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Summary
Fibroblast growth factor receptors (FGFRs) represent specific receptors for the fibroblast growth
factors (FGFs), a family of at least 13 polypeptides. Ligand/receptor interactions between FGFs
and their receptors are involved in many fundamental biological processes, particularly cell growth
and differentiation during chondrogenesis and myogenesis. The four different human FGFR genes
encode related glycoproteins with a common structure consisting of an N-terminal signal peptide,
three immunoglobulin (Ig)-like domains, a single transmembrane domain, and an intracellular split
t y r o s i n e - k i n a s e d o m a i n . F G F s , a c t i n g i n concert with heparan sulfate proteoglycans, bind to
FGFRs and result in their activation, involving homo- or hetero-dimerization of receptors, leading
to trans-phosphorylation of the kinase domains. The activated receptors can then phosphorylate
various intracellular proteins involved in signal transduction, although much remains to be learned
concerning these signal transduction pathways downstream of activated FGFRs. Many mutations
in different domains o f FGFR1, FGFR2 and FGFR3 have recently been identified as causing
various human craniosynostosis and dwarfism syndromes, and the molecular consequences of these
mutations are beginning to be unraveled. Craniosynostosis syndromes, characterized by premature
ossification and fusion of the cranial sutures of the skull, arise primarily from mutations in the
extracellular domain FGFR2, although specific mutations i n other FGFRs may also underlie
related craniosynostosis syndromes.
Skeletal dwarfism syndromes, characterized by
disproportionate short stature and macrocephaly, arise predominantly from mutations in FGFR3
and include achondroplasia, the most common genetic form o f dwarfism, as w e l l as the
thanatophoric dysplasias (type I and type II).
Recent studies demonstrate that a common
mechanism, constitutive activation of receptor signaling, underlies most of these disorders. The
mutations responsible for the craniosynostosis and skeletal dwarfism syndromes map variously to
either the extracellular domain, the transmembrane domain, or the tyrosine kinase domain of these
receptors, suggesting multiple mechanisms of aberrant receptor activation. An overview of the
developmental consequences arising from mutations in FGFR family members will be presented,
including an examination of the molecular mechanisms underlying these defects.

the skull, and endochondral ossification, which occurs at
the growth plates of the vertebrae, the pelvis, and the long
bones of the extremities. In the process of
intramembranous ossification, primitive mesenchymal
cells differentiate into osteoblasts (bone-forming cells) that
secrete a collagen-glycosaminoglycan matrix which

I. Skeletal Development
The development of the human skeleton is a highly
complex and regulated process. Osteogenesis (bone
formation) includes both intramembranous ossification,
responsible for development and fusion of the flat bones of

365

Webster and Donoghue: FGFR Activation in Developmental Syndromes
subsequently becomes calcified. In contrast, endochondral
ossification is a two-step process in which mesenchymal
cells first condense and differentiate into chondrocytes that
secrete a cartilaginous template. As the chondrocytes
proliferate, hypertrophy and die in an ordered sequence,
osteoblasts carried by infiltrating blood vessels deposit
bone matrix to replace the degrading cartilage template
(Gilbert et al., 1994).
Reflecting the complexity of skeletal development,
more than 150 different disorders of osteochondrogenesis
have been described (Spranger, 1992). For instance,
defects may occur in the condensation or differentiation of
the mesenchyme, in the structure or regulation of
components of the extracellular matrix, and/or in the
normal proliferation and maturation of the chondrocytes
(Mundlos and Olsen, 1997a,b). Recently, the specific
genes defective in some of these human skeletal disorders
have been identified (Reardon, 1996), and many encode
proteins falling into three categories: structural proteins,
including several different collagens (Mundlos and Olsen,
1997a,b); transcription factors, including Sox9 (Wagner et
al., 1994; Foster et al., 1994), MSX2 (Jabs et al., 1993)
and Twist (El Ghouzzi et al., 1997; Howard et al., 1997);
and growth factors and their receptors, including the
fibroblast growth factor receptors (FGFRs) (Webster et al.,
1996). In this review we will focus on skeletal and cranial
malformation syndromes associated with mutations in
FGFRs.

F i g u r e 1 . T he FGFR family . The overall structure of
the four human FGFR family members is shown, together with
their chromosomal locations.

Fibroblast growth factors (FGFs) comprise a family of
structurally-related
heparin-binding
proteins
with
pleiotropic actions. For instance, they are able to stimulate
proliferation in certain cell types, and induce, inhibit or
maintain the differentiated phenotype of other cell types.
FGFs also exhibit potent neurotrophic and angiogenic
activities, and play key roles in embryogenesis (Johnson
and Williams, 1993). FGFs, in association with heparan
sulfate proteoglycans, bind with high affinity to the
extracellular domain of a family of four transmembrane
tyrosine kinases, FGFR1-FGFR4, shown schematically in
Figure 1.

ing ligand stimulation, it is still unclear exactly how the
signal from FGFR is transmitted to Ras (Mohammadi et
al., 1996a).
Recent studies suggest that tyrosine
phosphorylation of both FRS2 and Shc, causing
recruitment of the Ras activator complex, Grb2/Sos, to the
plasma membrane, links FGFR1 activation to the
Ras/MAPK pathway (Kouhara et al., 1997), although a
physical association of FGFRs with these proteins has not
been demonstrated. Ligand activation of FGFR1 also leads
to phosphorylation of and association with PLC-γ
(Mohammadi et al., 1991), although PLC-γ − dependent
phosphatidylinositol hydrolysis does not appear to be
required for
either
FGF-dependent
mitogenesis
(Mohammadi et al, 1992) or for differentiation (SpivakKroizman et al, 1994b; Muslin et al., 1994). There is
significant homology in the catalytic domains of all four
FGFRs, suggesting that they regulate many of the same
signaling pathways, although differences have been
observed in the strength of signals generated by activation
of the different receptors (Ornitz and Leder, 1992; Wang et
al., 1994).

This binding results in receptor homo- or
heterodimerization, leading to trans-phosphorylation and
activation of the intracellular kinase domains (SpivakKroizman et al., 1994a; Ullrich and Schlessinger, 1990).
The activated receptors can then phosphorylate substrate
molecules which transmit signals into the cell. Some of
the effectors involved in FGFR signaling have been
identified, and include components of the Ras/MAPK
pathway. In contrast to many other receptor tyrosine
kinases that directly interact with adaptor proteins follow-

The extracellular domains of the FGFRs are also
highly homologous, and are comprised of three
immunoglobulin-like (Ig-like) domains containing
characteristic cysteine residues, with an acidic region
between the first and second Ig domains. Alternative
splicing is common within the extracellular domain of
FGFRs, and forms of the receptors possessing only the
second and third Ig domains are recognized (Johnson et al.,
1991). FGFs bind to Ig-2 and Ig-3 and the linker region
between these two Ig domains, although it is the choice of

II. Fibroblast growth factor receptors:
signaling, ligand-binding, and expression
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exon (IIIb or IIIc) in the 3' half of the third Ig domain of
FGFR1-FGFR3 that is critical in determining the ligandbinding specificities of each receptor (Johnson and
Williams, 1993). Of the nine well-characterized FGFs,
only FGF-1 (aFGF) binds with high affinity to all receptor
isoforms, and certain FGF/FGFR interactions, such as
FGF-7 (KGF) with FGFR2b, are highly specific (Ornitz et
al., 1996).

Local application of several different FGFs can also
induce the formation of ectopic limb buds in the chick,
which develop into complete limbs with a normal skeletal
structure (Cohn et al., 1995).
Consistent with a key role for FGFs and FGFRs in
bone development, transgenic mice overexpressing FGF-2
exhibit a variety of skeletal malformations resembling
human chondrodysplasia syndromes, including shortening
and flattening of the long bones and macrocephaly (Coffin
et al., 1995). On the other hand, targeted disruption of the
murine FGFR3 gene results primarily in an expansion of
the zones of proliferating and hypertrophic chondrocytes at
the bone growth plates, resulting in enhanced growth of
the long bones and vertebrae (Deng et al. 1996; Colvin et
al. 1996).

