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Intercellular signaling by fibroblast growth factors plays vital roles
during embryogenesis. Mice deficient for fibroblast growth factor
receptors (FgfRs) show abnormalities in early gastrulation and
implantation, disruptions in epithelial-mesenchymal interactions,
as well as profound defects in membranous and endochondrial
bone formation. Activating FGFR mutations are the underlying
cause of several craniosynostoses and dwarfism syndromes in
humans. Here we show that a heterozygotic abrogation of FgfR2-
exon 9 (lllc) in mice causes a splicing switch, resulting in a gain-
of-function mutation. The consequences are neonatal growth
retardation and death, coronal synostosis, ocular proptosis, pre-
cocious sternal fusion, and abnormalities in secondary branching in
several organs that undergo branching morphogenesis. This phe-
notype has strong parallels to some Apert's and Pfeiffer's syn-
drome patients.
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Fibroblast growth factors (Fgfs) constitute a 22-member-
strong family of intercellular-signaling molecules that trans-
duce their signal by activating specific cell surface tyrosine
kinase receptors (reviewed in refs. 1-4). Fgf-receptor (FgfR)
signaling relies on dimerization of two receptor molecules
brought about by ligand binding in cooperation with heparan
sulfate proteoglycans. In mammals, each of four FgfR genes
encode an extracellular domain composed of two or three Ig-like
loops, a transmembrane (TM) segment, and an intracellular
tyrosine kinase. Alternative splicing of the exons that encode the
third Ig loop in FgfR-1, FgfR-2, and FgfR-3 results in receptor
isoforms termed IIIb or IIlc, each with distinct ligand binding
specificity and tissue distributions (see Fig. 1 4 and B; refs. 1 and
5). For FgfR2, 11Ib and Illc isoforms are expressed predomi-
nantly by epithelial and mesenchymal cells, respectively (6, 7). In
vitro, Fgfs can promote cell proliferation, survival, differentia-
tion, and motility (1, 8). In vivo, signaling by Fgfs governs the
normal development of diverse tissues and organs in vertebrates
(9, 10) as exemplified by deletion of genes encoding particular
Fgfs or FgfRs (11-22). For example, targeted deletion of FgfR-2
causes early embryonic lethality, whereas mice with partial
FgfR2 function show severe lung and early limb defects (16, 23,
24). A specific deletion and abrogation of FgfR2-IIIb function in
mice results in agenesis of limbs, lung, and the anterior pituitary
and in dysgenesis of several visceral organs (25, 26).

In late fetal and early neonatal life, a complex set of interac-
tions coordinate the growth and expansion of the skull vault
(calvarium) with that of the brain. Calvarial bones form by
ossification of plates of neural crest-derived mesenchyme over-
lying the brain, and grow by appositional deposition of new bone
along the periphery of each plate. Where two plates meet a
suture forms, and an imbalance of bone formation at the sutures
results in premature calvarial fusion (craniosynostosis) leading
to serious alterations of skull shape. Genetic analysis has re-
vealed dominant—positive mutations affecting three FGFR genes
as the basis of several craniosynostosis syndromes (27-30). The
most severe of these syndromes are Apert’s and type 2 and type

www.pnas.org/cgi/doi/10.1073/pnas.071586898

3 Pfeiffer’s syndromes, which arise through mutations in FGFR2
and are characterized by fusion of the coronal sutures and
postaxial limb abnormalities (31). Moreover, a proportion of
Apert’s and Pfeiffer’s syndrome patients show, in addition,
varied abnormalities of the visceral organs which lead to genito-
urinary, gastro-intestinal, and respiratory anomalies [refs. 32 and
33; Online Mendelian Inheritance in Man (OMIM) database at
http:/ /www3.ncbi.nlm.nih.gov/Omim/]. We show here that
excision of a single copy of FgfR2-Illc in mice results in a
gain-of-function mutation associated with exon switching within
the FgfR2 gene. The phenotype of FgfR2-IIlc hemizygotes is
characterized by precocious ossification of the coronal sutures,
zygomatic arch joints, the sternebrae, as well as major defects in
the kidney, lung, and lacrimal glands.

