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Cell responses to FGFR3 signalling: growth, differentiation and apoptosis
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Abstract

FGFR3 is a receptor tyrosine kinase (RTK) of the FGF receptor family, known to have a negative regulatory effect on long bone growth.

Fgfr3 knockout mice display longer bones and, accordingly, most germline-activating mutations in man are associated with dwarfism.

Somatically, some of the same activating mutations are associated with the human cancers multiple myeloma, cervical carcinoma and

carcinoma of the bladder. How signalling through FGFR3 can lead to either chondrocyte apoptosis or cancer cell proliferation is not fully

understood. Although FGFR3 can be expressed as two main splice isoforms (IIIb or IIIc), there is no apparent link with specific cell

responses, which may rather be associated with the cell type or its differentiation status. Depending on cell type, differential activation of

STAT proteins has been observed. STAT1 phosphorylation seems to be involved in inhibition of chondrocyte proliferation while activation of

the ERK pathway inhibits chondrocyte differentiation and B-cell proliferation (as in multiple myeloma). The role of FGFR3 in epithelial

cancers (bladder and cervix) is not known. Some of the cell specificity may arise via modulation of signalling by crosstalk with other

signalling pathways. Recently, inhibition of the ERK pathway in achondroplastic mice has provided hope for an approach to the treatment of

dwarfism. Further understanding of the ability of FGFR3 to trigger different responses depending on cell type and cellular context may lead

to treatments for both skeletal dysplasias and cancer.

D 2004 Elsevier Inc. All rights reserved.
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Introduction

Receptor tyrosine kinases (RTKs) comprise a large

family of receptors, activated by ligand binding to their

extracellular domain, that commonly induces dimerisation

and activation of the intracellular kinase domain. Many

common features are shared by RTKs: similar motifs in the

extracellular domain, homology in the kinase domain and

activation of the same docking proteins and signalling

pathways. However, very different cell responses can be

induced by RTK activation, e.g., cell migration, prolifer-

ation, altered survival or differentiation. The specificity of

the effect depends on the cell type, its state of differentiation

and also on its environment.
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The fibroblast growth factor receptor (FGFR) family,

represented by four major transmembrane receptors, plays

an important role in normal angiogenesis and embryonic

development. Germline activating mutations of FGFRs 1–3

are associated with a range of skeletal disorders [1,2]

including the common forms of dwarfism. Changes in

expression of FGFRs are implicated in tumour development

in many organs and recent results indicate an important role

for mutant FGFR3 in certain tumour types.

Apart from FGFR5 [3,4], a new member of the FGFR

family, FGF receptors have an intracellular kinase domain

split in two by an inserted sequence, similar to the

PDGFR and VEGFR families. These three families of

receptors also share an extracellular domain composed of

immunoglobulin motifs, three in the case of FGFRs.

Specific features of FGFRs are the presence of an acid

box in the extracellular domain and, in FGFR1, FGFR2

and FGFR4, a HAV motif, characteristic of cell adhesion

molecules. The FGFR3 transcript contains 19 exons and
h 304 (2005) 417–431

 http:\\www.archive.uwcm.ac.uk 
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the protein product is encoded by exons 2 to 18 [5].

Several splice isoforms are known for each member of

the FGFR family. In FGFRs 1–3, alternative splicing of

the second half of the third Ig domain results in two

isoforms, named IIIb and IIIc, which differ in their

ligand-binding specificity (IIIa referring to the first half of

the third Ig domain). FGFR3 IIIc is the isoform expressed

in chondrocytes, the main cells affected in dwarfism,

while IIIb is expressed by epithelial cells. However, many

other splice forms have been also described, commonly

missing some of the domains found in the full-length

receptor. Their expression levels vary depending on the

tissue and also during development.

At least 23 fibroblast growth factors (FGFs) are known

so far. However, activation of FGFRs is not mediated by

FGFs alone, but by a complex of FGFs with sulphated

glycosaminoglycans (GAGs) such as heparin or heparan

sulfate, sometimes referred to as low-affinity FGF receptors.

Crystallisation of ternary complexes of extracellular ligand-

binding domains of FGFR1 with FGF2 and heparin [6] or of

FGFR2 with FGF1 and heparin [7] has confirmed the

essential role of heparin, which interacts with both FGF and

its receptor. Different heparan sulfate glycosaminoglycans

(HSGAGs) can be required depending on the FGF–FGFR

complex [8]. This constitutes another level of control of

FGFR activation, which can therefore be influenced by the

extracellular matrix and cell surface composition [9].

HSGAG can be carried by a peptidic chain to form heparan

sulfate proteoglycans (HSPGs), including syndecans, which

probably represent the major subfamily. Syndecans are able

both to interact with extracellular matrix proteins and to

signal. It has been shown that the cytosolic part of

syndecan-4 is important in FGF2 signalling [10]. In

addition, an effect of FGFR signalling on the extracellular

matrix has been reported in stem cells, in which FGFR2 is

involved in synthesis of the extracellular matrix proteins

collagen IV and laminin-1 that are needed for epithelial cell

differentiation [11].

FGFRs also associate with proteins involved in cell–cell

interaction and through this mechanism may contribute to

cancer metastasis [12]. FGFR1 and FGFR4 have been

shown to interact with N-CAM and N-cadherin [13–15]. In

breast cancer cell lines that express N-cadherins and

FGFR1, FGF2 has been shown to induce matrix metal-

loproteinase-9 expression and cell invasion through matri-

gel-coated filters [15]. More indirectly, Notch, which is also

involved in cell–cell interactions, has been shown to interact

with FGF signalling pathways, its repression being asso-

ciated with FGF-dependent transformation of NIH3T3 cells

[16,17]. Taken together, it appears that cell–cell interaction

can either attenuate FGFR signalling, thus repressing cell

transformation [17], or maintain or increase it, thus

contributing to transformation, e.g., by stimulating invasion

[15]. It is possible that these contradictory effects depend on

the signalling pathway(s) that FGFRs crosstalk with,

underlining the importance of the cell type and cellular
context when considering the cellular response to FGFR

activation.

