibitors
have produced promising responses in specific tumour types, but this
has been thwarted by the emergence of drug-resistant tumour cells
and relapse. Experience therefore suggests that FGFR-directed
therapiesmay be subject to the same problem. A better understanding
of possiblemechanisms of resistance, both intrinsic and acquired, may
be useful for guiding discovery of second generation inhibitors and
drug combinations, and this will hopefully prolong the use of this
promising class of drugs in the fight against cancer.
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