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Craniosynostoses are a heterogeneous group of dis-
orders characterized by premature fusion of cranial
sutures. Mutations in fibroblast growth factor recep-
tors (FGFRs) have been associated with a number of
such conditions. Nevertheless, the cellular mecha-
nism(s) involved remain unknown. We analyzed cell
proliferation and differentiation in osteoblasts ob-
tained from patients with three genetically and clini-
cally distinct craniosynostoses: Pfeiffer syndrome
carrying the FGFR2 C342R substitution, Apert syn-
drome with FGFR2 P253R change, and a nonsyn-
dromic craniosynostosis without FGFR canonic muta-
tions, as compared with control osteoblasts.
Osteoblasts from craniosynostotic patients exhibited
a lower proliferation rate than control osteoblasts.
P253R and nonsyndromic craniosynostosis osteo-
blasts showed a marked differentiated phenotype,
characterized by high alkaline phosphatase activity,
increased mineralization and expression of noncol-
lagenous matrix proteins, associated with high ex-
pression and activation of protein kinase Ca and pro-
tein kinase Ce isoenzymes. By contrast, the low
proliferation rate of C342R osteoblasts was not asso-
ciated with a differentiated phenotype. Although they
showed higher alkaline phosphatase activity than
control, C342R osteoblasts failed to mineralize and
expressed low levels of osteopontin and osteonectin
and high protein kinase Cz levels. Stimulation of pro-
liferation and inhibition of differentiation were ob-
served in all cultures on FGF2 treatment. Our results
suggest that an anticipated proliferative/differentia-
tive switch, associated with alterations of the FGFR
transduction pathways, could be the causative com-

mon feature in craniosynostosis and that mutations
in distinct FGFR2 domains are associated with an in
vitro heterogeneous differentiative phenotype. (Am
J Pathol 1999, 154:1465–1477)

Craniosynostosis, the premature ossification of one or
more sutures of the flat bones of the developing skull, is
a relatively common defect of the cranial morphogenetic
program, with a prevalence at birth of approximately
1:3000. It results in a wide spectrum of craniofacial anom-
alies, including abnormal head shape, protruding eyes,
and midface underdevelopment.1 Surgical treatment of
craniosynostosis is frequently required to alleviate the
skull deformity; however, in most cases reconstructive
craniotomy is also directed to prevent its most severe
consequences, ie, increased intracranial pressure, se-
vere exorbitism, and obstructive apnea.2 Craniosynosto-
ses can occur as isolated cranial defect or as a feature of
more than 100 syndromes, which are clinically distin-
guished on the basis of the suture(s) involved, the pro-
gression of their closure over time, the resulting cranio-
facial profile, and the pattern of cerebral, cardiac, genital,
and limb involvement.1,3 In about half of these conditions
a genetic cause has been established or suggested;
most of them are monogenic and are inherited in an
autosomal dominant manner, with complete penetrance
and variable expressivity.3

Considerable advances have been made recently in
the understanding of the molecular basis of craniosynos-
totic diseases. Mutations in three members of the fibro-
blast growth factor receptor (FGFR) family have been
recently associated with a number of clinically distinct
craniosynostotic conditions.4,5 The FGFR family includes
four cell surface tyrosine kinase receptors with a structure
consisting of a glycosylated extracellular region charac-
terized by three immunoglobulin-like (Ig-like) motifs, a
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single membrane-spanning segment, and an intracellular
portion containing a split tyrosine kinase domain.6 FGFRs
bind to fibroblast growth factors (FGFs), which are known
to regulate proliferation, survival, differentiation, and mi-
gration of a wide variety of cells.7,8 Transduction of the
FGF signals is mediated by receptor dimerization, fol-
lowed by autophosphorylation in the dimer and phos-
phorylation of cellular substrates regulating the ras/mito-
gen-activated protein (MAP) kinases pathway,9,10 the
phospholipid turnover, and activation of protein kinase
Cs (PKCs).11 The great majority of craniosynostosis-
associated FGFR mutations are spotted in two contig-
uous extracellular domains involved in FGF binding.5

More precisely, two adjacent amino acidic changes
(Ser252Trp and Pro253Arg) in the linker stretch between
the second and third Ig-like domains account for the vast
majority of cases of Apert syndrome. Homologous sub-
stitutions in FGFR1 (Pro252Arg) and FGFR3 (Pro250Arg)
have been reported in the Pfeiffer syndrome and in a
heterogeneous group of craniosynostotic conditions, re-
spectively. Different mutations located in the third Ig-like
domain of FGFR2 are associated with the Crouzon,
Pfeiffer, and Jackson-Weiss syndromes. Among them,
substitution of Cys-342 is the most recurrent mutation; the
presence of an unpaired cysteine residue in this domain
(by loss of Cys-278 or Cys-342 or by the introduction of
an additional cysteine residue) has been observed in
more than 50% of all cases.5 All of the FGFR mutations
are dominantly acting, and at least two distinct ways in
which the FGF transduction pathway may be altered have
been proposed. Functional studies focused on the role of
mutations spotted in the third Ig-like domain in FGFR2
support that these mutations act by disrupting the in-
tradomain disulfide bond formation, leading to constitu-
tive receptor activation due to homodimerization between
mutated receptors.12–14 By contrast, FGFR mutations
located in the linker seem to affect ligand binding stabil-
ity, and they could affect either FGF binding affinity or
specificity.15

The FGF signaling plays a pivotal role in the control of
intramembranous and endochondral ossification.16 In
particular, FGFs are involved in cranial bones’ normal
growth as well as in their maintenance as discrete indi-
vidual structures, separated from one another, during the
intramembranous ossification of the skull.16,17 Much evi-
dence suggests that FGFs regulate both in vitro pre-
osteoblast cell proliferation and osteoblast differentia-
tion.18–21 However, only a few data are available on the
role of the FGFs/FGFRs network in the progression of
undifferentiated cells toward differentiated osteoblasts,
as well as in the control of suture growth and closure.22–24

For this reason, the mechanisms leading to the premature
closure of cranial sutures in craniosynostosis and under-
lying interference of FGFR mutations with cell proliferation
or differentiation remain unclear.

