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Evidence That Fgf10 Contributes to the
Skeletal and Visceral Defects of an Apert
Syndrome Mouse Model
Mohammad K. Hajihosseini,1* Raquel Duarte,2† Jean Pegrum,2 Anne Donjacour,3 Eva Lana-Elola,4
David P. Rice,4‡ James Sharpe,5 and Clive Dickson2

Apert syndrome (AS) is a severe congenital disease caused by mutations in ﬁbroblast growth factor
receptor-2 (FGFR2), and characterised by craniofacial, limb, visceral, and neural abnormalities. AS-type
FGFR2 molecules exert a gain-of-function effect in a ligand-dependent manner, but the causative FGFs and
their relative contribution to each of the abnormalities observed in AS remains unknown. We have
generated mice that harbour an AS mutation but are deﬁcient in or heterozygous for Fgf10. The genetic
knockdown of Fgf10 can rescue the skeletal as well as some of the visceral defects observed in this AS model,
and restore a near normal level of FgfR2 signaling involving an apparent switch between ERK(p44/p42) and
p38 phosphorylation. Surprisingly, it can also yield de novo cleft palate and blind colon in a subset of the
compound mutants. These ﬁndings strongly suggest that Fgf10 contributes to AS-like pathologies and
highlight a complexity of Fgf10 function in different tissues. Developmental Dynamics 238:376 –385, 2009.
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INTRODUCTION
Mutations that perturb the levels
of FGFR1, FGFR2, or FGFR3 signaling during embryonic development
are the underlying causes of several congenital craniosynostosis syndromes, including: Jackson-Weiss,
Beare-Stevenson, Muenke, Crouzon, Pfeiffer, and Apert syndromes
(Wilkie, 2005; Passos-Bueno et al.,
2008). Apert syndrome is the most

severe, and in addition to craniosynostosis—the premature fusion of calvarial bones at their intervening sutures—is characterised by a host of
visceral and neural defects (Cohen
and Kreiborg, 1993a; Cohen and
Kreiborg, 1993b; Ornitz and Marie,
2002). In contrast to its related syndromes, AS is caused exclusively by
mutant FGFR2 molecules that need
to bind FGF ligands in order to exert

their gain-of-function effects (Anderson et al., 1998; Yu et al., 2000; Ibrahimi et al., 2001, 2004). Identifying
these ligands and their contribution
to each of the abnormalities observed in AS is important as this will
further our understanding of the molecular etiology of AS and may help
devise strategies to alleviate AS-related pathologies.
The mammalian FGF signaling sys-
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tem is comprised of 18 extracellularyacting ligands and four receptors (FGFRs 1– 4) (Itoh and Ornitz, 2008). A
typical FGFR molecule is composed of
an extracellular domain harbouring
two or three immunoglobulin (Ig)-like
regions, a transmembrane element and
an intracytoplasmic tyrosine kinase domain. FGFR signaling is triggered by
dimerization of FGFR molecules upon
binding to a complex of FGF ligands
and sulphated proteoglycans (McKeehan et al., 1998; Plotnikov et al., 1999),
and is transduced cytoplasmically by
Map kinases, PI3 kinase, and PLC-␥
pathways. FGFR signaling can operate
both in a morphogen- and a thresholddependent manner and is ﬁne-tuned in
part by the activity of Map kinase phosphatase 3 (Mkp3/Pyst1) and Sproutys
(Spry) 1-4 (Hajihosseini et al., 2004;
Tsang and Dawid, 2004; Hajihosseini,
2008).
FGFR genes encode numerous
splice variants with distinct FGFbinding speciﬁcities and biological activities (McKeehan et al., 1998; Zhang
et al., 2006). For example, the socalled IIIb and IIIc isoforms of FGFR2
arise from alternative splicing of exons that encode the carboxyl half of
the third Ig-like domain. FgfR2-IIIb is
normally expressed by epithelial cells
and is activated by Fgfs -3, -7, -10, and
-22 derived predominantly from the
adjacent mesenchymal cells. By contrast, FgfR2-IIIc is predominant in
mesenchymal and neural tissues, and
is activated by epithelially-derived ligands such as Fgfs -2, -4, -8, -9, -18,
and -20 (Peters et al., 1992; Orr-Urtreger et al., 1993; Zhang et al., 2006).
Most AS cases arise from Ser252Trp
(S252W) or Pro253Arg (P253R) substitutions in the region linking the Iglike domain II and III of FGFR2,
which induce the mutant receptors to
bind their cognate FGF ligands with a
higher afﬁnity, or lose speciﬁcity and
interact with a broader set of FGF
ligands (Anderson et al., 1998; Yu et
al., 2000; Ibrahimi et al., 2001, 2004).
As heterozygous mutations, the mutant receptors act in the presence of
wild type receptors to cause a net increase in the length or strength of the
FGFR2 signal within mesenchymal
tissues. More rarely, AS is caused by
heterozygous Alu-insertions within
FGFR2-IIIc exon, or a heterozygous
1.9-kb deletion of FGFR2-IIIc exon

