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Abstract

Although non-invasive bladder tumours (pTa) are the most common group of bladder tumours at
presentation, there has until recently been relatively little information on their molecular biology.
Thus it was of great interest when mutations in the FGF receptor 3 (FGFR3) were identified in
bladder tumours and it became apparent that these were most common in tumours of low grade
and stage. Since the initial description of activating mutations of FGFRS3, there have been
numerous studies confirming the frequency and spectrum of these mutations in bladder cancers of
all grades and stages. Mutation screening techniques have evolved and improved. FGFR3 mutation
has been assessed as a predictive biomarker in tumour tissues and as a diagnostic biomarker in
urine. Efforts have been made to understand the function of FGFR3 in urothelial and other cells.
Although our understanding of FGFR3 function is incomplete, it is already apparent that this may
represent an important therapeutic target not only in non-invasive bladder cancer but also in a
significant number of invasive tumours. This review summarises the current state of knowledge of
this interesting receptor in urothelial carcinoma (UC).
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Mutations of FGFR3

The FGFR family consists of four members (FGFRs 1-4) of high affinity cell surface-
associated receptors that are highly conserved both within the family and throughout
evolution [1]. These receptors have a common structure, consisting of an extracellular
domain that includes an amino terminal hydrophobic signal peptide followed by three
immunoglobulin (1g)-like domains, a hydrophobic transmembrane domain, and an
intracellular tyrosine kinase domain. Fibroblast growth factors (FGFs), the ligands for
FGFRs, bind to extracellular Ig-like domains Il and 111 [2] resulting in downstream
signalling. Specificity of FGF binding is conferred not only by the receptor family member
but also by alternative splicing of FGFRs [3]. For example the C-terminal half of FGFR3 Ig
domain 111 may be encoded by either of two exons, resulting in two isoforms, FGFR3b and
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FGFR3c [1, 4, 5]. The receptors and their isoforms are expressed in a cell and tissue-specific
manner, necessary for their differential roles in different tissues and cell lineages and at
different stages in development.

Frequency and spectrum of mutations

Activating mutations of FGFR3are found in the germline in several autosomal dominant
human skeletal dysplasia syndromes including achondroplasia, hypochondroplasia, severe
achondroplasia with developmental delay and acanthosis nigricans (SADDAN) and
thanatophoric dysplasia types | and Il (TDI and TDII) [6]. In the germline, activating
mutations have profound effects on the growth of the long bones where premature
differentiation of chondrocytes in the growth plates is induced, causing shortening. The
same phenotype has been induced in mouse models using knock-in approaches [7] and
conversely, targeted disruption of the gene in mouse models causes overgrowth [8]. In light
of this negative effect of FGFR3 on bone growth, its involvement as an oncogene in human
cancers was unexpected.

Capellen et al., [9] identified mutations in 9 of 26 (35%) bladder and 3 of 12 (25%) cervical
carcinomas that were identical to those found in TDI and TDII (R248C, S249C, G372C and
K652E). TDI and TDII are lethal forms of dwarfism, suggesting that these mutations
represent highly activated forms of the receptor. Since this initial study there have been
several studies that have identified 11 different mutations [9-21]. The frequency and
distribution of these is shown in Figure 1.

It is now clear that mutation of FGFR3in bladder cancer is strongly associated with low
tumour grade and stage and several studies describe very similar profiles. A compilation of
results from 6 studies that contain adequate breakdown of this information is shown in
Figure 2. The association of mutation with low tumour grade and stage led to examination of
urothelial papilloma, which is a proposed precursor lesion for low-grade papillary UC [18].
Interestingly, 9 of 12 papillomas studied contained mutations. Of 79 pTaG1 tumours
examined in the same study, comprising 62 papillary urothelial neoplasms of low malignant
potential (PUN-LMP) and 17 low grade papillary urothelial carcinomas (LG-PUC)
according to the 2004 WHO classification system [22], 86% contained a mutation. This
confirmed the association of mutation with low risk UC and indicated that there is a strong
molecular relationship between urothelial papilloma and low-grade UC.

As different mutations in FGFR3result in differential activation of the receptor [23], it
might be expected that different mutations would be associated with different clinico-
pathological status. Several studies have assessed this and to date no evidence for association
has been found for the majority of mutations. In the largest analysis of mutations in
superficial bladder cancer published to date [24], the rare mutation A393E was found
significantly more frequently in tumours classified as LMPM (low malignant potential
neoplasms [22]). This study also found an association of the F286L germline polymorphism
in FGFR3with tumours of low grade and stage.

The only other malignancy in which significant involvement of FGFR3 has been reported is
multiple myeloma in which 25% of cases have t(4;14)(p16;932) that translocates FGFR3on
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chromosome 4 into the IgH locus on chromosome 14 resulting in overexpression of wildtype
FGFR3 from the derivative 14. Mutations in the fusion protein are infrequent but when
present, have been associated with tumour progression. Thus, in this cell type both over-
expression and mutational activation of the receptor can contribute to tumour development
[25].

