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Jérome Lemonnier, Eric Haÿ, Philippe Delannoy,
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Apert syndrome is an autosomal dominant disorder
characterized by premature cranial ossification re-
sulting from fibroblast growth factor receptor-2
(FGFR-2)-activating mutations. We have studied the
effects of the prominent S252W FGFR-2 Apert muta-
tion on apoptosis and the underlying mechanisms in
human mutant osteoblasts. In vivo analysis of termi-
nal deoxynucleotidyl transferase-mediated nick-end
labeling revealed premature apoptosis of mature os-
teoblasts and osteocytes in the Apert suture compared
to normal coronal suture. In vitro , mutant osteoblasts
showed increased apoptosis, as demonstrated by ter-
minal deoxynucleotidyl transferase-mediated nick-
end labeling analysis, trypan blue staining, and DNA
fragmentation. Mutant osteoblasts also showed in-
creased activity of caspase-8 and effector caspases (-3,
-6, -7) constitutively. This was related to protein ki-
nase C activation because the selective protein kinase
C inhibitor calphostin C inhibited caspase-8, effector
caspases, and apoptosis in mutant osteoblasts. Apert
osteoblasts also showed increased expression of in-
terleukin (IL)-1a , IL-1b , Fas, and Bax, and decreased
Bcl-2 levels. Specific neutralizing anti-IL-1 antibody
reduced Fas levels, Bax expression, effector caspases
activity, and apoptosis in mutant cells. Thus, the Ap-
ert S252W FGFR-2 mutation promotes apoptosis in
human osteoblasts through activation of protein ki-
nase C, overexpression of IL-1 and Fas, activation of
caspase-8, and increased Bax/Bcl-2 levels, leading to
increased effector caspases and DNA fragmentation.
This identifies a complex FGFR-2 signaling pathway
involved in the premature apoptosis induced by the
Apert S252W FGFR-2 mutation in human calvaria os-
teoblasts. (Am J Pathol 2001, 158:1833–1842)

Several missense mutations in the extracellular domains
of fibroblast growth factor receptor (FGFR)-1 and -2 have
been identified in patients with Pfeiffer, Jackson-Weiss,

Crouzon, and Apert syndromes that are characterized by
premature fusion of cranial sutures (craniosynostosis)
and other abnormalities.1–4 Apert syndrome, an autoso-
mal-dominant disorder characterized by severe bicoro-
nal craniosynostosis, is associated with S252W or P253R
point mutations in the linker region between the second
and third extracellular Ig domains. These FGFR-2 muta-
tions lead to gain-of-function by constitutive receptor ac-
tivation.5–7 Activating Apert FGFR-2 mutations were
found to induce variable alterations in cell proliferation
and differentiation in human and mouse osteoblasts. Mu-
tant osteoblasts from syndromic patients show a low
(P253R mutation) or normal (S252W mutation) prolifera-
tion rate compared to control cells, and a marked differ-
entiated phenotype characterized by increased expres-
sion of bone matrix proteins and mineralization8,9

associated with activation of protein kinase C (PKC).10,11

On the other hand, introduction of FGFR-2 carrying the
C342Y (Crouzon syndrome) or the Apert S252W FGFR-2
mutations in murine calvaria cells inhibit differentiation
and induce apoptosis.12 In addition, FGF induces apo-
ptosis in murine differentiating calvaria osteoblasts and
mice overexpressing FGF-2 have increased apoptosis in
the calvaria suture,12 suggesting that FGF/FGFR signal-
ing plays a major role in controlling the balance between
cell growth, differentiation, and apoptosis in the cranial
suture.12–16

Apoptosis is an important component involved in nor-
mal and pathological osteogenesis.17 Pathological ab-
normalities in cell death may result from alteration of
diverse targets. In mammalian cells, apoptosis is a mul-
tiple step process implicating upstream induction phases
and downstream execution stages.18–20 Upstream
events involve inducing signal transduction cascades
and activation of intracellular molecules. Downstream
events in the apoptotic cascade involve release of pro-
teins from mitochondria and activation of proteases and
nucleases leading to DNA degradation and ultimately to
cell death.21 One known upstream apoptotic pathway
implicates Fas receptor (APO-1/CD95), a member of the
tumor necrosis factor receptor family characterized by a
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death domain in the cytoplasmic region.22 Activation of
Fas by Fas ligand results in receptor aggregation and
triggers recruitment of Fas-associated death domain pro-
tein, allowing recruitment of caspase-8 pro-enzyme,
activation of caspase-8, and subsequent downstream
caspases, including caspase-3, leading to cell death.23,24

Caspases are a family of cysteine proteases that are acti-
vated in proteolytic cascades during cell death.25,26 Initi-
ator caspases (caspases-2, -8, -9, -10) either directly or
indirectly activate downstream effectors (caspases-3, -6,
-7) that cleave intracellular substrates during the execu-
tion phase of apoptosis. Another upstream pathway that
plays a central role in controlling cell death involves the
apoptotic promoter Bax family and the inhibitory protein
family Bcl-2.27,28 The heterodimerization of these mole-
cules leads to balance apoptotic signals through activa-
tion of caspases. In osteoblasts, apoptosis was recently
found to involve both Fas29,30 and Bax/Bcl-2 levels.12,31,32