and its ﬂanking intronic sequences
(Oldridge et al., 1999; Bochukova et
al. 2008). These rare mutations induce
an illegitimate expression of FGFR2IIIb isoform alongside FGFR2-IIIc in
mesenchymal cells (Oldridge et al.,
1999; Bochukova et al. 2008), which
renders the cells responsive to both
IIIb- and IIIc-activating FGFs. Because FGFR2-IIIb and IIIc isoforms
have identical cytoplasmic domains,
stimulation by a broader set of FGF
ligands is perceived as a net gain-ofFGFR2 signaling in the affected cells.
Calvarial bones form by direct differentiation of mesenchymal cells into
osteoblasts (Ornitz and Marie, 2002).
Within the calvarial sutures, a broad
range of FgfR2-IIIb and FgfR2-IIIc activating ligands are present (Hajihosseini and Heath, 2002), but a distinct
level of FgfR2-IIIc signaling per se is
required to maintain mesenchymal
osteoprogenitor stem cells and suture
patency (Iseki et al., 1997, 1999; Rice
et al., 2003). In AS, perturbed levels of
FGFR2 signaling results in the premature differentiation of sutural osteoprogenitors into bone and the fusion of calvarial plates.
We have previously described mice
that harbour a heterozygous 1.3-kb deletion of FgfR2-IIIc exon and its ﬂanking introns (i.e., FgfR2-IIIc⫹/⌬ ; hereon
referred to as IIIc⫹/⌬) and show illegitimate expression of FgfR2-IIIb in mesenchymal and neural tissues (Hajihosseini et al., 2001). These mice exhibit
Apert syndrome-like phenotypes including fusion of the coronal and facial
sutures, premature ossiﬁcation of sternal bones, and branching-morphogenesis defects in several visceral organs
(Hajihosseini et al., 2001; Jaskoll et al.,
2002; De Langhe et al., 2006). More recent analysis has also revealed a perturbation of neurogenesis in the brain
that will be reported elsewhere. IIIc⫹/⌬
mice show postnatal growth retardation and die within a few days of birth
(Hajihosseini et al., 2001).
We now show that a genetic knockdown of Fgf10 expression, a ligand that
activates FgfR2-IIIb, can rescue not
only the craniofacial but also the sternal and some of the visceral defects observed in IIIc⫹/⌬ mice. Using the lungs
for detailed analysis, we show that the
phenotypic rescue is reﬂected in a near
normal restoration of FGFR2 signaling
levels that involves an antagonism be-

tween ERK (p44/p42) and p38 phosphorylation. Surprisingly, Fgf10 knockdown also results in de novo cleft palate
and blind colon in a subset of IIIc⫹/⌬
mice. These ﬁndings strongly implicate
Fgf10 in craniosynostosis and other ASrelated pathologies, and highlight a diverse and complex function of Fgf10 in
different tissues.

RESULTS
Abrogation of Fgf10
Function in FgfR2-IIIcⴙ/⌬
Mice Rescues
Craniosynostosis
It has been shown that a heterozygous
loss of FgfR2-IIIc-function does not result in craniosynostosis (Eswarakumar et al., 2002). In IIIc⫹/⌬ mice,
FgfR2-IIIb is upregulated in mesenchymal tissues including calvarial sutures (Hajihosseini et al., 2001; De
Langhe et al., 2006; and see below)
and so the IIIc⫹/⌬ craniosynostosis
likely results from a gain-of-FgfR2
function, requiring the combined actions of FgfR2-IIIc and -IIIb signaling
and their activating ligands. We have
previously shown that a host of Fgf
ligands are indeed expressed in the
developing sutures (Hajihosseini and
Heath, 2002) and so it be would expected that a genetic knockdown of
the key activating ligand/s in IIIc⫹/⌬
mice would rescue craniosynostosis.
To test this hypothesis and towards
identifying such ligands, we generated double transgenic mice that aberrantly express FgfR2-IIIb but lack
its major ligand, Fgf10. i.e., FgfR2IIIc⫹/⌬; Fgf10⫺/⫺ mice (hereon abbreviated to IIIc⫹/⌬; Fgf10⫺/⫺; Fig. 1A;
see Supplemental Table 1, which can
be viewed online). Noteworthy is that
loss of Fgf10 per se also does not appear to affect normal calvarial development (Fig. 2A; see also Discussion
section), even though Fgf10 null mice
die perinatally from the agenesis or
dysgenesis of multiple organs including lungs and limbs (Min et al., 1998;
Ohuchi et al., 2000).
As expected, IIIc⫹/⌬; Fgf10⫺/⫺ double mutants died at birth and were
readily recognisable by the absence of
limbs (Fig. 2F,F⬘), although all genotypes were conﬁrmed by PCR analysis
(Fig. 1B; Suppl. Table 2). Remarkably,
these double mutants (n ⫽ 4/4) pre-