The biological activities of the four FGFRs are
determined not only by their differences in signaling and
ligand-binding affinities, but also by their distinct spatial
and temporal expression patterns. For instance, FGFR1 is
expressed in the primitive
ectoderm of the
postimplantation embryo, and FGFR1-deficient embryos
die prior to gastrulation (Deng et al, 1994). During
organogenesis, FGFR1 is widely expressed throughout the
mesenchymal tissues, including the limb buds, whereas
FGFR2 is expressed in the surface ectoderm and epithelia
(Orr-Urtreger et al., 1991; Peters et al., 1992). The two
different isoforms of FGFR2, KGFR and bek, are
expressed in different layers of the developing skin, with
bek also highly expressed in bones of the vertebrae, limbs,
skull and ribs (Orr-Urtreger et al., 1993). Unlike FGFR1
or FGFR2, FGFR3 expression is less widespread in early
embryogenesis, and is restricted to the glial cells of the
brain, the differentiating hair cells of the cochlear duct, and
the cartilage of the vertebrae, skull and long bones (Peters
et al., 1993). FGFR4 expression is most apparent in the
endoderm of the developing gut, liver and lung, in skeletal
muscle, and in the endochondral cartilage of the ribs and
the olfactory and auditory regions (Stark et al., 1991).

IV. Mutations in FGFRs are associated
with human skeletal dysplasias
The initial clue that FGFRs are involved in human
cranial and skeletal disorders came from genetic linkage
studies. The gene for achondroplasia, the most prevelant
form of short-limb dwarfism, was mapped by several
groups to 4p16.3, a chromosomal region that includes the
FGFR3 gene (Le Merrer et al., 1994; Velinov et al.,
1994). A recurrent mutation in this gene was rapidly
confirmed in virtually all patients with achondroplasia
(Shiang et al., 1994; Rousseau et al, 1994). At about the
same time, certain autosomal dominant craniosynostosis
syndromes were mapped to the FGFR2 locus on 10q25
(Reardon et al., 1994; Jabs et al., 1994; Schell et al.,
1995), and to chromosome 8p11.2-p12, a region that
included the FGFR1 gene (Muenke et al., 1994). Various
mutations were identified in these candidate genes (see
below), suggesting that they were directly responsible for
the craniofacial and digital anomalies observed in these
syndromes.

III. Role of FGFs and FGFRs in bone
development
As noted above, all four receptors are expressed to
some extent in developing bone. Specifically, FGFR1,
FGFR2 and FGFR3 have overlapping expression patterns
in prebone cartilage rudiments, whereas in later stages of
bone formation, FGFR1 is expressed primarily in
osteoblasts and hypertrophic cartilage, FGFR2 is expressed
in the perichondrium/periostium and in the presumptive
bone marrow, and FGFR3 expression is confined to
resting cartilage (Peters et al., 1993). These observations
suggest that individual FGFRs play distinct and important
roles in skeletogenesis.

V. FGFR mutations in craniosynostosis
syndromes
The flat bones of the skull of the neonate are normally
discrete, enabling molding and overlap to occur during
compression in the birth canal as well as allowing the
skull to grow in parallel with the growth of the brain. The
fibrous sutures between these bones gradually interdigitate
and close with bony bridging, although complete fusion of
the cranial and facial sutures takes place over the lifetime
of the individual (Cohen, 1997). Craniosynostosis, a
relatively common birth defect, occurs as a result of
premature ossification and fusion of one or more of the
cranial sutures. Several related syndromic forms of
craniosynostosis have been identified, which all share
characteristic craniofacial features including abnormal head

FGFs are clearly intimately involved in bone and limb
development. They act as potent mitogens for
chondrocytes, yet they also inhibit chondrocyte terminal
differentiation (Kato and Iwamoto, 1990). Additionally,
FGFs have been shown to enhance extracellular matrix
formation by chondrocytes and to accelerate vascular
invasion and ossification of growth plate cartilage (Baron
et al., 1994).
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Figure 2. The
locations of point
mutations in FGFR1,
FGFR2 and FGFR3
giving rise to
craniosynostosis
syndromes.
Abbreviations: AB, acid
box; Ig, immunoglobulinlike domain; Kinase, split
tyrosine kinase domain; SP,
signal peptide; TM,
transmembrane domain. The
numbers indicate the amino
acid residue number at the
approximate boundaries of
each domain.

causing Pfeiffer syndrome when expressed in FGFR1
(Muenke et al. 1994), Apert syndrome when expressed in
FGFR2 (Wilkie et al. 1995b), and a non-syndromic
craniosynostosis when expressed in FGFR3 (Bellus et al.
1996; Muenke et al., 1997). Often, the identical mutation
results in clinically distinct disorders in different
individuals; for instance, substitutions at Cys342 in the
Ig3 domain of FGFR2 lead to Pfeiffer, Crouzon or
Jackson-Weiss syndromes (Wilkie et al., 1995a; Meyers et
al., 1996; Park et al., 1995; Reardon et al., 1994; Rutland
et al., 1995; Steinberger et al., 1995), although these
phenotypes usually breed true within families. It is also of
interest that substitutions leading to craniosynostosis are
found both in FGFR2 exon IIIa, in which case they are
expressed in both bek and KGFR forms of the receptor,
and also in exon IIIc, in which case they are exclusive to
the bek isoform, without apparent phenotypic differences.

shape, protruding eyes, and midface underdevelopment.
These syndromes can be distinguished by the pattern of
associated limb involvement. For instance, in Crouzon
syndrome there is no apparent malformation of the hands
or feet, whereas in Pfeiffer syndrome the thumbs and great
toes are broad and medially deviated, and in Apert
syndrome there is severe and symmetric fusion of the
bones of the hands and feet. Jackson-Weiss syndrome has a
high degree of phenotypic variability, but generally is
associated with anomalies of the feet (Cohen, 1986).
Craniosynostosis
syndromes
are
occasionally
associated with skin disorders. For instance, Crouzon
syndrome with acanthosis nigricans is a distinct syndrome
involving hypertrophy of the skin and hyperpigmentation
(Meyers et al., 1995). Beare-Stevenson cutis gyrata is an
often-lethal craniosynostosis disorder characterized by
furrowed skin, hyperpigmentation, and abnormalities of
the digits, the umbilical cord and the anogenital region
(Hall et al., 1992).

VI. FGFR mutations in dwarfism
syndromes

Surprisingly, given the distinct expression patterns of
the different FGFRs discussed previously, related
craniosynostosis syndromes have been mapped to point
mutations in FGFR1, FGFR2 and FGFR3. The mutations
found in FGFR-related craniosynostosis syndromes are
shown diagrammatically in F i g u r e 2 . For instance, a
Pro-Arg substitution in the linker region between Ig-like
domains 2 and 3 occurs in each of the three receptors,

Several related forms of short-limb dwarfism, including
achondroplasia, hypochondroplasia, and thanatophoric
dysplasia, have recently been linked to mutations in
different structural and functional domains of FGFR3
(Rousseau et al., 1994; Shiang et al., 1994; Superti-Furga
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Figure 3. The locations of point mutations in FGFR3 giving rise to dwarfism syndromes.
Numbers and symbols are as described in the legend to Fig. 2.

et al., 1995; Ikegawa et al., 1995; Tavormina et al.,
1995a,b; Rousseau et al., 1996; Rousseau et al., 1995).
The mutations found in FGFR3 in these dwarfism
syndromes are shown in Figure 3.

The underlying defect in each of these dwarfisms appears to
be varying degrees of disruption of the normal proliferation
and differentiation of chondrocytes at the epiphyseal plates
of the long bones.

