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Abstract

Background: Craniosynostosis syndromes, a group of
connective disorders characterized by abnormalities in
vault osteogenesis and premature fusion of bone sutures,
are associated with point mutations in FGF receptor fam-
ily members. The cellular phenotype is characterized by
abnormal extracellular matrix turnover. 
Material and Methods: We used primary cultures of pe-
riosteal fibroblasts derived from two different craniosyn-
ostosis syndromes, the Apert and Crouzon syndromes.
The FGFR2 third immunoglobulin-like domain and its
flanking linker regions were analyzed for mutation. DNA
microarrays containing 19,200 cDNAs were used to study
the gene expression profiles of Apert and Crouzon fibrob-
lasts. The pathologic cells were compared to wild-type hu-
man periosteal fibroblasts.
Results: The P253R missense mutation and the G338R
mutation were observed in Apert and Crouzon fibroblasts,
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respectively. The genetic profiles, as evaluated by DNA
microarrays, yielded different clusters of expressed se-
quence tag (ESTs) expression within the experiment.
Expression profiles from craniosynostosis-derived fibrob-
lasts differ from those of wild-type fibroblasts (288 hu-
man ESTs, p � 0.01, pFDR � 0.12). Furthermore, two
ESTs clusters discriminate the Crouzon from Apert
fibroblasts. The differentially expressed genes cover a
broad range of functional activities, including (1) bone
differentiation, (2) cell-cycle regulation, (3) apoptotic
stimulation, and (4) signaling transduction, cytoskeleton,
and vesicular transport. 
Conclusions: The transcriptional program of craniosyn-
ostosis fibroblasts differs from that of wild-type fibrob-
lasts. Expression profiles of Crouzon and Apert fibroblasts
can also be distinguished by two EST expression clusters,
thus hinting at a different genetic background.

Introduction
Mechanisms involving growth factors and different
time-space expression of extracellular matrix (ECM)
components participate in skull osteogenesis. Cranial
sutures contain osteogenic stem cells and periosteal
fibroblasts that, during human embryo development,
differentiate into osteoblasts that produce premineral-
ized osseous matrix. Abnormal ossification leads to pre-
mature fusion of cranial sutures and craniosynostosis
syndromes such as the Apert and Crouzon syndromes. 

The Apert syndrome is characterized by acro-
brachycephalic vault, exorbitism, hypertelorism,
and dystopy of the outer canthus; the nose is hooked
and the mouth has the shape of an isosceles triangle.

Crouzon patients have brachycephaly, ocular prop-
tosis, teleorbitism, and midfacial hypoplasia. The
Apert clinical phenotype is more severe than the
Crouzon, not only at the cranial level, but also in the
limbs where there is syndactyly of hands and feet.
Cranial base abnormalities are more severe and syn-
chondroses of cranial base are calcified at an earlier
age, before vault sutures (1). In the Crouzon syn-
drome coronal and lambdoid sutures are the most
affected (2). 

ECM molecule composition plays a role in the
morphogenetic processes that occur during skull 
development. Differences in ECM synthesis and 
secretion of glycosaminoglycans, collagens, proteo-
glycans, and fibronectin in fibroblasts and osteoblasts
from Apert and Crouzon patients have been reported
(3–7). These changes in ECM were also affected by
exposure to growth factors such as transforming
growth factor beta (TGF-�) (8), interleukins (3,4,5,7),
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and eighth subculture. All fibroblasts were then incu-
bated with MEM with 0.5% fetal calf serum for 24 hr.

Mutation Detection

Genomic DNA was extracted from Crouzon and
Apert periosteal fibroblasts according to standard
procedures (16). The FGFR2 third Ig-like domain
and its flanking linker regions were analyzed for
mutations. Primers designed from intronic sequences
flanking exon IIIa (forward 5�-accccagttgtgggtacctt-3�;
reverse 5�-tccccactcctcctttcttc3�) and exon IIIc (for-
ward 5�-aaaaggggccatttctgataa-3�; reverse 5�-ccacaat-
cattcctgtgtcg-3) were used to amplify genomic DNA
by PCR. Direct sequencing of the purified PCR prod-
uct was performed on both forward and reverse
strand on an ABI377 sequencer using the Big Die
Terminator sequencing Kit.