Although some mutations were initially found in cervical carcinoma, more recent studies of
larger sample sets have found only rare cases with mutation [26]. Similarly, there have been
several studies of a range of different cancers including prostate, breast, ovarian, lung, skin,
brain, renal, oesophageal and stomach and to date no mutations have been found [27-29].
Mutations in 2 colorectal cancer samples were reported, though these did not involve the
hotspot codons and it is not clear whether they represent inactivating rather than activating
mutations [30]. Mutations in codon 697 (G697C) were reported in 62% of oral squamous
cell carcinoma in Japanese patients [31] but this was not confirmed in a recent study from
Europe [32]. However, frequent mutation has been detected in seborrheic keratoses, benign
skin lesions that are common in older individuals [33, 34] and in epidermal nevi [35]. These
findings in skin, together with the preponderance of mutations in benign or non-invasive
bladder tumours and the apparent lack of mutations in other malignancies, indicates an
association of FGFR3 mutation with low risk cancers and benign epithelial overgrowths.

Mutation detection methods

Initial studies used single strand conformation polymorphism (SSCP) analysis to detect
mutations. In several studies, all coding exons were screened and PCR products showing
band shifts were sequenced. In these studies, some mutations in codon 375 (Y375C) were
detected but it has been shown subsequently that SSCP does not detect this mutation with
high efficiency. Direct sequencing and the recently developed SNaPshot assay [36] detect
Y375C as up to 25% of all mutations detected compared with ~10% by SSCP analysis.
Allele-specific PCR (AS-PCR) has been used to detect the 4 most common mutations
(R248C,S249C, G372C and Y375C) [37]. AS-PCR was compared with direct sequencing in
95 bladder tumour samples and matched tumours and urine sediments from 20 patients. The
assay detected all mutations in paired tumour-urine samples and found several mutations in
tumours that had not been detected by sequencing. It was suggested that these may have
been present in only a small fraction of cells and might be detected by this assay but not by
sequencing. Currently SNaPshot appears to be the most sensitive method and has been
developed to detect the nine most common mutations found in UC in a single assay. The
three hot-spot exons (7, 10 and 15) are amplified in a multiplex PCR reaction, followed by
annealing and extension of primers specific for each mutation with a labelled
dideoxynucleotide. Extended primers, each designed with different lengths of poly(dT) tails
are then separated by capillary electrophoresis and all possible mutations are visualised in
one electophoretic run. This technique is superior to SSCP analysis in detecting Y275C
mutations and is able to detect a mutant FGFR3 heterozygote in a 20-fold excess of wildtype
DNA i.e one mutant molecule in the presence of 39 wildtype molecules [36]. This makes the
technique suitable for sensitive detection of mutant tumour cells in urine (see below).
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Timing of FGFR3 mutation during bladder tumour development

The high frequency of FGFR3 mutation in urothelial papilloma, which is a putative
precursor for papillary bladder cancer [18], suggests a role early in disease development. A
possible earlier precursor is flat urothelial hyperplasia, which is frequently found in
association with UC of both papillary and solid growth patterns. Studies of hyperplastic
urothelium and adjacent papillary UC have shown that these lesions often share the same
genetic alterations, particularly chromosome 9 deletions [38, 39]. Chromosome 9 loss
detected by loss of heterozygosity (LOH) analysis is common in UC of all grades and stages
[40]. LOH has not been found in urothelial papilloma, though only a very small number of
samples have been analysed [41]. A recent study examined both FGFR3 mutation and
chromosome 9 LOH in a series of 30 hyperplasias and simultaneous or consecutive papillary
tumours from some of the same patients [42]. FGFR3 mutation was found in 23% of
hyperplasias and chromosome 9 LOH in 30%. In two cases, FGFR3 mutations but no
chromosome 9 LOH was present and in 6 cases chromosome 9 LOH alone was found. This
may indicate that chromosome 9 loss usually occurs earlier than FGFR3 mutation during the
development of papillary UC. However, the relationship of flat hyperplasia to papilloma is
not yet clear and an alternative explanation for the observed results is that FGFR3 mutations
are associated predominantly or only with tumours with a papillary growth pattern (for
which papilloma is a precursor) and that chromosome 9 loss, which is known to occur in UC
of all grades, stages and growth patterns may occur in some flat hyperplasias which do not
subsequently develop a papillary growth pattern and which represent the precursor for non-
papillary UC. Certainly, flat dysplasia and carcinoma in situ (CIS), which are predicted
precursors for such tumours, commonly show chromosome 9 loss. The availability of robust
methods for whole genome amplification suitable for formalin fixed paraffin-embedded
samples will allow analysis of larger numbers of samples to clarify these important issues in
UC pathogenesis.