Materials and Methods

Generation of Targeting Vector and Mutant Mice. A 7.5-kb targeting
construct was generated by PCR amplification (Expand PCR,
Roche Molecular Biochemicals) and subsequent cloning of two
fragments from a mouse FgfR2 A clone and one fragment from
plasmid pL.2-Neo into a psP73 plasmid. These fragments were (i)
a 3.6-kb Xhol /Notl fragment containing FgfR2 exons 7 and 8
and their flanking introns, (if) a 2.7-kb Notl/Smal fragment
containing exon 9 and its flanking introns, and (iif) a NotI / NotI-
tagged 1.2-kb fragment composed of herpes simplex virus thy-
midine kinase (HSV-TK)-Neo flanked by two loxP sites. The
third loxP fragment was generated by the annealing of Kpnl-
tagged complementary loxP primers and cloned in at a KpnlI site
downstream of exon 9. The integrity of splice acceptor and donor
sites in each exon of the targeting construct was verified by DNA
sequencing. Correctly targeted ES cells were injected into blas-
tocysts of C57BL mice to generate chimeras. Male mice con-
taining the targeted floxed allele were crossed with ZP3-Cre
transgenic female mice that express Cre recombinase in the germ
cells (34). F, female mice containing the ZP3 transgene and a
floxed targeted allele were bred with C57BL mice to generate
the F, generation. Forty percent of the F, mice showed excision
of the floxed targeted allele (Fig. 1). Of these excisions, 90%
were complete excisions (FgfR2-IIIc*/*), whereas the remainder
showed partial excision (FgfR2-IIIc*/Aneo-flox) (Fig, 1G).

Bone and Cartilage Staining of Whole Skeletons. Skeletons of whole
embryos or pups were stained as described by McLeod (35).

This paper was submitted directly (Track Il) to the PNAS office.

Abbreviations: Fgf, fibroblast growth factor; FgfR, Fgf receptor; TM, transmembrane; PF,
paraformaldehyde; En, embryonic day n; Pn, postnatal day n; TK, thymidine kinase.

See commentary on page 3641.

*To whom reprint requests may be addressed. E-mail: dickson@icrf.icnet.uk or
kmhj@pugh.bip.bham.ac.uk.

tPresent address: School of Biosciences, University of Birmingham, Edgbaston, Birmingham
B15 2TT, UK.

*Present address: SmithKline Beecham, Rue de I'Institut 89, B-1330 Rixensart, Belgium.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

PNAS | March 27,2001 | vol. 98 | no.7 | 3855-3860

-
<
-
=
]
=
o
o
=
]
>
]
(=)




Exon, Exon Exon Intracellular
K/

T e x o

FofRa-1l[cneo-flox/neo-flox  zp3Cre/Cre

e

B iernative spliced isoforms Activating lizands Fl1 X ﬁ&)
FgfR2-111b—{ 7 8 [10 Fef-3.-7.-10
FgfR2-llc+/neo-flox ) e e
FgfR2-1lle—{7 | 9 ] 10] Fgf-2,-4,-6,-8,-9
C Primer 1 < Primer2
A B RV Kk B [F2_Excision products |
i i ihe ™
8 9 / I\h HSV-TK/Neo
e~ S5Kb---cemecann - [—>

Lox-P. Lox-P.
FefR2-111c+/neo-Aflox

D & =
IMla 111b HSVANINe: 1lic ™ i
8 _’_._’__my/ o Lr 2
Lox- =
1o

9
P Lox-P Lox-P — LoxP ' LoxP
FafRo1cHAneo-lox

E

65Kb| B pgra.niet/neo-flox me e

50Kb M e < Wild type Fgmz_"[gf/Am-r..............................i
Fig. 1. Fgfreceptor structure and strategy for deletion of FgfR2 exon 9 (lllc).
(A) Schematic structure of FgfR2 highlighting the third Ig loop, a region in
which alternative usage of exons 8 or 9 in FgfR2 leads to the generation of the
Illb or llic isoforms, respectively. TM, transmembrane domain. (B) The main
ligands activating each of these isoforms. (C) Schematic depiction of mouse
genomic DNA encompassing FgfR2 exons (boxes) 7, 8,9, and 10, drawn to scale
and showing main restriction enzyme sites (Av, Aval; RV, EcoRV; B, BamHI; K,
Kpnl). (D) Targeting construct showing loxP sequences placed downstream of
exon 9, and flanking the selectable marker gene neo driven by HSV-TK
promoter located upstream of exon 9. Thick lines indicate the extent of the
targeting construct. (E) Homologous recombinant 129 embryonic stem cells
were identified by Southern blotting of BamHI-digested DNA by using a
450-bp genomic probe located 3’ of target vector sequences (gray bar in D).
Homologous recombinant cells (FgfR2-Ilict/neo-flox) yielded a 6.5-kb fragment
and wild type yielded a 5.0-kb fragment. Both 5’ and 3’ joins were checked by
PCR analysis. (F) Hemizygous (FgfR2-Illc*’*) mutant mice were generated by
crossing FgfR2-Ilicneo-floxineo-flox \yjth ZP3-Cre females (34), and then crossing
F1 females carrying one copy of the targeting construct as well as the
Cre transgene with wild-type males. Approximately 50% of such females gave
Cre-mediated excision. (G) Of these excisions, 90% were complete
(FgfR2-1lic*'%); the remainder excised only the selectable marker
(FgfR2-llIc*/Aneo-flox) a5 determined by PCR using the pair of primers shown in
C. The potential excision product, FgfR2-llic*/neo-Aflox \as not observed.