DNA Microarrays

Expression profiling was performed essentially as
previously described (17). Briefly, total RNA was ex-
tracted from normal and pathologic cells cultured as
above, using RNAzol. Ten micrograms of total RNA
were used for each sample. cDNA was synthesized by
using Superscript II (Invitrogen, Paisley, England,
UK) and amino-allyl dUTP (Sigma, St. Louis, MO,
USA). Monoreactive Cy3 and Cy5 esters (Amersham
Biosciences, Little Chalfont, England, UK) were used
for indirect cDNA labeling. RNA from wild-type fi-
broblasts was labeled with Cy3 and used as common
reference against every other Cy5-labeled cDNAs.
Human 19.2K DNA microarrays, containing 19,200 ex-
pressed sequence tag (ESTs), corresponding to at least
15,448 different Unigene clusters, were used (Ontario
Cancer Institute, Ontario, Canada). One hundred mi-
croliters of the sample and control cDNA in DIG Easy
hybridization solution (Roche, Basel, Switzerland)
were used at 37 �C overnight. Washing was performed
three times for 10 min with 1� SSC, 0.1% SDS at
42 �C, and three times for 5 min with 0.1� SSC at room
temperature. Hybridized slides were scanned using
GenePix 4000A (Axon Instruments, Foster City, CA,
USA). Arabidopsis RNA was used as a reference for
RNA labeling.

Images were analyzed by GENEPIX PRO 3.0
(Axon Instruments) and data extracted as previously
described (17). Four thousand four hundred and
eight arrayed ESTs were present in at least 75% of
the samples. Spotted ESTs with expression levels
higher than reference have a positive log2 Cy5/Cy3
ratio, whereas those with lower expression have a
negative log2 Cy5/Cy3 ratio. 

To select the ESTs that distinguish between the
craniosynostosis and the wild-type fibroblasts, and
the EST that distinguish Crouzon and Apert pheno-
types, we used t-test combined with bootstrap analy-
sis for assigning p-values. Multiple t-testing correction
(18) was also applied. Positive pFDR was defined as
the proportion of ESTs expected to be identified by
chance (assuming probes are independent) relative to

and the basic fibroblast growth factor (bFGF) (6,9).
bFGF, the most abundant growth factor in the vault,
regulates cell proliferation, migration, and differenti-
ation; overall it has diverse roles in regulating bone
osteogenesis (10). As growth factors are secreted in
an autocrine-paracrine manner and interact with
ECM, the ECM pattern may be considered another
signal of morphogenetic control. Indeed, it is a further
variable in phenotype determination.

The molecular basis for craniosynostosis has
been partially elucidated. Many human craniosyn-
ostosis disorders have been linked to activating mu-
tations in FGF receptors (FGFR) 1 and 2, but the
precise effects of FGF on the proliferation, matura-
tion, and differentiation of the target osteoblastic
cells are still under investigation (11). Interestingly,
defects in the same gene induce craniosynostosis
syndromes with a wide spectrum of clinical pheno-
types and indeed several different point mutations
have been mapped in FGFRs involved in cranial
development disorders. FGFRs are composed of a
single transmembrane domain, an extracellular do-
main composed of three immunoglobulin (Ig)-like
domains, and an intracellular domain containing
two tyrosine kinase subdomains. In the Crouzon
syndrome, several mutations in the third Ig-like
domain of the extracellular portion of FGFR2 have
been identified (12,13). In patients with Apert syn-
dromes, FGFR2 mutations produce missense substi-
tutions involving adjacent amino acids in the linker
region between the second and third extracellular Ig
domain (14). Moreover, genes other than FGFR 1-4,
such as MSX2 and TWIST, can also cause craniosyn-
ostosis (15).