Achondroplasia is characterized by disproportionate
shortening of the long bones, macrocephaly, spinal
curvature, and midface underdevelopment. Although
individuals with achondroplasia are of normal intelligence,
they often have delayed motor development and an
increased incidence of respiratory problems (Wynne-Davies
et al., 1985). This disorder, affecting about 1 in 26,000
individuals (Oberklaid et al., 1979), is usually sporadic,
but when familial is transmitted as an autosomal dominant
trait
with
complete
penetrance.
Homozygous
achondroplasia is usually lethal shortly after birth, due to
impaired development of the ribs resulting in early
respiratory failure. Thanatophoric dysplasia (TD) is a
severe disorder resembling homozygous achondroplasia,
and can generally be divided into two subclasses. TDI is
distinguished by the presence of femoral bowing, whereas
the femurs are straight in TDII. Furthermore, TDII is
invariably associated with cloverleaf skull (a form of
multiple suture craniosynostosis), whereas cloverleaf skull
occurs only occasionally in TDI individuals (Langer et al.,
1987). On the milder end of the spectrum of short-limb
dwarfisms, hypochondroplasia is quite similar to
achondroplasia except the skeletal abnormalities observed
are considerably less severe (Wynne-Davies et al., 1985).

The mutations responsible for all cases of
achondroplasia identified to date reside in the
transmembrane domain of FGFR3, and result in either a
Gly380Arg substitution (Rousseau et al., 1994; Shiang et
al., 1994), or, much more rarely, a Gly375Cys
substitution (Superti-Furga et al., 1995; Ikegawa et al.,
1995). In contrast, three distinct types of point mutations
give rise to TDI: mutations to Cys at the
extracellular/transmembrane domain junction (Tavormina
et al., 1995b; Rousseau et al., 1996); mutations to Cys in
the linker region between Ig-like domains 2 and 3
(Tavormina et al., 1995a,b); and mutations that allow readthrough of the stop codon (Rousseau et al. 1995). A
Gln540Lys substitution in the proximal portion of the
split tyrosine kinase domain is found in many patients
with hypochondroplasia (Bellus et al., 1995), and a
Lys650Glu mutation in the kinase activation loop is
responsible for all cases of thanatophoric dysplasia type II
identified to date (Tavormina et al., 1995b).
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Several of the mutations that arise in the extracellular
domain of FGFR2 and FGFR3 in bone development
disorders are caused by mutations that either destroy or
create Cys residues. For instance, in Crouzon and Pfeiffer
syndromes, mutations at each of the conserved Cys
residues at the base of the third Ig domain of FGFR2 have
been observed (Wilkie et al., 1995a; Meyers et al., 1996;
Oldridge et al., 1995; Reardon et al., 1994; Rutland et al.,
1995; Steinberger et al., 1995). Normally, these residues
are presumed to be involved in a disulfide bond, which
stabilizes the Ig domain structure, and disruption of this
bond appears to underlie constitutive activation of FGFR2
observed in Crouzon mutants (Galvin et al., 1996). In
Xenopus FGFR2, mutation of either of these Cys residues
results in FGF-independent signaling, as measured by
induction of mesoderm in animal pole explants (Neilson
and Friesel 1995; Neilson and Friesel 1996). Furthermore,
the mutant receptors form covalent homodimers, exhibit
increased tyrosine autophosphorylation, and are unable to
bind ligand. These data suggest that destruction of one of
the paired Cys residues not only disrupts normal folding of
the third Ig domain, but also mimics ligand binding by
constitutively dimerizing the receptor.

Figure 4. Focus formation assay of chimeric
FGFR3/Neu receptors containing TDI mutations.
Chimeric FGFR3/Neu constructs containing interlinker
region mutations were transiently transfected into NIH3T3
cells, which were subsequently scored for focus formation. (A)
mock-transfected cells (nontransformed); (B) wild type
FGFR3; (C) R248A; (D) R248C; (E) S249C; (F) activated Neu
containing the mutation V664E as a positive control.

There are numerous examples of mutations within the
third Ig domain of FGFR2 that cause craniosynostosis
syndromes yet do not directly alter Cys residues. Some of
these mutations, including Trp290Gly and Thr341Pro,
involve residues that are predicted to play an important
structural role in the correct folding of the Ig domain .
These mutations were also demonstrated to result in
ligand-independent FGFR2 activation and receptor
dimerization (S. C. Robertson and D. J. Donoghue,
unpublished data), presumably by destabilizing the
disulfide-bond that normally forms within the third Ig
domain, instead allowing disulfide bond formation to occur
between receptor monomers.

VII. Constitutive FGFR activation
underlies both craniosynostosis and
dwarfism syndromes
Many different mutations in FGFR1, FGFR2 and
FGFR3 have been identified in craniosynostosis and
dwarfism syndromes, and it was initially unclear whether
these mutations resulted in loss of receptor function (either
through dominant negative effects or through loss of
ligand binding capacity), alteration of receptor localization
(perhaps due to misfolding), or enhanced signaling
capacity. Evidence has recently been accumulating that
suggests that each of these mutations leads to constitutive
activation of receptor signaling, although by different
mechanisms, and that this may explain, at least in part,
the similar biological consequences of such different
FGFR mutations. The effects of mutations in the
extracellular, transmembrane and kinase domains of
FGFRs will be discussed separately in this review.

Mutations in the conserved Arg-Ser-Pro tripeptide in
the Ig2-Ig3 linker region of FGFR1, FGFR2 and FGFR3
have also been observed in craniosynostosis and dwarfism
syndromes (see Figures 2 and 3). Some of these
mutations have been examined in the context of chimeric
receptors, where the extracellular domain is derived from
FGFR and the intracellular domain is derived from the
proto-oncogene Neu. In these constructs, signaling
through the Neu tyrosine kinase is used as reporter for
receptor activation, and results in the formation of
transformed foci in NIH 3T3 fibroblasts, which can be
easily scored. TDI mutations that create unpaired Cys
residues in the Ig2-Ig3 linker region of FGFR3, including
Arg248Cys and Ser249Cys, have been engineered in
FGFR3-Neu chimeric receptors and shown to cause ligandindependent signaling through the Neu tyrosine kinase

VIII. Extracellular domain mutations
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F i g u r e 5 . Ligand
independent
dimerization of TDI
mutants of FGFR3.
Lysates from [35S]labeled cells were
immunoprecipitated and
electrophoresed under
nonreducing and reducing
conditions through SDSPAGE gradient gels.
Proteins were transferred
to nitrocellulose and
immunoblotted using
FGFR3 antiserum. (Top)
Non-reducing gel. The
positions of dimeric and
monomeric forms of
FGFR3 are indicated.
(Bottom) Reducing gel.
Monomeric FGFR3 is
shown, indicating
equivalent expression of
all constructs.

(d'Avis et al., 1997). Figure 4 presents a typical
transformation assay of chimeric FGFR3/Neu receptors
carrying TDI mutations. When examined in the context of
full-length FGFR3, mutations such as the TDI mutations
Arg248Cys and Ser249Cys also lead to constitutive
receptor dimerization, which can be readily observed by
SDS-PAGE under non-reducing gel conditions, as shown
in Figure 5. A control mutation, Arg248Ala, does not
cause receptor activation or dimerization, implying that it
is the introduction of a novel disulfide bond, as opposed to
an alteration of the structure in this region, that is
responsible for TDI. The consequences of other interlinker
mutations to non-Cys residues in craniosynostosis
disorders are still unknown. However, in contrast to Ig3
domain mutations, Ig2-Ig3 linker domain mutations
apparently do not abolish FGF binding (Neilson and
Friesel, 1996; Naski et al., 1996).
Perhaps these
mutations affect the sensitivity or specificity of the
receptor to small amounts of ligand, which could also play
a role in their abnormal regulation in vivo.