Recently we assessed mutation status in different areas that represented different tumour
stages within the same tumour block [43]. Laser capture microdissection was used to ensure
that tumour DNA extracted from high stage areas was not contaminated with stromal cell
DNA. Mutation status was found to be different in different regions of blocks from 8 of 158
patients. In each case mutation was found in the non-invasive and not the invasive
component. Where possible we had selected physically separate tumour fragments within
each block to facilitate clean dissection of different stages. As all resected tissues were
placed in the same container at cystoscopy regardless of the number of separate tumours
present, a tumour block could contain fragments of different tumours. Of the eight samples
with different mutation status in non-invasive and invasive components, 2 were reported as
multifocal, 4 as single tumours and no information was recorded for 2 cases. We assessed
whether there was physical continuity between the superficial and invasive components and
whether tumour morphology was compatible with a single tumour entity or suggested the
possibility of more than one tumour clone within the sample. Six of the eight tumours were
predicted to represent single tumours based on number of tumours resected, contiguity of
regions of different stage and/or morphological similarity of tumour throughout the sample.
This suggests either that the allele containing the FGFR3 mutation was lost in the high stage
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region or that a small subset of FGFR3wildtype cells present in the low stage tumour had
progressed. This finding of complexity in mutation status within the same patient requires
more detailed examination in the future. This should include LOH analysis to determine
whether loss of a mutant allele does occur during tumour progression and an assessment of
tumour clonality.

Relationship of FGFR3 mutation to other molecular alterations

The strong association of FGFR3 mutation with low tumour grade and stage is reflected in
the finding that mutations of FGFR3and 7P53show an inverse relationship [10, 44, 45].
This almost certainly indicates their involvement in distinct pathogenic pathways that lead to
development of low-grade papillary UC and solid invasive UC [46]. Extensive analysis of
TP53inactivation in UC has shown that inactivating mutations and abnormal accumulation
of p53 protein is associated with aggressive UC and infrequently found in low grade/stage
disease [47]. Recent studies have found that a small number of tumours contain both FGFR3
and 7P53 mutations. Van Rhijn et al., [44] and Bakkar et al., [10] reported 5.7% and 3.7% of
tumours with both mutations respectively. No association of the presence of mutations in
both FGFR3and TP53with tumour grade or stage was found in either of these studies. The
significance of the presence of both genetic changes is unknown but may identify a subset of
tumours with a distinct developmental pathway or may reflect the infrequent progression of
low-grade FGFR3mutant UC. If this were the case, the finding of both mutations in non-
invasive UC may represent a marker of high risk. The differential association of FGFR3and
7P53 mutation with tumour grade and stage is also reflected at the protein level. Thus, it has
been found that loss of expression of FGFR3 protein and increased p53 protein
accumulation is associated with increased tumour stage and grade [48].

The clear relationship of FGFR3and 7P53 mutations with distinct tumour subsets raises
questions about those tumours that have molecular and phenotypic characteristics that do not
fit well in either subset. These are the T1 tumours that have in the past been termed
“superficial” and have been frequently grouped with Ta tumours despite their ability to break
through the epithelial basement membrane. These tumours often show molecular alterations
in common with muscle invasive tumours [49]. pT1G3 tumours in particular, are considered
a high-risk group that present a major clinical management challenge [50]. A series of 119
pT1G3 tumours has been examined for FGFR3and 7P53 mutation status and for the
relationship of these events to recurrence and survival [12]. Many 7P53 mutations were
found (65% of cases) and FGFR3 mutations were found in 16.8% of cases. These
frequencies are compatible with findings reported for several smaller groups of pT1
tumours. Mutations of both genes were found in 9% of tumours these genetic alterations
were distributed independently and not associated with either recurrence or survival. This
indicates that T1G3 tumours do not resemble either of the two major groups of bladder
tumours. Possibly they represent a distinct group with a different pathogenesis pathway or
possibly some may be pTa tumours that have acquired alterations that now confer an
invasive phenotype. This study represents the first large molecular analysis of this interesting
group of tumours and highlights the need for further studies to elucidate their pathogenesis
and to identify prognostic biomarkers within the group.
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One of the predicted effects of FGFR3 mutation is activation of the Ras-MAPK pathway
[51]. The relationship between FGFR3and Ras gene mutations in UC has been examined
and these mutations were found to be mutually exclusive [52]. In contrast to the relationship
between 7P53and FGFR3 mutations, the absolute mutual exclusivity of FGFR3and Ras
gene mutations is thought to reflect activation of the same pathway by either event. Ras
mutations are found in ~13% of UC and in total 85% of low-grade Ta tumours were found to
have a Ras or an FGFR3 mutation, suggesting that MAPK pathway activation may be an
obligate event in most of these tumours. Interestingly, unlike FGFR3 mutation, no obvious
relationship of mutation of a Ras gene with tumour grade of stage has been found. This
implies that although both events may fulfil at least one function that precludes selection for
both, there is a difference, possibly in the strength and/or duration of signals generated that
allows Ras mutation to contribute equally well to the development of both major tumour
groups. Studies of much larger series of tumours are now needed, together with comparisons
of the downstream effects of Ras and FGFR3 signalling in urothelial cells.