In this study we analyzed the expression profiles
of periosteal fibroblasts from patients with cran-
iosynostosis (Apert and Crouzon syndromes) and
compared them to those of wild-type periosteal
fibroblasts. Furthermore, we aimed to identify FGFR-
regulated transcripts for investigating the molecular
mechanism underlying abnormal FGFR signaling.

Materials and Methods 
Cell Culture 

Human periosteal fibroblasts were obtained from
the galea-pericranium of cell parietal bones of two
Crouzon patients (Crouzon Q and Crouzon K) and
one Apert patient (all aged 17–18 years) during cor-
rective surgery. Wild-type control fibroblasts origi-
nated from explants of periosteum removed from
two age-matched subjects at the time of surgery for
repair of parietal bone fractures. Primary cultures
were grown in Falcon flasks (Becton Dickinson,
Franklin Lakes, NJ, USA) containing minimum
essential medium (MEM) supplemented with 20%
fetal calf serum (Gibco, Paisley, UK), essential amino
acids, vitamins, and antibiotics (Serva, Heidelberg,
Germany). Subcultures were obtained 20–30 days
later. All tests were performed between the sixth
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skull (19). Genetic data support the hypothesis that
bFGF receptor mutation is involved in the patho-
physiology of craniosynostosis (12–14).

We identified the P253R missense mutation in
Apert fibroblasts and the G338R missense mutation
in fibroblasts from one of the two Crouzon patients.
The G338R mutation had previously been observed

the total number of probes called significant. A bal-
anced bootstrap analysis with 50,000 permutations
was applied to the tests to define the number of ex-
pected false positives by chance. Expression tables
were then analyzed using hierarchical clustering
and principal component analysis (PCA).

Results
Mutation Detection 

Fibroblasts from the Apert patient showed a C-to-G
transversion that causes the P253R missense substi-
tution in the linker between the second and third
extracellular immunoglobulin domains of FGFR2. A
C-to-G transversion was observed in fibroblasts
from one Crouzon patient (patient Q) resulting in
the missense mutation G338R. No mutation was
identified in fibroblasts from the second Crouzon
patient (patient K). The two Crouzon patients were
shown to be unrelated by DNA polymorphism
analysis (data not shown). 

cDNA Microarrays

We identified differences in EST expression be-
tween craniosynostosis and wild-type fibroblasts by
using t-test analysis. To perform the analysis, three
craniosynostosis samples were compared to two
wild-type samples. Two hundred eighty-eight ESTs
were differentially expressed in craniosynostosis
fibroblast cultures (p � 0.01; pFDR � 0.12) out of
4408 measured ESTs. Figure 1 shows a hierarchical
tree representation of the divergent EST clusters in
Crouzon Q and K, and Apert fibroblasts when com-
pared to wild-type fibroblasts.

The genetic program modulation in craniosynos-
tosis cells, which results in two clusters of up- and
down-regulated ESTs, is illustrated in Figure 2 by
the use of principal component analysis. ESTs that
significantly differentiate between wild-type and
craniosynostosis derived cells are listed in Table 1.

We then proceeded to identify possible diver-
gences within craniosynostosis groups, in particular
between Crouzon and Apert fibroblasts. A number of
ESTs were identified with such pattern of expres-
sion, namely 59 ESTs were up-regulated and 21
down-regulated in Crouzon primary cultures when
compared to Apert or wild-type fibroblasts (p � 0.01).
Table 2 shows such a list of Crouzon-specific ESTs
that are not regulated in either Apert or in the
wild-type samples. Complete expression tables and
results from statistical analysis are accessible at URL:
http://biotecnologie.unife.it/microarrays/crouzon.

