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Fibroblast growth factor (FGF) signaling is involved in skeletal development of the vertebrate. Gain-of-function
mutations of FGF receptors (FGFR) cause craniosynostosis, premature fusion of the skull, and dwarfism
syndromes. Disruption of Fgfr3 results in prolonged growth of long bones and vertebrae. However, the role
that FGFs actually play in skeletal development in the embryo remains unclear. Here we show that Fgf18 is
expressed in and required for osteogenesis and chondrogenesis in the mouse embryo. Fgf18 is expressed in
both osteogenic mesenchymal cells and differentiating osteoblasts during calvarial bone development. In
addition, Fgf18 is expressed in the perichondrium and joints of developing long bones. In calvarial bone
development of Fgf18-deficient mice generated by gene targeting, the progress of suture closure is delayed.
Furthermore, proliferation of calvarial osteogenic mesenchymal cells is decreased, and terminal differentiation
to calvarial osteoblasts is specifically delayed. Delay of osteogenic differentiation is also observed in the
developing long bones of this mutant. Conversely, chondrocyte proliferation and the number of differentiated
chondrocytes are increased. Therefore, FGF18 appears to regulate cell proliferation and differentiation

positively in osteogenesis and negatively in chondrogenesis.
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The vertebrate skeleton is generated by two distinct
mechanisms: intramembranous ossification and endo-
chondral ossification. In intramembranous ossification,
mesenchymal precursor cells condense and convert di-
rectly to bone-forming osteoblasts that secrete bone ma-
trix proteins. This process is responsible for generating
the flat bones of the skull in vertebrates (Opperman
2000). Endochondral ossification accounts for the forma-
tion of the vertebrae and long bones, and in this process
mesenchymal cells first differentiate into cartilage,
which provides the template for bone formation by os-
teoblasts (Olsen et al. 2000).

In both mechanisms, the entire process is coordinated
by the action of members of secreting signaling molecule
families, including FGF, TGF-B, IGF, Wnt, and hedgehog
(Hartmann and Tabin 2000; Olsen et al. 2000; Opperman
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2000). Evidence from human and mouse genetics indi-
cates contribution of FGF signaling in these two mecha-
nisms. Gain-of-function mutations in genes encoding
FGFR1, FGFR2, and FGFR3 cause craniosynostosis,
which is characterized by premature fusion of the cranial
sutures (Malcolm and Reardon 1996; Webster and Dono-
ghue 1997; Wilkie 1997; Burke et al. 1998). In addition to
genetic studies, implantation of beads soaked with FGF2
or FGF4 around sutures results in promotion of osteo-
genic differentiation and suture closure (Iseki et al. 1997,
1999; Sarkar et al. 2001). FGF signaling is therefore con-
sidered to be involved in intramembranous ossification.
However, studies on null mutations in Fgfr! and Fgfr2
have shown early embryonic lethality (Deng et al. 1994;
Yamaguchi et al. 1994; Arman et al. 1998; Xu et al. 1998),
which has so far precluded analysis of the function of
these genes in osteogenesis, whereas no calvarial defects
have been observed in Fgfr3 loss-of-function mutants
(Colvin et al. 1996; Deng et al. 1996). Null mutants for
Fgf2 show abnormalities in maintaining bone mass and
bone formation in the adult mouse, but not in the em-
bryo (Zhou et al. 1998; Montero et al. 2000). Thus, it has
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not yet been revealed that FGF signaling is actually re-
quired for calvarial development. On the other hand,
gain-of-function mutations in Fgfr3 also result in dwarf-
ism, of which the most common is achondroplasia
(Rousseau et al. 1994; Shiang et al. 1994; Webster and
Donoghue 1996; Naski et al. 1998; Chen et al. 1999;
Wang et al. 1999; McLean and Olsen 2001). In addition,
gene disruption studies of mouse Fgfr3 have revealed
that FGFR3-mediated signaling inhibits proliferation
and differentiation of chondrocytes in the formation of
the vertebrae and long bones, indicating that FGF signal-
ing is essential for chondrogenesis in the process of en-
dochondral ossification (Colvin et al. 1996; Deng et al.
1996). However, uncertainty remains as to which mem-
bers of the Fgf family are actually required for chondro-
genesis.