The direct study of primary osteoblast cultures from
patients affected by craniosynostosis is one approach to
investigating the relationships between altered FGFR
function and onset of the craniosynostotic condition. In
vitro osteoblast cultures represent a useful tool to char-
acterize possible alterations in cell function, differentia-

tion, and metabolism. By such an approach, it has re-
cently been shown that osteoblasts isolated from
prematurely fused sutures are characterized by an in-
creased maturation rate compared to osteoblasts from
unaffected sutures of the same patient.25 However, only a
single study has focused on the proliferative/differentia-
tive relationships in osteoblasts carrying a specific
FGFR2 mutation26 and no data are available on potential
relationships between distinct mutational events in the
FGFR or other genes and the cellular and molecular
anomaly.

In this study, we analyzed possible heterogeneity in
cell growth and differentiation among primary cultures of
osteoblasts obtained from patients affected by three ge-
netically and clinically distinct craniosynostotic disorders:
the Pfeiffer type 2 syndrome associated with the
Cys342Arg substitution in FGFR2, the Apert syndrome
characterized by the Pro253Arg change in the same
receptor, and a nonsyndromic craniosynostotic condition
apparently not associated with mutations in the canonic
FGFRs’ hot spots. Our results indicate that an alteration of
the proliferative/differentiative pattern, induced by muta-
tion of the FGFR transduction pathways, could be the
causative common feature in craniosynostoses. Our data
also suggest that mutations in distinct FGFR2 domains
are associated with an in vitro heterogeneous osteoblas-
tic differentiative phenotype.

Materials and Methods

Materials

Dulbecco’s modified Eagle’s medium (DMEM) nutrient
MIX F-12, fetal bovine serum (FBS), penicillin, and strep-
tomycin were purchased from Gibco BRL (Grand Island,
NY). [Methyl-3H]-thymidine was purchased from DuPont-
New England Nuclear (Boston, MA). Collagenase type IV,
trypsin, ascorbic acid, b-glycerophosphate, dexametha-
sone, and heparin were obtained from Sigma Chemical
Co. (St. Louis, MO). Micro BCA Protein Assay was ob-
tained from Pierce (Rockford, IL). Goat or rabbit antibod-
ies anti-b-actin and anti-protein kinase C isoforms were
purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). Horseradish peroxidase-conjugated anti-rabbit and
anti-goat IgG and ECL were obtained from Amersham
(Arlington Heights, IL). Human recombinant FGF-2 (hr-
FGF2) was obtained from Becton Dickinson Labware
(Bedford, MA). AmpliTaq polymerase was purchased
from Perkin-Elmer (Branchburg, NJ), T7 Sequenase 2.0
DNA sequencing kit from USB (Cleveland, OH), and
BstUI and BsaAI endonucleases from New England Bio-
labs (Beverly, MA). Anti-osteopontin (LF-123), anti-bone
sialoprotein (LF-83), and anti-osteonectin (Bon-I) antisera
were generously provided by Dr. Larry Fisher of the
Craniofacial and Skeletal Disease Branch, National Insti-
tute of Dental Research, National Institutes of Health (Be-
thesda, MD).
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Clinical Evaluation

Three clinically distinct craniosynostotic conditions were
considered in the study. The first patient (male, 3 months
old) had severe craniosynostosis resulting in a “cloverleaf
skull” malformation, midfacial hypoplasia, and severe oc-
ular proptosis. Typical digit anomalies, ie, broad and
medially deviated thumbs and great toes and partial
bilateral cutaneous syndactily of the second and third
toes, were also present. Such clinical features fit the
Pfeiffer syndrome type 2 phenotype.27 The patient af-
fected by Apert syndrome (male, 2 months old) showed
acrocephaly, proptosis, mid-facial hypoplasia, and se-
vere bilateral bony and cutaneous syndactily of both
hands and feet. The third patient (male, 9 months old)
had a clinically unclassified nonsyndromic craniosynos-
tosis, initially described as Crouzon syndrome, charac-
terized by stenosis of the coronal suture with plagioceph-
aly, hypertelorism, and invaginated occipital bone. All
cases were sporadic.

Bone Samples

Skull bone samples were obtained from the three infants
during cranial surgery and consisted of bone fragments
close to the sutures involved. Bone samples were also
obtained from a control subject who underwent local
bone surgery for an unrelated disease (male, 3 months
old). Bone samples were obtained with parents’ signed
consent. Samples were placed in cold Hanks’ solution
supplemented with 100 mg/ml streptomycin and 100
units/ml penicillin and immediately processed.

Mutation Analysis

Genomic DNAs were extracted from peripheral blood
leukocytes. Molecular screening was carried out by sin-
gle strand conformational analysis on the FGFR2 third
Ig-like domain (exons IIIa, IIIb, and IIIc) and transmem-
brane segment (TM) coding sequences and exons IIIa of
both FGFR1 and FGFR3 genes. Polymerase chain reac-
tion (PCR) conditions for amplifications of the FGFR2
exons coding the third Ig-like domain and exons IIIa of
both FGFR1 and FGFR3 were performed as previously
described.28–30 PCR conditions for FGFR2 exons IIIb and
TM were the same as those for FGFR2 exon IIIc amplifi-
cation, by the oligonucleotide pairs previously report-
ed.31 The purified FGFR2 exon IIIa and exon IIIc PCR
products were directly sequenced on both strands, by
using the same oligonucleotides utilized during PCR.
Mutations were confirmed by endonuclease digestion of the
unpurified PCR products with BstUI (exon IIIa) and BsaAI
(exon IIIc) according to the manufacturer’s specifications.