378 HAJIHOSSEINI ET AL.

Fig. 1. Abrogation or genetic knock down of Fgf10 in FgfR2-IIIc⫹/⌬ mice. A: Mating schemes used for
the generation of IIIc⫹/⌬; Fgf10⫺/⫺ and IIIc⫹/⌬; Fgf10⫹/⫺ mice, denoted as (i) and (ii), respectively. IIIc⫹/⌬
mutants are generated through loxP-CRE excision, with female Fgf10⫹/⫺ mice providing the Cre
recombinase, and males the “ﬂoxed” FgfR2-IIIc allele/s. Use of males that are additionally heterozygous
(Scheme I) or wild type (Scheme II) for Fgf10, yields a series of allelic combinations, including IIIc⫹/⌬
single mutant (iii) and wild type (v) mice. B: Identiﬁcation of alleles: (i), (ii), and (iii) by PCR. Top set, IIIc⫹/⌬
allele (Hajihosseini et al., 2001); middle and lower sets, Fgf10 null and wild type alleles using primers, P1,
P2, and P3, whose positions are indicated on a partial genomic map of mouse Fgf10. C: RNAse
protection assays on E17.5 lungs. Top left: Lower levels of protected Fgf10 message is detected in
genotype (ii) compared to (iii) (n ⫽ 2/2). Bottom left: Gapdh protected-products as control for RNA
loading. Top and Bottom right: Fgf10, Gapdh, and control tRNA probes.

sented patent coronal sutures similar
to wild type (WT) and uncharacteristic
of the IIIc⫹/⌬ phenotype (Fig. 2D,E).
Moreover, fusion of zygomatic arch
and maxilla-premaxillary joints, normally observed in IIIc⫹/⌬ mice (Fig.
2G,H), was also reverted in these double mutants. These observations suggest that deletion of Fgf10 neutralizes
the ectopic FgfR2-IIIb signaling in
IIIc⫹/⌬ animals and reverts the
craniofacial defects associated with
this gain-of-function allele.

A Heterozygous Knockdown
of Fgf10 Can Also Rescue
the Skeletal and Some
Visceral Defects in IIIcⴙ/⌬
Mice
By selective breeding, we also obtained mice that are heterozygous or

wild type for Fgf10 on the IIIc⫹/⌬
background (i.e., IIIc⫹/⌬; Fgf10⫹/⫺
and, IIIc⫹/⌬; Fgf10⫹/⫹ (or simply
IIIc⫹/⌬); Fig. 1A). Like IIIc⫹/⌬ mice,
all IIIc⫹/⌬; Fgf10⫹/⫺ mice died a few
days after birth with no difference in
survival rates. However, we were surprised to ﬁnd that nearly half of these
(n ⫽ 13/28) lacked the dome-shaped
head, truncated mid-face, and protruding eyes that are characteristic of
IIIc⫹/⌬ mice (Hajihosseini et al., 2001)
and instead resembled WT. Skeletal
staining and sectioning conﬁrmed the
presence of patent coronal and facial
sutures/joints in these mice (Figs.
2J,K, 3B).
The gain-of-FgfR2 function in
IIIc⫹/⌬ mice also induces precocious
ossiﬁcation of inter-sternebral cartilage (Hajihosseini et al., 2001) (Fig.
2I, I⬘), and as in calvaria, Fgf10 ap-

pears not to be required for normal
sternal development (Fig. 2C). In over
80% (n ⫽ 16/19) of IIIc⫹/⌬; Fgf10⫹/⫺
mice, the sternal abnormality was reversed, with 58% (n ⫽ 11/19) showing
full rescue (Fig. 2L; Suppl. Table 3).
These ﬁndings show that a reduction
in Fgf10 gene dosage can revert not
only the membranous (craniofacial)
but also the endochondral bone phenotypes of the IIIc⫹/⌬ mice.
IIIc⫹/⌬ mice also carry secondary
branching defects in the lungs, lacrimal glands (LG), kidneys, and submandibular glands (SMG) (Hajihosseini et al., 2001; Jaskoll et al., 2002).
Complete loss of Fgf10 results in the
agenesis or dysgenesis of these organs
(Min et al., 1998; Ohuchi et al., 2000)
and so their potential rescue could not
be investigated in IIIc⫹/⌬; Fgf10⫺/⫺
double mutants. However, next we
asked whether a reduction in the
Fgf10 gene dosage can rescue these
visceral defects in IIIc⫹/⌬; Fgf10⫹/⫺
mice.
In IIIc⫹/⌬ mice, the cranial, middle,
and caudal lobes of the right lung fail
to separate while the accessory lobe is
completely absent (Fig. 4D) (Hajihosseini et al., 2001). Also, both the left
and right lobes of IIIc⫹/⌬ lungs carry
an abnormally compact mesenchyme
with reduced alveologenesis (Fig.
4E,E⬘,F; Suppl. Fig. 1), which appears
to result from aberrant mesenchymal
cell differentiation, elevated Spry4 expression, and perturbed Wnt signaling (De Langhe et al., 2006).
In 90% (n ⫽ 39/43) of IIIc⫹/⌬;
Fgf10⫹/⫺ lungs, the cranial, middle,
and caudal lobes were found to be distinct, as in WT (Fig. 4G; Suppl. Table
3). Examination of conventional histology and optical projection tomographic sections (OPT) (Sharpe et al.,
2002) through these lungs further revealed a well-branched pattern of alveologenesis throughout the left and
right lobes (Fig. 4H,H⬘,I; Suppl. Fig.
1). The remaining 10% showed a partial rescue.
Surprisingly, the accessory lobe
failed to develop in all IIIc⫹/⌬;
Fgf10⫹/⫺ lungs (Fig. 4G; data not
shown), as in IIIc⫹/⌬ single mutants.
We investigated the cause using
whole mount in situ hybridization
(WMISH) with the epithelial cell
marker Foxa2 (Hnf␤3) (Motoyama et
al., 1998) and neutral red staining to
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Fig. 2. Rescue of skeletal defects following genetic knockdown of Fgf10. Alizarin-red stained skeletons of IIIc⫹/⌬ mutant mice carrying a null (D–Fⴕ),
WT (G–Iⴕ), or heterozygous (J–L) Fgf10 allele, as compared with Fgf10⫺/⫺ (A–C) and WT (M–O) mice of comparable ages. The mouse shown in D lacks
limbs (F, F⬘) conﬁrming its Fgf10 null genotype. Patency of the coronal sutures (white arrows) is evident as a gap separating the frontal (f) and parietal
bones (p) in A,D,J, and M, but not in G. B,E,H,K,N: Lateral views of the left face, showing the patency of joints that separate the maxilla-premaxilla
(single arrows) and zygomatic arch bones (double arrows) in all but H. C,I,I⬘,L,O: Frontal and right-lateral views of the sternum. The IIIc⫹/⌬ sternum (I
and I⬘) shows precocious intersternebral ossiﬁcation at its posterior margin (arrows) as well as retarded longitudinal growth, when compared to IIIc⫹/⌬;
Fgf10⫹/⫺ (L), or WT (O). Scale bars ⫽ 1 mm in C,I,I,L,O; 3 mm in F and F⬘; and 2 mm in the rest of the panels.