During both osteogenesis and chondrogenesis, FGF
signaling is considered to regulate cell proliferation and
differentiation. In calvarial ossification, several lines of
evidence show that FGF signaling inhibits proliferation
and/or accelerates differentiation of osteogenic cells. For
instance, Iseki et al. (1997, 1999) showed that suture clo-
sure induced by grafting FGF2-soaked beads is associated
with a localized decrease in cell proliferation and in-
creased expression of osteopontin (Opn), a marker for
osteogenic differentiation. In contrast, evidence also in-
dicates that FGF2 enhances cell proliferation in cultures
of mesencephalic neural crest cells, which give rise to
osteoblasts (Sarkar et al. 2001). This apparent inconsis-
tency in the action of FGF signaling is probably owing to
variations in the differentiation stage of osteogenic cells
used for individual experiments. In fact, Mansukhani et
al. (2000) showed that immature osteoblasts respond to
FGF treatment with increased proliferation, whereas
FGF in differentiating osteoblasts does not induce DNA
synthesis. To clarify the real function of FGF signaling in
osteogenesis, genetic analysis of members of the FGF
family and components of this signaling pathway should
be important. On the other hand, FGF signaling appears
to negatively regulate both proliferation and differentia-
tion of chondrocytes. Fgfr3-deficient mice show expan-
sion of proliferating and hypertrophic chondrocytes, re-
sulting in progressive outgrowth of the long bones
(Colvin et al. 1996; Deng et al. 1996).

The FGF family of cell signaling molecules is com-
posed of at least 22 members in the mouse (Ornitz and
Itoh 2001). Although FGF signaling has been implicated
in bone development, studies on null mutant mice have
not yet revealed the role of this family in skeletal devel-
opment (Ornitz and Itoh 2001). This suggests that an-
other candidate Fgf gene that plays an essential role in
bone development may exist. Interestingly, a member of
this family, FGF18 (Hu et al. 1998; Ohbayashi et al.
1998), is known to show regulatory activity in bone de-
velopment. Ectopic application of FGF18 protein in the
chick limb bud inhibits bone growth in the limb (Ohuchi
et al. 2000). As an attempt to identify another candidate
Fgf gene essential for bone formation, we have therefore
precisely examined the expression of mouse Fgf18 in
comparison with those of Fgfrs using in situ hybridiza-

Bone development in Fgf18 mutant mice

tion and show that Fgf18 is coexpressed with some of the
Fgfrs during calvarial and long bone development. Fur-
thermore, to investigate the role of FGF18 in vivo, we
generated a null allele of the Fgf18 locus by homologous
recombination in ES cells. Homozygous mutant mice for
the targeted Fgf18 allele showed striking defects in both
osteogenesis and chondrogenesis.

Results

Expression of Fgf18 during bone development
in the mouse

In calvarial development, the expression of Fgf18 was
first detected in osteogenic mesenchymal cells surround-
ing the brain at 12.5 days postcoitum (dpc; Fig. 1A). At
this stage, Fgfric, Fgfr2c, and Fgfr3c were expressed in
ventral mesenchyme, where ossification is initiated (Fig.
1B-D, blue arrows). At 14.5 dpc, these three Fgfr genes
were expressed in addition to Fgf18 in osteogenic mes-
enchyme (Fig. 1E-H). After 16.5 dpc, Fgf18 was expressed
in differentiating osteoblasts and osteogenic mesen-
chyme between the osteogenic fronts (Fig. 11). Fgfrlc was
expressed in cells at the osteogenic front and in osteo-
blasts, whereas Fgfr2c and Fgfr3c were expressed in-
tensely in cells at the osteogenic front (Fig. 1J-L; Kim et
al. 1998; Johnson et al. 2000; Rice et al. 2000).

In addition, Fgf18 expression was detected in develop-
ing long bones. Fgf18 was strongly expressed in the peri-
chondrium and developing joint at 14.5 dpc (Fig. 1M).
The similar expression pattern was observed at 18.5 dpc,
along with expression in the perichondrium (Fig. 1N). At
this stage, Fgfr2c was expressed in the perichondrium,
periosteum, and endosteum (Fig. 10; Orr-Urtreger et al.
1991; Delezoide et al. 1998; Britto et al. 2001), whereas
Fgfr3c was expressed in proliferating and prehypertro-
phic chondrocytes (Fig. 1P; Peters et al. 1993; Wuechner
et al. 1996; Delezoide et al. 1998).