The introduction of an Arg residue into the normally
hydrophobic transmembrane domain of FGFR3 has been
shown to be responsible for the vast majority of cases of
achondroplasia (Rousseau et al., 1994; Shiang et al.,
1994). Interestingly, this Gly380Arg mutation is in an
analogous position to the Val664Glu mutation that
activates the proto-oncogene Neu (Bargmann et al., 1986).
F i g u r e 6 presents an alignment of the transmembrane
domain sequences of FGFR3 and Neu, showing the
location of activating mutations. Activation of Neu has
been proposed to involve stabilization of the receptor in a
dimeric conformation due to hydrogen bond formation,
leading to elevated receptor tyrosine kinase activity and
cellular transformation (Sternberg and Gullick 1989). It
was demonstrated that the achondroplasia mutation has
similar functional consequences, as evidenced by the fact
that substitution of the transmembrane domain of Neu
with the transmembrane domain of mutant human FGFR3
causes ligand-independent signaling through Neu (Webster
and Donoghue, 1996). Consistent with this model, resi-

IX. Transmembrane and extracellular
juxtamembrane domain mutations
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F i g u r e 6 . A c t i v a t i n g m u t a t i o n s i n t h e F G F R 3 t r a n s m e m b r a n e d o m a i n . An alignment of the transmembrane
domains (gray) of rat Neu and human FGFR3 is presented, showing the location of activating mutations. The mutation in the Neu
oncogene (associated with rat neuroglioblastoma) is shown in black. The mutations in FGFR3 giving rise to thanatophoric
dysplasia type I are shown in blue, achondroplasia in red, and Crouzon syndrome with acanthosis nigricans in green.

Figure 7.
Oncoproteins and
receptors activated by
mutations in the
transmembrane
domain. Amino acids are
shown that allow activation
of p185c-neu when
substituted at residue 664,
activation of BPV-E5 when
substituted at residue 17,
and activation of FGFR3
when substituted at residue
380. Those substitutions
that allow activation in
these three different
systems share the property
that they are strongly
polar, in an otherwise
hydrophobic membrane
environment, and thus
share the ability to
participate in hydrogen
bond formation that may
stabilize dimer formation.
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dues with side chains capable of participating in hydrogen
bond formation, but not hydrophobic residues, also
activated the chimeric receptor at this position.
Additionally, the Gly380Arg mutation activated ligandindependent kinase activity of full-length FGFR3 (Naski et
al., 1996; Webster and Donoghue, 1996). Figure 7
presents the mutations that occur within the
transmembrane domain of three different oncoproteins or
receptors which can result in activation (Chen et al.,
1997). The activating mutations in these cases are all polar
residues capable of participating in hydrogen bond
formation to stabilize receptor dimers.
A dramatically different phenotype, Crouzon syndrome
with the associated skin disorder, acanthosis nigricans,
results from a Ala391Glu substitution just 11 residues
away from the site of the principal achondroplasia
mutation in the transmembrane domain of FGFR3
(Meyers et al., 1995) We have observed that this mutation
is also activating in the context of the chimeric system
described above (Chen et al., 1997), presumably by
stabilization of dimers due to hydrogen bonding. It will be
of interest, however, to determine whether this mutant
FGFR3 in some way affects signaling through FGFR2, as
the phenotype of this disorder is much more characteristic
of craniosynostosis syndromes resulting from FGFR2
mutations than of dwarfism syndromes typically arising
from FGFR3 mutations.

F i g u r e 8 . I n v i t r o k i n a s e a c t i v i t y o f FGFR3
mutants causing achondroplasia and TDII.
The TDII mutant FGFR3 is constitutively active as a
tyrosine kinase. NIH3T3 cells transiently expressing either a
vector control (Mock), wild-type FGFR3, the Gly380Arg
mutant causing achondroplasia, or the Lys650Glu mutant
causing were lysed and immunoprecipitated with FGFR3
antiserum. (Left) Immunoblot of immunoprecipitates with
FGFR3 antiserum followed by horseradish peroxidaseconjugated secondary antiserum and ECL development,
showing comparable levels of receptor expression. (Right)
Autophosphorylation assay.
Immunoprecipitates were
subjected to in vitro kinase reactions in the presence of γ[32 P]ATP, and analyzed by SDS-PAGE and autoradiography. Cells
expressing the TDII mutant receptor construct exhibited
significantly increased autophosphorylation relative to the
achondroplasia mutant.

A number of mutations resulting in the creation of
Cys residues at the junction of the extracellular and
transmembrane domains of FGFR3 warrant mention.
Substitution by Cys at residues 370, 371 and 373 of
FGFR3 has been observed in the lethal dysplasia, TDI,
whereas a Gly375Cys mutation, just two residues away, is
found in rare instances of achondroplasia. It has recently
been demonstrated that these juxtamembrane TDI
mutations result in the formation of stable, disulfide-linked
receptor dimers and induce high levels of expression of a cfos-luciferase reporter construct (d'Avis et al., 1997). In
contrast, it is possible that the milder achondroplasia
mutation, occurring more deeply within the lipid bilayer of
the cell, might result in the formation of weaker dimers
and thus less pronounced signaling through FGFR3.
Indeed, in a chimeric system involving the extracellular
domain of the platelet-derived growth factor receptor, and
the transmembrane and intracellular domains from the
Gly375Cys mutant FGFR3, these receptors did not signal
in a ligand-independent fashion, although they were
responded more rapidly and robustly to ligand (Thompson
et al., 1997).

involve the point mutation, Lys650Glu, in the activation
loop of the FGFR3 kinase domain. Several groups have
demonstrated that expression of this mutant receptor in
mammalian cells leads to strong, constitutive activation of
the tyrosine kinase activity of the receptor (Naski et al.,
1996; Webster et al., 1996), to a much greater extent than
seen for the achondroplasia mutation, suggesting that there
may be a correlation between the degree of receptor
activation in vitro and the clinical severity of the
phenotype. Figure 8 presents an in vitro kinase assay of
immunoprecipitated FGFR3 receptors, showing modest
activation for the achondroplasia mutant compared with
profound activation for the TDII mutant receptors.

X. Kinase domain mutations
As opposed to TDI, where a variety of mutations occur
in the extracellular domain of FGFR3, all cases of TDII
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Figure 9. Model for the
effect of point mutations
on FGFR function.
(a) Normal ligand-dependent
activation leads to regulated
signals for proliferation and
differentiation of bones. (b , c ,
d) Certain extracellular domain
mutations activate the receptors
through the formation of aberrant
disulfide bonds, indicated by S-S,
leading to constitutive
dimerization. Transmembrane
domain mutations result in
hydrogen (H)-bonded FGFR
dimers. Mutations in the
activation loop of the kinase
domain result in conformational
changes that activate receptor
tyrosine kinase activity.
Constitutive signaling through
inappropriately activated FGFRs
results in premature maturation of
the bones of the skeleton and
cranium.

XI. Relevance of FGFR mutations in
skeletal disorders to human cancers

Substitutions at position 650 and at neighboring positions
indicate that the Lys650Glu mutation mimics the
activating conformational changes that normally
accompany autophosphorylation at conserved Tyr residues
within the activation loop (Webster et al., 1996).
Recently, a second mutation at this residue, Lys650Met,
has been identified in Skeletal-Skin-Brain Dysplasia
(SSBD) (Tavormina et al., 1997), a severe disturbance in
endochondral bone growth and neural and skin
development. Despite the involvement of the same residue
as that mutated in TDII, and similarly high levels of in
vitro receptor activation (Tavormina et al., 1997), there is
no observed cloverleaf skull in SSBD, and usually this
disorder is not lethal.

