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Abstract
Craniosynostosis syndromes are developmental disorders that 
cause an abnormal shape of the skull due to the premature 
fusion of cranial sutures. Enormous progress has been made 
recently in understanding the genetic background of these dis­
orders and a classification of syndromes on a genetic basis is 
beginning to emerge. Members of at least three gene families 
that play an important role in vertebrate development are 
associated with different craniosynostosis syndromes. Here 
we review the genetic aspects of this fast-moving field.
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Introduction out suture formation at that site, the prema­
ture fusion of sutures, accelerated bone matu­
ration preventing the formation of sutural 
ligaments, or secondary changes of the sutures 
due to forces mediated by the abnormal de­
velopment of the base of the skull [2, 3],

Apart from skull deformations such as bra- 
chycephaly, turricephaly, plagiocephaly and 
cloverleaf configuration, other craniofacial 
features are present, e.g., maxillary hypopla­
sia, shallow orbits, hyper- or hypotelorism, 
midear problems and mental retardation. 
Other findings can be (poly-)syndactyly of 
hands and feet, fusion of cervical vertebrae, 
and cardiac, vascular and intestinal malfor­
mations. Craniofacial surgery is indicated to

Craniosynostosis, the premature (pre- and 
postnatal) fusion of one or more cranial su­
tures, is a relatively common developmental 
anomaly that causes an abnormal shape of the 
skull. Normal development of the human 
skull requires differentiation and coordina­
tion of all the outgrowing bones, particularly 
at the site of the sutures. Sutural growth is 
necessary to accommodate the enlarging 
brain. During normal embryonic and fetal 
development, some bone centers can fuse di­
rectly and others form sutures [1]. Therefore, 
the pathogenesis of craniosynostosis may in­
volve the direct fusion of bone centers with­
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Table 1. Human cranio- 
synostosis syndromes that have 
been localized or cloned

Gene/location ReferencesDisorder

Vortkamp et al. [16]Greig cephalopolysyndactyly GLI 3

MSX2 Jabs et al. [26]Boston type

FGFR2 Reardon et al. [30] 
Jabs et al. [46] 
Oldridge et al. [47]

Crouzon syndrome

Jabs et al. [46]Jackson-Weiss syndrome FGFR2

Pfeiffer syndrome FDFR1/FGFR2 Muenke et al. [54] 
Lajeuneétal. [55] 
Rutland et al. [56] 
Schell et al. [57]

Wilkie et al. [60]FGFR2Apert syndrome

Saethre-Chotzen syndrome 7p Bruetonet al. [63] 
Herwerden et al. [66]

Adelaide type 4pl6 Hollway et al. [67]

craniosynostosis using positional cloning 
strategies and cytogenetic analysis have dem­
onstrated their power to link these disorders 
with candidate genes (table 1). This can lead 
to a better classification and understanding of 
the etiology of these disorders and eventually 
provide better patient management and coun­
selling.

correct intracranial pressure, exorbitism, mal­
occlusion, obstructive apnea and overall cra­
niofacial appearance. Craniosynostosis can 
occur as an isolated anomaly, or as part of a 
syndrome and is found in all ethnic and racial 
groups. The estimated incidence is as high as 
1 in 3,000 infants [4], More than 100 different 
forms of isolated craniosynostosis and cranio­
synostosis syndromes are known, showing 
étiologie and pathogenetic heterogeneity [5]. 
In about half of the syndromes, a genetic 
cause has been established or suggested. Most 
syndromes with a genetic background are in­
herited as monogenic autosomal dominant 
traits [2,6]. The familial cases of craniosynos­
tosis syndromes are quite rare but provide a 
way of mapping genes that are involved in the 
pathogenesis of craniosynostosis and in the 
development of the skull. A large overlap in 
phenotypes between the different syndromes 
and the intrafamilial variability in the expres­
sion of symptoms have led to uncertainty in 
diagnosis. Recent studies on families with

Greig Syndrome

The finding of chromosomal abnormalities 
in patients often provides a first indication for 
the localization of a gene involved in the 
pathogenesis of a disorder. A number of cyto­
genetic abnormalities have been reported in 
association with craniosynostosis involving 
multiple chromosomes [7, 8]. Cytogenetic ab­
normalities of chromosome 7pl3 and 7p21 
are fairly frequently associated with cranio­
synostosis suggesting the presence of at least 
two important genes in this chromosomal re­
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gion. Three balanced translocations involving 
chromosome 7p 13 were associated with Greig 
cephalopolysyndactyly syndrome (GCPS) in 
different families [9-11]. Two additional spo­
radic cases showed deletions in 7pl3 [12].