Osteoblast Cultures

Samples were processed by a modification of the se-
quential collagenase/trypsin digestion method.32 Briefly,
bone fragments were washed in sterile phosphate-buff-
ered saline (PBS), minced, and treated with 1 mg/ml

collagenase type IV and 0.25% trypsin for 30 minutes at
37°C with gentle agitation. The procedure was repeated
three times; cells from the second and third digestions
were collected by centrifugation and plated in 25-cm2

flasks. At the end of digestions, fragments were also
plated in 35-mm Petri dishes; cells proliferated from the
bone fragments within 10 days of culture. At confluence,
cells were trypsinized and amplified for characterization
of the osteoblast phenotype and experiments. Osteo-
blasts were maintained in DMEM nutrient MIX F-12, sup-
plemented with 100 mg/ml streptomycin and 100 units/ml
penicillin and 10% heat-inactivated FBS at 37°C in a
humidified incubator with 5% CO2. Medium was changed
twice a week.

Cell Proliferation

Osteoblasts were plated at a density of 8 3 103 cells/well
into 24-well plates and allowed to proliferate for 2 days.
Cells were incubated with 1 mCi/ml 3H-thymidine for 12
hours. Osteoblasts were then washed twice in PBS, ex-
tracted with 1 ml of 1% sodium dodecyl sulfate (SDS) and
precipitated with 10% thricloracetic acid. After centrifu-
gation, pellets were dissolved in 1% SDS and aliquots
transferred to vials containing 5 ml of scintillation fluid for
counting the radioactivity in a b-counter Beckman LS
6500. To assay the effects of hr-FGF2 on cell growth,
osteoblasts were seeded at 5 3 103 cells/well in 24-well
plates, cultured in basal conditions until preconfluence,
washed 3 times, and cultured for 24 hours in serum-free
medium. Osteoblasts were then treated with hr-FGF2 (20
ng/ml) and heparin (50 mg/ml) for another 24 hours. Un-
treated cells were incubated in serum-free medium for 24
hours and processed under identical conditions.

Alkaline Phosphatase Detection

Alkaline phosphatase (ALP) activity was detected histo-
chemically in monolayers cultured for 1 week in standard
conditions. Osteoblasts were washed twice in 0.1 mol/L
cacodylate buffer, pH 7.4, fixed for 10 minutes in 4%
paraformaldehyde in 0.1 mol/L cacodylate buffer, and
processed using the Fast Blue RR Salt and Mayer’s He-
matoxylin (Sigma kit no. 85). Quantitative determinations
of ALP were performed in cells lysated with 0.1% SDS in
PBS, using a commercially available procedure and fol-
lowing the manufacturer’s instructions (Sigma kit no.
104). To study the effect of hr-FGF2 on ALP activity,
osteoblasts after confluence were rinsed three times,
cultured for 24 hours in serum-free medium, and treated
for another 48 hours with or without hr-FGF2 (20 ng/ml)
and heparin (50 mg/ml).

Analysis of in Vitro Mineralization

Cells were seeded in 24-well plates at a density of 104

cells/well and cultured in mineralization medium (DMEM-
F12 with 10% FBS, supplemented with 100 mg/ml ascor-
bic acid, 10 mmol/L b-glycerophosphate) in presence or
absence of 1028 mol/L dexamethasone (DEX), for 6
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weeks. Cells became confluent after 1 week of culture.
Mineralization medium was changed twice a week. Cul-
tures were fixed in 4% PFA in 0.1 mol/L cacodylate buffer,
pH 7.4, for 10 minutes and washed twice in distilled
water. For von Kossa’s staining, silver nitrate (5%) was
added,33 and plates were placed under an UV lamp (20
cm distance) for 60 minutes. Cultures were rinsed twice
in distilled water, treated for 2 minutes with 5% sodium
thiosulfate, rapidly rinsed twice in ethanol, and allowed to
dry. When osteoblasts were treated for 2 weeks with
hr-FGF2 (20 ng/ml) and heparin (50 mg/ml), after conflu-
ence cultures were washed twice and grown as de-
scribed above except that FBS concentration was low-
ered to 0.1%.

Western Blot Analysis

Osteoblasts were grown in 90-mm culture Petri dishes in
standard condition until confluence, then washed twice
with cold PBS and scraped into 200 ml of ice-cold lysis
buffer (20 mmol/L Tris, 1 mmol/L dithiothreitol, 1 mmol/L
MgCl2, 0.1 mmol/L Na3VO4, 1 mmol/L NaF, 1% SDS, 0.3
mol/L Urea) containing 10 mg/ml aprotinin, 10 mg/ml leu-
peptin, 2 mg/ml benzamidin, 0.1 mmol/L phenylmethyl-
sulfonyl fluoride. Samples were solubilized in 43 loading
buffer (10% glycerol, 8% SDS, 0.05% bromophenol blue,
10% b-mercaptoethanol) and boiled at 90°C for 3 min-
utes. Fifty micrograms of proteins, determined using a
Micro BCA Protein assay, were resolved by SDS poly-
acrylamide gel electrophoresis and transferred to nitro-
cellulose at 35 V overnight. Blots were saturated with 5%
nonfat dry milk dissolved in Tris-buffered saline contain-
ing 0.1% Tween 20 (TTBS) for 2 hours at room tempera-
ture. Filters were probed with the appropriated antibody
diluted in TTBS containing 1% milk overnight at 4°C.
Rabbit polyclonal anti-osteopontin (LF-123), anti-os-
teonectin (Bon-1), and anti-bone sialoprotein (LF-83) and
goat anti-b-actin antibodies were used at 1:500 dilu-
tion.34 Blots were extensively washed in TTBS and incu-
bated with horseradish peroxidase-conjugated anti-rab-
bit or anti-goat antibodies for 1 hour at room temperature
and washed 3 times in TTBS. Protein bands were visual-
ized by enhanced chemiluminescence (ECL) kit. Densi-
tometric analysis was performed using Multianalyst soft-
ware with a BioRad GS-700 Imaging Densitometer. To
study the effects of FBS, osteoblasts after confluence
were incubated for 72 hours with or without 10% FBS. To
study the effect of hr-FGF2, osteoblasts were washed
twice, cultured in serum-free medium for 24 hours, and
treated with or without hr-FGF2 (20 ng/ml) and heparin
(50 mg/ml) for an additional 48 hours.