Although patients with skeletal dysplasias caused by
activating FGFR germ-line mutations do not have an
apparent increase in tumor frequency, enhanced signaling
through FGFRs has been implicated in tumor progression.
For instance, amplification or ectopic expression of genes
encoding FGFs and FGFRs has been found in neoplastic
cells (Adnane et al., 1991; Hattori et al., 1990; Kobrin et
al., 1993; Yamanaka et al., 1993; MacArthur et al., 1995;
Delli Bovi et al., 1987; Goldfarb et al., 1991; Marics et
al., 1989), and overexpression of FGFs results in
morphological transformation of cells co-expressing
FGFRs in vitro. (MacArthur et al., 1995; Delli Bovi et
al., 1987; Goldfarb et al., 1991; Marics et al., 1989).
Interestingly, some of the identical activating mutations as
those found in the severe skeletal dysplasias TDI, TDII and
SSBD have recently been identified in human multiple
myeloma (Chesi et al., 1997). In these tumors and cell
lines, a translocation leading to the juxtaposition of
FGFR3 near the IgH switch region was observed, resulting
in the selective overexpression of the mutant FGFR3
allele. We have recently confirmed that a highly activated
kinase-domain derivative of FGFR3 (Lys650Glu) can
transform NIH3T3 fibroblasts, suggesting a causative role
for activated FGFR3 in the development of certain cancers
(Webster and Donoghue, 1997).

A mutation that results in the substitution Asn540Lys
in the kinase domain of FGFR3 causes a mild form of
dwarfism, hypochondroplasia (Bellus et al., 1995). The
prediction would be that this mutation is also able to
activate the receptor in a ligand-independent fashion, but
probably to a lesser degree than other activating mutations,
based on the relative severities of the associated skeletal
disorders. The crystal structure of the tyrosine kinase
domain of FGFR1 in the inactive conformation was
recently solved, which suggested that Asn540 is normally
hydrogen bonded to His535 (Mohammadi et al., 1996b).
Disruption of this bond would thus be predicted to
stabilize the active conformation of the receptor.
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Why, then, do activating germ-line mutations in
FGFR3 cause defects in skeletal, cranial and skin
development, rather than cancers? Perhaps in these affected
tissues, FGFR3 activation is coupled to signaling
pathways leading to differentiation or growth arrest, rather
than proliferation. For instance, constitutive activation of
STAT1 and elevated expression of the cell cycle inhibitor
p21 WAF1/CIP1 has been observed in cartilage cells from
a TDII fetus but not a normal fetus (Su et al., 1997). In
other cells from TDII patients, such as fibroblast and
lymphoid cells where FGFR3 signaling may be coupled to
mitogenesis, the level of expression of the receptor may
not be sufficient to stimulate the unregulated proliferation
necessary for tumor development, consistent with our
observation that only greatly enhanced levels of signaling
result in morphological transformation of cells (Webster
and Donoghue, 1997).

heterodimerization partners, and downstream effectors
might ultimately determine the severity of the phenotype
and the precise tissues affected.
Finally, studies described here imply a normal role for
FGFRs in restraining premature maturation at the growth
plates of long bones and at the sutures of the skull. It is as
yet unknown at which of the highly regulated steps of
proliferation and differentiation constitutive FGFR
activation acts to disrupt normal bone maturation. It will
be very useful to develop transgenic mice expressing
mutant FGFR proteins to help define the normal roles of
FGFRs in skeletal and cranial development. Such in vivo
systems will allow the examination of developmental
changes specifically due to mutant receptors, in the context
of the normal complement of heterologous FGFRs,
ligands, and effectors, which is a limitation in the
interpretation of data from current in vitro assay systems.
As opposed to certain genetic skeletal disorders which
appear to be due to loss-of-function mutations, such as
Saethre-Chotzen syndrome (El Ghouzzi et al., 1997;
Howard et al., 1997) and campomelic dysplasia (Wagner et
al., 1994; Foster et al., 1994), the craniosynostosis and
dwarfism syndromes discussed in this review are due, at
least in part, to gain-of-function mutations in FGFRs. As
such, gene replacement therapy is not expected to be of
consequence in the treatment of these disorders in the
foreseeable future. Nonetheless, an ability to correlate
specific FGFR mutations with particular phenotypic
consequences, arising from research described in this
review, is already proving useful for diagnostic and genetic
counseling purposes.

XII. Perspectives and future directions
The recognition that constitutive FGFR activation
appears to underlie many human dwarfism and
craniosynostosis disorders is an important first step in
understanding the role of FGFRs in normal human
development. As described above, this activation may
occur by a number of distinct mechanisms, depending on
which structural domain of the receptor is involved. These
different mechanisms are shown schematically in Figure
9.
A number of important questions remain, however, and
addressing these questions will provide exciting challenges
to molecular and developmental biologists for many years
to come. For instance, it is unclear how phenotypically
similar craniosynostosis syndromes can arise from
mutations encoding three different FGFRs (and splice
variants thereof), with different spatial and temporal
patterns of expression. This observation implies a certain
overlap in function of FGFR1, FGFR2 and FGFR3 during
development, and might additionally suggest an ability of
one receptor to affect signaling through a heterologous
receptor. In fact, one study suggests that mutant FGFR
alleles may also function in a dosage-dependent dominantnegative fashion to inactivate ligand-dependent signaling
from wild-type FGFR alleles (Nguyen et al., 1997).

Acknowledgements
We thank Laura Castrejon for excellent editorial
assistance and all lab members for their many valuable
comments and suggestions concerning experimental design
and preparation of this manuscript. This work was
supported by grant DE 12581 from the National Institutes
of Health.

References
Adnane J Gaudray P Dionne CA Crumley G Jayer M
Schlessinger J Jeanteur P Birnbaum D and Theillet C
(1 9 9 1 ) BEK and FLG, two receptors to members of the
FGF family, are amplified in subsets of human breast
cancers. O n c o g e n e 6, 659-663.

Constitutive activation as a result of FGFR mutations
can also not fully explain why substitutions at
neighboring or identical residues within the same receptor
result in clinically distinct syndromes. The heterogeneity
of phenotypes observed in different individuals with
similar mutations probably reflects, to some extent, the
absolute degree of receptor signaling, but additionally
suggests that other genes are involved that modulate the
effects of mutated FGFRs. In particular, subtle differences
between individuals in expression of ligands, other FGFR

Bargmann CI Hung M-C and Weinberg RA (1 9 8 6 ) Multiple
independent activations of the neu oncogene by a point
mutation altering the transmembrane domain of p185.
C e l l 45, 649-657.
Baron J Klein KO Yanovski JA Novosad JA Bacher JD
Bolander ME and Cutler GB (1 9 9 4 ) Induction of growth

375

Webster and Donoghue: FGFR Activation in Developmental Syndromes
plate cartilage ossification by basic fibroblast growth
factor. E n d o c r i n o l o g y 135, 2790-2793.

Deng C-X Wynshaw-Boris A Shen MM Daugherty C Ornitz
DM and Leder P (1 9 9 4 ) Murine FGFR-1 is required for
early postimplantation growth and axial organization.
G e n e s D e v . 8, 3045-3057.

Bellus GA Gaudenz K Zackai EH Clarke LA Szabo J
Francomano CA and Muenke M (1 9 9 6 ) Identical
mutations in three different fibroblast growth factor
receptor genes in autosomal dominant craniosynostosis
syndromes. Nat. Genet. 14, 174-176.

El Ghouzzi V Le Merrer M Perrin-Schmitt F Lajeunie E Benit
PP Renier D Bourgeois P Bolcato-Bellemin AL Munnich A
and Bonaventure J (1 9 9 7 ) Mutations of the TWIST gene
in the Saethre-Chotzen syndrome. Nature G e n e t . 15,
42-46.

Bellus GA McIntosh I Smith EA Aylsworth AS Kaitila I
Horton WA Greenhaw GA Hecht JT and Francomano CA
(1 9 9 5 ) A recurrent mutation in the tyrosine kinase
domain of fibroblast growth factor receptor 3 causes
hypochondroplasia. Nature Genet. 10, 357-359.

Foster JW Dominguez-Steglich MA Guioli S Kowk G Weller
PA Stevanovic M Weissenbach J Mansour S Young ID and
Goodfellow PN (1 9 9 4 ) Campomelic dysplasia and
autosomal sex reversal caused by mutations in an SRYrelated gene. Nature 372, 525-530.