GCPS is an autosomal dominant disorder 
affecting limb and craniofacial development 
in humans [13, 14], GCPS-affected individu­
als are characterized by pre- and postaxial 
poly syndactyly of the hands, preaxial poly syn­
dactyly of the feet, macrocephaly, a broad 
base to the nose with mild hypertelorism and 
a prominent forehead. Craniosynostosis is 
present in only 5% of patients with GCPS. 
Additional evidence for a locus on chromo­
some 7pl3 came from Brueton et al. [15] who 
showed linkage of GCPS to the epidermal 
growth factor receptor on chromosome 7pl2- 
pl3. Vortkamp et al. [16] looked at the chro­
mosomal abnormalities in more detail and 
found that the three translocation breakpoints 
on 7pl3 fall within a 630-kb Noti restriction 
fragment. Two of these translocations inter­
rupt the GLI3 gene, a zinc finger gene of the 
GLI-Kriippel family that had already been 
localized to 7pl3 [17, 18]. The breakpoints of 
the translocations are within the first third of 
the coding sequence of GLI3. In the third 
translocation, chromosome 7 is broken about 
10 kb downstream from the 3' end of GLI 3. It 
is not clear how this last translocation can 
cause GCPS, but there are possibly cis-acting 
sequences downstream of the gene that in­
fluence expression. Further evidence that the 
GLI3 gene is responsible for GCPS was ob­
tained by studies on a naturally occurring 
mouse mutant [19]. The spontaneous semi­
dominant mutation extra toes (Xt), which 
affects limb development, has almost com­
plete penetrance in heterozygotes but variable 
expressivity. The mutation has been mapped 
to mouse chromosome 13 in a region homolo­
gous to human 7pl3 [20, 21], Xt heterozy­
gotes show the same unusual combination as

GCPS patients of predominantly preaxial po- 
lydactyly of the hind limbs and postaxial nub­
bins on the fore limbs. Heterozygous Xt mice 
also often show an enlarged interfrontal bone, 
analogous to the broad forehead and broad 
nose seen in GCPS patients, and some have 
hydrocephaly. The mouse mutant brachy- 
phalangy (Xtbph), also referred to as Xt3H, is a 
radiation-induced allele that has similar but 
distinguishable effects to Xt in both heterozy­
gotes and homozygotes [21, 22], In addition, 
A7bph heterozygotes usually have an abnormal 
sternum and occasionally show syndactyly. 
All Xt alleles are homozygous lethal with more 
extreme limb and craniofacial defects plus 
other abnormalities like exencephaly and ede­
ma that are not observed in heterozygotes. Xt 
mutants contain an intragenic deletion of 
Gli3 and in normal mice, all tissues affected 
in Xt mutants express GH3 during embryo- 
genesis [23]. Xtj homozygous mutants do not 
express Gli3 during embryogenesis. Normal 
GH3 expression is most prominent in devel­
oping limb buds and facial primordia which 
are the most affected structures in Xt hetero­
zygotes. The expression of Gli3 in the precur­
sors of craniofacial mesenchyme and inter­
digital mesenchyme, cells that are program­
med for cell death, suggests a role in apopto­
sis.