The molecular mechanisms that are downstream of
FGF/FGFR interactions and that cause apoptosis in os-
teoblasts remain primarily unknown. In differentiating mu-
rine calvaria osteoblasts, the apoptotic effect of FGF is
associated with increased Bax level and delayed Bcl-2
accumulation.12 In other cell types, FGF-2 promotes ap-
optosis33,34 in part by down-regulating Bcl-2.34 Nothing
is known about the signaling cascades that are involved
in apoptosis in pathological cranial osteogenesis in hu-
mans. In this study, we have determined the effect of the
activating Apert S252W FGFR-2 mutation on apoptotic
cell death in human osteoblasts in vivo and in vitro, and we
examined the mechanisms and signaling pathways in-
volved in apoptosis in mutant cells. Our data indicate that
the FGFR-2 Apert mutation triggers premature apoptosis
in human mutant osteoblasts through PKC-dependent
pathways involving interleukin (IL)-1, Fas, caspase-8, and
Bax/Bcl-2 that converge to activate effector caspases.

Materials and Methods

Bone Samples and Specimens

Calvaria samples were obtained from two aborted normal
and two Apert 26-week-old fetuses in accordance with
the French Ethical Committee recommendations. Muta-
tion analyses performed by single-strand conformation
polymorphism and restriction analyses of the coding se-
quence of the FGFR-2 gene revealed the S252W muta-
tion, the most frequent mutation in Apert syndrome, in the
two Apert fetuses.9 To examine apoptosis in situ, coronal
sutures obtained from one Apert and one control fetus
were fixed in 10% formaldehyde, decalcified in 4.1% ethyl-
enediaminetetraacetic acid (EDTA) for 3 weeks at 37°C,
and embedded in paraffin as described previously.35

Cell Cultures

To examine apoptosis and the underlying cellular mech-
anisms in vitro, normal and mutant calvaria cells, obtained
by collagenase digestion from the coronal suture in one
Apert and one control fetus as described previously,35

were immortalized by transfection with the original defec-
tive large T antigen of the SV-40 oncogene and called
Apert (Ap) and control (Co) fetal cells.9 The phenotypic
characteristics induced by the mutation in these cells
have been recently described.9–11 Briefly, mutant Ap
cells display increased expression of osteoblast marker
genes and increased in vitro osteogenesis compared to
normal Co cells, a phenotype that is similar to the patho-
logical feature observed in the mutant suture in vivo.10 Ap
and Co cells were cultured in Dulbecco’s modified Ea-
gle’s medium supplemented with glutamine (292 mg/L),
10% heat inactivated fetal calf serum, and antibiotics
(100 IU/ml penicillin and 100 mg/ml streptomycin).

Cell Viability

To evaluate cell viability in vitro, trypan blue staining was
used for determination of dead cells by dye exclusion.
After addition of trypan blue [0.4% in phosphate-buffered
saline (PBS)], the percentage of Ap cells and Co cells
exhibiting both nuclear and cytoplasmic trypan blue
staining (nonviable cells) was determined. A total of 1500
cells per well were counted for each cell type and the
results were expressed as percentage of total cells.

Terminal Deoxynucleotidyl Transferase-
Mediated dUTP-Biotin Nick End Labeling
(TUNEL) Analysis in Vivo and in Vitro

To determine the effect of the FGFR-2 Apert mutation on
apoptosis in vivo, DNA cleavage was assessed on normal
and Apert coronal sutures by the TUNEL assay, as de-
scribed by the manufacturer (Boehringer Mannheim,
Mannheim, Germany). Briefly, paraffin-embedded tis-
sues were deparaffinized in xylene and rehydrated
through a graded series of ethanol. Sections were di-
gested with 1 mg/ml proteinase K for 15 minutes. Endog-
enous peroxidase was quenched with 3% H2O2, perme-
abilized with 0.1% Triton X-100 at 4°C for 2 minutes, and
incubated for 1 hour at 37°C with the TUNEL reaction
mixture containing the terminal deoxynucleotidyl trans-
ferase. TUNEL signal was revealed with diaminobenzi-
dine and mounted. To assess the effect of the mutation in
vitro, apoptotic cells were detected on Ap and Co cells
cultured on Labtek chambers in basal conditions and
under the different treatments described below, using the
TUNEL assay. Cells were washed with PBS, fixed with
paraformaldehyde (4% in PBS), and endogenous perox-
idase was quenched with 0.3% H2O2. Then TUNEL assay
was performed as described above. TUNEL-positive
cells were revealed by brown nuclei and apoptotic mor-
phology, reflecting the specific dNTP transfer to 39-hy-
droxy ends of DNA. The number of total and TUNEL-
positive Ap and Co cells was then counted, and the
results were expressed as percent of total cells. Positive
controls consisted of sections and cells treated with
DNase I for 10 minutes. Negative controls were obtained
by omitting the transferase from the reaction.
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Quantitation of DNA Fragmentation