Chen LI Webster MK Meyer AN and Donoghue DJ (1 9 9 7 )
Transmembrane domain sequence requirements for
activation of the p185c-neu receptor tyrosine kinase . J .
C e l l . B i o l . 137, 619-631.

Galvin BD Hart KC Meyer AN Webster MK and Donoghue DJ
(1 9 9 6 ) Constitutive receptor activation by Crouzon
syndrome mutations in fibroblast growth factor receptor
(FGFR) 2 and FGFR2/Neu chimeras. P r o c . N a t l . A c a d .
S c i . U S A 93, 7894-7899.

Chesi M Nardini E Brents LA Schrock E Ried T Kuehl WM and
Bergsagel PL (1 9 9 7 ) Frequent translocation t(4:14)(p163;q32-3) in multiple myeloma: association with increased
expression and activating mutations of fibroblast growth
factor receptor 3. Nature Genetics 16, 260-264.

Gilbert SF ( 1 9 9 4 ) D e v e l o p m e n t a l B i o l o g y , 4th edition,
Sinauer
Associates
Publishers,
(Sunderland,
Massachusetts), pp. 323-370.

Coffin JD Florkiewicz RZ Neumann J Mort-Hopkins T Dorn
GW Lightfoot P German R Howles PN Kier A O'Toole BA
Sasse J Gonzalez AM Baird A and Doetschman T (1 9 9 5 )
Abnormal bone growth and selective translational
regulation in basic fibroblast growth factor (FGF-2)
transgenic mice. M o l . B i o l . C e l l 6, 1861-1873.

Goldfarb M Deed R Macallan D Walther W Dickson C and
Peters G (1 9 9 1 ) Cell transformation by Int-2; a member
of the fibroblast growth factor family. O n c o g e n e 6, 6571.
Hall JM Friedman L Guenther C Lee MK Weber JL Black DM
and King MC (1 9 9 2 ) Closing in on a breast cancer gene
on chromosome 17q. Am. J. Human G e n e t . 50, 12351242.

Cohen M (1 9 8 6 ) Syndromes with craniosynostosis In:
C r a n i o s y n o s t o s i s D i a g n o s i s , E v a l u a t i o n , and
Management, Michael Cohen, editor, Raven Press,
(New York), pp. 413-590.

Hattori Y Odagiri H Nakatani H Miyagawa K Naito K
Sakamoto H Katoh O Yoshida T Sugimura T and Terada M
(1 9 9 0 ) K-sam, an amplified gene in stomach cancer is a
member of the heparin-binding growth factor receptor
genes. P r o c . N a t l . A c a d . S c i . U S A 87, 5983-5987.

Cohen MM (1 9 9 7 ) Transforming growth factor beta s and
fibroblast growth factors and their receptors: role in
sutural biology and craniosynostosis. J . B o n e M i n e r a l
R e s . 12, 322-331.
Cohn MJ Izpisua-Belmonte JC Abud H Heath JK and Tickle C
(1 9 9 5 ) Fibroblast growth factors induce additional limb
development from the flank of chick embryos. C e l l 80,
739-746.

Howard TD Paznekas WA Green ED Chiang LC Ma N Ortiz de
Luna RI Garcia-Delgado C Gonzalez-Ramos M Kline AD
and Jabs EW (1 9 9 7 ) Mutations in TWIST, a basic helixloop-helix transcription factor in Saethre-Chotzen
syndrome. Nature Genet. 15, 36-41.

Colvin JS Bohne BA Harding GW McEwen DG and Ornitz DM
(1 9 9 6 ) Skeletal overgrowth and deafness in mice lacking
fibroblast growth factor receptor 3. N a t . G e n e t . 12,
390-397.

Ikegawa S Fukushima Y Isomura M Takada F and Nakamura Y
(1 9 9 5 ) Mutations of the fibroblast growth factor
receptor-3 gene in one familial and six sporadic cases of
achondroplasia in Japanese patients. H u m a n G e n e t i c s
96, 309-311.

D'Avis PY Robertson SC Meyer AN Bardwell WM Webster MK
and Donoghue DJ (1 9 9 7 ) Constitutive Activation of
Fibroblast Growth Factor Receptor 3 (FGFR3) by
Mutations Responsible for the Lethal Skeletal Dysplasia,
Thanatophoric Dysplasia Type I. Submitted.

Jabs EW Li X Scott AF Meyers G Chen W Eccles M Mao J
Charnas LR Jackson CE and Jaye M (1 9 9 4 ) JacksonWeiss and Crouzon syndromes are allelic with mutations
in fibroblast growth factor receptor 2. Nature Genet. 8,
275-279.

Delli Bovi P Curatola AM Kern FG Greco A Ittmann M and
Basilico C (1 9 8 7 ) An oncogene isolated by transfection
of Kaposi's sarcoma DNA encodes a growth factor that is a
member of the FGF family. C e l l 50, 729-737.

Jabs EW Muller U Li X Ma L Luo W Haworth IS Klisak I
Sparkes R Warman ML and Mulliken JB (1 9 9 3 ) A
mutation in the homeodomain of the human MSX2 gene in
a
family
affected
with
autosomal
dominant
craniosynostosis. C e l l 75, 443-450.

Deng C Wynshaw-Boris A Zhou F Kuo A and Leder P (1 9 9 6 )
Fibroblast growth factor receptor 3 is a negative regulator
of bone growth. C e l l 84, 911-921.

376

Gene Therapy and Molecular Biology Vol 1, page 377
Johnson DE Lu J Chen H Werner S and Williams LT (1 9 9 1 )
The human fibroblast growth factor receptor genes: a
common structural arrangement underlies the mechanisms
for generating receptor forms that differ in their third
immunoglobulin domain. M o l . C e l l . B i o l . 11, 46274634.

Mohammadi M Dionne CA Li W Li N Spivak T Honegger AM
Jaye M and Schlessinger J (1 9 9 2 ) Point mutation in FGF
receptor eliminates phosphatidylinositol hydrolysis
without affecting mitogenesis. Nature 358, 681-684.
Mohammadi M Honegger AM Rotin D Fischer R Bellot F Li W
Dionne CA Jaye M Rubinstein M and Schlessinger J
(1 9 9 1 ) A tyrosine-phosphorylated carboxy-terminal
peptide of the fibroblast growth factor receptor (Flg) is a
binding site for the SH2 domain of phospholipase Cgamma 1. M o l . C e l l . B i o l . 11, 5068-5078.

Johnson DE and Williams LT (1 9 9 3 ) Structural and functional
diversity in the FGF receptor multigene family. A d v .
Cancer Res. 60, 1-41.
Kato Y and Iwamoto M (1 9 9 0 ) Fibroblast growth factor is an
inhibitor of chondrocyte terminal differentiation. J .
B i o l . C h e m . 265, 5903-5905.

Mohammadi M Schlessinger M and Hubbard SR (1 9 9 6 b )
Structure of the FGF receptor tyrosine kinase domain
reveals a novel autoinhibitory mechanism. C e l l 86, 577587.

Kobrin MS Yamanaka Y Friess H Lopez ME and Korc M
(1 9 9 3 ) Aberrant expression of type I fibroblast growth
factor receptor in human pancreatci adenocarcinomas.
Cancer Res. 53, 4741-4744.

Muenke M Gripp KW McDonald-McGinn DM Gaudenz K
Whitaker LA Bartlett SP Markowitz RI Robin NH
Nwokoro N and Mulvihill JJ (1 9 9 7 ) A unique point
mutation in the fibroblast growth factor receptor 3 gene
(FGFR3) defines a new craniosynostosis syndrome. A m .
J. Hum. Genet. 60, 555-564.