Craniosynostosis: Boston Type

Linkage studies are becoming increasingly 
important in mapping single-gene disorders. 
Evidence for a craniosynostosis locus on chro­
mosome 5qter came from study of a large 
three-generation family with Boston-type 
craniosynostosis [24], A spectrum of expres­
sion of synostosis was noted in the cranial 
morphology, ranging from simple brachy- 
cephaly with forehead recession through turri- 
brachycephaly and frontal bossing to klee-
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blattschädel deformity [24, 25], None of the 
individuals had stigmata of the well-known 
craniosynostosis syndromes, i.e. midfacial re- 
trusion, dental malocclusion, exorbitism, hy­
pertelorism, blepharoptosis, brachsyndactyly 
or angulated/broad thumbs or toes. A first 
indication for the localization of the gene 
came from a linkage report of Müller et al. 
[25] localizing the gene close to D5S211. Us­
ing a candidate gene approach, Jabs et al. [26] 
identified a mutation in the muscle segment 
homeobox gene 2 (MSX2) in all affected indi­
viduals in an independent large three-genera­
tion family. A single base pair change (C to A) 
in patients results in the substitution of a his­
tidine for a proline at amino acid position 7 of 
the homeodomain. This amino acid is invari­
ant in Msx homeobox domains from other 
species. The region of the homeodomain af­
fected by the mutation is believed to be in­
volved in protein-protein interaction and pro- 
tein-DNA interaction. Jabs et al. [26] suggest 
that the geometry of the N-terminal portion of 
the homeobox domain is changed by the mu­
tation in the region that is involved in protein- 
protein interaction but not protein-DNA in­
teraction.

In avian and mammalian embryos, Msx2 
is expressed in osteogenic tissue of the face. In 
neonatal mice it is expressed in the facial 
region. Expression of Msx2 was detected by in 
situ hybridization on day-15.5 embryonic 
mouse heads in the membranous bone of the 
calvaria and in adjacent mesenchymal cells. 
In neonatal mouse heads, Msx2 is expressed 
along a line parallel to the edge of the calvarial 
bones in the region of the sutures. The spatial 
pattern of Msx2 expression strongly suggests 
that Msx2 plays a role in the development or 
maintenance of the sutures.

Jabs et al. [26] showed that the acrocepha­
losyndactyly syndromes (ACSs) are not allelic 
to this locus by recombination analysis with 
an intragenic marker for MSX2. During the

last year it has become clear that this group of 
craniosynostosis syndromes is caused by mu­
tations in a distinct class of genes.

ACSs

The ACSs comprise a clinically similar 
group among the autosomal dominant cranio­
synostosis syndromes, characterized by coro­
nal or multiple synostosis in association with 
distal fore and hind limb anomalies, particu­
lar syndactyly. Blank [27] proposed a classifi­
cation into a typical and an atypical form. The 
typical form is Apert syndrome, characterized 
by syndactyly of hands and feet of a special 
type (complete distal fusion with a tendency 
for fusion also of the bony structures). The 
second group, atypical non-Apert (ACS), was 
thought to comprise a heterogeneous collec­
tion of disorders and includes Crouzon, Jack- 
son-Weiss, Pfeiffer and Saethre-Chotzen syn­
dromes. ACS syndromes through their over­
lap in phenotype cause large diagnostic dilem­
mas and there has been extensive discussion 
about which syndromes should be regarded as 
separate entities. Now that the genetic back­
ground of ACS syndromes has become clearer 
a new classification based on genetic evidence 
is starting to evolve.

From the atypical ACS syndromes, Crou­
zon syndrome was the first for which the 
genetic defect was found. Crouzon syndrome 
is characterized by craniosynostosis, hyper­
telorism, exophthalmos and external strabis­
mus, with a beaked nose, short upper lip, 
hypoplastic maxilla and a relative mandibular 
prognathism [28], The main distinction from 
Apert, Pfeiffer, Seathre-Chotzen and Jackson- 
Weiss syndromes is that patients usually have 
no hand and/or feet malformations.