Quantitative analysis of DNA fragmentation was per-
formed as described.36 Briefly, Ap and Co cells were
prelabeled with [3H]-thymidine (1 mCi/ml) in 1% bovine
serum albumin (BSA) for 24 hours. Cells were washed,
trypsinized, and then lysed in TTE [10 mmol/L Tris, pH
7.4, 10 mmol/L EDTA, and 0.2% (v/v) Triton X-100]. Frag-
mented DNA was separated from intact chromatin by
centrifugation, and the pellet was suspended in TTE.
[3H]-Thymidine incorporated into both soluble and un-
fragmented DNA was determined by liquid scintillation
counting. Percentage of fragmented DNA was calculated
as the ratio of fragmented/fragmented plus intact chro-
matin.

Determination of Caspase Activity

To determine the implication of caspases involved in
apoptosis in mutant cells, Ap and Co cells were plated in
6-well plates with 1% BSA in serum-free medium. After 24
hours, the cells were lysed in 400 ml of lysis buffer (10
mmol/L Tris, pH 7.4, 200 mmol/L NaCl, 5 mmol/L EDTA,
10% glycerol, 1% Nonidet P-40) for 30 minutes on ice and
stored at 220°C. The activity of effector caspases
(caspase-3, -6, -7) and initiator caspases (caspase-2, -8,
-9) was determined by the cleavage of synthetic fluoro-
genic substrates containing the amino acid sequence
recognized by specific caspases. The substrates were
as follows: WEHD (Thr-Glu-His-Asp) for caspase 1, DEVD
(Asp-Glu-Val-Asp) for caspase-3-like, IETD (Ile-Glu-Thr-
Asp) for caspase-8, and were combined to a fluorophore
(7-amino-4-methylcoumarin, AMC). On cleavage of the
substrate by caspases, free AMC fluorescence emission
was detected using a spectrofluorometer (F-2000, Hita-
chi, Japan). For the assay, aliquots of 100 ml were incu-
bated for 2 hours at 37°C with 200 ml reaction buffer (0.1
mmol/L phenylmethyl sulfonyl fluoride, 10 mmol/L dithio-
threitol, 10 mmol/L Hepes/NaOH, pH 7.4) containing 5-ml
specific substrate (20 mmol/L final concentration). The
fluorescence released in samples was measured by ex-
citation at 367 nm and reading was made at 440 nm. The
negative control was buffer mix and the positive control
was free AMC (10 mmol/L in PBS). The free AMC fluores-
cence emission by caspases was related to protein level
and was expressed as arbitrary units.

Immunocytochemistry of IL-1

To determine the expression of IL-1 that might be in-
volved in apoptosis, Ap and Co cells were cultured to
confluence, fixed in 4% paraformaldehyde at 4°C for 30
minutes, washed in PBS/0.01% Triton X-100, incubated
with 0.1% BSA/3% goat serum to block unspecific bind-
ing, then exposed for 1 hour at room temperature to
rabbit polyclonal anti-human IL-1a or IL-1b antibodies
(Genzyme) diluted 1:100. Control cells were incubated
with the appropriate solution (rabbit IgG). After 1 hour
exposure at room temperature, cells were washed three
times for 10 minutes in PBS and exposed to second

anti-rabbit antibody (1:50) linked to colloidal gold parti-
cles (IntenSETMM; Amersham, Arlington Heights, IL) for
1 hour at room temperature. The gold particle staining
was enhanced by precipitation of metallic silver (Immu-
noGold Silver Staining), then washed before visualization.

Western Blot Analysis

IL-1, CD95/Fas, Bax, and Bcl2 protein levels were deter-
mined by Western blot analysis in Ap and Co cells. Co and
Ap cells were washed twice with cold PBS and scrapped
into 300 ml of ice-cold lysis buffer (10 mmol/L Tris-HCl, 5
mmol/L EDTA, 150 mmol/L NaCl, 30 mmol/L sodium pyro-
phosphate, 50 mmol/L NaF, and 1 mmol/L Na3VO4) con-
taining 10% glycerol and protease inhibitors (Boehringer
Mannheim). Protein samples were solubilized in 23 Lae-
mmli sodium dodecyl sulfate loading buffer and boiled at
95°C for 5 minutes. Fifty micrograms of proteins, deter-
mined using the DC protein assay (Bio-Rad Laboratories,
Hercules, CA), were resolved on 12% acrylamide gel,
then transferred onto polyvinylidene difluoride-Hybond-P
membranes (Amersham). Blots were saturated overnight
with 1% blocking solution (Boehringer Mannheim) in Tris-
buffered saline buffer (50 mmol/L Tris-HCl, 150 mmol/L
NaCl) containing 0.1% Tween-20. Membranes were then
incubated with rabbit polyclonal anti-human IL-1a or
IL-1b (1 mg/ml, Chemicon), mouse monoclonal anti-hu-
man CD95/Fas (1 mg/ml, Immunotech), mouse monoclo-
nal anti-human Bax (0.5 mg/ml; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), mouse monoclonal anti-human
Bcl2 (0.5 mg/ml, Santa Cruz), or rabbit polyclonal anti-
human b-actin (1.5 mg/ml, Sigma) in 0.5% blocking
buffer. After 1 hour at room temperature, the membranes
were washed twice with Tris-buffered saline/0.1% Tween
20 and 0.5% blocking buffer, and incubated for 1 hour
with horseradish peroxidase-conjugated secondary anti-
body for 1 hour at room temperature. After incubation
with the appropriate secondary antibodies and washes,
the signals were visualized with Boehringer Mannheim
chemiluminescence blotting substrate. The specific
bands on the autoradiograms were quantitated by den-
sitometry.