Mutations of the alpha catalytic subunit of PI3 kinase, P/IK3CA, have been identified
recently in UC [53]. Exons 9 and 20 that contain the mutations hotspot codons of PIK3CA
were sequenced and mutations found in 13% of a panel of 87 tumours representing the
whole spectrum of disease. An association with low tumour grade and stage was found,
though this was much less striking that that found for FGFR3, with mutations identified in
approximately 20% of Ta tumours. Inevitably, given this distribution of mutations, an
association of PIK3CA mutation with FGFR3 mutation was apparent. Eighteen of 69 (26%)
FGFR3mutant tumours were also P/K3CA mutant compared with 4 of 58 (6.9%) FGFR3
wildtype tumours. The functional relationship between these events, if any, is not known but
the known ability of Ras to activate the PI3 kinase pathway will certainly prompt
investigation of the relationship to Ras mutations and it will also be of great interest to
examine clinical outcome in tumours with both P/IK3CA and FGFR3 mutation. LOH and
homozygous deletion of PTEN (phosphatase and tensin homologue deleted on chromosome
ten) are found in high grade and stage bladder tumours [54, 55]. As PTEN is a key negative
regulator of AKT in the PI3 kinase pathway it might be expected that inactivation of PTEN
or activation of P/IK3CA could fulfil the same role and indeed, in some other tumour types,
PTEN involvement and P/K3CA mutation or amplification are mutually exclusive events
[56, 57]. However, this is not the case in all tumours, for example in endometrial cancer
where co-existent mutations are common and it has been suggested that their combined
effect may be required [58]. Thus it will be important to examine this relationship in UC as
well as to define relationships to FGFR3 status.

Taken together, these observations on the relationship of FGFR3 mutation to other genetic
events contributes significantly to the current view of the molecular pathogenesis of bladder
cancer. A representation of the possible timing of some events and their relative frequencies
in the two major predicted pathways is shown in Figure 3. The possibility of alternative
pathways leading to T1 tumours is also shown.
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Genome-wide analysis of FGFR3 mutant and wildtype bladder tumours

Some genome-wide analyses have been applied to tumours with known FGFR3 mutation
status. SNP array analysis was used to assess whether distinct chromosomal changes (LOH
and copy number changes) were correlated with mutation status in T1 tumours from 19
patients [59]. FGFR3 mutant and wildtype tumours showed differences in the frequency of
alterations of 8p and 17p with few changes in these regions in mutant tumours and more in
wildtype tumours. In general, significant copy number gains were found only in FGFR3
wildtype tumours. In this study, genome-wide expression profiling followed by hierarchical
cluster analysis divided tumours into groups that contained “benign” (low/medium risk)
tumours including most of the FGFR3 mutant tumours and “malignant” (high risk) tumours,
which contained most of the wildtype tumours. When a previous CIS-classifier gene
signature [60] was applied most wildtype tumours were classified as “CIS” and most mutant
tumours as “no CIS”. Interestingly, it was reported that low-risk wildtype “no CIS”-
classified tumours showed upregulated expression of FGFR3, unlike the wildtype tumours
that had a “CIS” profile. This may indicate a distinct pathogenic pathway for such low-grade
Ta FGFR3wildtype tumours.

In a second study, expression profiling, FGFR3and TP53 mutation analysis and
chromosome 9 LOH analysis was applied to a series of 75 Ta and T1 tumours [61].
Hierarchical cluster analysis divided the tumours into three groups, strongly related to
tumour grade, the first of which (cluster 1) contained the highest proportion of Ta grade 1
tumours and the third (cluster I11), the highest proportion of grade 3 tumours. The
distribution of 7P53and FGFR3 mutations with respect to tumour grade and stage was
compatible with other studies. Of the 9 7”53 mutations, only 1 was found in a grade 1
tumour whereas of 46 FGFR3 mutations, all but 1were found in grade 1 or 2 tumours. When
FGFR3 mutation status was correlated with gene expression profiles, there was a marked
polarisation towards clusters | (14/15 tumours mutant) and Il (18/27 tumours mutant) with
no mutant tumours found in cluster I11. Cluster | tumours showed high expression of protein
synthesis genes and low expression of cell cycle gene and cluster 111 showed high expression
of cell cycle genes. These studies provide further confirmation of the association of FGFR3
mutation with bladder tumours of low grade and stage and provide gene lists for this group
that may provide insights into specific processes and cellular phenotypes that are regulated
by mutation of this receptor.