Histochemical Detection of Alkaline Phosphatase in Coronal Sutures.
Alkaline phosphatase was detected by using the method of
Drury (36). Briefly, 12-um transverse cryostat sections through
fresh-frozen 18-day-old embryos were fixed with 4% parafor-
maldehyde (PF) solution (pH 7.4), washed with cold 0.1 M PBS,
and incubated for 30 min at 37°C with a 5:3 ratio mix of the
following solutions, respectively: solution A, 300 mM sodium
barbitone /5 mM CaCl,/2 mM MgSOy; solution B, 1% B-glyc-
erophosphate. Sections were then washed in distilled water,
treated for 5 min with a 2% cobalt nitrate solution, then washed
and treated with 1% (NHL4),S before rinsing and clearing in
alcohol series and mounting in dibutyl pthalate xylene.

Carmine (Carmalum) Staining of Lacrimal Glands. Dissected lacrimal
glands were fixed in 4% PF, washed in 0.1 M PBS, and
dehydrated with 70% ethanol before staining briefly in a solu-
tion of 0.2% carmine (Sigma)/0.5% AIK(SO.), containing trace
amounts of thymol. Excess stain was cleared in 70% ethanol.

Measurements of Blood Glucose Levels. Blood glucose levels were
measured by using 30 ul of tail blood and a Glucotrend (Roche
Diagnostics) monitor according to the manufacturer’s
instructions.

Whole Mount in Situ Hybridization on Calvaria and Sternum. Embryos

were delivered from time-mated ZP3-Cre/FgfR2-IIIc*/meo-flox
mothers, and calvarial bones and sternum were dissected to be
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free of overlying skin, as well as the brain and thoracic organs,
in Hepes-buffered medium. Tissues were fixed overnight in 4%
PF, dehydrated through an ascending methanol series in
PBS/0.1% Tween-20 (Tw-20, Sigma), and stored in absolute
methanol at —20°C until use. Yolk sacs from individual embryos
were used for genotyping. Sense and antisense digoxigenin-
labeled probes were synthesized by in vitro transcription (Roche
Molecular Biochemicals kit) from appropriately linearized plas-
mids carrying one of the following fragments: a 450-bp FgfR2-Tk,
150-bp FgfR2-11Ib (exon 8), 148-bp FgfR2-11Ic (exon 9), 500-bp
Fgf-3, 620-bp Fgf-7, or a 670-bp Fgf-10 sequence, and purified by
passing through Chroma Spin —30 columns (CLONTECH)
before quantifying on agarose gels.

For the in situ hybridization reaction, rehydrated tissues were
treated with 7 pg/ml proteinase K and refixed with 4%
PF/0.2% glutaraldehyde before a 5-h prehybridization at 50°C
in a solution of 50% formamide /5 mM EDTA /1.3X SSC/0.5%
CHAPS (Sigma)/0.1% Tw-20/1% solution of Boehringer
blocking powder (BBR)/100 pg/ml yeast tRNA /50 pg/ml hep-
arin. Hybridization in the presence of 1 wg/ml probes was
carried out overnight at 50°C. Post-hybridization washes at 50°C
were as follows: hybridization solution alone, wash buffer (50%
formamide/2X SSC) first without and then with 0.1% Tw-20,
and wash buffer diluted 1:1 with MABT (1 M maleic acid/0.15
M NaCl/0.1% Tw-20). Tissues were then washed at room
temperature with MABT before blocking for 4 h with a solution
0f 20% heat-inactivated goat serum /2% BBR in MABT/0.15M
NaCl/0.1% Tw-20, followed by overnight incubation at 4°C with
alkaline phosphatase-coupled anti-digoxigenin antibody (Roche
Molecular Biochemicals). After washing extensively in MABT,
tissues were treated with NTMT (0.1 M TrissHCI/0.1 M
NaCl/50 mM MgCl,/0.1% Tw-20) and 2 mM levamisole. Color
was developed for 1-16 h in fresh NTMT containing nitroblue
tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate but no
levamisole. Reaction was stopped by washing tissues in
PBS/0.1% Tw-20 before fixation with 4% PF and storage in
glycerol.