Inhibition of PKC Signaling and IL-1 Expression

To determine the signal transduction pathways involved
in apoptosis in mutant cells, Ap and Co cells were cul-
tured in the presence of the selective PKC inhibitor cal-
phostin C (2 mmol/L). After 24 hours, IL-1a and IL-1b
protein levels were determined by Western blot, as de-
scribed above. In parallel, apoptosis in Ap cells was
determined by the TUNEL assay, and the activity of
caspases-1, -3, -8, and -9 was determined as described
above. To determine the implication of IL-1 on apoptosis,
Ap cells were treated with neutralizing IL-1a or IL-1b
antibody (0 to 15 mg/ml), the combined treatment (30
mg/ml) or IgG at equivalent amount, and cell viability was
determined by trypan blue exclusion. Apoptosis was also
determined by TUNEL analysis as described above. In
parallel experiments, the activity of caspase-3 and -8,
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and CD95/Fas protein levels were determined as de-
scribed above.

Data Analysis

The results are expressed as the mean 6 SEM and were
analyzed using the statistical package super-ANOVA
(Macintosh, Abacus Concepts, Inc., Berkeley, CA). Dif-
ferences between the mean values were evaluated with a
minimal significance of P , 0.05.

Results

Premature Osteoblast Apoptosis in the Human
Apert Suture

To analyze the effect of the Apert mutation on apoptosis
in situ, coronal sutures from Apert fetus with the S252W
FGFR-2 mutation and normal fetus were subjected to
TUNEL analysis. As shown in Figure 1, the fused Apert
suture differed from the normal age-matched suture. The
fused suture is composed of multiple and large bone
trabeculae (;1/10 of the suture area is shown here),
whereas the normal suture is composed of a bone plate
surrounded by multiple mesenchymal cells (only 1/2 of
the suture is shown here). The pattern of TUNEL-positive
apoptotic cells differed markedly n the Apert sample
compared to the age-matched normal suture. Specifi-
cally, most differentiated osteoblasts and osteocytes
were apoptotic in Apert suture (Figure 1B). In contrast, in
the normal suture, apoptosis was found in mesenchymal
cells and pre-osteoblasts whereas very few osteoblasts
and osteocytes were TUNEL-positive (Figure 1A). The
TUNEL labeling of cells was specific, as shown by the
absence of TUNEL label in control sections and the pos-
itive staining of all cells treated with DNase I (not shown).
These results revealed that the S252W FGFR-2 mutation
induces premature apoptosis of differentiated osteo-
blasts and osteocytes in vivo in the fused Apert suture.

Increased in Vitro Apoptosis in Mutant Apert
Osteoblasts

To further document the effect of the mutation on apo-
ptosis, mutant Ap cells and normal Co cell viability was
studied by the trypan blue exclusion assay. Figure 2A
shows that most Co cells were viable in culture, with only
a small percentage of trypan blue-stained cells. In con-
trast, numerous trypan-blue stained cells were found in
Ap cultures, showing decreased cell viability induced by
the mutation (Figure 2A). To further determine the effect
of the mutation on osteoblast apoptosis, mutant Ap cells
and normal Co-cultured cells were subjected to TUNEL
analysis to assess DNA fragmentation by specific label-
ing of double-strand DNA. Figure 2B shows that few Co
cells were TUNEL-positive when cultured in 1% BSA
serum-free conditions. In contrast, numerous TUNEL-
positive Ap cells were found. Quantification of trypan

Figure 1. The Apert S252W FGFR-2 mutation induces premature osteoblast apoptosis in the human suture. Normal (A) and Apert (B) coronal sutures were
prepared for TUNEL analysis. The Apert suture shows numerous TUNEL-positive mature osteoblasts (Ob) along the bone trabeculae and TUNEL-positive
osteocytes (Oc) in the bone (b) matrix (arrows) whereas only mesenchymal (m) cells were found to be TUNEL-positive in the normal suture. Original
magnification, 3125.