Targeted disruption of Fgf18 gene

To investigate the functions of FGF18 in mouse devel-
opment, we generated a null allele by inserting an IRES
LacZ gene into the third exon of Fgf18 using the gene
targeting method (Fig. 2A). In this construct, the IRES
LacZ sequence was inserted at the position correspond-
ing to the 16th amino acid downstream of the signal
peptide cleavage site (Hu et al. 1998). Because all alleles
of the FGF family members that have been truncated
around this position are inactive, the successive target-
ing allele of Fgf18 was expected to be null (Ornitz and
Itoh 2001). A genomic Southern blot with 5’ and 3’ flank-
ing probes and PCR analysis confirmed that the pre-
dicted target allele was generated (Fig. 2B,C). Targeted ES
cells were injected into C57BL/6 blastocysts, and the re-
sulting male chimeric offspring were bred to C57BL/6
females. Mice carrying a heterozygous mutation in Fgf18
were viable, fertile, and morphologically normal except
for slight distortions at the end of the tail (data not
shown). LacZ staining in Fgf18"/~ embryos revealed that
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Figure 1. Expression of Fgf18 and Fgf re-
ceptors in bone development. Localization y
of Fgf18 (A,E,I,M,N), Fgfric (B,F,]), Fgfr2c
(C,G,K,0), and Fgfr3c (D,H,L,P) mRNA
during calvarial bone development at 12.5
dpc (A-D), 14.5 dpc (E-H), and 16.5 dpc
(I-L), and during tibial development at
14.5 dpc (M) and 18.5 dpc (N-P). 3°S-la-
beled RNA probes of these genes were hy-
bridized on cranial frontal sections and
tibial longitudinal sections. (Blue arrows)
Ventral osteogenic mesenchyme, (green
arrows) osteogenic fronts, and (black ar-
rows) developing joint.

fid

loss of FGF18 function leads to lethality just before or at
birth.

expression of the LacZ reporter was detected as predicted
by in situ hybridization analysis (data not shown). Inter-
breeding of Fgf18*/~ mice to generate Fgf18~/~ progeny
resulted only in wild-type and heterozygote offspring in

a 1:2 ratio, indicating that loss of Fgf18 results in embry-
onic lethality (Table 1). To determine when embryonic
lethality occurred, genotyping of litters taken at 9.5-18.5
dpc was performed. Of the embryos recovered at each
embryonic stage, ~25% were homozygotes. Therefore,

Skeletal abnormalities in Fgf18-deficient embryos

To assess whether the loss of Fgf18 causes defects in
bone development, embryos at 16.5 and 18.5 dpc were
stained with Alcian blue and Alizarin red (Fig. 3A-H).
Ossification of frontal and parietal bones is initiated at
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Figure 2. Targeted disruption of the Fgf18 gene. (A) Diagram of the Fgf18 locus (top), the targeting vector (middle), and the mutant
allele (bottom). The location of the fragments used as probes in Southern blotting are shown, in addition to the size of restriction
fragments detected by the probe. Open arrowheads (P1, P2, and P3) represent primers used in PCR screening. (Ev) EcoRV; (S) Sacll; (Xh)
Xhol. (B) Southern blot analysis showing accurate 3" and 5’ targeting of the Fgf18 locus. The >30-kb and 11.5-kb fragments detected
with the 3’ probe correspond to the wild-type and mutant alleles, respectively. The 20-kb and 14.5-kb fragments detected with the 5’
probe correspond to the wild-type and mutant alleles, respectively. (C) PCR genotyping of embryos showing fragments from the
wild-type (489 bp; P1/P3) and mutant (335 bp; P2/P3) alleles.
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Table 1. Embryonic and postnatal survival of progeny
obtained from Fgf18*/~ intercrosses

Genotype
Stage +/+ +/- -/- Total
E9.5 39 (21.3%) 99 (54.1%) 45 (24.6%) 183
E12.5 43 (32.6%) 56 (42.4%) 33 (25.0%) 132
El4.5 32 (26.7%) 61 (50.8%) 27 (22.5%) 120
E16.5 23 (21.9%) 49 (46.7 %) 33(31.4%) 105
E18.5 51(24.3%) 105 (50.0%) 54 (25.7%) 210
PO 16 (38.1%) 26 (61.9%) 0(0.0%) 42

the ventrolateral sides of plates of osteogenic mesen-
chyme overlying the brain, and progresses dorsomedially
along each plate. In Fgf18~/~ embryos, unossified areas
appeared wider than in wild-type embryos in the me-
topic and saggital sutures, which separate the frontal and
parietal bones, respectively, at the midline (Fig. 3E-H).
Ossification appeared to be delayed by 1-2 d in Fgf18~/~
embryos at 18.5 dpc. Unossified areas were also wider in
the coronal sutures, located between the frontal and pa-
rietal bones (data not shown). A cleft palate was also
observed in Fgfi8/~ embryos at 18.5 dpc (data not
shown). The progress of calvarial ossification was there-
fore delayed in Fgf18~/~ mice.