PKC Isoenzymes Analysis

Preparation of cytosol or membrane fractions was carried
out as previously described.35 Briefly, cells were scraped
in lysis buffer (20 mmol/L Tris-HCl, pH 7.5, 1 mmol/L
EDTA, pH 8.0, 1 mmol/L EGTA, 2 mmol/L dithiothreitol, 2
mmol/L phenylmethylsulfonyl fluoride, 25 mg/ml leupep-
tin, 6 mg/ml aprotinin, 10 mmol/L benzamidin) on ice and

transferred to Eppendorf tubes, then sonicated on ice for
two bursts at setting 5 of a heat system sonicator. Cell
lysates were centrifuged in a TL-100 Beckman ultracen-
trifuge at 200,000 3 g for 50 minutes at 4°C and super-
natants (cytosolic fraction) were recovered and precipi-
tated in 10 volumes of cold acetone at 220°C overnight.
Pellets (membrane fractions) were gently resuspended in
1 ml of lysis buffer containing 1% Triton-X 100, incubated
on ice for 20 minutes, sonicated, and centrifuged for 50
minutes at 200,000 3 g to eliminate nonprotein compo-
nents. Supernatants were then precipitated overnight in
cold acetone. The following day samples were centri-
fuged in a Sorvall centrifuge at 10,000 3 g for 30 minutes
at 4°C and pellets were resuspended in 50 ml of 10
mmol/L Tris-HCl, pH 7.5, and stored at 280°C until anal-
ysis. Twenty micrograms of cytosolic and membrane
fractions were resolved by SDS polyacrylamide gel elec-
trophoresis followed by immunoblotting according to the
procedure described for the Western blot analysis of
matrix proteins. Specific rabbit antibodies anti-protein
kinase Ca, e, and z isoenzymes were used.

Statistical Analysis

Data are expressed as means 6 SE. Statistical signifi-
cance between data points was determined using the
two-tailed Student’s t-test. P ,0.05 was considered sta-
tistically significant. Experiments were performed in trip-
licate at least 3 times.

Results

Parameters of osteoblast proliferation and differentiation
were investigated in primary osteoblast cultures from
skull bone fragments of three genetically and phenotyp-
ically distinct craniosynostotic disorders and from an un-
affected sex- and age-matched control individual. More
precisely, we considered two craniosynostotic conditions
associated with mutations in the FGFR2, ie, the Apert and
Pfeiffer type 2 syndromes, and a nonsyndromic cranio-
synostotic condition characterized by the absence of
canonic FGFR mutations.

Mutational Analysis

Direct sequencing of the FGFR2 exon IIIa in the Apert
patient showed the occurrence of a de novo C-to-G trans-
version at nucleotide 937. Such a missense mutation
results in an arginine-for-proline substitution at codon 253
in the linker stretch between the second and third Ig-like
domain of the receptor (hereinafter P253R) (data not
shown). The whole third Ig-like domain and the trans-
membrane segment coding sequences of FGFR2, as well
as exons IIIa of both FGFR1 and FGFR3 genes, were
screened by single strand conformational analysis in the
two patients affected by Pfeiffer type 2 syndrome and
nonsyndromic craniosynostosis. An altered migration
pattern was found for the FGFR2 exon IIIc PCR product in
the Pfeiffer patient. Direct sequencing revealed a T-to-C
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transition at nucleotide 1203, resulting in a substitution of
arginine-for-cysteine at codon 342 in the third Ig-like
domain of the receptor (C342R, hereinafter) (data not
shown). The presence of this mutation was confirmed by
restriction analysis, because the T-to-A change in FGFR2
exon IIIc destroys a restriction site for BsaAI. By contrast,
no mutation in the canonic regions indicated as hot spots
for FGFR1, FGFR2, and FGFR3 genes was detected in
the patient with nonsyndromic craniosynostosis (nonca-
nonic mutation, NCM, hereinafter) (data not shown). Mu-
tational and clinical data are summarized in Table 1.

Primary Osteoblast Cultures and
Cell Morphology

Cell cultures consisted of homogeneous osteoblast pop-
ulations as identified by ALP activity, which is an early

marker of osteoblast phenotype36 (see below). Osteo-
blasts from the second to the fourth passage with no
detectable changes in cell phenotype were used.

By phase contrast microscopy, control osteoblasts ap-
peared with a typical fibroblast-like morphology (Figure 1A),
characteristic of the proliferating osteoblastic cell.37,38 At
confluence, a few cell aggregates appeared and became
multilayered to form nodules. NCM osteoblasts showed a
typical fusiform aspect but they reached only 70% conflu-
ence in cultures and formed a higher number of multilay-
ered nodules than control cells (Figure 1B). P253R osteo-
blasts showed flattened and rounded shape and formed
several multilayered nodules even at partial confluence
(about 60%) (Figure 1C). C342R osteoblast shape ap-
peared similar to control osteoblasts and formed just a few
number of multilayered nodules; however, as observed in
the NCM and P253R cell cultures, they reached only partial
confluence (60%) (Figure 1D).