Figure 2. Increased in vitro apoptosis induced by the S252W FGFR-2 muta-
tion in Apert mutant osteoblasts. Apert (Ap) and control (Co) cells were
stained with trypan blue (A) or TUNEL (B) and the number of trypan
blue-stained or TUNEL-positive cells was counted. C: DNA fragmentation
was determined as indicated in Materials and Methods. The data are the
mean 6 SEM of four values. *, Significant difference with Co cells (P , 0.05).
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blue-stained cells and TUNEL-positive Ap and Co cells
revealed that the FGFR-2 mutation induced a twofold to
threefold increase in the number of apoptotic cells in vitro
(Figure 2, A and B). Notably, the percentage of Ap
TUNEL-positive apoptotic cells did not significantly differ
from the percentage of trypan blue-positive Ap cells (rep-
resenting apoptotic and necrotic cells) (11.4 6 0.43%
versus 13.3 6 0.40%, ns), indicating that the mutation
affected apoptosis rather than necrosis in mutant osteo-
blasts.

The final resulting effect of apoptosis is DNA fragmen-
tation, leading to cell death. To firmly establish the effect
of the FGFR-2 Apert mutation on cell death, DNA frag-
mentation was analyzed in Ap and Co cells cultured in
1% BSA conditions. As shown in Figure 2C, the percent-
age of DNA fragmentation, measured by the ratio of
fragmented/fragmented plus intact chromatin, was in-
creased in Ap cells compared to Co cells. Overall, these
data show that the S252W FGFR-2 mutation constitutively
increases apoptosis in mutant osteoblasts.

Increased Caspase-8 and -3 Activity in Mutant
Apert Osteoblasts

To begin investigating mechanisms involved in the con-
stitutive increase in apoptosis in mutant cells, Ap and Co
cells were cultured in basal conditions, and the activity of
caspase-1, -3, and -8 was determined using specific
substrates. Figure 3 shows that, in basal conditions,
caspase-1 activity was similar in normal and mutant os-
teoblasts (Figure 3A). In contrast, the activity of the initi-
ator caspase-8 was increased threefold in Ap cells com-
pared to Co cells (Figure 3B). The activity of the effector
caspases (caspase-3-like) was also dramatically in-
creased in mutant cells (Figure 3C). Moreover, suppres-
sion of caspase-8 activity, using the specific inhibitor
z-IETD-fmk, abolished caspase-3-like activity in normal
Co cells and mutant Ap cells (Figure 3D). This reveals
that apoptosis is associated with constitutive activation of
caspase-8, leading to activation of downstream effector
caspases in human mutant osteoblasts.

Role of PKC in Caspase Activity and Apoptosis
in Mutant Osteoblasts

We recently reported that the S252W FGFR-2 mutation
constitutively activates PKC signaling whereas erk1,2
and p38 MAP kinases are not affected in mutant Ap
cells.11 To assess whether PKC activity may be involved
in the increased apoptosis in mutant cells, Ap cells were
treated with calphostin C, a selective inhibitor of PKC,
and apoptosis was determined by TUNEL analysis. As
shown in Figure 4A, the number of TUNEL-positive Ap
cells was greater than in Co cells, and treatment of Ap
cells with 2 mmol/L calphostin C restored the number of
TUNEL-positive Ap cells to normal levels (Figure 4A).
Moreover, suppression of PKC activity by calphostin C
reduced both caspase-8 and caspase-3 activity to the
basal level in Co cells (Figure 4, B and C). Thus, inhibition

of PKC activity abolished the constitutive increase in
caspase-8 and -3 activity as well as the increased apo-
ptosis induced by the mutation in Ap mutant osteoblasts.

Role of PKC in the Increased IL-1a and IL-1b in
Mutant Osteoblasts

Until now, the results showed that the increased apopto-
sis induced by the S252W FGFR-2 Apert mutation in
osteoblasts involved increased PKC activity and, subse-
quently, increased effector caspase activity. Another
possible mechanism may be CD95/Fas-mediated apo-
ptosis, which is promoted by IL-1 in osteoblasts. We
addressed this hypothesis by first investigating the in vitro
expression of IL-1a and IL-1b in cultured Ap and Co
cells. As shown in Figure 5A, Co cells showed weak IL-1a
and IL-1b immunostaining. By contrast, Ap cells showed
high IL-1a and IL-1b immunoreactivity compared to Co
cells (Figure 5A). The expression of IL-1a and IL-1b
protein levels was further analyzed by Western blot. Fig-
ure 5B shows that IL-1a and IL-1b protein levels were
increased in Ap cells compared to Co cells, confirming
the immunocytochemical analysis (Figure 5A). In parallel
experiments, we found increased IL-1a and IL-1b immu-
nolabeling in osteoblasts in the Apert suture compared to
normal coronal suture (not shown). These results show