In addition to the calvarial defect, skeletal abnormali-

A

Figure 3. Skeletal analysis of Fgf18~/~ embryos. Skeletal prepa-
rations of whole structures (A,B), hindlimbs (C,D), and crania
(E-H) at 18.5 dpc (A-D,G,H) and 16.5 dpc (E,F) stained with
Alizarin red and Alcian blue in wild-type (A,C,E,G) and Fgf18~/~
(B,D,F,H) embryos.

Bone development in Fgf18 mutant mice

ties were observed in the vertebrae and long bones. In the
vertebrae, the prominent phenotype was kyphosis in the
cervical and upper thoracic spine observed at 18.5 dpc
(Fig. 3A,B). Histological analysis revealed that bend of
the spinal column was first observed at 13.5 dpc (data not
shown). The shape of the ribs was also abnormal, result-
ing in reduction of the volume of the thoracic cavity (Fig.
3B). The long bones in both the fore- and hindlimbs ap-
peared thick and short. In particular, the lengths of the
ulna, radius, and tibia were decreased, and ossification of
the fibula appeared incomplete (Fig. 3C,D).

Calvarial bone defects in Fgf18 mutants

To examine delayed calvarial ossification in Fgf18~/~ em-
bryos more precisely, we next performed histological
analysis and in situ hybridization, focusing on expres-
sion of Msx2 and Fgfr2c, which are normally expressed in
the osteogenic mesenchyme and osteogenic front, re-
spectively (Kim et al. 1998; Rice et al. 2000). The results
clearly showed that the distance between osteogenic
fronts in the metopic and saggital sutures appeared wider
in Fgf18~/~ embryos than in wild-type embryos at 18.5
and 16.5 dpc, but not in the presumptive sutures at 14.5
dpc (Fig. 4A-F; data not shown). Suture closure was
therefore actually delayed in Fgf18~/~ embryos after 16.5
dpc. On the contrary, no obvious abnormalities were ob-
served in tissues outside of the skeletal system, suggest-
ing that delay of the suture closure is likely to be a direct
effect of Fgf18 on the skeletal cells.

Some evidence has suggested that proliferation of os-

Figure 4. Delay of suture closure in Fgf18~/~ embryos. Frontal
sections around the saggital sutures of wild-type (A,C,E) and
Fgf18~/~ (B,D,F) embryos at 18.5 dpc stained with hematoxilin-
eosin (A,B), and hybridized with Msx2 (C,D) and Fgfr2c (E,F)
probes. Green arrowheads indicate the positions of the osteo-
genic fronts.
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teogenic cells may be involved in the process of suture
closure. For instance, implantation of FGF4-soaked
beads results in increased proliferation of osteogenic
mesenchymal cells at the suture in addition to acceler-
ating suture closure (Kim et al. 1998). The P250R muta-
tion in Fgfrl produces premature suture fusion in mice,
and increased proliferation of osteogenic cells at the su-
ture is again observed (Zhou et al. 2000). Therefore, we
next investigated proliferation of osteogenic cells in
Fgf18~/~ embryos using BrdU immunohistochemistry.
At 12.5 dpc, no obvious difference in the proportion of
BrdU-positive cells was observed in the cranial region
(Fig. 5C). At 14.5 dpc, the proportion of BrdU-positive
cells was specifically reduced in osteogenic mesenchy-
mal cells overlying the brain (Fig. 5A-C). The proportion
of BrdU-positive osteogenic cells was decreased even in
the wild type at 16.5 dpc, but a difference was no longer
observed between wild-type and Fgf18~/~ embryos (Fig.
5C). These results indicate that FGF18 is required for
maintenance of the highly proliferative ability of the os-
teogenic mesenchymal cells at 14.5 dpc.