Reverse Transcription-PCR. Total RNA isolated by the Trizol
method (GIBCO) from snap-frozen cerebral cortices (dissected
free of meninges) and livers of new-born wild-type and hemizy-
gote mice was first subjected to one round of the PCR cycle of
42°C for 15 min, followed by 95°C for 5 min, by using a reverse
transcription-PCR kit (Ready-to-Go, Amersham Pharmacia)
and pd(T)i2-1s primers to amplify DNA from mRNA species.
The products were then subjected to 32 cycles of 95°C for 30 s,
55°C for 30 s, and 72°C for 1 min, using a primer from exon 7
(IITa; CCCATCCTCCAAGCTGGACTGCCT) in conjunction
with one from exon 8 (IIIb; CTGTTTGGGCAGGACAGT-
GAGCCA), or exon 9 (IlIc; CAGAACTGTCAACAATGCA-
GAGTG), or exon 10 (TM; GCTTGGTCAGCTTGTGCA-
CAGCTGG) to amplify the IIIb, IIIc, or both isoforms of FgfR2,
respectively. Reaction products were resolved alongside a 50-bp
ladder on 1.5% agarose gel (see Fig. 54).

Results

Cre-Mediated Excision of FgfR-2 Exon 9 (llic). To investigate FgfR2-
IIIc function, we used a Cre/loxP recombination strategy to
remove from the mouse germ line exon 9 of FgfR2, which is
specific for this receptor isoform (see Materials and Methods and
Fig. 1 C-G). Mice containing the correctly targeted allele
(composed of a floxed neo and Illc construct) were viable and
fertile. To obtain excision, male FgfR2-IIIceo-floxneo-flox mjce
were crossed with ZP3 transgenic females (34) which express Cre
recombinase in the germ cells. Because excision occurs in the
germ cells, F; females containing both the ZP3-Cre transgene
and a copy of the targeted floxed allele were bred with wild-type
C57BL males to generate the F, generation (Fig. 1F). All
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Fig. 2. Growth retardation in FgfR2-lllc*’* mice. (A) Hemizygotes were identifiable at birth by their smaller sizes, characteristic dome-shaped heads, and
truncated faces; the genotype was confirmed by PCR using tail genomic DNA (Fig. 1G). (B) All hemizygotes showed growth retardation after birth as reflected
in a comparison of their body weights with those of wild-type littermates. Brackets show the number of hemizygotes and wild types analyzed. (C) Table
summarizing the major abnormalities and their penetrance (number showing specified defects /total number of hemizygotes analyzed) at E18 and postnatally.

offspring containing the targeted floxed allele showed excision.
Mice hemizygous or homozygous for the floxed-Illc (FgfR2-
LIct/Aneo-tloxs Fig 1) gave no discernable phenotype, but mice
hemizygous for FgfR2-ITlc (FgfR2-IIIc*'*) showed a range of
bone and visceral defects (see below). FgfR2-IIlc /A mice were
born at the expected frequency of 50% (n = 245); at birth 90%
were slightly smaller than their wild-type littermates, whereas
the remainder were significantly smaller (birth weight 0.7-0.9 g;
data not shown). After birth, hemizygotes did not gain weight
and died within 9 days (Fig. 2). These findings are surprising
because mice hemizygous for a null allele of FgfR2 gene give no
detectable phenotype (16, 24) and, therefore, strongly suggest a
gain-of-function mutation.

Bone and Visceral Defects in FgfR2-llict’* Mice. Newborn FgfR2-
IIc™'™ mice had shortened snouts, markedly rounded skulls (Fig.
2A), and bulgy eyes (proptosis). To reveal skeletal abnormali-
ties, bones of embryos and pups were stained with alizarin red.
The coronal sutures, which separate the frontal and parietal
calvarial bones, showed precocious ossification by embryonic
day 18 (E18; Fig. 3 A-C). Fusion of this suture was further
confirmed by histochemical staining of sections with alkaline
phosphatase, a marker of mature and progenitor osteoblasts
(Fig. 3 D and E). Zygomatic arch bones were also found to be
fused together at their joints, a phenomenon that would result in
the formation of shallow eye orbits and, thus, produce ocular
proptosis (Fig. 3 F-I). Similarly, premature ossification of the
coronal sutures may account for a noticeable truncation of the
maxilla as well as the observed compensatory dorso ventral
extension of the cranium (Fig. 3 4, F, and G).