Figure 3. Increased caspase-8- and -3-like activity in mutant osteoblasts.
Caspase-1 (A), caspase-8 (B), and caspase-3, -6, and -7 (caspase-like) (C)
were determined in Co and Ap cells. Caspase-3, -6, and -7 activity was also
determined in the absence or presence of caspase-8 inhibitor (z-IETD-fmk)
(D). Ap cells showed increased caspase-8 and caspase-3 activities, and the
latter was inhibited by the specific caspase-8 inhibitor. The data are the
mean 6 SEM of four values. *, P , 0.05 versus Co cells; #, P , 0.05 versus Co
or Ap cells untreated with the caspase-8 inhibitor.
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that the FGFR-2 mutation induces a constitutive increase
in IL-1a and IL-1b expression in mutant osteoblasts. To
assess whether the increased IL-1a and IL-1b expression
may result from PKC activation in mutant cells, Ap cells
were treated with the PKC inhibitor calphostin C and
IL-1a and IL-1b levels were analyzed by Western blot. As
shown in Figure 5, B and C, treatment of Ap cells with

calphostin C restored IL-1a and IL-1b protein levels to
control levels in Co cells. Thus, PKC activation induced
by the mutation is responsible for the increased IL-1a and
IL-1b expression in mutant osteoblasts.

Role of IL-1a and IL-1b in Apoptosis in Mutant
Osteoblasts

To assess whether the increased IL-1a and IL-1b expres-
sion is involved in apoptosis induced by the mutation, we
tested the effects of anti-IL-1a and anti-IL-1b neutralizing
antibodies or IgG on apoptosis and caspase-3 activity.
Apoptosis was determined by trypan blue exclusion be-
cause necrosis is low in these conditions. As shown in
Figure 6A, incubation of Ap cells with IL-1a antibody
dose-dependently decreased the number of trypan blue-
stained Ap cells. A similar effect of anti-IL-1b was found
(Figure 6A). The number of trypan blue-stained Ap cells
did not significantly differ from normal levels in Co cells in
the presence of either IL-1a antibody or IL-1b antibody
(15 mg/ml) (Figure 6A). Furthermore, quantification of
TUNEL-positive (apoptotic) Ap cells showed that IL-1a
and IL-1b antibodies at optimal dosage (total dose, 30
mg/ml) decreased apoptosis in Ap mutant cells. How-
ever, the number of Ap apoptotic cells remained higher
than in Co cells (Figure 6B), suggesting that suppression
of IL-1 did not completely abolish apoptosis in mutant
cells.

To determine whether IL-1 overexpression was asso-
ciated with increased Fas levels, Fas was determined in
the presence of IL-1 antibodies in mutant cells. As shown
in Figure 6C, CD95/Fas protein levels were increased in
Ap cells compared to Co cells. The addition of neutraliz-
ing IL-1a and IL-1b antibodies (total dose, 30 mg/ml)
decreased CD95/Fas expression in mutant osteoblasts
compared to a nonspecific IgG (Figure 6C). This sug-

Figure 4. Role of PKC in caspase-8- and -3-like activity and apoptosis in mutant osteoblasts. Mutant Apert (Ap) cells were treated with 2 mmol/L calphostin C,
a specific PKC inhibitor, and TUNEL-positive apoptotic cells (A), caspase-8 (B), and caspase-3, -6, and -7 (caspase-like) activity (C) were determined. The data
are the mean 6 SEM of four values. *, P , 0.05 versus Co cells; #, P , 0.05 versus vehicle-treated Co or Ap cells.

Figure 5. Role of PKC in the increased IL-1a and IL-1b expression in mutant
osteoblasts. A: Apert (Ap) and control (Co) cells were immunostained for
IL-1a and IL-1b using specific antibodies or IgG (control). Strong IL-1a and
IL-1b immunostaining was found in Ap cells compared to Co cells (arrows).
Western blot analysis (B) and densitometric analysis (C) show that the IL-1a
and IL-1b overexpression in Ap cells was suppressed by the PKC inhibitor
calphostin C (2 mmol/L).
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gests a role of IL-1 in Fas overexpression in Ap cells.
However, Fas levels in Ap cells were not restored to
normal levels in Co cells. To further determine the role of
IL-1a and IL-1b in the apoptotic process in mutant cells,
Ap cells were treated with IL-1a and IL-1b antibodies
(total dose, 30 mg/ml) or IgG and caspase-3 activity was
determined. As shown in Figure 6D, treatment of Ap cells
with neutralizing IL-1a and IL-1b significantly inhibited
caspase-3 activity in Ap cells (Figure 6D). Again,
caspase-3-like activity was not completely restored to
normal. Similar results were obtained with caspase-8 ac-
tivity (data not shown). These results indicate that sup-
pression of IL-1a and IL-1b expression leads to reduced
CD95/Fas overexpression, caspase-3 activity and apo-
ptosis in mutant osteoblasts. However, caspase-3 activity
and apoptosis were not completely abolished by neutral-
izing IL-1 antibodies, suggesting that another pathway
may be involved.