We next examined whether osteoblast differentiation
is defective in Fgf18/~ embryos. Opn and osteocalcin
(Oc) are normally expressed in differentiated osteoblasts
(Nakase et al. 1994, Iseki et al. 1997, 1999). However,
expression of Opn was severely decreased in calvarial
osteoblasts at 14.5 dpc (Fig. 6A,B), whereas its expression
appeared at the same level as the wild type at 16.5 dpc
(data not shown). Expression of Oc was also severely
decreased at 18.5 dpc (Fig. 6E,F). In addition, Alizarin red

staining showed decreased calvarial bone mineralization
(data not shown). In contrast, expression of cbfal nor-
mally begins at an earlier stage of osteogenic differentia-
tion than Opn and Oc (Komori et al. 1997; Otto et al.
1997), but was clearly detected in calvarial osteoblasts of
Fgf18/~ embryos from 12.5 dpc to 18.5 dpc (Fig.
6C,D,G,H; data not shown). These results indicated that
FGF18 is not required for an earlier differentiation to
cbfal-expressing preosteoblasts, but is required for the
normal progression of terminal differentiation to osteo-
blasts, which express Opn and Oc in addition to cbfal.
Therefore, both defective proliferation of osteogenic
mesenchyme and delay of terminal differentiation to os-
teoblasts are likely to contribute to delay of ossification
in Fgf18~/~ embryos.

Long bone defects in Fgf18 mutants

To examine defects in the long bones of Fgf18/~ em-
bryos more closely, we first performed histological
analysis. In endochondral ossification, chondrocytes se-
quentially transit through resting, proliferating, prehy-
pertrophic, and hypertrophic stages. Histology of the
growth plate indicated increased numbers of prehyper-
trophic and hypertrophic chondrocytes in Fgf18/~ em-
bryos at 18.5 dpc (Fig. 7A,B). To confirm this histological
observation, in situ hybridization analysis was per-
formed using several markers expressed during chondro-
genesis. PTHrP receptor (PTHrP-R) and Indian hedgehog
(Ihh) are normally expressed in prehypertrophic chondro-
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Figure 5. Reduced proliferation of osteogenic cells and increased proliferation of chondrocytes in Fgf18~/~ embryos. (A,B) BrdU
labeling in the mediodorsal regions of the crania of wild-type (A) and Fgf18~/~ (B) embryos in the same litter at 14.5 dpc. Blue arrows
indicate osteogenic mesenchymal cells labeled with BrdU. Counterstaining was performed with nuclear fast red. Artifactual separation
of the layers of osteogenic mesenchyme from the dermal epithelium and neuroepithelium occurred during the process of fixation.
(C,D) The proportion of BrdU-positive cells in osteogenic mesenchyme and in dermal epithelium in the mediodorsal regions of the
crania at 12.5, 14.5, and 16.5 dpc (C) and in the proliferating chondrocytes at 18.5 dpc (D) of wild-type (open bars) and Fgf18~/~ (solid

bars) mice.
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Figure 6. Delay in maturation of osteoblasts in Fgf18~/~ cal-
varial bone. Expression of Opn (A,B), Oc (E,F), and Cbfal
(C,D,G,H) in wild-type (A,C,E,G) and Fgf18~/~ (B,D,F,H) em-
bryos at E14.5 (A-D) and E18.5 (E-H). *S-labeled RNA probes of
these genes are hybridized on cranial frontal sections. Note that
the expression of Opn and Oc in osteoblasts is obviously re-
duced, whereas expression of Cbfal is unchanged.

cytes and prehypertrophic and early hypertrophic chon-
drocytes, respectively (Lanske et al. 1996; Vortkamp et
al. 1996; St-Jacques et al. 1999). The number of cells
expressing PTHrP-R and IThh was increased in Fgf18~/~
embryos (Fig. 7C-F). Furthermore, the number of cells
expressing type X collagen (ColX), a marker for the hy-
pertrophic chondrocyte (Iyama et al. 1991), was also in-
creased (Fig. 7G,H). These results indicated that FGF18
is required for negative regulation of differentiation into
prehypertrophic and hypertrophic chondrocytes. In addi-
tion, histological analysis indicated that the number of
proliferating chondrocytes was increased in Fgf18~/~ em-
bryos (Fig. 7A,B). To examine proliferation of chondro-
genic cells in Fgf18~/~ embryos, BrdU labeling analysis of
the growth plate was performed. At 18.5 dpc, the propor-
tion of BrdU-positive cells was specifically increased in
proliferating chondrocytes in Fgf18/~ embryos (Fig. 5D).

Bone development in Fgf18 mutant mice

This result indicates that the absence of FGF18 leads to
increased proliferation of chondrocytes.