Crouzon syndrome, like many other cra­
niosynostosis syndromes shows a variable 
phenotype expression and is inherited as an
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Table 2. Mutations found in 
fibroblast growth factor receptors Disorder Amino acid substitution or base change

FGFR1 FGFR2

exon? exon 9exon 5

Crouzon Ser267Pro 
Cys278Phe 
Gln289Pro 
Trp290Arg 
Del 287-289

Tyr328Cys 
Tyr340His 
Cys342Tyr 
Cys342Arg 
Cys342Ser 
Ser347Cys 
Ser354Cys 
splice mutations

Jackson-Weiss Ala344Gly

Pfeiffer Pro252Arg Asp321Ala 
Thr341Pro 
Cys342Tyr 
Cys342Arg 
intronic 952A —> G 
splice mutations

Apert Ser252Trp
Pro253Arg

autosomal dominant disorder. The Crouzon 
locus was mapped to chromosome lOq using a 
linkage approach [29], Tight linkage was 
shown to markers on chromosome 10q25- 
q26. This prompted Reardon et al. [30] to use 
a candidate gene approach to identify the 
responsible gene. A fibroblast growth factor 
(FGF) receptor (FGFR) had been previously 
mapped to this chromosomal region [31, 32], 
These FGFR are part of an intercellular sig­
nalling pathway that regulates cell prolifera­
tion, differentiation, migration and survival 
in embryonic development, malignancy and 
angiogenesis (see Appendix). Therefore, 
FGFR2 was considered a candidate gene for 
Crouzon syndrome. In the study performed 
by Reardon et al. [30], twenty Crouzon cases 
and 89 unaffected individuals were tested for 
mutations in the FGFR2 gene. In nine pa­
tients single-stranded conformational poly­

morphism (SSCP) changes were found in 
exon 9, the exon that is present in the splice 
variant of FGFR2 that is involved in osteo­
genesis. In three families, these SSCP changes 
cosegregated with the disease. Direct sequenc­
ing of exon 9 revealed amino acid changes in 
the second half of the third immunoglobin (Ig) 
loop of the FGFR2 gene (table 2, fig. 1 ). In the 
same Ig loop, a G-to-A transition at nucleo­
tide 1044 was detected, creating a new donor 
splice site [45]. In separate studies by Jabs et 
al. [46] and Oldridge et al. [47], three addi­
tional mutations in patients with Crouzon 
syndrome were identified (table 2). Two mu­
tations introduce an additional cysteine resi­
due in the third Ig domain; the third substi­
tutes the cysteine by a phenylalanine. The 
Cys342 is highly conserved in FGFRs, pre­
sumably because the structural integrity of Ig 
domains is maintained by Cys-Cys bonds.
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TK1 TK2

Fig. 1. Structure and organization of the human FGFR genes. SP = Signal peptide; Igl, Ig2 
and Ig3 = immunoglobulin-like domains 1, 2 and 3; A = acidic region; TM = transmembrane 
domain; TK1 and TK2 = tyrosine kinase domains. The arrows indicate mutation hot spots for 
craniosynostosis syndromes. [Adapted from ref. 43.]

The Cys342 is the only cysteine encoded by 
exon 9 and therefore the mutations in or close 
to this codon can be expected to disrupt the 
extracellular component of FGFR2. The 
Ser354Cys mutation introduces a second cys­
teine in the third Ig loop and therefore can 
also be expected to disrupt the structural in­
tegrity of the Ig domain. More recently, 01- 
dridge et al. [47] reported a number of new 
mutations (table 2) in the first part of the Ig3 
domain. Five of them involve the replace­
ment of a cysteine residue.

The finding that an FGFR was involved in 
craniofacial development prompted investi­
gators to investigate whether other craniosy­
nostosis syndromes could be correlated to one 
of the known FGFR genes. Indeed soon after 
the identification of the Crouzon gene, two 
new reports on FGFRs appeared. One of 
them described mutations in the FGFR2 gene 
in patients with Jackson-Weiss syndrome 
[46], The Jackson-Weiss syndrome is a cra­
niosynostosis syndrome characterized by foot 
abnormalities in addition to skull abnormali­
ties [48]. The syndrome had been mapped to 
chromosome 10q25-q26 [49]. Mutation anal­
ysis on FGFR2 revealed a mutation in the 
same conserved third Ig domain as was found

in Crouzon syndrome [46]. An alanine to gly­
cine transition in codon 344 was found in all 
affected family members. Again the mutation 
is close to the cysteine involved in the disul­
phide bond of this Ig domain.