Staining with alizarin red and Alcian blue combined also
revealed abnormal ossification of the intersternebral cartilage
(Fig. 3J and K). The sternum forms by ventro medial migration
of two lateral plate mesoderm-derived masses that fuse to form
a single cartilaginous mass in front of the ribs (37). Individual
sternebrae then form by endochondrial ossification of the inter-
rib regions, as signals from the cartilaginous rib heads are
thought to inhibit ossification where they abut the sternum
(37-39). Sternal abnormalities in hemizygous mice were first
seen at E16.5 as a delay in medial fusion of sternal bands (data
not shown). By E18.5, the sternebrae were found to be thicker
and misaligned, whereas the posterior margins of the intersterne-
bral cartilage showed ectopic ossification. Abnormal sternebral
thickening and cartilage ossification continued after birth in a
posterior—anterior and caudo rostral direction (Fig. 3 J and K)
and was often complete by 2—4 days after birth. Furthermore, the
bone and cartilage structures that cap the ends of the sternum
(the manubrium and xiphoid) showed abnormal bifurcation,
probably reflecting the earlier delay in sternal band fusion.
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An examination of the internal organs in FgfR2-Illc hemizy-
gotes revealed major abnormalities in the lungs, kidneys, and
lacrimal glands, organs that develop through extensive branching
morphogenesis involving reciprocal loops of Fgf, Sonic-
hedgehog, Bmp/Tgf-B3, and Wnt signaling between mesenchy-
mal and epithelial cells (40—44). The lungs of neonatal hemizy-
gotes were slightly smaller than those of their wild-type
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Fig. 3. Precocious ossification of coronal sutures and the sternum in FgfR2-
Hlic*'2 mice. Skeletons stained with alizarin red to identify ossified tissue (A and
K), or stained with alizarin red in combination with Alcian blue stain to
additionally reveal cartilage (F-J). (A) Dorsal view of calvarial bones at E18
showing closer apposition of frontal and parietal bones at the coronal suture
(arrows) in a hemizygote compared with its wild-type litter mate. (B-E)
Transverse sections through the frontal and parietal bones showing fusion of
coronal sutures in hemizygote in contrast to wild-type mice. Sections stained
with hematoxylin—-eosin (B and C) or alkaline phosphatase (D and E). (F-/)
Lateral views of skulls from 7-day-old mice showing in hemizygotes rounded
heads, truncated maxilla, and fusion of joints separating the zygomatic arch
bones (part of the maxilla, zygomatic, and temporal bones) which make up the
lower rim of the eye socket. (H and /) Detail of zygomatic arch joints shown in
F and G, respectively. (J and K) Dissected and whole rib cages from 1- and
4-day-old mice, respectively, showing precocious and progressive sternal fu-
sion in hemizygotes. Note that in these mice, individual sternebrae are thicker
and less congruent, and the manubrium and xiphoid processes are bifurcated.
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Fig. 4. Visceral defects in FgfR2-lllc*'* mice. (A) Comparison of whole lungs
at postnatal day 1 (P1) showing the development of a single right lobe in
hemizygotes compared with four distinct lobes in the wild type. (B-G) Trans-
verse sections through the right lobes stained with hematoxylin-eosin show-
ing partial lobe separation in the mutant right lung (indicated by arrowheads
in C), as well as the development of fewer bronchioles lined with ciliated cells
and fewer branched alveolar structures (D and E). (B and C, bars = 4 mm.) In
mutants, lung mesenchyme is more compact and often congested with red
blood cells (F and G). (H) Dissected exorbital lacrimal glands with their sur-
rounding mesenchyme still attached to the eye and stained with the dye
carmalum to reveal branching, show a clear lack of gland development in
hemizygotes. (/) Comparison of kidneys at P2 reveals severe growth retarda-
tion in hemizygotes which does not seem to affect the adrenal glands lying
above each kidney. (J and K) Saggital hematoxylin—eosin (H&E)-stained sec-
tions through E14.5 embryonic kidneys show the presence of fewer develop-
ing nephrons in the cortical region of hemizygotes. (L and M) H&E-stained
transverse section of P2 kidneys, showing fewer and degenerating glomeruli
(arrowheads), dilated proximal and distal tubules, and more undifferentiated
mesenchyme in hemizygotes.