Discussion
The regulatory processes that underlie ossification
and fusion of sutures during cranial vault morpho-
genesis are still largely obscure, but they are known
to depend on microenvironment ECM. FGFRs have
a role in controlling premature maturation at the
growth plates of long bones and at the suture of the

Fig. 1. Clustering of 288 spotted ESTs selected by t-test
from 4408 ESTs in the expression table that were differen-
tially expressed in craniosynostosis cells (p � 0.01, average
t-test significant spots in bootstrap, 37; pFDR, 0.12). Rows,
ESTs; columns, individual patient samples; red, mRNA overex-
pression; green, underexpression. Crouzon Q, Crouzon K, and
Apert indicate craniosynostosis derived fibroblasts. A and B
fibroblasts indicate wild-type fibroblasts.
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in other patients with Crouzon syndrome (20). No
mutation was found in fibroblasts from the second
Crouzon patient analyzed by cDNA microarrays (pa-
tient K). This is not surprising given the high allelic
heterogeneity in the Crouzon syndrome (15), but
presumably this patient presented a mutation in the
uninvestigated part of the FGFR. Indeed, only about
half of the mutations responsible for the Crouzon
syndrome occur in FGFR2 exons IIIa and IIIc, which
we examined. 

Hybridization of mRNA-derived target to DNA
microarrays allows systemic analysis of expression
profiles for thousands of genes simultaneously and
provides primary information on transcriptional
changes. Several studies have already demonstrated
the validity of this technique in identifying cancer-
related genes and in classifying human cancer at the
molecular level (17, 21–24).

The present report presents a modern genetic
approach to the study of skeletal dysplasias and
helps to elucidate the normal mechanism of skeletal
growth and development. We identified several
genes whose expression, when compared with
wild-type cells, was definitely deregulated in 
craniosynostosis-derived cells. These differentially
expressed genes, cover a broad range of activities: (1)
bone differentiation, (2) cell-cycle regulation, (3)
apoptotic stimulation, (4) signaling transduction, (5)
transcription, (6) translation, (7) metabolic change,
and (8) cytoskeleton and vesicular transport. 

Two of the up-regulated genes, the osteoclast
stimulating factor 1 (OSTF1) and the growth differ-
entiation factor 11 (GDF11) in craniosynostosis-
derived fibroblasts, are related to bone morphogen-
esis. OSTF1 is an intracellular protein that enhances
1,25 dihydroxyvitamin D3, induces bone resorption,
binds c-Src with high affinity, and indirectly stimu-
lates osteoclast formation (25). GDF11, a member of
the bone morphogenetic protein family and the
TGF-� superfamily, is a secreted signal that acts to
specify positional identity along the anterior/poste-
rior axis (26). 

Gene sets for signal transduction include both
up- and down-regulated genes in craniosynostosis
cells. Phosphatidylinositol 3-kinase is a lipid kinase
that phosphorylates the inositol ring of phos-
phatidylinositol and related compounds at the 3� po-
sition. The products of these reactions serve as second
messengers in growth signaling pathways. The ki-
nase itself is made up of a catalytic subunit of molec-
ular weight 110 kD and a regulatory subunit of either
85 kD, 55 kD, or 50 kD (27). The 85-kD regulatory
subunit of phosphatidylinositol 3-kinase is overex-
pressed in craniosynostosis cells.

On the other hand, calmodulin 2 is expressed at
a lower than normal level in craniosynostosis cells.
Calmodulin is the archetype of the family of 
calcium-modulated proteins. Nearly 20 members
have been detected in the cytosol or on membranes
facing the cytosol and identified by their high affinity

Fig. 2. Principal component analysis of differentially expressed ESTs in craniosynostosis primary fibroblasts. On the left-
hand side of the graph, the group corresponding to 115 ESTs up-regulated in craniosynostosis and on the right-hand side that of the
173 down-regulated ESTs (p � 0.01).
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Interestingly, cytoskeleton genes and genes in-
volved in vesicular transport are down-regulated in
craniosynostosis-derived cells. Cofilin is an actin-
modulating protein that binds and depolymerizes
filamentous F-actin and inhibits the polymerization
of monomeric G-actin in a pH-dependent manner. It
is involved in the translocation of actin-cofilin com-
plex from cytoplasm to the nucleus (32). Profilin 1, a
ubiquitous actin monomer-binding protein belong-
ing to the profilin family, is thought to regulate actin
polymerization in response to extracellular signals.
Dissociation of the profilin-actin complex is caused
by binding of phosphatidylinositol 4,5-bisphos-
phate to profilin (33). 