There has been extensive discussion as to 
whether or not Jackson-Weiss and Crouzon 
should be regarded as separate entities. Now 
that it has become clear that Crouzon syn­
drome and Jackson-Weiss syndrome are alle­
lic, the question arises why limb abnormali­
ties are only found in Jackson-Weiss syn­
drome. The mutations that have been found 
are not identical but are localized close to 
each other in the same functional Ig domain. 
With the current knowledge, a similar disrup­
tion of gene function by the mutations in both 
syndromes would be expected and it is un­
clear why two different phenotypes arise. This 
situation gets even more confusing now that 
mutations have been found for Pfeiffer and 
Apert syndromes. Pfeiffer syndrome is an au­
tosomal dominant disorder with characteris­
tic anomalies of the hands and feet [50, 51], 
Apart from the premature fusion of several 
sutures of the skull, resulting in a short tower­
shaped head or cloverleaf skull, hyper- or 
hypotelorism, a beaked nose and a hypoplas­
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tic midface, patients show broad thumbs, syn­
dactyly, shortness of fingers, and broad great 
toes that are medially deviated. Several fami­
lies with Pfeiffer syndrome were previously 
linked to chromosome 8 by Robin et al. [52]. 
This chromosomal region contains the 
FGFR1 gene [53]. Using SSCP analysis and 
direct sequencing, Muenke et al. [54] found a 
mutation in exon 5 of the FGFR1 gene. A 
Pro252Arg substitution in the region between 
the second and third Ig domains was found in 
all chromosome 8 families. This region of the 
FGFR1 gene is strongly conserved between 
species and among all known FGFRs. This 
‘linker’ sequence between two Ig domains is 
thought to be involved in the orientation of 
the Ig domains towards each other and can 
affect binding to FGF or dimerization with 
FGFRs.

For Pfeiffer syndrome, locus heterogeneity 
has been reported [52] and mutation analysis 
on patients with Pfeiffer confirm this. Three 
reports describe Pfeiffer patients who did not 
have the reported mutation in FGFR1 but 
instead had mutations in the FGFR2 gene 
[55-57], These mutations are in the second 
part of the third Ig loop (table 2) and like the 
mutations found for Crouzon and Jackson- 
Weiss replace the cysteine residue or are close 
to it. Other mutations change a neutral resi­
due into an acidic one or are on the intron- 
exon 9 border disrupting the consensus se­
quence required for the normal processing of 
the RNA transcript.

The typical form of ACS syndromes ac­
cording to Blank [27] is Apert syndrome, an 
autosomal dominant disorder with a birth 
prevalence of 1 in 65,000 [58], characterized 
by coronal suture synostosis, hypertelorism, 
maxillary hypoplasia, supraorbital retrusion 
in combination with severe syndactyly of the 
hands and feet. The upper lip has a trapezoi­
dal configuration; a cleft soft palate can be 
seen together with other abnormalities of the

skin and internal organs [59]. Apert patients 
rarely have children due to reduced fitness. 
The disorder usually arises by a new muta­
tion. A classical linkage approach is therefore 
difficult, but the finding of the responsible 
genes for other craniosynostosis syndromes 
made a candidate gene approach feasible. 
Wilkie et al. [60] studied a total of 40 patients 
and found a mutation in FGFR2 in all cases. 
The mutation was either a Ser252Trp or a 
Pro253Arg substitution. Both mutations are 
localized in the linker region between the sec­
ond and third Ig domains close the the 5' end 
of exon 7.

In an attempt to correlate the phenotype of 
Apert patients with their genotype, the pa­
tients were divided into three groups based on 
their phenotype. The first group comprised 
patients in whom the thumb and part of the 
little finger are separate from the syndactylous 
mass; the second group comprised patients in 
whom the little finger is not separate, and a 
third most severely affected group comprised 
patients in whom all the fingers are fused 
including the thumb. The more severe syn­
dactyly patients tend to have the mutation at 
codon 253 but there is no absolute correla­
tion. There is a clear overlap between the 
groups and, therefore, other factors, either 
genetic or nongenetic play a role in the vari­
able expression of the phenotype.