littermates, but more strikingly, the right lung showed defects in
lobulation—it was composed of only three partially separated
pulmonary lobes compared with four distinct lobes in the wild
type (Fig. 44). Partial lobulation was further confirmed in
sections of E18 lungs, which also revealed the presence of fewer
bronchioles and a more densely packed mesenchyme, suggesting
incomplete alveolarization of the lungs (Fig. 4 B-G). A mild
lobe-separation defect was also noted in the livers of E18 and
postnatal hemizygotes (data not shown). The kidneys did not
grow beyond their birth size and, thus, were considerably smaller
in the mutant mice at P2, although the adrenal glands were of
normal size (Fig. 4I). Histological comparison at E14.5 showed
that, although hemizygote kidneys were of a similar size com-
pared to wild-type, there was a marked reduction in the number
of nephrogenic units (Fig. 4 J and K). After birth, kidney
architecture was found to be disorganized, and contained fewer
glomeruli, dilated proximal and distal tubules, and a greater
expanse of undifferentiated mesenchyme (Fig. 4 L and M). In
hemizygotes, the exorbital lacrimal glands failed to form despite
the presence of a rudimentary mesenchymal sac (Fig. 4H). These
observations highlight a defect in secondary branching, but a
more extensive study of the aforementioned signaling loops at
different stages of development would help better define the
underlying cause. Hemizygotes also showed postnatal distension
of the hind gut, although there was no obvious defect in the
stomach and gut architecture or innervation (data not shown).
Moreover, despite ingesting milk, hemizygotes had a significantly
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lower concentration of blood glucose at P3 [3.0 = 0.6 uM (n =
4)] compared with their wild-type littermates [5.8 * 0.6 (n = 6)],
suggesting that an undefined gastro intestinal defect resulting in
malnutrition contributes to their growth retardation and early
death.

Altered FgfR2 Expression in the Brain, Cranial Sutures, and Sternal
Cartilage. A gain-of-function mutation suggested that in the
absence of exon 9 (Illc), there was a splicing switch to include
exon 8 (IIIb) (see Fig. 1). To examine this possibility, we
performed semiquantitative reverse transcription—-PCR on RNA
isolated from cerebral cortex, a tissue that predominantly ex-
presses the IIIc isoforms of FgfRs 1-3 (45), only to discover
significant up-regulation of FgfR2-IIIb in hemizygote brain (Fig.
5A4). DNA sequence analysis of the PCR products also revealed
an additional faint band (Fig. 54, asterisk) that derives from
RNA with an exon 7 (Illa) to 10 (TM) splice. We would not
expect this RNA to make a significant contribution to the
phenotype because it would encode a product which, because of
a translational termination in TM caused by a change in the
reading frame, would lack TM and kinase domains as well as part
of the ligand binding domain. Ectopic expression of FgfR2-I1Ib
at sites of FgfR2-IIIc expression would, however, make FgfR2-
ITIc-expressing cells responsive to a much greater number of
Fgfs. We were particularly interested to determine whether
abnormal FgfR2-IIIb expression is implicated in the premature
ossification of the coronal sutures and zygomatic arch, as well as
the abnormal fusion of sternebrae. For this analysis, dissected
calvaria and rib cages of E17.5 to E18.5 fetuses were subjected
to whole mount in situ hybridization using FgfR2 TK and probes
specific for FgfR2 exons I1Ib or Illc, although the IIIc probe did
not work well in our hands. At E17.5, wild-type mice showed
FgfR2 staining in the osteogenic fronts of the coronal sutures, the
anterior rims of the frontal bones, the presumptive metopic
suture, and the rims of the nasal bones (Fig. 5B). Staining was
also seen at the periphery of the zygomatic arch bones (Fig. 5 C
and D). The IIIb-specific probe gave a similar but very weak
signal (data not shown), suggesting that 7K expression also
represents the normal pattern of I7lc expression. Surprisingly, at
E18.5 heterozygous mice showed a much stronger staining for
FgfR2-I1Ib at the calvarial sutures, a stain that was still barely
detectable in sutures of wild-type mice (Fig. SE). Because
FgfR2-111b signaling relies predominantly on Fgf-3, Fgf-7, and
more importantly, Fgf-10, we used antisense probes to examine
expression of each of these ligands in dissected calvaria. Fgf-10,
but not Fgf-3 or Fgf-7, was detected in the suture region,
providing strong evidence for a potential source of activating
ligand for cells expressing elevated FgfR2-IIIb (Fig. 5F). Inter-
estingly, Fgf-10 expression was also detected in lacrimal glands of
wild types but not hemizygotes (Fig. 5 G and H).