Fig. 3. Close-up analysis of patent and fused sutures, and distribution of FgfR2-IIIb expression by
in situ hybridization. A,B,D: Vibratome sections through E18.5 IIIc⫹/⌬ (A), IIIc⫹/⌬; Fgf10⫹/⫺ (B), and
wild type (D) skulls shown in Figure 2G,J, and M, respectively. Coronal sutures are patent in B and
D (white arrows) but not in A (black arrow). C: Parafﬁn section through an E17.5 non-rescued IIIc⫹/⌬;
Fgf10⫹/⫺ suture recapitulating the IIIc⫹/⌬ phenotype (not shown) compared to WT (E). Comparison
of C with E shows that expression of FgfR2-IIIb is stronger in C and localised to the edges of the
bones as well as sutural mesenchymal cells (black arrowhead), displaced to the sides of the fusing
parietal and frontal bones.

Fig. 6.
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detect apoptotic cells (Hajihosseini et
al., 2004). We found that at E11.5, an
accessory lobe mesenchymal primordia
is present in both IIIc⫹/⌬ and IIIc⫹/⌬;
Fgf10⫹/⫺ embryos, but subsequently
the mesenchyme appears to degenerate
as it fails to become epithelialized (n ⫽
3 of each genotype; Fig. 4J,K).
The LG and SMG defects were not
rescued by Fgf10 knockdown (Jaskoll
et al., 2005); i.e., as in IIIc⫹/⌬ mice, the
IIIc⫹/⌬; Fgf10⫹/⫺ LG carried a rudimentary mesenchyme void of any epithelial branching (Fig. 4M). The kidneys showed only a partial and
inconsistent rescue (Fig. 4N,O; Suppl.
Table 3; data not shown).
These ﬁndings show that of the
branching organs examined, the rescue is most robust and consistent in
the lungs.

Modulation of Fgf10 and
FgfR2 Isoform Expression
We wanted to know whether the phenotypic rescue in IIIc⫹/⌬; Fgf10⫹/⫺
mice is accompanied by a reduction in
Fgf10 transcript levels and/or involves
a downregulation of aberrant FgfR2IIIb expression.
We performed RNAse protection assays on E17.5 lungs, a tissue in which
the phenotypic rescue is most consistent and readily discernable, and, as
expected, found that Fgf10 transcript
levels are reduced in IIIc⫹/⌬; Fgf10⫹/⫺
when compared to IIIc⫹/⌬ or WT (Fig.
1C and data not shown). A similar
analysis on calvarial suture RNA
proved difﬁcult for quantitative reasons and also because a priori we
could not judge whether a IIIc⫹/⌬;
Fgf10⫹/⫺ suture goes on to remain
patent or become fused.
We also investigated potential
changes in Fgf10 and FgfR2-IIIb and
-IIIc isoform expression by radioactive
ISH on E17.5 coronal suture and lung

Fig. 6. Occurrence of de novo phenotypes in a
subset of FgfR2-IIIc⫹/⌬; Fgf10⫹/⫺ mice. A–C:
Ventral views of newborn palates. Arrows in C
point to a clear cleft in a IIIc⫹/⌬; Fgf10⫹/⫺ sample. D: Trans-illuminated lateral views of dissected lower gastrointestinal tract and bladder
showing a patent rectum in a IIIc⫹/⌬ sample
(parallel to the dashed line), but a blind colon in
a IIIc⫹/⌬; Fgf10⫹/⫺ mouse (arrow). Scale bars ⫽
2 mm in A–C; 1 mm in D.