Overall, these results indicate that the genes in-
volved in inducing osteoblast differentiation are up-
regulated in craniosynostosis-derived cells and confirm
that the ECM turnover is abnormal (34). In fact, we re-
ported an increase in collagen accumulation, altered
synthesis of glycosaminoglycans and proteoglycans,
and fibronectin production in craniosynostosis cells
(6,7). Furthermore, even the pattern of signal transduc-
tion phosphoprotein gene expression confirms our pre-
vious observations that the P85 beta isoform is ex-
pressed in Crouzon fibroblasts and is up-regulated by

for calcium. Calmodulin plays a role in growth and
the cell cycle as well as in signal transduction and the
synthesis and release of neurotransmitters (28). 

Our results showed that many translation
genes are down-regulated in craniosynostosis
fibroblasts, including genes coding for ribosomal
proteins. The poly(A)-binding protein was also
down-regulated. This protein is found complexed
to the 3’ poly(A) tail of eukaryotic mRNA which
is required for poly(A) shortening and translation
initiation (29). 

Among the down-regulated genes in craniosyn-
ostosis-derived cells, eukaryotic translation initia-
tion factors that initiate protein synthesis and may
increase specificity of target gene activation by AP-1
are also present (30). The transcription termination
factor, RNA polymerase II (TTF2), which is one
component of negative transcription elongation fac-
tor (N-TEF), is also down-regulated in craniosynos-
tosis cells. Transcription elongation is an important
target for control of eukaryotic gene expression. Af-
ter initiating from a promoter, the RNA polymerase II
elongation complex is subjected to a block of elon-
gation by the action of components of N-TEF . One
component of N-TEF is TTF2 (31).

Table 1. Differentially expressed genes in craniosynostosis versus wild-type cells: ESTs up-regulated in
craniosynostosis cells (down in wild-type cells)

Name Symbol GOabr

3-Hydroxy-3-methylglutaryl-coenzyme A HMGCS1 Cytoplasm|soluble fraction|lipid metabolism|
synthase 1 (soluble) hydroxymethylglutaryl-CoA synthase

AD024 protein AD024

Aldehyde dehydrogenase 3 family, member B1 ALDH3B1 Lipid metabolism|alcohol metabolism|aldehyde
dehydrogenase

Amiloride binding protein 1 (amine oxidase ABP1 Metabolism|peroxisome|amine oxidase|drug binding
[copper-containing]) 

ATP synthase, H� transporting, mitochondrial ATP5J2
F0 complex, subunit f, isoform 2

Breast carcinoma amplified sequence 2 BCAS2 Spliceosome|RNA processing|pre-mRNA splicing
factor

CDC37 cell division cycle 37 homolog CDC 37 Chaperone|protein binding|protein targeting|
(S. cerevisiae) cell-cycle regulator|regulation of CDK activity

Cell death-inducing DFFA-like effector b CIDEB Induction of apoptosis by DNA damage

CGI-127 protein LOC51646

Chromosome 21 open reading frame 80 C21 or f80

Crystallin, alpha B CRYAB Vision|nucleus|cytoplasm|chaperone|protein folding|
muscle contraction

Cyclin D-type binding-protein 1 CCNDBP1

Cytochrome c oxidase subunit VIc COX6C Energy pathways

Dipeptidylpeptidase VI DPP6 Dipeptidyl-peptidase

After t-test selection, as explained in Results and Discussion, the gene graphs were individually confirmed by using JExpress. In this
table, a selection of genes with the most highly significant t-test values is reported. The complete tables can be found at URL:
http://nbiol29.unife.it/crouzon.
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bFGF treatment, as we found in studies analyzing the
signaling pathways in mutant cells (9).