To examine whether osteogenic differentiation is de-
fective in the developing long bones of Fgf18~/~ embryos,
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Figure 7. Enlarged proliferative and hypertrophic zone of chon-
drocytes and inhibited differentiation to osteoblasts in Fgf18 /-
embryos. (A-L) Longitudinal sections of the proximal tibia of
wild-type (A,C,E,G,IK) and Fgfi8~/- (B,D,F,H,],L) embryos at
18.5 dpc stained with hematoxilin-eosin (A,B), and hybridized
with PTHrP-R (C,D), Ihh (E,F), ColX (G,H), Opn (L]), and Oc
(K,L) probes. (RC) Resting chondrocytes; (PC) proliferating
chondrocytes; (HC) hypertrophic chondrocytes.
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expression of Opn and Oc was analyzed by in situ hy-
bridization. Expression of Opn and Oc was decreased in
the tibia and metatarsal bones (Fig. 7I-L; data not
shown). Therefore, FGF18 is required for the differentia-
tion to osteoblasts in the development of the long bones
as well as in that of the calvarial bones.

Discussion

FGF18 is required for both osteogenesis
and chondrogenesis in bone development

The characterization of Fgf18~/~ embryos showed that
this gene is required for both osteogenesis and chondro-
genesis in the skeletal development of the mouse (Fig. 8).
In calvarial development, Fgf18~/~ embryos showed de-
creases in both proliferation of osteogenic mesenchymal
cells (Fig. 5) and progression to the terminally differen-
tiated osteoblasts (Fig. 6). Furthermore, in developing
long bones of Fgf18~/~ embryos, decreased terminal dif-
ferentiation to Opn- and Oc-positive osteoblasts was
also observed (Fig. 7I- L). Based on these results, we con-
sider that FGF18 is required for the promotion of both
proliferation of osteogenic mesenchymal cells and ter-
minal differentiation to mature osteoblasts.

On the other hand, Fgf18/~ embryos showed increased
numbers of proliferating chondrocytes in addition to pre-
hypertrophic and hypertrophic chondrocytes in the de-
veloping long bone (Fig. 7A-H). Furthermore, an in-
creased proportion of BrdU-positive proliferating chon-
drocytes was observed in Fgf18~/~ embryos, indicating
that the posited negative regulation by FGF18 on chon-
drogenic proliferation. FGF18 therefore appears to play
opposing roles during cell proliferation and differentia-
tion in chondrogenesis to those it plays in osteogenesis.

Mechanism of calvarial development regulated
by FGF18

The role of FGF18 in the proliferation of osteogenic mes-
enchyme may explain the considerable delay of suture
closure in Fgf18~/~ embryos. Gain-of-function mutations
in Fgfrl, Fgfr2, and Fgfr3 are known to result in defects
opposite in nature to those observed in Fgf18/~ embryos,
namely, premature closure of the suture (Malcolm and
Reardon 1996; Webster and Donoghue 1997; Wilkie
1997; Burke et al. 1998). Therefore, FGF signaling posi-
tively regulates the progression of suture closure. Inter-
estingly, we found that the above three Fgfrs were tran-
siently coexpressed with Fgf18 in the osteogenic mesen-
chyme at 12.5 dpc and 14.5 dpc and in the osteogenic
front at 16.5 dpc (Fig. 1A-L). Therefore, delay of suture
closure, a calvarial phenotype observed after 16.5 dpc in
Fgf18~/~ embryos, might be a consequence of earlier cel-
lular events occurring in osteogenic mesenchymal cells
and/or in preosteoblasts along the osteogenic front. In
fact, decrease of cell proliferation in the osteogenic mes-
enchymal cells began at 14.5 dpc in Fgf18 /- embryos,
whereas it began at 16.5 dpc in the wild type (Fig. 5A-C).
Therefore, maintenance of proliferation of these cells
may affect the progress of suture formation. If this hy-
pothesis is true, the delay of suture closure in Fgf18/~
embryos would be attributable to decreased proliferation
of osteogenic mesenchymal cells, whereas the premature
suture closure observed in gain-of-function mutants of
Fgfr1, Fgfr2, and Fgfr3 would be caused by increased pro-
liferation of these cells. In addition, since another mem-
ber of the FGF family, Fgf9, is still expressed in the osteo-
genic mesenchymal cells in Fgf18~/~ embryos (data not
shown), persistence of incomplete proliferative activity
of the osteogenic mesenchymal cells caused by remain-

Figure 8. Schematic representation of A  Osteogenic Pre- Osteoblast
: ; Mesenchyme ——  Osteoblast —— + + A4y ——> Osteocyte
the expression and the roles of FGF18 in (Mox2) (Chfat’) (Cbfa1®, Opn*, Oc")
SX. a )

@

osteogenesis (A) and chondrogenesis (B).
The differentiation stages and domains at
which Fgf18 and Fgfrs are expressed are
indicated by the rectangles. (A) In cal-
varial osteogenesis, osteogenic mesenchy-
mal cells, which are characterized by ex-
pression of Msx2, differentiate to osteo-
cytes through preosteoblasts, which
express Cbfal, but not Opn and Oc, and

osteoblasts, which express Cbfal, Opn, B Resting
and Oc. Fgf18 is expressed in osteogenic chondrocyte
mesenchyme, preosteoblasts, and osteo-

blasts. FGF18 positively regulates the pro- g

liferation of osteogenic mesenchyme and ~ §

the differentiation to  osteoblasts.