sections. E17.5 represents the onset of
craniosynostosis in IIIc⫹/⌬ sutures,
and at this age branching is still ongoing at the periphery of WT lungs.
We also conducted semi-quantitative
RT-PCR on E14.5 brain, where FgfR2IIIc is highly expressed (Hasegawa et
al., 2004), and in a tissue in which we
have found neurogenesis defects (data
not shown).
While the IIIc-speciﬁc riboprobe did
not show a sufﬁciently high signal to
give meaningful results, the IIIb-speciﬁc probe conﬁrmed that the level of
FgfR2-IIIb expression is higher in calvarial sutures of IIIc⫹/⌬ (n ⫽ 3) and
non-rescued IIIc⫹/⌬; Fgf10⫹/⫺ when
compared to WT (n ⫽ 3) (Fig. 3C,E;
and data not shown). The analysis for
rescued IIIc⫹/⌬; Fgf10⫹/⫺ sutures
proved inconclusive as we could not
obtain sufﬁcient numbers or highquality calvarial sections of this genotype. Nonetheless, we found that
FgfR2-IIIb does not appear to be
down-regulated in the lung mesenchyme or brains of IIIc⫹/⌬; Fgf10⫹/⫺
mutants (Figs. 4H,H and 5A). Finally,
and in accordance with the RNAse
protection assays (Fig. 1C), we found
that the level of Fgf10 is indeed reduced in IIIc⫹/⌬; Fgf10⫹/⫺ lungs (Fig.
4I) when compared to IIIc⫹/⌬ (Fig. 4F)
or WT (Fig. 4C).

Restoration of Near Wild
Type Levels of FgfR2
Signaling in IIIcⴙ/⌬; Fgf10ⴙ/ⴚ
Lungs
We sought evidence that the rescue of
phenotypes in IIIc⫹/⌬; Fgf10⫹/⫺ mice
reﬂects changes in FgfR2 signaling
dynamics, by measuring the amount
of ERK (p44/p42) and p38 phosphorylation, two key components of the Map
kinase signal transducer pathways
(Tsang and Dawid, 2004). For the reasons explained above, we used lung
tissue for this analysis. Immunoblotting (n ⫽ 4) showed that levels of p44
and p42 phosphorylation are raised in
IIIc⫹/⌬ by at least fourfold above WT
levels, but become signiﬁcantly reduced in IIIc⫹/⌬; Fgf10⫹/⫺ (Fig. 5B
middle lane; and data not shown). By
comparison, p38 phosphorylation was
evident in WT and IIIc⫹/⌬; Fgf10⫹/⫺
samples (80% of WT levels), but barely
detectable in IIIc⫹/⌬ samples (8% of
WT levels) (Fig. 5B right-hand lane).

These differences show that within
the IIIc⫹/⌬; Fgf10⫹/⫺ lungs, FgfR2 signaling dynamics move towards WT
levels and this correlates with an apparent partial switch between phosphorylation of p38 and p44/p42.

De Novo Phenotypes in a
Subset of IIIcⴙ/⌬; Fgf10ⴙ/ⴚ
Mice
In the course of these studies, we were
surprised to encounter two de novo
phenotypes: a cleft palate and blind
colon, in approximately 25% of newborn IIIc⫹/⌬; Fgf10⫹/⫺ mice (Fig. 6;
Suppl. Table 3). These abnormalities
are not observed in IIIc⫹/⌬ or Fgf10⫹/⫺
single mutant mice and do not result
from a complete loss-of-FgfR2-IIIc signaling (Eswarakumar et al., 2002),
but, invariably they do occur in
Fgf10⫺/⫺ and FgfR2-IIIb⫺/⫺ mice (De
Moerlooze et al., 2000; Ohuchi et al.,
2000). We also noted that the IIIc⫹/⌬
SMG phenotype is exacerbated in
IIIc⫹/⌬, Fgf10⫹/⫺ mice (Jaskoll et al.,
2005).
A likely explanation is that in
IIIc⫹/⌬ mice, the ectopic mesenchymally expressed FgfR2-IIIb competes
with epithelially expressed FgfR2-IIIb
for Fgf10, and when this competition
is accentuated by reducing the level of
Fgf10 ligand in IIIc⫹/⌬; Fgf10⫹/⫺ double-mutants, occasionally epithelial
FgfR2-IIIb signaling may fail, resulting in phenotypes that recapitulate a
loss of Fgf10/ FgfR2-IIIb function.
Some Apert syndrome patients
show cleft palate and more rarely,
ano-rectal anomalies (Cohen and
Kreiborg, 1993a; Slaney et al., 1996)
and our observations therefore raise
the interesting possibility that these
speciﬁc defects may be the result of
loss-of-FGFR2-IIIb function in epithelial cells, secondary to alleles that
cause a gain-of-FGFR2 function in
mesenchymal cells. Clearly, further
investigations are required to verify
this hypothesis.