Kouhara H Hadari YR Spivak-Kroizman T Schilling J Bar-Sagi
D Lax I and Schlessinger J (1 9 9 7 ) A lipid-anchored Grb2binding protein that links FGF-receptor activation to the
ras/MAPK signaling pathway. C e l l 89, 693-702.

Muenke M Schell U Hehf A Robin NH Losken HW Schinzel A
Pulleyn LJ Rutland P Reardon W Malcolm S and Winter
RM (1 9 9 4 ) A common mutation in the fibroblast growth
factor receptor 1 gene in Pfeiffer syndrome. Nature
G e n e t . 8, 269-274.

Langer LO Yang SS Hall JG Sommer A Kottamasu SR Golabi
M and Krassikoff N (1 9 8 7 ) Thanatophoric dysplasia and
cloverleaf skull. A m . J . M e d . G e n e t . S u p p l e m e n t
3, 167-179.
Le Merrer M Rousseau F Legeai-Mallet L Landais JC Pelet A
Bonaventure J Sanak M Weissenbach J Stoll C and
Munnich A (1 9 9 4 ) A gene for achondroplasiahypochondroplasia maps to chromosome 4p. Nature
G e n e t . 6, 318-321.

Mundlos S and Olsen BR (1 9 9 7 a ) Heritable diseases of the
skeleton, Part I: Molecular insights into skeletal
development-transcription
factors
and
signaling
pathways. F a s e b J . 11, 125-132.

MacArthur CA Lawshe A Shankar DB Heikinheimo M and
Shackleford GM (1 9 9 5 ) FGF-8 isoforms differ in NIH3T3
cell transforming potential. C e l l G r o w t h D i f f . 6, 817825.

Mundlos S and Olsen BR (1 9 9 7 b ) Heritable diseases of the
skeleton, Part II: Molecular insights into skeletal
development-matrix components and their homeostasis.
F a s e b J . 11, 227-233.

Marics L Adelaide J Raybaud F Mattei MG Coulier F Planche J
de Lapeyriere O and Birnbaum D (1 9 8 9 ) Characterization
of the HST-related FGF6 gene, a new member of the
fibroblast growth factor gene family. O n c o g e n e 4, 335340.

Muslin AJ Peters KG and Williams LT (1 9 9 4 ) Direct
activation of phospholipase C-gamma by fibroblast
growth factor receptor is not required for mesoderm
induction in Xenopus animal caps. M o l . C e l l . B i o l .
14, 3006-3012.

Meyers GA Day D Goldberg R Daentl DL Przylepa KA Abrams
LJ Graham JM Feingold M Moeschler JB Rawnsley E
Scott AF and Jabs EW (1 9 9 6 ) FGFR2 exon IIIa and IIIc
mutations in Crouzon, Jackson-Weiss, and Pfeiffer
syndromes: evidence for missense changes, insertions and
a deletion due to alternative RNA splicing. A m . J . H u m .
G e n e t . 58, 491-498.

Naski MC Wang Q Xu J and Ornitz DM (1 9 9 6 ) Graded
activation of fibroblast growth factor receptor 3 by
mutations causing achondroplasia and thanatophoric
dysplasia. N a t . G e n e t . 13, 233-237.
Neilson KM and Friesel R (1 9 9 6 ) Ligand-independent
activation of fibroblast growth factor receptors by point
mutations in the extracellular, transmembrane, and kinase
domains. J . B i o l . C h e m . 271, 25049-25057.

Meyers GA Orlow SJ Munro IR Przylepa KA and Jabs EW
(1 9 9 5 ) Fibroblast growth factor receptor 3 (FGFR3)
transmembrane mutation in Crouzon syndrome with
acanthosis nigricans. Nature Genet. 11, 462-464.

Neilson KM and Friesel RE (1 9 9 5 ) Constitutive activation of
fibroblast growth factor receptor-2 by a point mutation
associated with Crouzon Syndrome. J . B i o l . C h e m .
270, 26037-26040.

Mohammadi M Dikic I Sorokin A Burgess WH Jaye M and
Schlessinger J (1 9 9 6 a ) Identification of six novel
autophosphorylation sites on fibroblast growth factor
receptor 1 and elucidation of their importance in receptor
activation and signal transduction. M o l . C e l l . B i o l .
16, 977-989.

Nguyen HB Estacion M and Gargus JJ (1 9 9 7 ) Mutations
causing achondroplasia and thanatophoric dysplasia alter
bFGF-induced calcium signals in human diploid
fibroblasts. H u m . M o l . G e n . 6, 681-688.

377

Webster and Donoghue: FGFR Activation in Developmental Syndromes
Oberklaid F Danks DM Jensen F Stace L and Rosshandler S
(1 9 7 9 ) Achondroplasia and hypochondroplasia. J .
Med. Genet. 16, 140-146.

thanatophoric dwarfism type 1 (TD1). H u m . M o l . G e n .
5, 509-512.
Rousseau F Saugier P Le Merrer M Munnich A Delezoide A-L
Maroteaux P Bonaventure J Narcy F and Sanak M (1 9 9 5 )
Stop codon FGFR3 mutations in thanatophoric dwarfism
type 1. Nature Genet. 10, 11-12.

Oldridge M Wilkie AOM Slaney SF Poole MD Pulleyn LJ
Turland P Hockley AD Wake MJC Goldin JH Winter RM
Rardon W and Malcolm S (1 9 9 5 ) Mutations in the third
immunoglobulin domain of the fibroblast growth factor
receptor-2 gene in Crouzon syndrome. Hum. M o l .
G e n e t . 4, 1077-1082.

Rutland P Pulleyn LJ Reardon W Baraitser M Hayward R
Malcolm S Winter RM Oldridge M Slaney SF Poole MD
and Wilkie AOM (1 9 9 5 ) Identical mutations in the
FGFR2 gene cause both Pfeiffer and Crouzon syndrome
phenotypes. Nature Genet. 9, 173-176.

Ornitz DM and Leder P (1 9 9 2 ) Ligand specificity and heparin
dependence of fibroblast growth factor receptors 1 and 3.
J . B i o l . C h e m . 267, 16305-16311.
Ornitz DM Xu J Colvin JS McEwen DG MacArthur CA Coulier
F and Gao G (1 9 9 6 ) Receptor specificity of the fibroblast
growth factor family. J . B i o l . C h e m . 271, 1529215297.

Schell U Hehr A Feldman GJ Robin NH Zackai EH de DieSmulders C Viskochil DH Stewart JM Wolff G Ohashi H
Price RA Cohen MM and Muenke M (1 9 9 5 ) Mutations in
FGFR1 and FGFR2 cause familial and sporadic Pfeiffer
syndrome. H u m . M o l . G e n . 4, 323-328.

Orr-Urtreger A Bedford MT Burakova T Arman E Zimmer Y
Yayon A Givol D and Lonai P (1 9 9 3 ) Developmental
localization of the splicing alternatives of fibroblast
growth factor receptor-2 (FGFR2). D e v . B i o l . 158,
475-486.

Shiang R Thompson LM Zhu Y-Z Church DM Feilder TJ
Bocian M Winokur ST and Wasmuth JJ (1 9 9 4 ) Mutations
in the transmembrane domain of FGFR3 cause the most
common genetic form of dwarfism, achondroplasia. C e l l
78, 335-342.

Orr-Urtreger A Givol D Yayon A Yarden Y and Lonai P (1 9 9 1 )
Developmental expression of two murine fibroblast
growth factor receptors, flg and bek. D e v e l o p m e n t
113, 1419-1434.

Spivak-Kroizman T Lemmon MA Dikic I Ladbury JE Pinchasi
D Huang J Jaye M Crumley G Schlessinger J and Lax I
(1 9 9 4 a ) Heparin-induced oligomerization of FGF
molecules is responsible for FGF receptor dimerization,
activation, and cell proliferation. C e l l 79, 1015-1024.