The number of possible ligands, splice isoforms and the

modulation of signalling by extracellular matrix and/or other

cell surface receptors, generate a high level of diversity and

multiple possible ways to control FGFR activation that are

likely to increase diversity in cellular effects.

FGFR3 and its ligands

FGFR3 IIIb [18–20] and IIIc isoforms are both activated

by FGF1 (a known ligand for FGFRs 1–4) and by FGF9.

However, this latter FGF is a much weaker ligand for IIIb

than for IIIc and remains weaker than FGF1 [21,22]. In

addition, FGFs 2, 4, 6, [23] and FGF8 [22] also bind to

FGFR3 IIIc. More recently, FGF18 has been described as a

potential additional ligand [24,25]. Indeed, FGF18�/� mice

show a phenotype similar to FGFR3�/� mice, though with

aspects that are more severe, which may reflect the added

effects of reduced signalling by FGFRs 1 and 2 [24]. The

number of known FGFs is still growing. FGF1 and FGF2

were the first to be isolated in 1973 and 1974, 10 years later,

seven FGFs were known and in 2003 the family had

gathered 23 members. It is possible therefore that a more

specific ligand for FGFR3 IIIb remains to be discovered.

With the large number of possible ligands binding with

various affinities to the different FGFR3 splice isoforms,

there is in theory a great number of combinations and

possible effects. An interesting autoinhibitory mechanism

regulating ligand binding that involves the first Ig domain

and the following linker region has been reported for

FGFR3 IIIc as well as for FGFR1 and FGFR2 [26]. Crystal

structure analysis and real-time binding experiments,

presented in this latter article, have shown that flexibility

of the linker region allows interaction of the IgI domain with

the second and third domain that are required for ligand

binding.

Expression of FGFR3 in tissues and its biological roles

Although there is overlapping expression of the FGFRs

in different tissues, there is also cell specificity and temporal

variation of their expression during embryonic development

[27,28]. FGFR3 is expressed in kidney, lung and brain [19],

where in the latter it is present in the glial cells and

astrocytes [29]. Expression has also been detected in

cartilage (proliferating and hypertrophic chondrocytes), in

the intestine [27,28], pancreas, and testis (see gene

expression atlas: http://symatlas.gnf.org/SymAtlas/). Addi-

tionally, in mouse embryos, FGFR3 has been shown to be

expressed in the cochlear duct and in the lens [30], where it

is involved in differentiation [31]. Tissue-specific expres-

sion of the IIIb and IIIc isoforms has been described.

Expression of FGFR3 IIIb appears to be associated with

epithelial cells [20,32]. A switch from IIIb to IIIc can be

induced by FGF1, possibly correlating with a loss of
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Table 1

Fgfr3 mutations associated with skeletal disorders

Mutated

codon

Amino acid

change

Phenotype Location

248 Arg Y Cys Thanatophoric

dysplasia I

Linker between

IgII and IgIII

249 Ser Y Cys Thanatophoric

dysplasia I

250 Pro Y Arg Craniosynostosis

328 Asn Y Ile Hypochondroplasia IgIII

346 Gly Y Glu Achondroplasia Linker between

IgIII and TM370 Gly Y Cys Thanatophoric

dysplasia I

371 Ser Y Cys Thanatophoric

dysplasia I

373 Tyr Y Cys Thanatophoric

dysplasia I

375 Gly Y Cys Achondroplasia

380 Gly Y Arg Achondroplasia Transmembrane

domain391 Ala Y Glu Crouzon syndrome

538 Ile Y Val Hypochondroplasia Tyrosine kinase

Domain I

(TK-1)

540 Asn Y Lys Hypochondroplasia

Asn Y Ser

Asn Y Thr

650 Lys Y Asn Hypochondroplasia Tyrosine kinase

Domain II

(TK-2)

Lys Y Gln Hypochondroplasia

Lys Y Glu Thanatophoric

dysplasia II

Lys Y Met SADDAN, TDI

807 Stop Y Arg Thanatophoric

dysplasia I

Stop codon

Stop Y Cys

Stop Y Gly

Stop Y Leu

Stop Y Trp

Table modified from the human gene mutation database, see http://

archive.uwcm.ac.uk/uwcm/mg/ns/1/127526.html for references.

Abbreviations: Ig, immunoglobulin-like domain; TM, transmembrane

domain; SADDAN, severe achondroplasia with developmental delay and

acanthosis nigricans.
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epithelial phenotype [33]. In contrast, cytokines or growth

factors such EGF, TGFh and IL2, have been shown to up-

regulate FGFR3 IIIb expression in the intestinal epithelial

cell line Caco2 [34]. In mice, in vivo, FGFR3 is expressed

in undifferentiated crypt epithelial cells, which could

suggest a role of FGFR3 in intestinal cell proliferation [28].

Knowing where and when FGFR3 is expressed can give

some clues to function, but more enlightening information

has come from the generation of Fgfr3 null mice

(Fgfr3�/�) [35]. These mice show bone dysplasia with

longer vertebral bodies and overgrowth of the long bones,

associated with an increased number of proliferating

chondrocytes during embryogenesis. This indicates that

FGFR3 is a negative regulator of bone growth. It follows

that the FGFR3 mutations associated with dwarfism must be

activating mutations. Interestingly, such activating muta-

tions, which clearly provide negative regulatory signals in

the chondrocyte, are found not only in skeletal disorders but

also in cancer.

FGFR3 mutations associated with skeletal disorders

Germline mutations in FGFR3 are associated with

skeletal disorders including several forms of dwarfism

(Table 1; Fig. 1). The severity of the syndrome varies

according to the mutation and probably its specific effect on

the protein [36]. The most severe forms of chondrodysplasia

are SADDAN (severe achondroplasia with developmental

delay and acanthosis nigricans) and thanatophoric dyspla-

sias (TDI and TDII), while hypochondroplasia is a milder

form [37]. Mutations affecting codon 650 cause a range of

conditions. K650M has been reported in TDI [38,39] and

SADDAN [40,41] whereas K650E is reported only in TDII.