FGFR3 expression in the urothelium

As antibodies are not available to detect all members of the FGFR family by
immunohistochemistry, real-time RT-PCR has been used to compare the relative expression
of FGFR3 with other FGFRs in the urothelium. In normal urothelial cells freshly isolated
from human ureter, FGFR3 was the major FGFR expressed, with very low levels of FGFRs
1, 2 and 4 [62]. Once the cells were cultured, levels of FGFR2 rose and some FGFR4 was
detected but FGFR3 remained the predominant FGFR. Interestingly, FGFR3 levels were
regulated relative to cell proliferation with lower levels in the exponential phase of
population growth at each passage, rising at confluence and reaching highest levels in mortal
normal cells at senescence. In cultured cells, protein levels detected western blotting, closely
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reflect RNA levels [62]. A good antibody for FGFR3 is available and it has been shown by
immunohistochemistry that the normal ureteric and bladder urothelium expresses low levels
of the protein [43].

Distinct FGFR isoforms, have been described in normal and tumour cells. Two full-length
FGFR3 isoforms have been described with differential splicing that alters the C-terminal
part of the third Ig domain. FGFR3b, a form that contains exon 8 but not 9 was initially
identified in mouse skin [2, 5] and later in human epithelial cells [63]. This isoform shows
high affinity for FGF1 and also binds FGFs 9 and 18 but not other FGFs studied to date.
Mesenchymal cells including chondrocytes express FGFR3c that contains exon 9 rather than
8 and shows high affinity for a much wider range of FGFs including FGF2 [64]. In addition
to these full-length isoforms, several shorter forms have been described in tumour cell lines
[65-68].

PCR analysis of cDNA isolated from normal urothelial cells has detected several RNA forms
[62]. The only full-length isoform identified was FGFR3b. A major PCR product was found
to encode a small isoform lacking exons 8-10 which encode the third Ig domain and the
transmembrane domain. This form (FGFR3 A8-10) was shown to be expressed, glycosylated
and secreted. Most interestingly, when purified, this soluble form of FGFR3 was shown to
act as a dominant negative that could inhibit FGF-stimulated proliferation [62]. The
mechanism for this dominant negative effect is not yet clear but could be via binding to and
sequestering FGFs or by dimerising with full length FGFR3. The biological significance of
this form is unclear but as the ratio of FGFR3 A8-10:FGFR3b was found to increase in
confluent cells, it is possible that it plays a role in downregulating FGFR3 signalling in
quiescence.

In many bladder tumour cell lines, an isoform switch from FGFR3b to FGFR3c, the
mesenchymal isoform, has been found [62]. In some cases, all transcripts detected were
FGFR3c. As this isoform binds a wide range of FGFs including FGF2, this presents the
possibility that autocrine or paracrine stimulation may activate FGFR3 signalling in some
tumours. The urine of bladder cancer patients has been reported to contain FGFs including
FGF2 [69-71] though expression of FGF2 is low in bladder tumour tissues [72]. It has been
suggested that the high levels of urinary FGF2 found in cancer patients may be derived from
basement membrane, which shows high levels of expression, that this is liberated during
tumour invasion and stimulates angiogenesis at the invasion margin [72].

FGFR3 protein expression has been examined in several studies and increased expression
found in some tumours. Matsumoto et al., [73] reported expression of moderate or high
levels of protein in 49% of tumours but found no relationship to tumour grade or stage. Two
other studies found a relationship between higher expression and lower tumour grade and
stage [48, 74]. In these studies the mutation status of the tumours was not reported.

However, semi-quantitative PCR has been used to examine RNA levels in a panel of tumours
of known mutation status [75] and this demonstrated an association of higher levels of RNA
expression and mutation status.
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Recently, we assessed FGFR3 protein expression in a population-based series of tumours of
known mutation status [43]. Four categories of staining were defined (Figure 4). Over-
expression of FGFR3 protein was found in many tumours compared to normal bladder and
ureteric controls. Increased expression was associated with mutation (85% of mutant
tumours showed high-level expression)(Figure 5A). Overall, as expected from the known
distribution of FGFR3 mutation with grade and stage, high FGFR3 expression, which in turn
was related to mutation status, was significantly more frequent in non-invasive (pTa)
compared to invasive (pT2) tumours and in low grade (grades 1 and 2) compared with high
grade (grade 3) tumours. Interestingly, 42% of tumours including 44% of muscle invasive
tumours with no detectable mutation showed over-expression (Figure 5B). This may
represent a non-mutant subset of tumours in which FGFR3 signalling contributes to the
transformed phenotype. An increasingly greater proportion of tumours were negative (score
0) with advancing stage (9% of pTa, 19% of pT1 and 28% of pT2 tumours). This contrasted
with the situation for normal (score 1) staining, which was more evenly spread (21% of pTa,
23% of pT1 and 26% of pT2 tumours), suggesting that complete loss of expression has
biological significance.