FGFR2c, which can bind with high affin-

ity to FGF18 and is transiently coex- &

pressed with FGF18, may act as a receptor 1§

for FGF18 in this process. FGFR3c may £

function redundantly with FGFR2c (see § -

Discussion). (B) In chondrogenesis of the
long bone, the maturation of chondro-

Proliferating Prehypertrophic Hypertrophic Trabecular
chondrocyte Y chondrocyte chondrocyte bone
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cytes takes place through resting, proliferating, prehypertrophic, and hypertrophic stages. The hypertrophic chondrocyte is finally
replaced by osteoblasts, which give rise to trabecular bone. FGF18 signaling negatively regulates the proliferation and differentiation
of chondrocytes. In this case, FGF18 is expressed in the perichondrium and is likely to act on chondrocytes through FGFR3c.
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ing FGF activity might result in delay, but not complete
loss, of ossification in Fgf18~/~ embryos.

FGF18 is also required for a process of the osteogenic
differentiation specifically from cbfal*, Opn~, and Oc™
preosteoblasts to cbfal*, Opn*, and Oc* osteoblasts
(Figs. 6 and 8). This event occurs in preosteoblasts that
were left ventrolaterally to the osteogenic fronts in the
dorsomedial progress of suture closure. Therefore, a de-
fect in this event may not be a cause for delay of the
progress of the osteogenic fronts in Fgf18/~ embryos.
Rather, FGF18 appears to play a role in maturation of the
osteoblasts, another process in the ossification. In vitro
experiments show that FGF2 up-regulates Oc mRNA ac-
cumulation and Oc promoter activity in phenotypically
immature MC3T3-E1 calvarial osteoblastic cells in the
presence of cyclic AMP. FGF signaling may therefore
directly activate the transcription of Opn and Oc (Bou-
dreaux and Towler 1996; Newberry et al. 1997) in osteo-
genic cells in vivo.

Receptor for FGF18

As we have already mentioned, Fgfric, Fgfr2c, and Fgfr3c
are transiently coexpressed with Fgf18 during calvarial
development, suggesting that one or more of these pro-
teins may act as a receptor for FGF18 during calvarial
development (Fig. 1A-L).

Mitogenic activity of FGF18 for FGFRs-expressing
cells showed that FGF18 can interact strongly with
FGFR3c and modestly with FGFR2¢, but not with
FGFRIc or any b-type receptors (Xu et al. 2000). In addi-
tion, in vitro binding studies of FGF18 with a number of
different FGF receptors using BIAcore have indicated
that FGF18 can bind with high affinity to FGFR2c and
FGFR3c, but not to FGFR1c (N. Itoh, unpubl.). FGFR2c
and FGFR3c are, therefore, strong candidates to be bona
fide receptors for FGF18, at least during calvarial devel-
opment. However, gene disruption studies show that
loss of FGFR2 results in early embryonic lethality (Ar-
man et al. 1998; Xu et al. 1998), precluding an analysis of
the role of FGFR2 in skeletal development. Loss of
FGFR3 results in defective chondrogenesis, but no obvi-
ous defects in calvarial development (Colvin et al. 1996;
Deng et al. 1996). FGFR2¢ may act as a receptor for
FGF18 at a later stage than the development of lethality
in null mutants, or these two receptors may be function-
ally redundant in calvarial development (Fig. 8A).