Table 1. Mutational and Clinical Data of the Craniosynostotic Patients Included in the Study

Craniosynostotic conditions Clinical features FGFR mutations and locations

Apert syndrome Acrocephaly, proptosis, mid-facial hypoplasia,
severe bilateral bony and cutaneous syndactily of
both hands and feet

P253R
FGFR2, linker between the II and III

Ig-like domains
Pfeiffer type II syndrome Cloverleaf skull, mid-facial hypoplasia, severe ocular

proptosis, digit anomalies
C342R
FGFR2, III Ig-like domain

Nonsyndromic craniosynostosis Coronal stenosis, plagiocephaly, hypertelorism and
invaginated occipital bone

No canonic FGFR mutations (NCM)

Figure 1. Phase contrast microphotographs representing comparative morphology of primary osteoblasts cultured for 2 weeks (second passage). A: Control
osteoblasts; B: NCM osteoblasts; C: P253R osteoblasts; D: C342R osteoblasts. Original magnification, 3120.
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Cell Proliferation

In vitro cell proliferation was measured by 3H-thymidine
uptake in basal conditions. As shown in Figure 2, prolif-
eration rates of NMC, P253R, and C342R osteoblasts
were significantly lower than those of control osteoblasts.

More precisely, DNA synthesis was about 40% in NCM
osteoblasts and 20% in P253R and C342R osteoblasts
compared to control osteoblasts.

ALP Activity

ALP activity represents an early marker of osteoblastic
differentiation. This enzyme is believed to play a primary
role in bone mineralization, and its expression during
osteoblast differentiation has been inversely related with
cell proliferation.36,39,40 As shown in Figure 3A, control
osteoblast cultures showed about 50% of cells stained for
ALP; the remaining cell population appeared only weakly
positive. NCM and C342R osteoblast cultures showed a
heterogeneous ALP staining, with a high number of cells
strongly positive (Figure 3, B and D). The majority of the
P253R osteoblasts exhibited an intense and uniform
staining for ALP (Figure 3C). Moreover, these cells were
also characterized by a marked ALP staining in subcon-
fluent conditions, whereas control cells showed an ap-
preciable staining only in confluent cultures (data not
shown). ALP activity was also measured using biochem-
ical assay to quantify the above-observed differences
(Figure 4). As expected, ALP activity in osteoblasts iso-
lated from craniosynostotic patients was significantly
higher in respect to control osteoblasts.

Figure 2. In vitro cell proliferation comparison between control osteoblasts
and osteoblasts isolated from distinct craniosynostotic patients. Data repre-
sent pool of three independent experiments performed in triplicate, and are
expressed as means 6 SE. *P ,0.001 versus control cells.

Figure 3. Comparative histochemical analysis of ALP activity in control osteoblasts and in osteoblasts isolated from craniosynostotic patients. Cells were cultured
for one week in standard conditions before analysis. A: Control osteoblasts; B: NCM osteoblasts; C: P253R osteoblasts; D: C342R osteoblasts. Microphotographs
are representative of at least four experiments performed between the second and third passages. Original magnification, 3200.
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Analysis of Mineralization Pattern by von
Kossa’s Staining

Osteoblast cell cultures maintained in continuous pres-
ence of glucocorticoids and with appropriate substrates,
produce abundant extracellular matrix that can mineral-
ize in vitro.41,42 To evaluate differences in matrix mineral-
ization, osteoblasts were maintained in culture for 6
weeks in appropriate medium with or without DEX.

Figure 5 shows the mineralization profiles observed in
2-week (Figure 5, A, C, E, and G) and 6-week (Figure 5,
B, D, F, and H) DEX-stimulated cultures. In control osteo-
blast cultures few mineralized nodules were apparent
after 2 weeks (Figure 5A), and appreciable matrix miner-
alization was detected only after 6 weeks (Figure 5B).
NCM and P253R osteoblasts showed a substantial in-
crease in matrix mineralization relative to control cells; a
high number of mineralized nodules were observed even
after 2 weeks of culture (Figure 5, C and E), and in-
creased progressively strongly after 6 weeks (Figure 5, D
and F). Surprisingly, DEX-stimulated C342R osteoblast
cultures failed to produce mineralized matrix throughout
the 6 weeks of cultures (Figure 5, G and H). All osteo-
blasts cultured without DEX failed to form mineralized
nodules at any time (data not shown).

The increased mineralization in the NCM and P253R
osteoblast cultures suggests that these cells be charac-
terized by a more differentiated phenotype compared
with control osteoblasts. By contrast, the absence of
C342R osteoblast mineralization suggests that these
cells do not reach the late differentiative stage of osteo-
blast maturation in vitro.

Expression of Noncollagenous Matrix Proteins

In vivo and in vitro expression of noncollagenous matrix
proteins is correlated with the differentiative stage of

osteoblasts.40,43 We investigated by Western blot analysis,
the synthesis levels of osteopontin (OPN), bone sialoprotein
(BSP), and osteonectin (ONC); these matrix proteins are
expressed in a specific temporal sequence during the
switch toward the mature osteoblast phenotype.

As shown in Figure 6A, NCM and P253R osteoblasts
maintained in 10% FBS showed enhanced expression of
OPN and BSP and a weak increase of ONC compared to
control osteoblasts. The increased expression of OPN in
the NCM and P253R osteoblasts was also observed in
serum-free conditions. By contrast, OPN and ONC ex-
pression in the C342R osteoblasts cultured in 10% FBS
was found to be lower than the one observed in the NCM,
P253R, and control osteoblasts. However, C342R cells
exhibited a relatively higher BSP synthesis in comparison
to control osteoblasts. Semiquantification by means of
densitometric analysis showed that NCM and P253R os-
teoblasts were characterized by a significant increase in
expression of all three matrix proteins, expressed as ratio
of specific protein expression to b-actin (Figure 6B).
Moreover, these results suggest that NCM and P253R
osteoblasts are characterized by a more differentiated
phenotype than control osteoblasts, and that the reduced
proliferation rate observed in the C342R osteoblasts does
not seem to be coupled to an anticipated progression of
osteoblast differentiation.