Taken together, data on FGFR3 expression and splicing indicate that these are highly
regulated in the urothelium. Further work on the mechanisms and biological significance of
the observed alterations are now needed. Clearly there are several possible mechanisms by
which FGFR signalling could be increased in bladder tumours, including the involvement of
autocrine or paracrine signalling by FGFs. Currently, little is known about expression of
FGFs by the normal urothelium, the submucosa or in bladder tumours and this information
will be required to gain full understanding of the role of FGFRs in bladder tumour
development.

FGFR3 as a biomarker for risk of recurrence and progression

A major issue in the management of non-invasive bladder tumours is prediction of
recurrence and progression. Thus the potential application of any molecular alterations
found in these tumours as prognostic or predictive biomarkers is of great interest. Several
studies have examined FGFR3 mutation as a potential predictive marker for recurrence.
Although an initial analysis suggested that there may be an association with low recurrence
rate within a group of 57 patients with superficial tumours (pTa, pT1)[17], other studies have
not confirmed this [24, 59]. Indeed, a large study (n>700) of Spanish UC, found that
mutation was significantly associated with higher recurrence rate in Ta grade 1 tumours [24].
In TaG2 tumours there was also a trend towards higher recurrence rate, though this was not
significant. This suggests that when carefully stratified groups are studied, mutant FGFR3is
an oncogene with clinically significant effect. However, no effect on progression has been
found. In the latter study, it was found that although within the entire group of tumours,
comprising both pTa and pT1 cases, there was an association of mutation with lower risk of
progression, when stratification for grade and stage were applied, no significant difference
was found. Thus, the accumulated findings to date suggest that within the low risk group of
Ta bladder tumours, mutation of FGFR3 confers an increased risk of recurrence but the
presence or absence of such a mutation confers no risk of progression in any UC group.
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Grade and stage of UC provide a major indication of clinical outcome. Many molecular
alterations have been assessed as biomarkers for prediction of prognosis, some of which
show potentially useful associations. p53 has been extensively investigated [76] as have
several markers related to cell proliferation including Rb, cyclin D1, Ki67/MIB-1, p21 and
p27. However, none of these as single markers provide information that is applicable to the
management of individual patients [77]. Although FGFR3 mutation as a single marker is not
predictive of outcome, a multicentre study of tumours from 286 patients found that mutation
status in combination with immunohistochemistry for Ki67 allowed definition of three
“molecular grades” of tumour with distinct prognoses in which FGFR3 mutation and low
Ki67 index (molecular grade 1) was associated with significantly better disease specific
survival, wildtype FGFR3and high Ki67 index (molecular grade 3) was associated with
poor survival, and wildtype FGFR3and low Ki67 index (molecular grade 3) showed
intermediate status [20]. These molecular biomarkers provide objective and reproducible
measures that may be superior to assessment of grade, which is well known to be a highly
subjective measurement [78, 79].

Abnormal staining pattern for cytokeratin 20 (CK20) has been described in pTa bladder
tumours that show low risk of recurrence [80]. In the normal urothelium and in low risk
tumours, staining is confined to the mature superficial cells and staining throughout the
urothelium represents an abnormal pattern. In a recent study, it was found that 89% of
tumours with a normal CK20 pattern of expression showed mutation of FGFR3whereas
only 37% of cases with abnormal CK20 expression showed mutation. Both markers were
strong predictors of disease-specific survival in univariate analysis but did not show
independence from grade and stage in multivariate analyses [81]. This provides additional
evidence for an association with FGFR3 mutation and a relatively benign disease course.