A similar set of experiments on dissected sternums also
showed a correlation between the abnormalities observed and
the pattern of FgfR2-1IIb expression (Fig. 5 I and J). FgfR2-111b
was found to be normally expressed at the periphery of the
sternebrae, but with the incomplete medial fusion which ap-
peared to create two independent ossification centers, FgfR2-
111D was also expressed at the midline in hemizygotes. The TK
probe gave a similar pattern of expression, and Fgf-10 was also
found to be expressed in the periosteal regions of both wild types
and hemizygotes (Fig. SM). These findings indicate that FgfR2-
IIIb signaling is involved in normal endochondrial bone forma-
tion in the sternum, and that in the mutant mice a more extensive
expression pattern causes excessive ossification in the inter-
sternebral cartilage.

Discussion

A number of syndromic craniosynostoses have been associated
with dominantly acting mutations of FGFRI, FGFR2, and
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Fig.5. Analysis of FgfR2 and Fgf-10 expression in brain, calvaria, lacrimal

glands, and sternum. (A) Reverse transcription—-PCR assessment of FgfR2
expression in the liver and cerebral cortices (dissected free of meninges) of
wild-type and hemizygous mice by using primers from within exons 7 and
8 [llIb specific (320 bp), lane 1], or exons 7 and 9 [lllc specific (310 bp), lane
2], or exons 7 and 10 [detects both isoforms (495 and 489 bp), lane 3].
Identity of bands was confirmed by DNA sequencing. Note that the Illb-
specific product, as well as a faint 345-bp band (asterisks), derived from
llla-TM splice, is detected in the cerebral cortex and liver of hemizygous but
not wild-type mice. (B-D) Expression pattern of FgfR2 in E17.5 calvaria of
wild type (+/+) and hemizygote (+/A) as revealed by whole mount in situ
hybridization (WMISH) using digoxigenin-labeled TK probe which is iso-
form nonspecific. Arrows in B point to staining of coronal sutures of wild
type. Staining was less intense in hemizygotes (data not shown). (C and D)
Bones making up the lower rim of the eye socket, the zygomatic arch
(arrowheads), as well as their intervening joints are also labeled; these
joints (double arrowheads) are more closely apposed in hemizygotes than
in wild types. (E) WMISH with an FgfR2-1llb-specific probe on E18.5 calvaria
shows elevated expression of this isoform in calvarial sutures of hemizy-
gotes but not in wild-type mice. Hemizygotes also present a shortened
snout, wider skull, and delayed closure of the anterior fontanelle. (F)
WMISH with an Fgf-10 probe shows expression of this ligand in the suture
regions of both wild types and hemizygotes at E18. (G and H) In the same
specimens shown in F, Fgf-10 probe labels the tips of branches within the
exorbital lacrimal glands of wild type (G), whereas there is a lack of
expression in hemizygote gland rudiment (H). (I-M) WMISH analysis on
dissected sternums from E18 mice with an FgfR2-1llb-specific probe (/and J),
E18.5 mice using a TK probe (K and L), and E18 using an Fgf-10 probe (M).
In both wild types and hemizygotes, TK and Illb strongly label the perios-
teal regions of each sternebrae. However, delayed midline fusion results in
two hemi sternebrae in hemizygotes (arrows in J and L), the medial rims of
which also express TK and /llb. At E18.5, when medial fusion is more
advanced, TK additionally labels the periphery of the xiphoid processes,
which appears bifurcated in hemizygotes. (M) Fgf-10 is expressed by inter-
rib periosteal regions as well as the body of xiphoid.