Park W-J Meyers GA Li X Theda C Day D Orlow SJ Jones MC
and Jabs EW (1 9 9 5 ) Novel FGFR2 mutations in Crouzon
and Jackson-Weiss syndromes show allelic heterogeneity
and phenotypic variability. H u m . M o l . G e n . 4, 12291233.

Spivak-Kroizman T Mohammadi M Hu P Jaye M Schlessinger
J and Lax I (1 9 9 4 b ) Point mutation in the fibroblast
growth factor receptor eliminates phosphatidylinositol
hydrolysis without affecting neuronal differentiation of
PC12 cells. J . B i o l . C h e m . 269, 14419-14423.

Peters K Ornitz D Werner S and Williams L (1 9 9 3 ) Unique
expression pattern of the FGF receptor 3 gene during
mouse organogensis. D e v . B i o l . 155, 423-430.

Spranger J (1 9 9 2 ) International classification of
osteochondrodysplasias:
The
International
Working Group on Constitutional Diseases of
Bone. Eur. J. Ped. 151, 407-415.

Peters KG Werner S Chen G and Williams LT (1 9 9 2 ) Two FGF
receptor genes are differentially expressed in epithelial
and mesenchymal tissues during limb formation and
organogenesis in the mouse. D e v e l o p m e n t 114, 233243.
Reardon W (1 9 9 6 ) Skeletal dysplasias detectable by DNA
analysis. Prenatal D i a g . 16, 1221-1236.

Stark KL McMahon JA and McMahon AP (1 9 9 1 ) FGFR-4, a
new member of the fibroblast growth factor receptor
family, expressed in the definitive endoderm and skeletal
muscle lineages of the mouse. D e v e l o p m e n t 113, 641651.

Reardon W Winter RM Rutland R Pulleyn LJ Jones BM and
Malcolm S (1 9 9 4 ) Mutations in the fibroblast growth
factor receptor 2 gene cause Crouzon syndrome. Nature
G e n e t . 8, 98-103.

Steinberger D Mulliken JB and Muller U (1 9 9 5 )
Predisposition for cysteine substitutions in the
immunoglobulin-like chain of FGFR2 in Crouzon
syndrome. Hum. Gen. 96, 113-115.

Robertson SC Meyer AN Hart KC Galvin BD Webster MK and
Donoghue DJ (1 9 9 7 ) Activating mutations in the
extracellular domain of FGFR2 function by disruption of
the Ig-3 disulfide bond. Submitted.

Sternberg MJE and Gullick WJ (1 9 8 9 ) Neu receptor
dimerization. Nature 339, 587-587.
Su W Kitagawa M Xue N Xie B Garofalo S Cho J Deng C
Horton WA and Fu XY (1 9 9 7 ) Activation of Stat1 by
mutant fibroblast growth-factor receptor in thanatophoric
dysplasia type II dwarfism. Nature 386, 288-292.

Rousseau F Bonaventure J Legeai-Mallet L Pelet A Rozet J-M
Maroteaux P Le Merrer M and Munnich A (1 9 9 4 )
Mutations in the gene encoding fibroblast growth factor
receptor-3 in achondroplasia. Nature 371, 252-254.

Superti-Furga A Eich G Bucher HU Wisser J Giedion A
Gitzelmann R and Steinmann B (1 9 9 5 ) A glycine 375-tocysteine substitution in the transmembrane domain of the
fibroblast growth factor receptor-3 in a newborn with
achondroplasia. Eur. J. Pediatr. 154, 215-219.

Rousseau F El Ghouzzi V Delezoide A-L Legeai-Mallet L Le
Merrer M Munnich A and Bonaventure J (1 9 9 6 ) Missense
FGFR3 mutations
create
cysteine
residues
in

378

Gene Therapy and Molecular Biology Vol 1, page 379
Tavormina PL Bellus GA Webster MK Bamshad MJ Fraley AE
McIntosh I Szabo J Jiang W Jabs EW Wilcox WR
Wasmuth JJ Donoghue DJ Thompson LM and Francomano
CA (1 9 9 7 ) Thanatophoric dysplasia type II and a unique
skeletal dysplasia with acanthosis nigricans and mental
retardation are caused by two different point mutations
within codon 650 of the fibroblast growth factor receptor
3 (FGFR3) gene. Submitted.

Wilkie AOM Slaney SF Oldridge M Poole MD Ashworth GJ
Hockley AD Hayward RD David DJ Pulleyn LJ Rutland P
Malcolm S Winter RM and Reardon W (1 9 9 5 b ) Apert
syndrome results from localized mutations of FGFR2 and
is allelic with Crouzon syndrome. Nature G e n e t . 9,
165-172.
Wynne-Davies R Hall CM and Apley AG (1 9 8 5 ) Atlas of
Skeletal Dysplasias. In: A t l a s
of
Skeletal
D y s p l a s i a s , Churchill Livingstone, publishers (New
York).

Tavormina PL Rimoin DL Cohn DH Zhu Y-Z Shiang R and
Wasmuth JJ (1 9 9 5 a ) Another mutation that results in the
substitution of an unpaired cysteine residue in the
extracellular domain of FGFR3 in thantophoric dysplasia
type I. H u m . M o l . G e n e t . 4, 2175-2177.

Yamanaka Y Friess H Buchler M Beger HG Uchida E Onda M
Kobrin MS and Korc M (1 9 9 3 ) Overexpression of acidic
and basic fibroblast growth factors in human pancreatic
cancer correlates with advanced tumor stage. Cancer
Research 53, 5289-5296.

Tavormina PL Shiang R Thompson LM Zhu Y-Z Wilkin DJ
Lachman RS and Wilcox WR (1 9 9 5 b ) Thanatophoric
dysplasia (types I and II) caused by distinct mutations in
fibroblast growth factor receptor 3. Nature Genet. 9 ,
321-328.
Thompson LM Raffioni S Wasmuth JJ and Bradshaw RA
(1 9 9 7 ) Chimeras of the native form or achondroplasia
mutant (G375C) of human fibroblast growth factor
receptor 3 induce ligand-dependent differentiation of PC12
cells. M o l . C e l l . B i o l . 17, 4169-4177.
Ullrich A and Schlessinger J (1 9 9 0 ) Signal transduction by
receptors with tyrosine kinase activity. C e l l 61, 203212.
Velinov M Slaugenhaupt SA Stoilov I Scott CI Gusella JF and
Tsipouras P (1 9 9 4 ) The gene for achondroplasia maps to
the telomeric region of chromosome 4p. Nature Genet.
6, 314-317.
Wagner T Wirth J Meyer J Zabel B Held M Zimmer J Pasantes J
Bricarelli FD Keutel J and Hustert E (1 9 9 4 ) Autosomal
sex reversal and campomelic dysplasia are caused by
mutations in and around the SRY-related gene SOX9. C e l l
79, 1111-1120.
Wang JK Gao G and Goldfarb M (1 9 9 4 ) Fibroblast growth
factor receptors have different signaling and mitogenic
potentials. M o l . C e l l . B i o l . 14, 181-188.
Webster MK D'Avis PY Robertson SC and Donoghue DJ
(1 9 9 6 ) Profound ligand-independent kinase activation of
fibroblast growth factor receptor 3 by the activation loop
mutation responsible for the lethal skeletal dysplasia,
thanatophoric dysplasia type II. M o l . C e l l . B i o l . 16,
4081-4087.
Webster MK and Donoghue DJ (1 9 9 6 ) Constitutive
activation of fibroblast growth factor receptor 3 by the
transmembrane domain point mutation found in
achondroplasia. EMBO J. 15, 520-527.
Webster MK and Donoghue DJ (1 9 9 7 ) Enhanced signaling
and morphological transformation by a membranelocalized derivative of the FGFR3 kinase domain. M o l .
C e l l . B i o l . 17, 5739-5747.
Wilkie AO M Morriss-Kay GM Jones EY and Heath JK
(1 9 9 5 a ) Functions of fibroblast growth factors and their
receptors. C u r r . B i o l . 5, 500-507.

379