Saethre-Chotzen syndrome is relatively 
common among craniosynostosis syndromes. 
It shares features with other ACS syndromes 
such as coronal suture synostosis but in addi­
tion there is a facial asymmetry, a high inci­
dence of ptosis, deviated nasal septum, low 
frontal hairline, brachydactyly, partial cuta­
neous syndactyly and small ears with promi­
nent crura [61, 62], Saethre-Chotzen segre­
gates as an autosomal dominant trait and 
shows variable phenotype expression. The re­
sponsible gene has not been identified but 
chromosomal breaks on chromosome 7p21-
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p22 and subsequent family studies have pin­
pointed it to a region of 8 cM between 
D7S664 and D7S507 [63-65]. In a patient 
with a t(2;7)(p23;p22) translocation, in situ 
hybridization with YAC clones containing 
D7S664 and D7S507 showed that the gene is 
distal to D7S664 and that D7S507 is deleted. 
There is however conflicting evidence for the 
Saethre-Chotzen locus, van Herwerden et al. 
[66] mapped the Saethre-Chotzen locus more 
proximal on the short arm of chromosome 7, 
between markers D7S493 and D7S516, sug­
gesting that there are two separate loci in the 
region that can cause Saethre-Chotzen syn­
drome. Lewanda et al. [65] suggested that 
clinical heterogeneity is a more likely explana­
tion.

that the genetic background of these disorders 
is being unraveled. At least four forms of ACS 
are due to mutations in FGFRs. Crouzon, 
Jackson-Weiss, Pfeiffer and Apert appear to 
be allelic but the classification on a morpho­
logical basis that was proposed by Blank [27] 
into two groups - Apert and non-Apert forms 
- is still valid. Although Apert syndrome can 
be caused by mutations in FGFR2, the muta­
tions for Crouzon, Jackson-Weiss and Pfeiffer 
are generally localized in the third Ig domain 
that is involved in ligand binding, while the 
mutations for Apert syndrome are localized in 
exon 7, the linker region between the second 
and third Ig domains, a functionally different 
domain of the FGFR2 gene. It is striking, 
however, that the FGFR1 Pro252Arg muta­
tion in Pfeiffer syndrome exactly corresponds 
to the position of the FGFR2 Pro253Arg mu­
tation in Apert syndrome. The craniosynosto- 
sis syndromes for which the genes have so far 
been identified are dominant disorders. The 
majority of mutations in the FGFR genes 
cause different ligand-binding properties, 
which can result in a change in affinity for 
FGFs. These ‘gain-of-function’ mutations 
might change the function of the FGFR1 and 
FGFR2 genes in a very similar way, indicat­
ing that the genes show an overlap in ligand­
binding properties. The FGFR and FGF gene 
families encode a network of genes and gene 
interactions that can explain at least part of 
the clinical variations in craniosynostosis syn­
dromes. But the distinction between the non- 
Apert forms on a genetic basis is difficult to 
explain in this way. In Crouzon syndrome, 
limb abnormalities are not usually observed, 
while in Jackson-Weiss this is an important 
clinical feature. However, on closer inspec­
tion, many limb defects and radiographic ab­
normalities in the hand are found in Crouzon 
patients. The mutations for both disorders are 
found in the same functional domain and are 
expected to disrupt the structure of the disul-

Based upon the similarities with other ACS 
syndromes, one might expect the responsible 
gene to be related to a FGFR gene or at least 
involved in a FGF signalling pathway. How­
ever, at this point no obvious candidate gene 
has been identified.

Adelaide-type craniosynostosis is an auto­
somal dominant disorder that shares many 
features with Jackson-Weiss syndrome. There 
are clinical and radiological differences; 
coned epiphyses, distal and middle phalange­
al hypoplasia and carpal bone malsegmenta- 
tion on the hands and coned epiphyses, hallux 
valgus, phalangeal, tarsonavicular and calca­
neonavicular fusions and uniform absence of 
metatarsal fusions on the feet. Using a large 
family, Hollway et al. [67] mapped the locus 
to the tip of the short arm of chromosome 4, 
telomeric to D4S394. Two candidate genes 
are localized in this region: the MSX1 homeo- 
box gene and the FGFR3 gene. Msxl-defi­
cient mice show abnormalities in craniofacial 
and tooth development in addition to cleft 
palate [68], The FGFR3 gene is known to be 
involved in achondroplasia [69,70].