FGFR3 (reviewed in refs. 27-30). Most frequently, these
mutations occur in FGFR2, either in exon Illc or the region
linking the second and third Ig loops (see Fig. 1). Biochemical
analysis shows that these mutations can result in ligand-
independent receptor activation, increased ligand receptor
binding times, or a broadening of receptor-ligand binding
specificity (29, 46, 47). Expression pattern analysis for FgfRs
1-3 in rodent calvaria suggests a possible role for FgfR2-IIlc
in maintaining sutural cell proliferation, and paradoxically, the
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potential to promote osteogenic differentiation (48-52). In
favor of the latter property, experimental application of Fgf2
or Fgf4, both ligands for FgfR2-IIIc, causes premature differ-
entiation of such cells and suture fusion (49, 52). Similarly,
ectopic expression of Fgf3 and Fgf4 in a mutant mouse that de-
velops bulgy eyes also results in craniosynostosis (53). Collec-
tively, these observations suggest that elevated FgfR2 signaling
is the underlying cause of precocious ossification of sutural
cells.

Here we confirm FgfR2 expression in the calvarial sutures.
We show that coronal sutures are the first to express this
receptor, and that FgfR2 is additionally expressed in zygomatic
arch joints. More importantly, we demonstrate a mechanism
for elevated FgfR2 signaling as the underlying cause of syn-
ostosis. Thus, through a splice-switch mechanism, FgfR2-111b
expression is substantially elevated in calvarial sutures and
zygomatic joints of FgfR2-IIIc*/* hemizygotes, rendering cells
that would predominantly express FgfR2-IIIc responsive to a
broader set of Fgf ligands. We showed that Fgf-10, a ligand for
FgfR2-I1Ib, is normally expressed in the suture region, strongly
suggesting that such cells become aberrantly activated, which
leads to abnormal levels of FgfR2 signaling and their prema-
ture differentiation.

In addition to synostosis of coronal and zygomatic sutures,
FgfR2-IIIc*/* mice also show abnormal endochondrial ossifica-
tion of the sternum. It is not clear whether this abnormality is
caused by inappropriate FgfR2 expression in the sternebrae, or
is secondary to the delayed medial fusion and rib misalignment,
causing additional centers of ossification, perhaps because of a
perturbation of the proposed negative signaling from the ribs.
Nonetheless, our observations suggest that FgfR2 signaling is
involved in normal sternum development, and, therefore, may
play a role in both endochondrial and membranous bone
formation.

In Apert’s and Pfeiffer’s syndromes, craniosynostosis is often
accompanied by syndactyly of fore and hind limbs or broader
thumbs and great toes, respectively (30, 31, 54, 55). Limb and
sternum are both derived from lateral plate mesoderm, and it is
interesting that although FgfR2-IIIc*/* mice do not show limb
defects, they do manifest precocious sternal thickening and
fusion. Species differences may explain this phenomenon
because a similar relationship was reported in glypican-3 knock-
outs. Here, a mutation in the human gene causes limb poly-
dactyly, whereas glypican-3-deficient mice develop sternal de-
fects (56).

A significant number of patients with Apert’s and Pfeiffer’s
syndromes also show visceral and growth abnormalities (32,
54), further strengthening the phenotypic resemblance of these
human syndromes to FgfR2-IlIc*’* mice. Although missense
mutations are most frequently associated with Apert and
Pfeiffer patients, a point mutation and A/u insertions close to
or within exon 9 (IIIc) have been shown to affect FgfR2
splicing. These latter mutations cause inappropriate expres-
sion of FgfR2-IIIb in cultured fibroblasts of the patients, and
this has been suggested as an underlying cause of limb defects
(55, 57). It is possible that ectopic expression of FgfR2-1IIb in
visceral mesenchyme disrupts the normal mesenchymal-
epithelial interactions by, for example, sequestering Fgf7 and
Fgf10, normally produced by mesenchymal cells to act instruc-
tively on the adjacent epithelial cells. Alternatively, FgfR2-111b
up-regulation could perturb the normal program of mesen-
chymal cell differentiation. The observation that, in hemizy-
gotes, kidney and lung mesenchyme are disorganized, and
mesenchymal cells in the rudimentary lacrimal glands seem
not to express Fgf-10, would be consistent with this possibility.
However, the observed visceral defects do not obviously match
those reported for mice deficient for Fgf-10, Fgf-7 (19, 21, 58),
or FgfR2-1IIb (25), suggesting that the visceral phenotypes
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arise through a more complex set of interactions governing
mostly secondary branching. Nevertheless, it is interesting that
FgfR2-1IIb is up-regulated in cultured fibroblasts of some
Apert’s and Pfeiffer’s syndrome patients (54, 55, 57). Hence,
the mice described in this report could serve as an attractive
model for further investigations of the molecular mechanisms
governing normal bone growth, as well as mechanisms under-
lying craniosynostosis and the associated visceral defects in
some Apert’s and Pfeiffer’s syndromes.
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