Bax and Bcl2 Expression in Mutant Apert
Osteoblasts

Apoptosis is governed in part by Bax and Bcl-2 that are
pro-apoptotic and prosurvival proteins, respectively. To
determine the implication of these proteins in apoptosis
induced by the Apert FGFR-2 mutation, we examined

their expression in Ap mutant cells. Western blot analysis
showed that Bax protein levels were increased in Ap cells
compared to normal Co cells cultured in basal conditions
(Figure 7A). In contrast, Bcl2 levels were lower in Ap cells
than in Co cells, which resulted in a huge increase in the
Bax/Bcl2 ratio in mutant cells (Figure 7A). Furthermore,
we found that IL-1a and IL-1b neutralizing antibodies
(total dose, 30 mg/ml) reduced by 50% Bax expression in
Ap cells (Figure 7B). These results suggest that the in-
crease in Bax and decreased Bcl-2 may contribute to
apoptosis in Ap cells, and that IL-1 overexpression me-
diates in part the increased Bax level in Ap mutant cells.

Discussion

In this study, we show that the S252W FGFR-2 mutation in
Apert craniosynostosis induces premature programmed
cell death in osteoblasts by a PKC-dependent pathway
involving IL-1a and IL-1b, CD95/Fas, caspase-8 activity,
and Bax/Bcl2 levels. We first showed that premature
apoptosis is a hallmark of human osteoblast abnormali-
ties induced by the Apert S252W FGFR-2 mutation in vivo.
Increased apoptosis was restricted to more mature os-
teoblasts and osteocytes in the Apert suture, showing
that apoptosis induced by the mutation affects more dif-
ferentiated cells. This is supported by the observation
that apoptosis increases with osteoblast maturation in
vitro and is a prominent feature during the late develop-
ment of the mature osteoblast phenotype.16 This is also
consistent with the recent finding that transfection with
the S252W FGFR-2 mutation induces apoptosis in mouse
differentiating calvaria cells.12 The present data in human
Apert osteoblasts supports the previous hypothesis that

Figure 6. Role of IL-1 and Fas in the increased apoptosis in mutant osteo-
blasts. A: Apert (Ap) cells were treated with anti-IL-Ia or anti-IL-1b antibodies
at different doses and the number of trypan blue-stained cells was recorded.
The dotted bar indicates the normal level in control (Co) cells. B: Ap cells
were treated with neutralizing IL-1a and IL-1b antibodies (15 mg/ml each) or
IgG, and the number of TUNEL-positive cells was counted. In parallel
experiments, Fas protein levels were determined by Western blot analysis
and the data recorded by densitometric analysis were corrected for b-actin
(C). Caspase-3, -6, and -7 (caspase-like) activity was determined in the same
culture conditions (D). The data are the mean 6 SEM of four values. *, P ,
0.05 versus Co IgG-treated cells; #, P , 0.05 versus Ap IgG-treated cells.

Figure 7. Role of Bax and Bcl-2 in apoptosis in mutant osteoblasts. The
levels of the pro-apoptotic protein Bax and the anti-apoptotic protein Bcl-2
were determined by Western blot analysis in Apert (Ap) and control (Co)
cells in basal culture conditions, the bands were scanned and the ratio of
Bax/Bcl-2 was determined (A). Bax protein levels were determined in Ap
cells in the presence of specific neutralizing IL-1a and IL-1b antibodies (15
mg/ml each) or IgG, and the levels were corrected for b-actin (B).
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FGFR activating mutations affect apoptosis in human
skeletal cells. Indeed, recurrent mutations in FGFR-3 in
thanatophoric dysplasia were found to induce apoptosis
in chondrocytes.37 Conversely, the overexpression of a
mouse dominant-negative FGFR-1 mutation was found to
suppress apoptosis.38

We sought mechanistic insight into the pro-apoptotic
effect of the S252W FGFR-2 mutation in human calvaria
osteoblasts by examining the signal transduction path-
ways and the intracellular mechanisms activated by the
mutation. Several serine/threonine protein kinases have
been proposed to control apoptotic mechanisms, includ-
ing Erk1,2 mitogen-activated protein kinase (MAPK), p38
Map kinase, c-Jun N terminal kinase (JNK), and protein
kinases A, B, and C.39,40 Recent reports indicate that
FGFR-2 mutations increase PKC expression and activity
in human mutant osteoblasts.8,11,41 More specifically, we
found that the S252W FGFR-2 mutation activates PLCg
and PKC whereas Erk 1,2 or p38 kinases are not acti-
vated in Apert human osteoblasts.11 Our finding that the
PKC inhibitor calphostin C decreased apoptosis sug-
gests an important role for PKC in apoptosis induced by
the mutation in Ap cells. Although activation of PKC has
been previously observed to contribute to apoptotic sig-
naling,39 novel PKC isoforms seem to be pro-apoptotic
whereas classical and atypical PKC isoenzymes are as-
sociated with cell survival.40 Human osteoblasts with
FGFR-2 mutations express numerous PKC isoforms.8,11

However, the precise role of each isoenzyme in the ap-
optotic effect of FGFR-2 mutations in Apert syndrome
remains to be clarified. In this regard, Apert osteoblasts
display increased PKCa activity8,11 and expression,41

suggesting a role for the PKCa isoform in apoptosis in
mutant cells.