FGFR3 as a urine biomarker

The high recurrence rate (60-80%) of non-invasive UC necessitates long-term patient
monitoring. Currently the standard of care in Europe and the USA consists of cystoscopic
surveillance with urine cytology every 3-6 months for the first 2 years, followed by less
frequent observation in subsequent years. Such invasive monitoring is costly, uncomfortable
and carries a relatively high risk of infection. The prevalence of bladder cancer is high and
the large numbers of patients requiring monitoring place a great burden on health service
providers. This requirement for multiple hospital visits and invasive procedures makes this
the most expensive of all cancers to treat [82, 83]. Thus, there is a pressing need for urine-
based tests to identify tumour recurrence and reduce the need for cystoscopic surveillance.
Urine cytology, though universally used as the gold standard test, fails to detect the majority
of low-grade, non-invasive tumours [84]. Many tests have been described during the past
decade and several have been approved by the FDA (reviewed in [85]). However, none have
yet achieved widespread use in the clinic and these remain adjuncts to cystoscopy [86]. This
is in most cases due to lower sensitivity and/or specificity in patients with a history of
tumours of low grade and stage. One possible way to improve performance in such patients
is to develop assays that are specifically designed to detect molecular alterations that are
either very common in this group of patients or have been shown to be present in the
primary tumour of an individual patient. Microsatellite alterations are common in most
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cancers and denote the occurrence of LOH or a form of genomic instability that affects short
repeat sequences. In UC, many common regions of LOH have been identified, with
chromosome 9 LOH the most common in tumours of low grade and stage [46].
Microsatellite analysis has been successfully applied for non-invasive detection of bladder
cancer [87-89] and this provides higher sensitivity than cytology, which detects only
13-50% of tumours. The high frequency of FGFR3 mutation in low grade/stage UC may
provide an additional marker that in combination with microsatellite analysis or other
assay(s) could raise sensitivity to a clinically acceptable level. This was tested on a
prospective series of 59 UC tissues and matched urine samples [16]. Twenty-three
microsatellite markers and mutation analysis of FGFR3exons 7, 10 and 15 were carried out
and together these assays showed a sensitivity of 89% and specificity of 93%. In this study
that included tumours of all grades and stages, 44% of cases had FGFR3 mutation. The use
of combined analysis of FGFR3with cytology has also been examined on urine sediments
and matched tumour samples obtained at transurethral resection (TURBT)(n=72) or
cystectomy (n=120) [14]. 67% of patients in the TURBT group had an FGFR3 mutation and
28% in the cystectomy group. It was found that FGFR3 analysis outperformed cytology in
the TURBT group whereas cytology outperformed FGFR3analysis in the cystectomy group.
Combined analysis identified tumour presence in 86% of patients.

In both of these studies, assays were carried out on urine collected from patients with a
known concurrent tumour. The ability of such assays to detect recurrence must now be tested
in the prospective setting. The development of the SNaPshot assay should increase the
ability to detect mutant DNA molecules in an excess of normal DNA, which is a common
situation in urine sediments where leukocytes and normal cells derived from the urinary tract
may predominate.

FGFR3 as a therapeutic target

Activated receptor tyrosine kinases are druggable targets for small molecule-based and
antibody-based approaches to therapy. Thus, there is great interest in FGFR3 as a potential
therapeutic target in bladder cancer. Several approaches to targeting FGFR3 have been
examined in multiple myeloma and promising responses have been obtained with small
molecule inhibitors and antibodies [90-94]. In these cancers, it has been demonstrated that
several of the agents tested, directly affect the function of both over-expressed wildtype and
mutant FGFR3. Recent results on bladder tumour cells provide evidence that FGFR3 is a
valid therapeutic target and that these approaches to receptor inhibition are applicable to
bladder tumours.

To validate FGFR3 as a therapeutic target, we used RNAI to examine the effects of
downregulation of receptor in bladder tumour cells that express high levels of mutant
(S249C) receptor [95]. The S249C mutation is predicted to induce disulphide bond
formation by the introduction of an additional cysteine in the extracellular domain of
FGFR3b. This was confirmed in cells expressing S249C FGFR3 protein which formed
stable homodimers and was constitutively phosphorylated [95]. Stable expression of an
FGFR3 shRNA was used to knock down S249C FGFR3b in tumour cells and this resulted
not only in inhibition of proliferation but also of anchorage independent growth and
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clonogenicity at low density, both of which are phenotypic markers of transformation.
Knockdown also caused profound cell flattening. In contrast to the effect of mutant FGFR3b
knockdown in tumour cell lines, knockdown in telomerase-immortalised normal human
urothelial cells (TERT-NHUC) caused no significant phenotypic effects. This implies a
dependence of the tumour cells on continued FGFR3b signalling as described for oncogenic
stimuli in other tumour cell types, so-called “oncogene addiction” [96]. Significantly this
also shows that although TERT-NHUC express FGFR3b, there is no dependence on this for
either survival or proliferation. This differential sensitivity may allow non-toxic targeted
therapies to be developed.

Both antibodies and small molecules have been used to assess the effects of inhibition of
FGFR3 in bladder tumour cells. The tumour cell line MGH-U3 expresses Y375C mutant
FGFR3, which like the S249C mutant receptor shows constitutive phosphorylation. When
treated with the small molecule FGFR inhibitor SU5402 [97] or siRNAs, these cells showed
reduced receptor phosphorylation, reduced proliferation and reduced colony formation in
soft agarose [75].