Both of these mutations induce constitutive activation of the

FGFR3 kinase but the effects on the patient differ and

SADDAN syndrome individuals, though severely affected,

are viable, while the TDII mutation is lethal at birth [40,42].

Other mutations of Lysine 650 to Asparagine or Glutamine

that are associated with the milder condition, hypochon-

droplasia, show weaker autophosphorylation than K650M

or K650E mutants [43]. FGFR3 mutations have also been

located in the extracellular domain, transmembrane domain

or at the stop codon (Table 1; Fig. 1). For example, the TDI

phenotype is associated with mutations of the stop codon or

mutations creating cysteines in the extracellular domain,

either between IgII and IgIII (R248C, S249C) or between

IgIII and the transmembrane domain (G370C, S371C,

Y373C, G375C) [44]. These mutations, in the extracellular

juxtamembrane region, introduce an unpaired cysteine, and

have been shown to result in ligand-independent dimerisa-

tion of FGFR3 [36] as was suggested earlier [1] and

demonstrated for FGFR2 [45]. In that case, loss of a

cysteine, as well as other mutations, results in dimerisation

and receptor activation. The situation may not be so simple

for mutations of the stop codon [46] or the transmembrane

domain. Indeed, it has been shown recently that FGFR3
with the G380R mutation in the transmembrane domain,

which is associated with over 97% of achondroplasia cases,

remains ligand-dependent for its dimerisation and activa-

tion. However, it differs from the wild-type (wt) protein in

showing a delay in degradation following ligand binding

[47]. It has been reported that ubiquitination of both G380R

and K650E mutant receptors is not defective but that the

degree of ubiquitination is related to the kinase activity of

the receptor [48]. A recent study, confirming the prolonged

half-life of the TDII mutant [49], has shown that in cells

stably overexpressing mutant or wild-type FGFR3, the wild-

type receptor is more abundant in lysosomes while FGFR3

G380R (ACH) or K650E (TDII) mutants are more abundant

in the recycling endosomes. Such mis-sorting of mutant

receptor could result in an amplification of signalling ability.

It should be noted that the TDII form is not fully

glycosylated [50], which could theoretically affect its

localisation. Also, one mutation disrupting a glycosylation

site (N328I) is associated with hypochondroplasia [51]. It

affects the FGFR3 IIIc isoform but does not modify its

three-dimensional structure. Mutations can also modify
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Fig. 1. Amino acid changes induced by mutations in FGFR3. Amino acid numbers are based on FGFR3 IIIc translation in skeletal disorders or MM, and on

FGFR3 IIIb translation in bladder epithelial cells. Mutations shared between the three diseases are in red. In bold are the main FGFR3 mutations reported in

bladder tumours (S249C) and in achondroplasia (G380R), the most common form of chondrodysplasia. SP: signal peptide, Ig: immunoglobulin-like domain,

TM: transmembrane domain, TK: split tyrosine kinase domain.
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receptor specificity or affinity for ligand, as has been shown

for the extracellular domain P250R mutation. This mutation

is observed in both FGFR1 and FGFR2 at the analogous

position, where it increases the binding to ligand, in

particular FGF9 binding to FGFR1 and FGFR3 [52].

Effects of FGFR3 mutations on chondrocyte proliferation

and differentiation

In the growth plate of developing long bones, cells

progress through stages of proliferation and then hyper-

trophy, the terminal stage of differentiation that is normally

associated with collagen type X synthesis, apoptosis and
matrix calcification [53]. FGFR3 signalling plays a pivotal

role in this process.

Much information has come from mouse models. Fgfr3

knockout mice show increased length of the long bones and

mice expressing activating mutations of FGFR3 show

phenotypes reminiscent of human chondrodysplasia. Mice

expressing the equivalent mutations to human G380R

[54,55], G375C [56], K650E [57,58], K650M [59] and

S371C [60] have been described. These show decreased

chondrocyte proliferation and a reduced hypertrophic zone

in the growth plates of postnatal mice. Disorganisation of

the growth plate is severe in TDII mice [57,58], and can still

be observed in ACH mice that present a more marked
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phenotype than in humans [55]. Unexpectedly, in contrast to

the inhibitory effect on the long bones, overgrowths of some

cartilaginous tissues (rib, trachea and nasal septum) have

been observed in mice with the corresponding human

SADDAN (K644M) FGFR3 mutation [59]. This may

indicate a difference in the effect of FGFR3 signalling in

hyaline cartilage, which does not necessarily become

ossified.

The effects of modulating FGFR3 signalling on chon-

drocyte proliferation appear to be different during the

prenatal and the postnatal period. G380R mouse embryos

show no difference in chondrocyte proliferation, while

K644M and K644E embryos show increased proliferation

during embryogenesis (peak proliferation at E18 and E15,

respectively) [58,59]. Thus, it is proposed that FGFR3 can

promote or inhibit proliferation depending on the embryonic

developmental stage. However, decreased differentiation

has been reported both prenatally and postnatally, indicating

that this is the most likely primary cause of long bone

retardation in all mouse models. Similarly, human foetuses

with G380R, K650E, R248C, S249C or Y373C, show a

reduced hypertrophic zone in vivo [61].

Findings from in vitro experiments on cultured chon-

drocytes indicate that cells from mutant mouse and human

embryos can be stimulated to proliferate by FGFs.

Unexpectedly, in culture, FGF2 and FGF9 induced mito-

genic responses in human TDI foetal chondrocytes, similar

to those of controls [62]. In contrast, rat chondrosarcoma

cells (RCS) show reduced proliferation when exposed to

FGF ligands for long periods, as might be expected of

mature chondrocytes [63]. However, in these cells, expres-

sion of collagen X was not induced [64], possibly reflecting

the absence of normal stromal or other environmental

stimuli in vitro or that these tumour-derived cells are unable

to recapitulate all features of the normal chondrocyte.