DISCUSSION
Apert syndrome is caused by a liganddependent perturbation of FGFR2 signaling levels during embryonic development, resulting in a host of skeletal,
visceral, and neural defects (Cohen
and Kreiborg, 1993a,b; Ornitz and
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Fig. 4. Impact of Fgf10 knock-down on several branching organs in FgfR2-IIIc⫹/⌬ mice. Comparison of lungs (A–K), lacrimal glands (L,M), and kidneys
(N,O) of IIIc⫹/⌬; Fgf10⫹/⫺ mice versus WT or IIIc⫹/⌬. A–I: Lobe separations and alveolar branching pattern in IIIc⫹/⌬; Fgf10⫹/⫺ lungs (G–I) resembles WT
(A–C) but differs from IIIc⫹/⌬ (D–F). Dashed lines highlight the absence of the accessory lobe. J,K: Foxa2 expression (arrowed in WT) is absent from
the rudimentary accessory lobes of E11.5 IIIc⫹/⌬ and IIIc⫹/⌬; Fgf10⫹/⫺ (dashed lines), where specks of neutral red stain (arrows in K) indicative of cell
death is evident. B,B⬘,E,E⬘,H,H: Clustered expression of FgfR2-IIIb (black arrows) associated with epithelial cells at the tips of developing alveolae is
evident in E17.5 WT and IIIc⫹/⌬; Fgf10⫹/⫺ lungs, but much reduced in IIIc⫹/⌬. Diffuse mesenchymal expression of FgfR2-IIIb is evident in IIIc⫹/⌬ and
IIIc⫹/⌬; Fgf10⫹/⫺ lungs (E⬘,H⬘). C,F,I: Mesenchymal expression of Fgf10 is reduced in IIIc⫹/⌬; Fgf10⫹/⫺ (I) when compared to WT or IIIc⫹/⌬. L,M: IIIc⫹/⌬;
Fgf10⫹/⫺ lacrimal gland contains a rudimentary/degenerating mesenchymal sac (dashed border) that lacks carmine-stained epithelial branching. N,O:
H&E-stained sections of newborn kidneys show fewer “S and comma-shaped” bodies (white arrows) as well as sparse and dilated epithelial tubules
(black arrows) in IIIc⫹/⌬; Fgf10⫹/⫺ when compared to WT. Cr, cranial; Mi, middle; Ca, caudal; Ac, accessory lobes. Scale bars ⫽ 2 mm (A,D,G); 100
m (B,B⬘,E,E⬘,H,H); 250 m (C,F,I); 300 m (J–M); and 200 m (N,O).
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Fig. 5. Evaluation of changes in FgfR2 and Fgf10 expression, and FgfR2 signalling dynamics. A:
Semi-quantitative RT-PCR analyses of whole E14.5 brain. Upregulation of FgfR2-IIIb is observed in
IIIc⫹/⌬ (middle lane) (Hajihosseini et al., 2001) and maintained in IIIc⫹/⌬; Fgf10⫹/⫺ brain. Faint band
in WT is contamination from meningeal tissue. Fgf10 expression is marginally reduced in IIIc⫹/⌬;
Fgf10⫹/⫺ tissue. B: Immunoblots of E18.5 lungs using antibodies against phosphorylated and
non-phosphorylated ERK (p44/42) and p38 reveals an increase in phospho-44/42 levels and a
distinct absence of phospho-p38 in IIIc⫹/⌬ tissue (far right) when compared to WT (far left). In
rescued lungs (middle lanes), phospho-p44/p42 level is reduced and p38 is phosphorylated.

Marie, 2002; Wilkie, 2005). Several
workers have used other models of AS
and Crouzon syndrome to elegantly
demonstrate that chemical inhibitors
of FGFR signaling pathway, uncoupling of mutant receptors from FRS2␣
or short hairpin-RNA-mediated targeting of mutant receptors can be used
to restore normal levels of FGFR signaling and rescue the skeletal defects
associated with these syndromes (Eswarakumar et al., 2006; Shukla et al.,
2007). Knockdown of ligands that
cause a gain-of-FGFR2 function in AS
could be another approach. Here we
have used a genetic approach to provide strong evidence that Fgf10 is a
key contributing ligand not only to
the skeletal but also to some of the
visceral defects associated with AS. In
due course, we discovered an antagonism between ERK (P44/p42) and
p38 phosphorylation downstream of
FGFR2 signaling in the lungs, and encountered phenotypes that are reminiscent of loss-of-FgfR2-IIIb signaling.

Validity of IIIcⴙ/⌬ Mice for
Dissecting Apert-Like FgfR2
Signaling Dynamics
Ectopic FGFR2-IIIb expression in
mesenchymal cells is observed in rare
cases of Apert syndrome (Oldridge et

al., 1999; Bochukova et al. 2008) and
IIIc⫹/⌬ mice, but functionally, these
mutations recapitulate the effects of
more common Apert mutations, because the action of FGFR2 S252W and
P253R mutant receptors may also involve an interaction with IIIb- as well
as IIIc-activating FGFs (Anderson et
al., 1998; Yu et al., 2000; Ibrahimi et
al., 2001, 2004). Moreover, the phenotype of FgfR2⫹/S252W mutant mice is
strikingly reminiscent of IIIc⫹/⌬ mice
(Wang et al., 2005). Therefore, our
ﬁndings likely pertain to a majority of
Apert cases.