Human single chain Fv antibody fragments that recognise the extracellular domain of
FGFR3c have been isolated and characterised [98]. These specifically bound both wildtype
and mutant FGFR3 but not FGFR1 and were able to block proliferation of the bladder
tumour cell line RT112, which expresses high levels of FGFR3. In another study that
focussed on multiple myeloma, a human anti-FGFR3-neutralising Fab was shown to inhibit
FGFR3 autophosphorylation and downstream signalling and was cytotoxic to multiple
myeloma cells that over-express wildtype FGFR3 [94]. This antibody inhibited ligand-
binding by wildtype receptor and significantly, it inhibited the growth of xenografts of
tumour cells expressing FGFR3-S249C, the most common FGFR3 mutant form found in
bladder cancer.

Conclusions

It is clear that FGFR3 plays a major role in the development of low-grade non-invasive
bladder tumours. Although the exact phenotypic consequences of FGFR3 mutation are
currently unknown, as are details of the downstream signalling consequences of receptor
activation in the urothelium, this receptor is predicted to have important applications both as
a biomarker and a therapeutic target. Future work must address the precise consequences of
FGFR3 signalling in both the normal cell context and in situations where signalling is
constitutively activated by over-expression or mutation. At present there is very little
information on the cellular consequences of such aberrant signalling and how this may
contribute at an early stage in the development of bladder cancer and this must be explored
in relevant /n vitroand in vivo models. Currently there is very little information on the
expression of FGFs either in urothelial cells or in the bladder stroma and it will be important
to assess the potential role of paracrine or autocrine signalling via FGF receptors in the
urothelium. However, whilst these aspects of the function and biological consequences of
FGFR3 signalling require further detailed study, rapid application of FGFR3 as a clinical
biomarker and therapeutic target is likely. The ease with which mutations can be detected
provides an objective biomarker that may have application in urine-based disease
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monitoring. If ongoing studies confirm initial observations, this assay could be implemented
rapidly for disease monitoring and/or screening and may have major impact on patient care.
Exploitation of this receptor as a therapeutic target also holds much promise in the treatment
of bladder cancer, particularly low-grade non-invasive tumours. Recent evidence indicates
that FGFR3-targeted therapies may also be applicable in the significant numbers of patients
with invasive tumours in which high-level expression of non-mutant receptor can be
detected. The availability of some small molecule inhibitors of FGFRs will allow further
assessment of the likely efficacy of this approach to therapy in the preclinical setting. This,
combined with the rapidity of screening for small molecule inhibitors of receptor tyrosine
kinases should ensure that targeted agents suitable for clinical testing become available in
the near future.
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Figure 1. Relative frequencies and positions of FGFR3 mutationsin bladder cancers
Frequencies are the percentage of all FGFR3 mutations described to date. Igl, Igll, Iglll,

immunoglobulin-like domains; TK-1, TK-2, split tyrosine kinase domain.
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Figure 2. Relationship of FGFR3 mutation to bladder tumour grade and stage
Data from [11, 20, 24, 45, 52, 61].
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Figure 3. Potential pathways of urothelial tumorigenesis.
Black arrows indicate likely pathways and grey arrows indicate uncertain relationships.

Frequencies are given for mutations in FGFR3, TP53, Ras genes and PIK3CA and for
chromosome 9 LOH. P/IK3CA data are from a single study [53]. Figures for other genes and
chromosome 9 are representative of a much larger literature. Low-grade papillary tumours
(top) may arise via simple hyperplasia and minimal dysplasia and these are characterised at
the molecular level by deletions of chromosome 9 and activating mutations of FGFRS3.
Invasive carcinoma (bottom) is believed to arise via the flat high-grade lesion CIS and in this
case 7P53 mutation occurs early and FGFR3 mutations are infrequent. There is limited data
for chromosome 9 LOH in CIS. Muscle invasive tumours are usually genetically unstable
and contain many genomic alterations in addition to those shown here. The finding of
dysplasia in association with high-grade papillary tumours that lack 7”53 mutation but have
frequent chromosome 9 losses suggests that an independent route to high-grade papillary
tumours may exist (centre). The pathway to development of T1 tumours is uncertain.
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Figure 4. Patterns of FGFR3 staining in normal urothelium and bladder tumours
Normal ureteric urothelium (A) and bladder tumour samples (B-D). A, staining pattern 1; B,

staining pattern 0; C, staining pattern 2; D, staining pattern 3; bars = 100um.

Reproduced with permission from: DC Tomlinson, O Baldo, P Harnden and MA Knowles.
FGFR3 protein expression and its relationship to mutation status and prognostic variables in
bladder cancer. Journal of Pathology volume 213, 2007, Copyright Pathological Society of
Great Britain and Ireland. Permission is granted by John Wiley & Sons Ltd on behalf of
PathSoc.
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Figure 5. FGFR3 protein expression in relation to mutation and tumour stage
A. Distribution of high and low expression of FGFR3 protein in bladder tumours with and

without mutation. B. Relationship of high-level expression of FGFR3 to tumour stage and
mutation status. Data from [43].
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