Differentiation of RCS cells was accompanied by cytoske-

letal alterations and rounding of the cells [63]. Shortly after

FGF binding, tyrosine kinase activity was induced in focal

adhesions and this co-localised with vinculin. Simultane-

ously, FGFR3 was removed from the focal adhesions that

subsequently disassembled. These results suggest that

modification of cell adhesion may be another effect of

FGFR3 signalling. In accord with this, it has been reported

that when the FGFR3 G380R mutant is expressed in the

chondrocytic cell line CFK2, there is an alteration in the

expression of integrins [65]. Could this effect on adhesion

indirectly be responsible for the role of FGFR3 in induction

of apoptosis in chondrocytes? This is not yet clear.

However, the apoptotic effect of FGFR3 on chondrocytes

is a chondrocyte-specific effect rather than an FGFR3-

specific effect [66]. This latter study found that expression

in transgenic mice of either the mutated FGFR3 G380R or

of a chimeric receptor comprising the extracellular domain

of FGFR3 G380R fused to the intracellular domain of

FGFR1 led to the development of similar, dwarf mice. The

similarity of signalling via both FGFR1 and FGFR3
intracellular domains in the bone suggests that chondrocytes

are unique in their response and underlines the importance

of cell type in response to a particular signal.

In vivo, FGFR3 plays a role not only in the growth plates

during endochondral ossification but also in bone mineral-

isation by osteoblasts in the postnatal period. Fgfr3�/�
mice have been reported to show osteopenia. These mice

had decreased thickness of cortical bone and increased

numbers of osteoblasts that failed to mineralise properly

despite the presence of some markers of osteoblast differ-

entiation in the cortical bone [67]. Stem cells, which will

differentiate into osteoblasts, are brought by blood vessels

invading the cartilage after apoptosis of hypertrophic

chondrocytes. Interestingly, the growth plates of ACH

transgenic mice and human TD foetuses were shown to

have abnormal vascularisation and this seems to correlate

with the severity of the disease [54,68]. Moreover, it has

been reported recently [69] that Fgfr3�/� mice show a

down-regulation of vascular endothelial growth factor

(VEGF), an angiogenic factor produced by hypertrophic

chondrocytes that is required for their apoptosis [70]. If

activation of FGFR3 results in an angiogenic effect, this

could also be an important factor in the development of

cancer associated with FGFR3 mutations.

FGFR3 mutations associated with cancer

Some of the missense mutations observed in achondro-

plasia are also associated with human multiple myeloma

(MM) [71,72] and carcinomas of bladder and cervix [73].

Additionally, in colon carcinoma, two novel mutations have

been identified: E322K and a nonsense mutation at

nucleotide 849 [74]. No mutations in FGFR3 have yet

been found in prostate [75], skin, lung, stomach, brain or

renal tumours [76,77], indicating that FGFR3 mutations

seem to be specific to a few cancers.

MM, a B-cell neoplasm, provided the first indication that

FGFR3 could act as an oncogene. Here, the chromosomal

translocation t(4;14)(p16.3;q32), which results in ectopic

expression of FGFR3 (from der 14) and immunoglobulin

heavy chain-MMSET transcripts from the der 4 [71,72], has

been described in 10–25% of patients. This translocation is

found not only in MM but also in monoclonal gammopathy

of undetermined significance (MGUS), which is believed to

be a precursor for MM [78]. Thus, the translocation is

considered to be an early genetic alteration in MM

development. However, the role of FGFR3 expression in

these conditions is not entirely clear. A study of MM and

MGUS patient samples has shown that although all 67 MM

cases with t(4;14) expressed FGFR3, none of 13 MGUS

cases did, suggesting that although translocation may be the

primary event, increased FGFR3 expression may not occur

until later [79]. In fact, increased expression of FGFR3 is

not universal in MM [80–82]. MMSET (from der4) is

universally expressed in tumours with the translocation but

FGFR3 is not expressed in approximately 30% of cases with



Table 2

FGFR3 mutations found associated with bladder carcinoma (based on a

translation of IIIb isoform)

Number of tumour

samples

76 63 286 81

Mutation % 35 41 60 31

Bibliographic

reference

[73] [139] [103]a [93]

Mutations found

in tumours

R248C R248C R248C

S249C S249C S249C S249C

G372C G372C G372C G372C

Y375C Y375C Y375C

A393E

K652E K652E K652E K652E

K652M K652M

K652T

Mutations in cell

lines

S249C

K652E

Most common

mutation in

tumours

(% of mutations)

S249C

(56%)

S249C

(81%)

S249C

(69%)

S249C

(44%)

a In an earlier publication, Van Rhijn et al. [89] have also reported another

mutation, G382R.
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t(4;14) and in some cases the der14 is lost during tumour

progression [81,82]. Clearly, this does not indicate that

FGFR3 is irrelevant but it does raise the intriguing

possibility that the role of FGFR3 may change during

MM progression. Where FGFR3 is expressed in MM,

FGFR3 IIIc appears to be the major isoform, but some

tumours express FGFR3 IIIb [83] or both isoforms [79]. So

far, neither isoform has been associated with specific

characteristics of MM tumours or cell lines.