Having shown that the increased apoptosis induced
by the FGFR-2 mutation is PKC-dependent, we assessed
the downstream events involved in apoptosis in mutant
cells. Evidence that apoptosis in Apert osteoblasts in-
volves IL-1 and Fas pathways is supported by several
findings. Mutant osteoblasts constitutively overexpress
IL-1a and IL-1b protein levels that were corrected by the
PKC inhibitor calphostin C, indicating a role for PKC in
IL-1 overexpression in mutant cells. Our finding that neu-
tralizing anti-IL-1 antibodies reduced Fas overexpression
and apoptosis suggests that Fas-mediated apoptosis is
mediated by IL-1 overexpression in mutant cells. Thus,
apoptosis in Apert osteoblasts seems to be primarily
mediated by a PKC-dependent overexpression of IL-1
and subsequent activation of Fas-mediated apoptosis.
Because Fas expression may be directly activated by
PKC,42 it is also possible that PKC activation may directly
increase Fas expression in mutant cells. A role for Fas
and IL-1 in apoptosis induced by the Apert S252W
FGFR-2 mutation is consistent with the finding that IL-1
and Fas-mediated apoptosis controls cell death in osteo-
blasts.29,30 Fas-mediated apoptosis is known to activate
a series of complex mechanisms, leading to procaspase
cleavage and formation of caspases.43,44 Procaspase-8
is cleaved after ligation of specific transmembrane death
receptors such as Fas,25 and activation of caspase-8 is
one of the signaling pathways leading from Fas to apo-

ptosis.45,46 Our finding that neutralizing IL-1 antibodies re-
duced the constitutive increase in caspase-8 and
caspase-3 activities indicates that the IL-1 and Fas-
mediated pathway activates caspase-8 and ultimately, ef-
fector caspases and DNA degradation in Apert osteoblasts.
Although numerous diseases have been previously associ-
ated with increased Fas levels,47 this study is the first to
present evidence for increased Fas-mediated apoptosis in
abnormal (premature) membranous ossification induced by
a genetic FGFR mutation in humans.

Because Bax and Bcl-2 are known to play critical roles
in programmed cell death in several cell types and are
influenced by FGFs33,34 we hypothesized that apoptosis
in Apert osteoblasts may involve alteration in the balance
between Bax and Bcl-2. The increased Bax levels and
decreased Bcl-2 levels in mutant cells indicates that the
alteration of Bax/Bcl-2 may contribute to apoptosis in-
duced by the FGFR-2 mutation. This is consistent with the
previous finding that apoptosis induced by FGF-1 is as-
sociated with increased Bax and delayed Bcl-2 in differ-
entiating murine calvaria cells.12 The increased Bax in Ap
cells seems to result from IL-1 overexpression, which
indicates that IL-1 overexpression may induce premature
cell death in mutant cells in part by altering the Bax/Bcl-2
ratio. Because apoptosis in Ap mutant cells was not
completely corrected by anti-IL-1 antibodies, apoptosis
may also arise from IL-1-independent mechanisms. The
present data are compatible with a model in which the
increased apoptosis induced by the S252W FGFR-2 mu-
tation is triggered by a PKC-dependent pathway involv-
ing IL-1, Fas, caspase-8, and also Bax/Bcl-2 that ulti-
mately converge to increase effector caspases in mutant
osteoblasts.

The mechanisms by which FGF signaling controls cra-
nial suture ossification are still unclear. Although FGFs
are important factors controlling osteoblast proliferation
and differentiation,48 recent data indicate that the effects
of FGF depend on the maturation stage of osteoblasts.
Indeed, FGFs induce opposite effects on calvaria cell
proliferation, differentiation, and apoptosis depending on
the differentiation stage, and distinct responses to FGF
were found in immature and mature osteoblasts.12,49

Thus, the apparently different alterations of cell prolifera-
tion and differentiation reported in FGFR-2 mutant human
and murine osteoblasts8,9,12 may arise from variable FGF
signaling mechanisms leading to distinct effects in ma-
ture and immature calvaria osteoblasts. One possible
mechanism for the variable effects of FGF signaling may
be a distinct expression of FGFRs in immature and ma-
ture calvaria cells. In this regard, we found that FGFR-2 is
down-regulated in differentiated mutant Apert osteo-
blasts in vitro and in vivo.10,48 FGFR-2 down-regulation in
more differentiated mutant osteoblasts may limit the pro-
liferative activity of the cells and contribute to the prema-
ture osteoblast differentiation.50 Thus, a combination of
increased differentiation and apoptosis in mature osteo-
blasts may accelerate the osteogenic process and con-
tribute to premature cranial ossification in Apert syn-
drome. Further analysis of FGF/FGFR signaling pathways
in relation to cell differentiation and apoptosis, now in
progress in our laboratory, may shed more light on the
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mechanisms leading to the premature suture ossification
in Apert syndrome.
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