PKC Isoenzyme Characterization

The FGFR transduction pathway involves the phospho-
lipase C-g (PLCg)-mediated phosphoinositide hydrolysis
and, consequently, the activation of protein kinase type C
(PKC) isoenzymes, which essentially consists of their
translocation from the cytosol compartment to the mem-
brane.44,45 Recently we observed that proliferating and
differentiated osteoblasts exhibit differential PKC isoen-
zymes expression and activation profiles38 (our unpub-
lished data). To investigate the expression and activation
patterns of PKC isoenzymes, osteoblasts were grown to
subconfluence and cytosol and membrane fractions
were immunodetected for expression of PKCa, PKCe,
and PKCz isoenzymes, which are known to be expressed
in osteoblasts.38,46,47

Control osteoblasts showed the majority of PKCa ex-
pression in the cytosol fraction, whereas only a small
amount was observed in the membrane fraction (Figure
7). Such a distribution profile has been found to be as-
sociated with a proliferating osteoblast phenotype.38

Both NCM and P253R osteoblasts exhibited peculiar pro-
files, unambiguously distinct from those observed in con-
trol osteoblasts. NCM cells were characterized by a sub-
stantial increase of PKCa expression, particularly in the
cytosolic fraction, whereas the P253R osteoblasts
showed a higher level of activated membrane-bound
PKCa. On the contrary, C342R osteoblasts had signifi-
cantly lower PKCa expression levels than control, NCM,
and P253R osteoblasts. High PKCe expression levels
have been observed in nonproliferating differentiated os-
teoblasts (our unpublished results). Highest PKCe ex-
pression was found in the NCM and P253R osteoblast

Figure 4. Biochemical analysis of ALP activity expressed as mean of Sigma
units/mg total proteins, assayed in control osteoblasts and in osteoblasts
isolated from craniosynostotic patients. Data represent pool of three inde-
pendent experiments performed in triplicate, and are expressed as means 6
SE. *P ,0.001 versus control cells.
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membrane fractions, whereas it was again strongly atten-
uated in C342R osteoblasts (Figure 7). Finally, we ob-
served that PKCz isoenzyme was expressed in osteo-
blasts with undifferentiated phenotype (unpublished
data); PKCz was found to be weakly expressed in control
osteoblasts and to be increased in the cytosolic fraction
of the NCM and P253R osteoblasts, although no differ-
ences among these cells were observed in the mem-
brane-bound isoenzyme levels. By contrast, PKCz ex-
pression was greatly increased and membrane-
translocated in the C342R osteoblasts (Figure 7).

On the whole, the differential PKC isoenzyme profiles
found in osteoblasts from craniosynostotic patients sug-
gest the presence of a disruption of the PKC intracellular
pathway, which is downstream of the FGFR signaling.

FGF2 Effects on Osteoblast Proliferation and
Differentiation

FGF2 exerts a mitogenic effect on osteoblasts and mod-
ulates osteoblast differentiation.20,21 To study the effects
of such growth factor on the proliferation/differentiation
pattern of osteoblasts obtained from craniosynostotic pa-
tients, we evaluated, in serum-free cultures, hr-FGF2 mod-
ulation of DNA synthesis, ALP activity, BSP, OPN, and ONC
expression, and extracellular matrix mineralization.

As shown in Figure 8, FGF2 stimulated cell proliferation
in control, NCM, P253R, and C342R osteoblasts, albeit to

different extents. A twofold increase in the proliferation
rate of the FGF2-treated control, NCM, and P253R osteo-
blasts versus the untreated counterparts was observed,
whereas a fourfold increase was found in the FGF2-
treated C342R osteoblasts.

Because of such proliferative effect, we wondered
whether FGF2 could regulate osteoblast differentiation. In
all osteoblast cultures, 48 hours of FGF2 treatment ap-
parently did not exert any significant effect on ALP activ-
ity as assayed histochemically and biochemically, nor on
OPN, OCN, and BSP expression levels as assayed by
Western blot analysis (data not shown). However, long-
term FGF2 treatment totally inhibited DEX-stimulated ma-
trix mineralization of control, NCM, and P253R osteo-
blasts cultured in 0.1% FBS (Figure 9, I, J and K). It
should be noted that matrix mineralization in control and
NCM osteoblast cultures was observed in DEX-stimu-
lated 0.1% FBS conditions (Figure 9, E and F), although
lower compared to 10% FBS cultures (Figure 9, A and B).
Interestingly, P253R osteoblasts showed a high FBS-
independent degree of mineralization (Figure 9, C and
G). As expected, C342R osteoblasts failed to mineralize
in all DEX-stimulated culture conditions (Figure 9, D, H,
and L).

These findings indicate that, regardless of the pres-
ence or absence of mutations in FGFR2, FGF2 stimulates
osteoblast proliferation and that, similarly to what was
observed in control osteoblasts, the FGF2-induced in-
crease in cell proliferation rate of NCM and P253R osteo-

Figure 5. Comparison of in vitro mineral deposition profile in osteoblast cultures isolated from control individual and patients with different craniosynostotic
disorders. Osteoblasts were cultured in 24 wells/plate for 6 weeks in presence of dexamethasone. After 2 (A, C, E, and G) and 6 (B, D, F, and H) weeks of culture,
plates were fixed and mineralization was detected by von Kossa’s staining. Control osteoblasts produced appreciable mineralization only after 6 weeks (A and
B); NCM (C and D) and P253R (E and F) osteoblasts showed positive mineralization profiles after 2 weeks that sensibly increased after 6 weeks of culture. In
C342R osteoblast cultures no mineralized nodules were detected during 6 weeks of culture (G and H). Photographs are representative of three distinct
experiments.
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Figure 7. Differential expression and activation of PKCa, PKCe, and PKCz
isoenzymes in control osteoblasts and in osteoblasts isolated from patients
with different craniosynostotic disorders by Western blotting analysis. Cy-
tosol (c) and membrane (m) fractions were separated from subconfluent
cultures. A: Composite autoradiograms from a single representative experi-
ment. B: Bar graphs of PKCa, PKCe, and PKCz isoenzymes represent quan-
tification of protein levels by densitometric scanning of autoradiograms
obtained from a single representative experiment of three distinct experi-
ments performed. White bars and striped bars refer to the cytosol fraction and
membrane fraction, respectively. Values are represented as ratios of PKC
isoenzyme to b-actin to compensate for any loading differences.