In some cases of MM, the translocated FGFR3 is

mutated, mostly in late stage disease. However, it should

be noted that FGFR3 has also been found mutated in a

MM tumour not showing the t(4;14) translocation [84]. In

that case, it is possible that constitutive activation of

FGFR3 would compensate for the absence of overexpres-

sion. A recent study of 150 newly diagnosed cases

reported that FGFR3 overexpression was present in 16%

but mutated in only two cases (1.3%) [83]. Taken together,

this indicates that ~15% of patients have a t(4;14) and 6%

of these have a potential activating mutation of the

receptor. Interestingly, Sibley et al. [79] analysed samples

taken 13 months apart from the same patient, and

identified a K650E mutation only in the late sample,

reinforcing the concept that Fgfr3 mutation contributes late

in the multistage disease process. FGFR3 mutations found

in MM tumours (Fig. 1) include R248C [84], K650E,

K650M [71] and Y241C [83], which has not been seen in

chondrodysplasia. In MM cell lines, mutations include

K650E in OPM2, Y373C in KMS-11 [71,72,85] and

G384D in KMS-18. The presence of a mutation appears to

be an adverse prognostic factor [81]. It seems that

overexpression of wild-type FGFR3 could be sufficient

to lead to MM but its constitutive activation could be

giving a stronger proliferative signal. This is in agreement

with experimental transformation systems, in which wild-

type FGFR3 is less potent than mutant receptor. For

example, overexpression of wild-type FGFR3 in NIH3T3

cells does not induce focus formation in vitro or tumor-

igenicity in nude mice in contrast to the constitutive active

kinase K650E mutant [85]. However, in vitro transduction

of mouse bone marrow cells with a retrovirus encoding the

wild-type receptor followed by transplantation into mice

does lead to delayed lymphoma/leukaemias after approx-

imately 1 year. Again, mutant receptor is more potent in

this assay [86]. It is possible that in MM, overexpression

of cyclin D1 [87] and/or mutations in other oncogenes

could compensate for the weak proliferative or trans-

forming signal from the wild-type receptor. Indeed,

oncogenic mutations of Ras genes (KRAS and NRAS)

have been observed in 40% of MM. These and FGFR3

mutations appear to be mutually exclusive, suggesting that

there may be an overlapping function [85].

The results described above have led to the investigation

of FGFR3 as a valid target for therapy. It has been shown

that inhibition of FGFRs using tyrosine kinase inhibitors

(PD173074 and SU5402) induces cell death of the FGFR3
expressing cell lines KMS-11 and OPM-2, confirming the

importance of FGFR3 in MM [88].

Among the different types of cancer screened, bladder

cancer appears to have the highest frequency of FGFR3

mutations. Screening for mutations has been carried out by

several laboratories. The percentage detected varies from

31% to 60% of bladder tumour samples (Table 2). The most

frequent mutation in bladder tumours and the only mutation

found so far in cervical carcinoma, is S249C, a TDI

mutation. The most frequent mutation in achondroplasia,

G380R, has only been detected in a few bladder tumours

[89]. The mechanisms by which mutations occur in the

germline or somatically in the bladder, may be different,

possibly reflecting a different balance between replicative

errors and induced DNA damage. Bladder cancer is well

known to be associated with exposure to environmental

carcinogens, tobacco smoking being estimated to be

responsible for almost half of bladder cancer cases [90].

However, the major influence on the frequency of certain

mutations may be the lethal effect of the most highly

activating FGFR3 mutations in the germline, an effect that

may well be the converse in cancer where high activity of

FGFR3 is likely to give increased selective advantage.

Interestingly, mutation localisation has been shown to have

different effects on the level of FGFR3 constitutive

phosphorylation and also on ligand dependence [36]. Such

differences may confer an advantage in particular contexts

and may explain the differences in mutation frequencies

observed between diseases.

Most bladder cancers (90%) are transitional cell carci-

nomas (TCC). These tumours can be superficial or invasive

with different degrees of invasion (tumour stage). They are

also defined by their histologic grade or degree of anaplasia

[91,92]. Analysis of the prognostic value of FGFR3
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mutations has shown an association with superficial bladder

tumours of lower grade [93–95], rather than with high-

grade, invasive tumours [93,96]. An apparent association

with a lower recurrence rate has also been reported [96]. The

FGFR3 mutation-associated effects underlying these obser-

vations are not yet clear, but one possibility is that there is a

major effect on urothelial differentiation, perhaps in

combination with a survival signal. It is interesting to note

that cyclin D1 up-regulation, reported in RCS cells treated

with FGF, has also been found in low-stage, low-grade

bladder tumours [97–100]. It is associated with a papillary

pattern of differentiation [101] and possibly with better

survival [97,102]. Could a link exist between FGFR3, cyclin

D1 and cell differentiation in bladder? Since both FGFR3

mutation and cyclin D1 expression are linked to superficial

papillary tumours, it is possible that FGFR3 signalling

maintains a differentiated phenotype that is incompatible

with the development of more aggressive tumours. This idea

was also proposed following the recent finding that TP53

and FGFR3 mutations are almost mutually exclusive in

bladder tumours [95,103]. It seems possible that FGFR3

mutations are an early event in the development of super-

ficial papillary bladder cancer that in most cases may protect

from progression to muscle invasion. Currently, the signal-

ling pathway(s) downstream of FGFR3 in normal urothelial

cells are not known, nor those stimulated in TCC cells with

mutation. Similarly, nothing is yet known about the major

effects of FGFR3 mutation on urothelial cell phenotype.

This information will be pivotal for a clear understanding of

the consequences of mutation of the receptor during tumour

development.

Association of FGFR3 mutations with an early stage of

tumour development or a less aggressive form of disease in

bladder cancer contrasts with the situation in MM, where

FGFR3 mutation appears to be associated with tumour

progression [85]. The mechanism of activation is also

different in these two types of cancers where MM

commonly shows overexpression of wild-type FGFR3 as

the result of a chromosomal translocation whereas only

point mutation has been found in bladder cancer. This is

likely to reflect the propensity of haematopoietic cells to

generate translocations, which are rarely found in solid

tumours. The low frequency of mutations in MM has not

allowed a clear assessment of mutation spectrum, but

S249C, the most frequent mutation in the bladder, has not

yet been reported in MM. However, S248C has been found,

and this could have a similar effect. A major difference

between these two types of cancer and chondrodysplasia, in

which FGFR3 activation leads to apoptosis, is that in MM, it

is the inhibition of FGFR3 kinase activity that results in

growth arrest, cell differentiation and apoptosis [104],

pointing again to cell-type-specific responses to FGFR3

signalling. It should also be noted that bladder epithelial

cells express FGFR3 IIIb (our unpublished results) in

contrast to chondrocytes, which express the IIIc isoform

and thus these cell types could respond differently to FGFs.
However, this splicing event is thought unlikely to affect

cell-type-specific responses in the context of mutant

receptors with constitutive FGF-independent activation.

Nevertheless, splicing of the wild-type receptor can be

associated with cell differentiation and also with tumour

development.