Rescue of Skeletal Defects
We observe patent coronal and facial
sutures, and unfused sternum in all
IIIc⫹/⌬; Fgf10⫺/⫺ (newborn) mice and
approximately half of E18.5 IIIc⫹/⌬;
Fgf10⫹/⫺. Previous work had suggested that the development and
pathogenesis of calvarial, facial and
sternal bones is regulated by a morphogen-mode of FgfR signaling (Iseki
et al., 1997, 1999; Carlton et al., 1998;
Hajihosseini et al., 2004) with the
level and bioavailability of Fgf ligands
playing a critical role in the process.
The present data reinforce this notion.
Several observations argue against

the possibility that our skeletal rescue
represents a delay in calvarial, facial,
and sternal growth, owing to loss or
reduction of Fgf10 gene per se. Coronal and zygomatic arch sutures of
newborn Fgf10⫺/⫺ and IIIc⫹/⌬;
Fgf10⫺/⫺ mice are marginally wider
than WT, but this could be secondary
to a general growth retardation or
malformations at the skull base in
these mice; we note that invariably
Fgf10⫺/⫺ and IIIc⫹/⌬; Fgf10⫺/⫺ mice
are signiﬁcantly smaller than WT litter mates, show a narrower and downwardly-slanted snout (Fig. 2F), and
carry a cleft palate defect (Min et al.,
1998). These same mice certainly do
not show the degree of calvarial
growth retardation observed in Fgf18
null mice (Liu et al., 2002). Moreover,
at E18.5, the stage at which we have
conducted our detailed comparison of
suture patency, the calvaria of IIIc⫹/⌬;
Fgf10⫹/⫺, Fgf10⫹/⫺, and WT are indistinguishable (Fig 2, and not shown).
Hence, Fgf10 does not appear to be
required for normal embryonic calvarial growth.
We anticipate that the gain-ofFgfR2 function in IIIc⫹/⌬ tissues is
caused by the combined action of
FgfR2-IIIb- and FgfR2-IIIc-activating
ligands, a host of which are expressed
in the developing sutures (Hajihosseini and Heath, 2002). Here we have
identiﬁed a IIIb-activating component. The IIIc-activating Fgf/s that
cause craniosynostosis, for example,
could be identiﬁed through a similar
knockdown strategy and putative candidates include Fgfs -1, -2, - 9, -18, and
-20 (Hajihosseini and Heath, 2002).
However, an investigation of Fgf18’s
involvement may require a conditional/stage-speciﬁc gene targeting approach because Fgf18, unlike Fgf10, is
required for embryonic calvarial
growth (Liu et al., 2002).

Variation in the Range and
Level of Rescue in
Branching Organs
Reducing the Fgf10 gene dosage is
sufﬁcient to rescue the IIIc⫹/⌬ lung
branching defects. However, this robust rescue is not observed in LGs or
SMGs (Jaskoll et al., 2005) and the
rescued lungs of IIIc⫹/⌬; Fgf10⫹/⫺
mice still lack an accessory lobe. How
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can these variations and differential
levels of rescue be explained?
At its simplest, a “full” rescue of
these particular defects in IIIc⫹/⌬ mice
may require complete abrogation of
Fgf10, and by implication, complete
blocking of the aberrant FgfR2-IIIb
activity. It may also be possible that in
IIIc⫹/⌬, Fgf10⫹/⫺ mice, the level of
Fgf10 downregulation varies across
organs, or that other FgfR2-IIIb activating ligands (i.e., Fgfs 1, 3, 7, and
22) compensate for Fgf10. A stage-speciﬁc study of these ligands and their
inactivation in IIIc⫹/⌬ would be required to address these possibilities.
However, a more plausible explanation may lie in differences in the utilization or functionality of Fgf10 in
different branching organs. For example, treatment of mesenchyme-free epithelial explants of lung and LGs with
FGF10 induces branching morphogenesis in the former (Mailleux et al.,
2001) but only cell proliferation in the
latter (Makarenkova et al., 2000). Moreover, a reduced level of Fgf10 expression in Fgf10⫹/⫺ mice and patients harbouring hypomorphic FGF10 mutations
induces aplasia of SMG and LG but not
lungs (Entesarian et al., 2005; Jaskoll
et al., 2005; Milunsky et al., 2006).
Hence, in mature LGs and SMGs, Fgf10
may govern epithelial cell survival and
division and this would be in addition to
its earlier role in the induction/formation of these glands (Makarenkova et
al., 2000; Entesarian et al., 2005).
The accessory lobe-speciﬁc defect
in lungs may reﬂect the requirement
for differential levels of Fgf10 signaling in different parts of the same
organ. Supporting this notion is the
detection of a higher and more persistent level of Fgf10 expression in
the accessory lobe when compared to
cranial, middle, or caudal lobes at
E11.5–E12.0 (Bellusci et al., 1997).
Strong parallels have been drawn
between signaling interactions that
govern lung and limb development
and it has previously been reported
that development of digit I (toes) is
regulated by a level of FgfR signaling that is distinct from that of digits
II–V (Partanen et al., 1998; Lewandoski et al., 2000; Hajihosseini et al.,
2004). By analogy, the accessory lobe
may be regulated by a level of Fgf10
signaling that is distinct from other
lobes.