Figure 6. Changes in noncollagenous matrix protein expression in osteoblast
cultures obtained from control individual and patients with different cranio-
synostotic disorders by Western blotting analysis. A: Composite autoradio-
grams from representative experiments. Western blotting analysis was per-
formed using anti-OPN, anti-BSP, anti-ONC, and anti-b-actin (Actin)
antibodies in osteoblasts cultured with (1) or without (2) 10% FBS for 72
hours. B: Bar graphs represent quantification of protein levels by densito-
metric scanning of autoradiograms obtained from multiple experiments.
Striped bars and white bars refer to cultures with and without 10% FBS,
respectively. Values are means 6 SE and are represented as ratios of the
specific protein to b-actin to compensate for any loading differences. *P
,0.05 versus control cells.
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blasts is associated with a negative modulation of the late
osteoblast differentiation in long-term cultures.

Discussion

In the present study, we reported a proliferative/differen-
tiative profile characterization of primary osteoblast cul-
tures isolated from patients affected by genetically and
clinically distinct craniosynostotic disorders. Our aim was
to evaluate the presence of possible heterogeneity in
such proliferative and differentiative patterns to contrib-
ute to an elucidation of the effects of different FGFR
mutations (or mutations involving other genes) on osteo-
blast function. Three different craniosynostoses were
considered: the Apert syndrome associated with the
Pro253Arg substitution in FGFR2 (P253R), one of the two
common nucleotidic changes associated with this syn-
drome;48 the Pfeiffer type 2 syndrome with the
Cys342Arg change in the same receptor (C342R), the
most common mutation associated with Crouzon, Pfeiffer,
and Jackson-Weiss syndromes, accounting for about
40% of total diagnosed cases;5 and a nonsyndromic
craniosynostotic condition apparently not associated with
mutations in the canonic FGFR hot spots (NCM). Inter-
estingly, the P253R and C342R amino acidic substitu-
tions are located in two distinct but contiguous functional
FGFR2 domains involved in ligand binding, ie, the linker
segment between the second and third Ig-like domains
and the third Ig-like domain, respectively. This gave us
the opportunity to evaluate the effect of different FGFR2
mutations on the osteoblast function. Parameters of os-
teoblastic proliferation and differentiation were investi-
gated in these osteoblast cultures and compared with
osteoblasts from an age-matched, unaffected individual.

Under our experimental conditions, osteoblasts from
craniosynostotic patients showed a lower proliferation

rate compared to control cells. Consistent with a nonpro-
liferating phenotype, these osteoblast cultures failed to
reach confluence and were organized to form cellular
clusters. Furthermore, a high number of multilayered nod-
ules were peculiar to NCM and P253R cultures. The low
proliferation we observed in the P253R osteoblasts ap-
parently is not in agreement with the absence of alteration
in basal cell proliferation in osteoblasts isolated from
infants and fetuses with Apert syndrome associated with
S252W mutation recently reported.26 It must be pointed
out that the low proliferative rate in osteoblasts from cra-
niosynostotic patients was not constitutively controlled.
Potential proliferative capacity was verified by FGF2
treatment. FGF2 stimulated cell proliferation of all patho-
logical osteoblast cultures in a similar manner to that
observed in control osteoblasts, according to the previ-
ous data on the S252W osteoblasts.26 Moreover, the
FGF2-dependent increase in cell proliferation in NCM,
P253R, and control osteoblasts was apparently coupled
to an inhibition of the late osteoblast differentiative phe-
notype onset, as indicated by the failure of these cultures
to mineralize in vitro in the presence of this growth factor.

We found substantial differences in the expression of
parameters of cell differentiation among osteoblasts from
the three craniosynostotic patients. In the NCM and P253R
osteoblasts the decreased proliferation rate was associated
with a marked differentiated osteoblastic phenotype, char-
acterized by higher ALP activity and expression of noncol-
lagenous matrix proteins relative to control cells; they also
exhibited a striking increase in extracellular matrix mineral-
ization rate. Such mature phenotype was also associated
with high expression and activation of PKCa and PKCe
isoenzymes. Accordingly, a distinct PKC expression pattern
characterized by an increased expression and concomitant
activation of PKCa and PKCe in differentiated osteoblasts
was recently observed38,47 (our unpublished data). The
results presented here suggest that an alteration in this
specific intracellular signaling exists in these distinct cranio-
synostotic conditions. We are investigating the biological
meaning of these data because this altered pattern may
represent either the pivotal alteration in these cells or the
consequence of perturbed intracellular signaling linked to
FGFR mutations.

Differences between NCM and P253R osteoblasts
concerned ALP activity, considerably higher in the P253R
osteoblasts, as well as expression of PKCa and cell
proliferation rate, both increased in NCM osteoblasts.
The differentiated phenotype observed in the NCM and
P253R osteoblasts is in agreement with the increased
differentiated phenotype described in osteoblasts isolated
from patients with nonsyndromic craniosynostoses25 and
from patients affected by Apert syndrome carrying the
S252W substitution.26

Unlike the NCM and P253R osteoblasts, the low pro-
liferation rate of the C342R osteoblasts was found to be
associated with a less differentiated phenotype; these
cells were totally unable to mineralize bone matrix and
more responsive to FGF2 mitogenic stimulation. Further-
more, C342R osteoblasts showed relatively low OPN and
ONC expression levels. According with such “defective”
differentiative phenotype, C342R osteoblasts exhibit low