Alternative FGFR3 splice isoforms and their relationship to

differentiation and malignancy

In chondrocytes, differential FGFR3 splicing may be a

marker of differentiation state. An alternative splice form,

lacking the acid box, is expressed in the undifferentiated

chondrocyte cell line ATDC5, while full-length FGFR3 is

not. Moreover, the mouse pro-B cell line BaF3 that

expresses this splice variant has a higher mitogenic response

to FGF2, FGF4 and FGF8 than cells expressing full-length

FGFR3 [105]. Further studies show that stimulation of full-

length FGFR3-transfected ATDC5 cells with FGF1 induces

cell rounding, while in cells expressing FGFR3 with the

acid box deletion, a change in morphology, but no rounding

up, is observed [106], indicating that the full-length and acid

box-spliced FGFR3 perform different functions.

Differential splicing is also observed during malignant

transformation (Fig. 2). In breast epithelial cells, FGFR3 has

been shown to localise in the nucleus, likely due to the

expression of a soluble isoform, missing the second half of

the third immunoglobulin loop encoded by exon 8 or 9 and

the transmembrane domain (exon 10) [107]. Later work

comparing normal and malignant breast tissues has shown a

preferential nuclear localisation of FGFR3 in tumour

epithelium [108]. The same spliced isoform is expressed

by the human squamous cell carcinoma cell line DJM-1 and

a human osteoblast-like cell line (SaOS-2), and here it has

been found to be secreted as a dimer in the medium

[109,110]. No function has yet been defined for this soluble

isoform. In colorectal cancer, transcripts splicing out exons

8 and 9 or including both of them have been described

[111]. Additionally, the use of a cryptic site inside exon 7,

resulting in aberrant splicing from within exon 7 up to exon

10, has been observed in primary tumours and cancer cell

lines. This latter splicing event creates a frameshift that

causes premature termination of the reading frame. It is

proposed that the mechanism by which these alternative

transcripts are generated may compete with the generation

of wild-type transcripts, possibly reducing a negative effect

of FGFR3 on proliferation [111]. A possible negative effect

on FGFR3 IIIc wt, has been described at the protein level, in

tumour cell lines expressing a splice isoform with a deletion

in exon 7, also lacking the second half of the third Ig

domain and the transmembrane domain. This isoform

(FGFR3IIIS) appeared to have a positive effect on cell

proliferation in a Ewing’s sarcoma cell line [112]. Similarly,

aberrant splicing of the third Ig domain within exon 7 has

been described in a multiple myeloma patient without the

t(4;14) translocation [84]. Is it possible that these deletions



Fig. 2. Putative FGFR3 isoforms described in cancer that result from an alternative splicing and remain in frame [5]. SP: signal peptide, Ig: immunoglobulin-

like domain, TM: transmembrane domain, TK: tyrosine kinase domain. (A) Full-length wt FGFR3 IIIb (exon 8) or IIIc (exon9). (B) Isoform splicing out exons

8, 9 and 10, resulting in a soluble form of FGFR3 [107–110]. (C) IIIc isoforms with partial deletions at the end of exon 7 [84]. (D) Isoform lacking the acid box

encoded by exon 4 [105].

C.G.M. L’Hôte, M.A. Knowles / Experimental Cell Research 304 (2005) 417–431424
have the same effect as a constitutively active mutation or

could contribute to tumorigenesis by altering ligand-binding

specificity? The current high level of interest in the role of

FGFR3 in cancer will undoubtedly lead to answers to these

questions in the near future.

FGFR3 signalling and transcriptional consequences

In the FGFR family, the archetype is FGFR1 and its

signalling has been studied in great detail, particularly

signalling via the Ras-MAPK pathway. The close homology

of FGFRs 1 and 3 indicates possible similarities and this has

provided clues to mechanisms of FGFR3 signalling.

Receptor dimerisation leads to autophosphorylation of the

receptors on tyrosine residues that are highly conserved

between FGFRs. There are seven autophosphorylation sites

in FGFR1, five of which are conserved in FGFR3 [113,114].

These are potential binding sites for Src homology 2 (SH2)

or phosphotyrosine binding (PTB) domains of signalling

proteins.

An essential protein in FGFR signalling is FRS2 [115], a

lipid-anchored multidocking protein that is phosphorylated

following binding to FGFR, and then transduces signals via

GRB2/Sos to the PI 3-kinase (PI3K) and Ras/MAPK path-

ways. Phospholipase Cg (PLCg) can bind directly to FGFR1,

on a phosphotyrosine (pY766) [116] that is conserved in

FGFR3 (Y760) and once activated, hydrolyses PtdIns(4,5)P2
to generate the second messengers Ins(1,4,5)P3 and diac-

ylglycerol. Some of what is known about FGFR1 and FRS2

signalling can be applied to FGFR3, as illustrated by a

comparative study of signalling induced by myristylated and
activated cytoplasmic regions of FGFR1, R3 and R4 carrying

a TDII-like mutation [117]. This showed that they all caused

NIH3T3 cell transformation, phosphorylation of Shp2,

PLCg, ERK1/2 and Stat3 and PI-3 kinase activation.

However, specific responses to FGFR3 have also been

described. For example, it has been reported that FGFR3 is

a much poorer inducer of neurite outgrowth in PC12 cells

than FGFR1 and in this context, primarily signals independ-

ently of the Ras pathway. Although PLCg was stimulated to

the same extent by FGFR1 and FGFR3, neurite differ-

entiation was not induced in the absence of sustained Ras-

MAPK signalling by FGFR3 [118]. The mitogenic responses

of the cytoplasmic domains of FGFR1 and FGFR3 differ.

When transfected into BaF3 cells, FGFR3 is weakly

mitogenic compared to FGFR1, but a chimeric receptor with

the extracellular domain of FGFR3 and intracellular domain

of FGFR1 is as mitogenic as FGFR1, even though the

extracellular domain of FGFR3 has a lower binding affinity

for FGF1 [119]. This is in agreement with the finding that the

activated cytosolic part of FGFR1 has a higher transforming

activity than FGFR3 in NIH3T3 cells [117,120]. Differences

in downstream signalling may explain the specific responses

of the two receptors.