During chondrogenesis of the long bone, the pheno-
type of Fgf18~/~ embryos resembles that of Fgfr3~/~ em-
bryos, indicating that FGFR3c acts as a receptor to
FGF18 in this process. Because Fgfr3c is expressed in
chondrocytes but not in the perichondrium (Fig. 1P; Pe-
ters et al. 1993; Wuechner et al. 1996; Delezoide et al.
1998), whereas Fgf18 is expressed in the perichondrium
(Fig. 1M,N), FGF18 is therefore likely to act on chondro-
cytes through FGFR3c (Fig. 8B). However, the length of
the long bone of Fgfr3~/~ mice is considerably greater
than the wild type, whereas that of Fgf18~/~ mice ap-
peared to be reduced. As mentioned above, FGF18 nega-
tively regulates chondrogenesis, whereas it positively

Bone development in Fgf18 mutant mice

regulates osteogenesis. Therefore, reduced long bone
length in Fgf18/~ embryos would represent dominance
of the osteogenic defects to the chondrogenic ones in
outgrowth of long bones (Fig. 3C,D). In contrast, greater
long bone length in Fgfr3~/~ mice would indicate that
osteogenesis in these mice proceeds differently from that
in Fgf187/~ embryos. Therefore, some other FGFR mem-
ber is probably involved in osteogenesis during long bone
development. Because Fgfr2c is expressed in the devel-
oping perichondrium, periosteum, and endosteum (Fig.
10; Orr-Urtreger et al. 1991; Delezoide et al. 1998; Britto
et al. 2001), it might represent a candidate for an FGF18
receptor during osteogenesis of developing long bones.
However, we cannot exclude another possibility, that
action of FGF18 on chondrocytes via another FGF recep-
tor may also affect osteogenesis indirectly. To identify
receptors actually receiving the FGF18 signal in vivo,
examination of the genetic interactions between these
FGFR candidates and FGF18 would be effective.

Materials and methods

Targeting vector

Recombinant phages containing the mouse Fgf18 locus were
isolated from a 129/Sv genomic library (Stratagene) using Fgf18
c¢DNA as a probe. A 12.7-kb fragment including exons 3 and 4
was subcloned into pCRIL. The neomycin phosphotransferase
gene, followed by the lacZ gene placed between an independent
ribosomal entry sequence (IRES) and an SV40 polyadenylation
signal, was introduced at the Xhol site in the genomic DNA. A
diphtheria toxin A (DTA) expression cassette was inserted at
the 3’ end of the genomic DNA.

Targeted disruption and generation of Fgf18~/~ embryos

CJ7 ES cells were electroporated with a NotI-linearized target-
ing vector and selected in G418 as described (Takada et al.
1994). Targeted clones were confirmed by Southern blot analy-
sis of EcoRV-digested genomic DNA probed with the 3’ probe,
and by Southern blot analysis of EcoRV/Sacll-digested genomic
DNA probed with the 5’ probe. Heterozygous ES cells were
injected into blastocysts of C57BL/6 strain mice to generate
germ-line chimeras. Chimeric males were mated with C57BL/6
females, and subsequent experimental procedures were per-
formed on a mixed background. Genotypes were determined by
Southern blotting as described above, or by PCR using the fol-
lowing three primers: P1, 5'- CCCAGATGTCATTGGGATAG-
3'; P2, 5'- CCCGTGATATTGCTGAAGAG-3'; P3, 5'- TGAAT
GGGAGGTCTCTAAGG-3".

In situ hybridization

In situ hybridization was carried out on 4% paraformaldehyde
fixed frozen sections until 12.5 dpc, and on unfixed frozen sec-
tions thereafter using 3°S-labeled RNA probes as described (Ya-
masaki et al. 1996).

Skeletal preparation and histology

For skeletal preparations, embryos were eviscerated and fixed in
100% ethanol overnight and processed as described (Ikeya and
Takada 2001). For histological analyses, unfixed frozen sections
from crania and paraffin sections from hindlimbs of 18.5-dpc
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embryos were prepared and stained with hematoxylin-eosin ac-
cording to standard procedures.

Analysis of BrdU incorporation

Pregnant mice were intraperitoneally injected with BrdU (100
mg/kg body weight) 2 h before being killed. Crania and hind-
limbs of embryos were fixed overnight in Bouin’s fixative at
4°C, dehydrated through an ethanol series, cleared in xylene,
embedded in paraffin, and sectioned at 5 pm. BrdU was detected
immunohistochemically with a Cell proliferation kit (Amer-
sham) according to the manufacturer’s directions, with the fol-
lowing modifications: sections were treated with 2% H,O, in
PBS at room temperature for 1 h and with 2 N HCI at 37°C for
1 h. Sections were then incubated with anti-BrdU antibody
(Amersham) followed by incubation with a 1:200 dilution of
biotinylated anti-mouse IgG antibody (Vector) in blocking
buffer, and a 1:200 dilution of Vectastain ABC (Vector) in PBS.
After labeling with anti-BrdU antibody, sections were stained
with nuclear fast red. At least two litters were examined at each
embryonic day.
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