The discussion about the classification of 
ACS syndromes will enter a new phase now
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phide bond that stabilizes the third Ig loop. 
The difference in phenotype is therefore puzz­
ling. Further mutation analysis on patients 
will determine whether these two disorders 
should be regarded as separate entities. Alter­
natively, the differences in phenotype could 
be the result of differences in genetic back­
ground or enviromental factors.

The situation for Pfeiffer syndrome is even 
more complicated. It is intriguing that two 
mutations in FGFR2 have been described 
(Cys342Tyr, Cys342Arg) that can result in 
either a Crouzon or a Pfeiffer phenotype and 
that the Pfeiffer phenotype can be caused by 
mutations in either the FGFR1 or the FGFR2 
gene (table 2). Apart from differences in the 
genetic background of the patients, it would 
be interesting to study both the FGFR1 and 
FGFR2 genes in more detail for additional 
mutations that could play a role in the patho­
genesis of Pfeiffer syndrome. Mutation analy­
sis on craniosynostosis syndromes will be 
helpful in developing a new classification sys­
tem on a genetic basis. The understanding of 
the pathogenesis of craniosynostosis, the vari­
able phenotypes and the effect of each sepa­
rate mutation will benefit greatly from the 
development of animal models. At least three 
classes of genes are now known to be involved 
in different craniosynostosis syndromes: 
homeobox genes, genes involved in apoptosis 
and growth factor receptors. These gene fami­
lies play a key role in pattern formation, orga­
nogenesis and limb development. Under­
standing the function of the genes involved in 
craniosynostosis will therefore also lead us to 
a better understanding of vertebrate develop­
ment.

Appendix
FGFs and Their Receptors 
FGFs constitute a family of related signalling mole­

cules that act to promote the growth and differentia­
tion of cells of different origins. In mammals, nine 
members of the FGF family have been described so far 
[33], FGFs act by binding and activating specific cell 
surface receptors, which comprise a family of related 
but individually distinct tyrosine kinase receptors [34— 
36]. These FGFRs each possess a similar protein struc­
ture with three immunoglobulin (Ig)-like domains in 
the extracellular region, a single membrane-spanning 
segment and a cytoplasmic tyrosine kinase domain 
split by a kinase insert (fig. 1). Some cDNA clones have 
been identified encoding only the second and third Ig 
domains, which are still functional as a FGFR. Four 
FGFR genes have been found so far in humans and the 
diversity of these receptors is further increased by dif­
ferential RNA splicing [37-41]. Alternative exon usage 
in the second half of the third Ig loop results in differ­
ent ligand-binding properties. Ligand-induced recep­
tor activation is mediated by receptor oligomerization 
via conformation alteration of the extracellular do­
main. This oligomerization is proposed to stabilize 
interactons between adjacent cytoplasmatic regions 
and leads to activation of the kinase function [37, 38,
41].

For FGFR1 and FGFR2, alternative splice prod­
ucts have been characterized, and apart from the 
FGFR form of the genes, a kératinocyte growth factor 
receptor (KGFR)-like product is found. The two iso­
forms are identical except for a 49-amino-acid se­
quence spanning the second half of the third Ig loop in 
the extracellular region. Control of these alternative 
splice variants appears to involve trans-acting factors. 
The variation in the expressed gene product is highly 
significant since there is a distinction in the ligand­
binding characteristics of the two isoforms leading to 
functional differences.

The expression pattern of the kgfr and fgfr isoforms 
of Fgfrl and Fgfr2 has been studied in developing 
mouse embryos with exon-specific probes [38, 42]. 
Both forms are expressed as early as gastrulation but 
show a distinctive expression pattern, with exclusive 
alternative splicing in different cell types. The kgfr iso­
form plays a role in skin development, the fgfr form is 
preferentially expressed in osteogenesis. This expres­
sion pattern is consistent with a role of the fgfr iso­
forms in craniofacial development.
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