FGFR3 signalling has been extensively studied in

chondrocytes. In chondrodysplasia, the level of up-regula-

tion of certain signalling molecules correlates with the

severity of the syndrome and therefore with the mutation

in FGFR3 that causes it [61]. Knock-in mice with TDII

FGFR3 mutation show up-regulation of STAT1, STAT5a

and STAT5b as well as the cell cycle inhibitors p16, p18 and

p19 [57]. Interestingly, STAT5a is not expressed by the
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hypertrophic chondrocytes, [57] and it is STAT1, which is

phosphorylated, that is required for inhibition of chondrocyte

proliferation [121]. Indeed, it has been shown that FGF1

does not inhibit chondrocyte proliferation in Stat1�/� mice

(Fig. 3). Moreover, TDII FGFR3 induces a constitutive

STAT1 phosphorylation in transfected HEK293 cells [50].

In vitro, RCS cells have been used to examine the chon-

drocyte response to FGFs. Here, FGFR3 phosphorylation

and inhibition of proliferation corresponding to a G1 arrest

[63,122] are associated with up-regulation of STAT1,

STAT3, p21, cyclin D1, cyclin D2 [63,121,122], Rb dephos-

phorylation and inactivation of cyclin E-cdk2 [122]. Down-

regulation of a transcription factor, known to be an inhibitor

of differentiation (Id1), is also described [63]. More recently,

expression microarrays were exploited to examine the

transcriptional effects of FGF1 in more detail [64]. This

study confirmed that the up-regulation of p21 is associated

with inhibition of cyclin E-cdk2, which corresponds with Rb

and p130 dephosphorylation that are more likely to be

involved in maintenance rather than initiation of growth

arrest. Moreover, no increase in p21 expression was

observed in FGFR3 TDII knock-in mice and no rescue of

the TD phenotype was reported when TDII FGFR3 was

expressed in p21 null mice [57], confirming that if p21 is

needed to maintain the growth arrest [64] it is probably not

the major player. The microarray study of RCS cells also

showed repression of E2F target genes and a down-

regulation of the Id1-3 transcription factors. These events

were followed by alterations in expression of genes

associated with hypertrophic differentiation similar to those

seen in mice expressing mutant FGFR3, confirming that the
Fig. 3. Specific FGF and FGFR3 signalling in chondrocytes. The figure is

derived mainly from Refs. [129,131,132]. TDII FGFR3 leads to up-

regulation of STAT1 that is involved in apoptosis of chondrocytes, as no

inhibition of proliferation is observed in Stat1�/� mice. PI-3 kinase (PI3K)

and PKB (Akt) have been shown to induce a survival or proliferative signal,

which is inhibited by, FGF. p38, but not PKB, has been shown to be

involved in growth arrest. However, a direct link with FGFR3 activation

has not been demonstrated. It has also been reported that ACH FGFR3

inhibits matrix synthesis in chondrocytes. This inhibitory effect can be

rescued in cells treated by or overexpressing the C-type natriuretic peptide,

probably via activation of its guanylyl cyclase receptor.
growth arrest is concomitant with chondrocyte differentia-

tion [64], leading finally to apoptosis. Among the different

events cited above, up-regulation of cyclin D1 is surprising

as it is usually not expected to be associated with G1 arrest

and indeed it has been reported previously that cyclin D1,

which is activated by the transcription factors ATF-2 and

CREB following TGFh and PTHrP stimulation [123], is

required for RCS proliferation [124]. However, it was also

reported that cyclin D1�/� mice present a reduction in the

size of the proliferative zone of the growth plate [124]. To

add to this confusion, FGF-induced up-regulation of cyclin

D1 has also been reported in MCF7 cells, where proliferation

is inhibited by FGF2 [125] and during NGF-induced

differentiation of the phaeochromocytoma cell line PC12

[126]. In several other cases, cyclin D1 expression has also

been reported to be associated with growth arrest and

differentiation [127,128]. Different states of cell differ-

entiation could be important to define the role of cyclin D1

and that may apply particularly to proliferative or hyper-

trophic chondrocytes in vivo. Moreover, FGF induces a

decrease in PKB (Akt) phosphorylation in chondrocytes

[129] and specific inhibitors of PI3K or MAPK block the

anti-apoptotic effect of IGF-1 [130], indicating that these

pathways are important in cell proliferation and/or survival

of chondrocytes (Fig. 3). It is likely, therefore, that the STAT

pathway is the main pathway towards apoptosis in chon-

drocytes. However, the achondroplastic phenotype is not

only the result of Stat1 activation but also of ERK activation

[131]. Indeed, it has been reported that the achondroplasia

phenotype can be rescued in mice overexpressing the C type

natriuretic peptide (CNP), probably via activation of its

guanylyl cyclase receptor, resulting in a decrease of ERK

activation in fgfr3Ach mice. Interestingly, CNP does not

increase proliferation but rescues the inhibition of extrac-

ellular matrix synthesis and therefore differentiation [131]

(Fig. 3). An achondroplasia-like dwarfism can also result

from constitutive activation of MEK1, which inhibits

hypertrophy in chondrocytes [132]. Additionally, activation

of p38, another MAP kinase that is required for hypertrophic

chondrocyte differentiation in micromass culture [133], is

also associated with FGF-induced RCS growth inhibition

[129], though the main pathway leading to activation is

unknown.