Finally, the present data confirm the cytoskele-
ton is a target and a mediator of the transduction
mechanisms triggered by FGF signals. A cytoskele-
ton involvement in the distribution of cellular and
extracellular ECM has been previously demon-
strated (35) and this study indicates it has a role in
the regulation of the craniosynostosis phenotype.

The different expression profiles in craniosynosto-
sis cells and wild-type cells supports the hypothesis
that craniosynostosis cells present either a different
degree of constitutive activation or lower levels of

mutated FGFR with a negative feed-back loop prop-
agating downstream effectors. In other words, the
abnormal receptor conformation could mimic and
thus accentuate the effects of bFGF-FGFR binding
or, on the contrary, reduce the levels of binding. In
both scenarios, bone differentiation would be ab-
normal.

The intriguing difference between the two
Crouzon and the Apert patients reported here for the
first time suggests that the syndromes might be linked
to different genetic backgrounds and might explain
how identical FGFR mutations are associated with dif-
ferent clinical features. Many questions remain open.

Table 2. Differentially expressed genes in Crouzon versus Apert fibroblasts: ESTs up-regulated in 
Crouzon fibroblasts

Clone ID Name Cytoband GOabr

41653 Fatty acid desaturase 1 11q12.2–q13.1 C-5 sterol desaturase|fatty acid 
desaturation|integral membrane protein

28193 Ubiquitin-specific protease 28 11q23

502965 KIAA1391 protein 11q23.2

279904 Enhancer of invasion 10 14q11.1

154147 Golgi-associated, gamma adaptin ear- 16p12
containing, ARF binding protein 2

469423 LIS1-interacting protein NUDE1, rat 16p13.11

114341 KIAA1321 protein 17q11.1

40462 Zinc finger protein 264 19q13.4

171569 Janus kinase 1 (a protein tyrosine kinase) 1p32.3–p31.3 Protein phosphorylation|protein
tyrosine kinase|intracellular signaling
cascade|peripheral plasma membrane
protein

429621 Hypothetical protein FLJ23231 1p35.2

178037 RNA, U17D small nucleolar 1p36.1

194512 PC326 protein 1q23.2

172447 Chromosome 20 open reading frame 154 20p12.3

203939 RNA-binding region (RNP1, RRM) containing 2 20q11.21 Nucleoplasm|RNA processing|
pre-mRNA splicing factor

152378 Hypothetical protein FLJ20635 22q13

381382 Hypothetical protein 22q13.2

112048 Prenylcysteine lyase 2p13.3

117322 Eukaryotic translation initiation factor 4E-like 3 2q36.1 mRNA cap binding|translation factor|
translational regulation

156984 Transketolase (Wernicke-Korsakoff) 3p14.3 Transketolase

124459 Chemokine binding protein 2 3p21.3 Chemotaxis|immune response|plasma
membrane|chemokine receptor|devel-
opmental processes|integral plasma
membrane protein|G-protein linked
receptor protein signaling pathway 

143261 KIAA1160 protein 3q22.1

Cluster of ESTs corresponding to the Crouzon Fibroblasts. These ESTs are significantly modulated (p � 0.01) in Crouzon fibroblasts
when compared to Apert and wild-type fibroblasts. Fifty-nine ESTs and 21 ESTs are up-regulated in Crouzon fibroblasts. The IMAGE
clone ID, attributes, cytoband, and gene ontology annotation where available are shown in the enclosed table.
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The consistent differences between Crouzon and Apert
phenotypes are probably due to different molecular
mechanisms of FGFR and to different downstream
molecules in the FGFR signalling pathways. Studies
on more patients which, given the rarity of craniosyn-
ostosis cannot be done in the short term, will provide
data showing differences in the several groups with an
extremely heterogeneous FGFR genotype more clearly.

Overall, the results of the present study indicate
links between the molecular biology of the cellular
phenotype and the mutated craniosynostosis geno-
type. Understanding how receptor mutations lead to
the activation of specific genes involved in bone dif-
ferentiation may provide important clues about the
pathogenesis of bone disorders. 
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