Figure 8. Effect of treatment with hr-FGF2 (20 ng/ml) and heparin (50
mg/ml) on cell proliferation of osteoblasts isolated from control individual
and patients with different craniosynostotic conditions. Cells were serum-free
cultured before treatment for 24 hours. FGF2 was added to the medium
culture for 24 hours. Data are representative of three distinct experiments
performed in quadruplicate and are expressed as cpm/well means 6 SE. *P
,0.001 versus untreated cells.
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Figure 9. Effect of treatment with hr-FGF2 (20 ng/ml) and heparin (50 mg/ml) on in vitro mineralization of control (A, E, and I), NCM (B, F, and J), P253R (C,
G, and K), and C342R (D, H, and L) osteoblast cultures. At the end of cultures, plates were fixed and mineralization was detected by von Kossa’s staining. Cultures
were serum-deprived for 24 hours before treatment. During the 2 weeks of culture, FGF2 and heparin were continuously added in the mineralization medium
supplemented with 0.1% FBS (I, J, K, and L). FGF2 treatment inhibited mineralization in all samples. Osteoblasts were also cultured in mineralization medium
without growth factor as a control, supplemented with 0.1% FBS (E, F, G, and H) and 10% FBS (A, B, C, and D). Note the increased mineralization in P253R in
0.1% FBS cultures (G). Microphotographs were representative of three distinct experiments performed in triplicate. Original magnification, 350.
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levels of PKCa and PKCe isoenzymes but high levels of
cytosolic and membrane-bound PKCz. These findings
suggest that the FGFR2 C342R amino acidic substitution
might have a role in the modulation of a late step of the
intracellular machinery involved in the in vitro osteoblast
differentiation events.

The phenotypic differences we observed between
P253R and C342R osteoblasts support the existence of
at least two distinct mechanisms responsible for the al-
teration of the FGFs/FGFR2 transduction pathway and the
premature ossification of the skull sutures. Our findings
agree with evidence from a number of previous experi-
ments based on transfection studies in a variety of cell
lines, as well as on mRNA microinjections in Xenopus
laevis embryos, which demonstrated that FGFR2 mis-
sense mutations located in the third Ig-like domain and in
the linker segment between the second and third Ig-like
domains have two different perturbing roles in receptor
function.12–15 The former, as the C342R substitution here
considered, would result in constitutive FGFR2 ho-
modimerization by intermolecular disulfide bonding and,
consequently, in FGF-independent receptor activa-
tion.12–14 Differently, P253R substitution and the adjacent
S252W change are believed to affect FGF binding stabil-
ity, affinity, or specificity.15 Nevertheless, the causative
cellular mechanisms responsible for this striking differ-
ence in the control and modulation of in vitro osteoblast
differentiation remain unclear. Osteoblast differentiation
is a series of events, modulated by sequential activation
of genes that initially promote cell proliferation and then
biosynthesis, organization, and mineralization of bone
extracellular matrix.43,49,50 In particular, two independent
series of signaling mechanisms control the transition from
a proliferative undifferentiated phenotype to a matrix se-
creting osteoblastic cell and the progression toward the
late differentiative stage in which the expression of genes
involved in matrix maturation and mineralization is ob-
served.51 It is possible to hypothesize that the perturbing
action of the C342R (or other amino acidic substitutions in
the third Ig-like domain) and P253R (or S253P) mutations
in the FGFR2 might have a distinct effect on these two
differentiative transition events. It must be pointed out that
the “gain of function” mechanism proposed for mutated
FGFR212–14 can be reverted in vitro, because the reduced
proliferation rate associated with the perturbing action of a
mutated FGFR2 is overcome by FGF2 stimulation.

Although no mutation was found in the canonic hot
spots of the FGFRs in the NCM osteoblasts, these cells
showed an osteoblastic mature phenotype similar to the
one characterizing osteoblasts carrying the P253R
change. These findings suggest that an alternative mo-
lecular alteration might be responsible for a premature
proliferation/differentiation switch that drives the NCM os-
teoblasts toward a mature secreting phenotype. Differ-
ences observed in our in vitro cultures between NCM and
P253R osteoblasts, ie, the higher ALP activity and in-
creased mineralization profile of P253R osteoblasts,
could be related to differences in pathology severity.

Taken together, our data demonstrate that these geneti-
cally and clinically distinct craniosynostotic conditions are
associated with a decreased osteoblast proliferation and a

differentiative phenotype peculiar to each genotype and
that mutations in distinct FGFR2 domains are associated
with an in vitro heterogeneous osteoblastic phenotype. Our
results suggest that the unorthodox FGFR2 activation is
directly involved in the negative modulation of the preosteo-
blast proliferation and in the stimulation of the progression of
the osteoblast differentiation. In accordance with these ob-
servations, the activated FGFR2 could be involved in the
differentiation progression of the proliferating osteogenic
stem cells, and consequently an alteration of the FGFR2-
coupled signal could induce an early proliferation/differen-
tiation switch that could anticipate the suture closure. In vivo,
during fetal mouse skull development, FGFR2 transcripts
are most abundant at the level of the proliferation layer
adjacent to the osteogenic front and are mutually exclusive
with the osteopontin transcripts, indicating that FGFR2 op-
erates in a cellular stage that precedes osteoblast differen-
tiation.22 Furthermore, it has recently been shown that
beads soaked with FGF4 and implanted in the skull of
neonate mice accelerate suture closure when placed at the
osteogenic front during suture morphogenesis, with a
mechanism involving increased osteoblast proliferation and
differentiation.23 The present findings highlight the com-
plexity of the FGF/FGFR network and indicate that different
FGFs and FGFRs might be involved in distinct cellular
events in modulating osteogenic stem cell functions. A
deeper understanding of the cellular mechanisms involved
in craniosynostosis will require determining which FGF is
locally secreted and which FGFR is expressed during the
progression of cell differentiation toward mature osteoblast.
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