In cancer, if activation of FGFR3 by mutation or

overexpression contributes to transformation, it is unlikely

that FGFR3 will induce growth inhibition. Not many

studies have yet examined FGFR3-specific signalling in

cancer cell lines or primary cancer cells and none have

examined the normal target cells (B-cells and urothelial

cells) of the cancers in which FGFR3 is implicated. The

Ras-MAPK and STAT pathways are major pathways

mediating the oncogenic effects of FGFR3. Illustrating this

is the fact that the TDII FGFR3 mutant (K650E) is

transforming when overexpressed in NIH3T3 cells

[85,117] and inhibition of Ras or Raf signalling by co-

transfection with dominant-negative forms of Ras or Raf
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reduces transformation efficiency in this assay [85]. Ligand-

dependent MAPK activation, via FGFR3, has been

observed in both chondrocytes [47] and MM cell lines

carrying FGFR3 mutations [134]. Whether downstream

differences in MAPK signalling can explain the different

outcome of signalling in these different cell types is at

present unknown. The importance of STAT activation in

chondrocytes has led to its assessment in MM cell lines and

transfected cell lines. Interestingly, differential activation of

the STAT proteins has been observed, emphasising the

importance of cell type. In MM cell lines expressing

FGFR3 mutants (G384D, K650E or Y373C), no activation

of STAT1 or STAT3 is detected, while there is activation of

MAP kinases. In contrast, 293T cells expressing the same

FGFR3 mutants show activation of STAT1 and STAT3 as

well as phosphorylation of MAP kinases [134]. Perhaps this

difference in STAT activation gives a clue to the different

responses observed in chondrocytes and cancer cells.

Transformation of NIH3T3 cells is also associated with

activation of Stat1 and Stat3 and seems to be mediated by

FGFR3 tyrosine 724 [114,117]. Y724 is located in a

consensus p85-binding motif, which mediates Shp2 and

MAPK phosphorylation as well as PI 3-kinase activation

[114]. Results from the same laboratory showed that Y770

has a negative effect on NIH3T3 transformation and PLCg
Fig. 4. Hypothesis for cell type specificity of FGFR3 signalling. The origin of STA

cells, there is an indirect activation of STAT3 via the ERK pathway and stimulati

FGFR3-expressing cells. It would be then possible that in different cell types the

type specific. This hypothesis would explain a differential STAT activation and e
binding but does not seem to be involved in Shp2, STAT1

or STAT3 phosphorylation. This may function as a binding

site for a negative regulator of FGFR3. It will be interesting

to examine the phosphorylation status of this tyrosine

residue in other FGFR3 transformation models. Finally,

FGFR3 binds the adapter protein SH2-B via tyrosines 724

and 760, and phosphorylates it. This interaction is required

for Stat5 activation and translocation to the nucleus [135]. It

has also been shown that the FGFR3 juxtamembrane

domain interacts with Pyk2, a focal adhesion kinase, whose

activity is required for STAT5 phophorylation. However,

FGFR3 (TDII) can override the requirement of Pyk2 for the

activation of STAT5 [136]. STAT5, which is known to

induce cyclin D1 expression, has been shown to be

involved in cell proliferation and may represent a good

candidate for downstream signalling in FGFR3-positive

cancers [137].
Conclusions

FGFR3 germline missense mutations observed in skel-

etal disorders, result in constitutive activation of the receptor

and/or inhibition of its degradation and lead to an inhibition

of chondrocyte proliferation mediated via STAT1 [132],
T activation is not known. However, it has been reported that in endothelial

on of the platelet-activating factor receptor. This mechanism could apply to

second receptor activated indirectly via ERK is different and ultimately cell

ffect.
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possibly a premature apoptosis [62] and to an inhibition of

hypertrophic differentiation via MEK and ERK [131,132].

In cancer, the highest frequencies of sporadic FGFR3

missense mutations are found with bladder cancer. Although

no studies have yet been reported concerning FGFR3

signalling and cell responses in urothelial cells, expression

of mutant FGFR3, as in MM, is expected to result in cell

proliferation, in contrast to the situation in chondrocytes. It

is notable that the chondrocyte response to FGFR3

activation has been shown to be cell-type specific rather

than FGFR specific. However, expression of the IIIc

isoform in chondrocytes rather than the IIIb isoform in

epithelial cells cannot explain this difference, as MM cells

express the IIIc isoform more often than IIIb. There are

differences not only between chondrocytes and cancer cells

but also between B cells and bladder cells. FGFR3

mutations are implicated as an early event in the develop-

ment of bladder tumours but are associated with advanced

disease in MM and overexpression of wt FGFR3 appears to

play a critical role in MM but as yet there is no evidence of

it in bladder cancer. Currently, there is no experimental data

to explain the differences seen between cell types in their

response to FGF. Comparison of signalling pathways is not

yet possible as information on FGFR3 signalling comes

mainly from studies of activated FGFR3 in nonepithelial

cells. A key finding is that activation of the ERK pathways

is seen in all cell types studied. In contrast, differences have

been reported for STAT activation in different cell types and

this could be involved in cell-specific responses. In

chondrocytes, STAT1 is activated but it is not known how

far downstream of FGFR3 this occurs and it could be the

result of an indirect response, perhaps via activation of a

cell-type-specific receptor (Fig. 4). Supporting this idea is

the fact that in endothelial cells, phosphorylation of STAT3,

following FGF2 stimulation, has been shown to be indirect

and linked to the release of platelet-activating factor and

activation of its receptor [138]. It is tempting to link

differences between growth arrest and cell proliferation to

differences in activation of STAT1 and STAT3/5, partic-

ularly as hypertrophic chondrocytes show STAT1 activation,

but no expression of STAT5a in contrast to proliferating

chondrocytes [57]. However, NIH3T3 transformed by

mutant FGFR3 also induce STAT1 phosphorylation [117].

The final cell response is likely to result from a balance

between opposing signals. Indeed, tyrosines in the cytosolic

part of FGFR3 have been shown to have different functions.

For example, Y724 promotes transformation while Y770

inhibits it [114]. The puzzling and apparently contradictory

effects of FGFR3 signalling in different cell types may not

be resolved until specific cell systems are examined and

compared in more detail.

The involvement of FGFR3 in two forms of human

cancer presents a clear opportunity to develop novel

diagnostic and therapeutic approaches. However, a clear

understanding of the normal cellular function of FGFR3

in each cell type and of the exact contribution that
aberrant signalling makes to tumorigenesis will be

required for maximal exploitation of FGFR3 as a

therapeutic target.
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