Antagonistic
Phosphorylation of
Components of the Map
Kinase Pathway
While comparing the ERK signaling
dynamics across different genotypes,
we noted that levels of p38 phosphorylation is highest in WT and rescued
(IIIc⫹/⌬; Fgf10⫹/⫺) lungs, where phosphorylated p44/p42 is low. By contrast, higher levels of p44/p42 phosphorylation in IIIc⫹/⌬ lungs were
accompanied by a dramatic reduction
in the levels of p38 phosphorylation.
Although the signiﬁcance of this antagonism and its occurrence in other
tissues remains to be determined, a
study of chondrocyte differentiation
suggests that such an antagonism
may be critical to cell differentiation
(Stanton et al., 2003). Nonetheless,
our study is the ﬁrst to describe such
an antagonistic relationship downstream of FgfR2 signaling.
In summary, through genetic manipulation of an AS mouse model we
have highlighted some of the key contributory factors that mediate the
gain-of-FgfR2 activity and provided
further insights into the complexity of
Fgf10 function and FgfR signaling
system.

EXPERIMENTAL
PROCEDURES
Generation and Genotyping
of Mutant Animals
FgfR2-IIIc⫹/⌬ and Fgf10⫺/⫺ alleles result in neo/peri-natal lethality (Min et
al., 1998; Hajihosseini et al., 2001), and
so the former allele is generated
through a LoxP-Cre mediated excision
of a FgfR2-IIIc “ﬂoxed” (ﬂanked by LoxP
sequences) allele, while the latter are
maintained
as
heterozygotes
(Fgf10⫹/⫺). Female PGK-CRE (Lallemand et al., 1998) mice were used to
derive the FgfR2-IIIc⫹/⌬ allele in a
cross with either homozygous ﬂoxed
(FgfR2-IIIc ﬂoxed/ﬂoxed ) or heterozygous ﬂoxed (FgfR2-IIIcﬂoxed/⫹) males
(Fig. 1A). Performing these crosses
with parents into which we had previously introduced an Fgf10⫹/⫺ allele, resulted in the generation of a
series of alleles, numbered as (i) to
(v) in Figure 1A.
Animals were maintained on a C57/

Bl6J background and in compliance
with local regulations governing transgenic breeding. Genotyping was carried
out by PCR using a previously described protocol and primer sets to detect the FgfR2-IIIcﬂoxed/⫹ and FgfR2IIIc⫹/⌬ alleles (Hajihosseini et al.,
2001), or sets of primers to speciﬁcally
detect the PGK-CRE transgene or
Fgf10 wild type and targeted alleles
(P1, P2, P3; Fig. 1B and Suppl. Table 2).

Staining Procedures
Staining of skeletons with Alizarin
red; vibratome sectioning of calvarial
bones; whole-mount staining of the
lacrimal glands with the dye Carmine
and detection of apoptotic cells by neutral red staining were as previously
described (Hajihosseini et al., 2001,
2004; Hajihosseini and Heath, 2002).
Six-micrometer-thick sections through
parafﬁn-embedded lungs and kidneys
were stained with H&E. In situ hybridization reactions were carried out using
either digoxygenin-labelled riboprobes
in Whole Mount assays (WMISH), or by
applying 35S[UTP]-labelled riboprobes
to 7 m-thick tissue sections, according
to previously described protocols (Hajihosseini et al., 2001, 2004; Hajihosseini
and Heath, 2002; Rice et al., 2003). Riboprobes were as follows: Foxa2 (900
bp), prepared from a plasmid provided
by Dr. S. Bellusci; FgfR2-IIIb (161 bp),
FgfR2-IIIc (139 bp), and Fgf10 (584 bp),
prepared from partial cDNA sequences
cloned in to Bluescript KSII⫹ (Rice et
al., 2003). Sense probes were used as
negative control. Digital images were
captured using a Zeiss Stemi-2000C
and AxioPlan 2ie microscopes.

Semi-Quantitative Reverse
Transcriptase-PCR and
Quantitative RNAse
Protection Assays
Two-step RT-PCR reactions were conducted as previously described (Hajihosseini et al., 2001), using the following: 1 g of total RNA for each sample/
genotype (isolated using the Sigma
Tri reagent); Amersham Pharmacia’s
Ready-to-Go beads, which contain
pre-formulated and pre-disposed lyophilized components; and 1.5 pmol of
each of the relevant gene-speciﬁc
primer pairs (Hajihosseini et al., 2001;
Suppl. Table 2). A total of 29 ampliﬁ-
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cation cycles was used and equal
amounts of products for comparable
genes/genotypes was resolved on 1.5%
agarose gels. RNAse protection assays
were performed as described by
Werner et al. (1993), using 365-bp
Fgf10 RNA probes generated from a
cDNA template.

Cell Lysis, Immunoblotting
Assays, and Densitometric
Measurements
Conditions for cell lysis and immunoblottings were as per recommendations of Cell Signaling Technology
Inc., from where the pan and phosphospeciﬁc anti-p42, -p44, and -p38 antibodies were purchased. Cell lysates
were quantiﬁed using the 2-D Quant
Kit (Amersham Biosciences). HRPcoupled secondary antibodies (Dako)
were used and detected by enhanced
chemiluminescence (ECL, Amersham). The quantiﬁcation of phosphorylation levels was carried out in
the linear range using non-saturated
blots, scanning densitometry, and ImageQuant software. Values (density
units) were expressed as observed volume intensity after subtraction of
background.

Optical Tomographic
Sectioning
Optical tomographic sections from 4%paraformaldehyde-ﬁxed lungs were
generated according to a previously described protocol (Sharpe et al., 2002).
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