
Introduction
There are 2 major modes of bone development, intra-
membranous ossification and endochondral ossifica-
tion. The former occurs when mesenchymal precursor
cells directly differentiate into bone-forming
osteoblasts, a process by which all flat bones are
formed. The latter entails the conversion of an initial
cartilage template into bone and is responsible for
generating the long bones of the skeleton (1). Fibrob-
last growth factor receptors (FGFRs) have been impli-
cated in both processes of bone formation. Mutations
in 3 FGF receptors, FGFR1–3, result in craniosynos-
toses, including Pfeiffer, Crouzon, Apert, Jackson-
Weiss, and Beare-Stevenson cutis gyrata syndromes
(2–4). Mutations in FGFR3 were also found to cause
several skeletal dysplasias that involve primarily long
bone growth, including achondroplasia (ACH),
hypochondroplasia (HCH), and thanatophoric dys-
plasia (TD) (5–9). ACH is the most common form of
dwarfism, with a frequency of approximately 1 in
20,000 live births. Patients with ACH exhibit a char-
acteristic phenotype of rhizomelic dwarfism, relative
macrocephaly, exaggerated lumbar lordosis, and min-

imal chondrocyte proliferation in the growth plate
cartilage of long bones. ACH is most frequently
caused by a glycine-to-arginine substitution at posi-
tion 380 (Gly380Arg), and can also be caused by a
change from glycine to cysteine at position 375
(Gly375Cys) (5, 6, 10).

The effect of the Gly380Arg mutation on functions
of FGFR3 has been investigated extensively. The
Gly380Arg mutation causes ligand-independent acti-
vation of FGFR3 in vitro and results in dwarfism in
vivo (11–14). Little is known, however, about the pos-
sible effect of the Gly375Cys mutation on the func-
tions of FGFR3. In this study, we examined the effect
of the Gly375Cys mutation using both in vitro and in
vivo approaches. Our data indicated that the
Gly375Cys mutation caused activation of FGFR3 by
inducing ligand-independent dimerization of the
receptor in cultured cells. To study further the func-
tion of FGFR3 in bone growth, and to create a mouse
model for the FGFR3-related inherited skeletal disor-
ders, we introduced a Gly369Cys mutation, which cor-
responds to the Gly375Cys mutation in human, into
the mouse genome using gene targeting. Mice carrying
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the Gly369Cys mutation exhibited skeletal dysplasia
similar to human ACH. Phenotypic analysis of mutant
mice revealed that FGF/FGFR3 signals affect both
chondrogenesis and osteogenesis by regulating Stat
proteins and cell-cycle inhibitors, and the activities of
chondrocytes, osteoclasts, and osteoblasts during
endochondral ossification.

Methods
In vitro dimerization and activation of FGFR3. 293T cells
were transfected with 5 µg of the different constructs
using the calcium-phosphate method. Two days after
transfection, cells were incubated for 2 hours at 4°C in
the absence or presence of 50 ng/mL of acidic FGF

(aFGF). After chemical crosslinking, cells were lysed,
immunoprecipitated with anti-FGFR3 COOH-termi-
nus antibodies (Santa Cruz Biotechnology, Santa Cruz,
California, USA) and probed on an immunoblot with
a polyclonal antibody against the kinase domain of
FGFR3 (Santa Cruz Biotechnology). To check for
receptor phosphorylation, cells were activated for 9
minutes with 50 ng/mL aFGF, lysed, immunoprecipi-
tated with antiphosphotyrosine antibodies (mAb
4G10), and blotted with the antibody against the
kinase domain of FGFR3.

Site-directed mutagenesis and targeting vector construction.
The Gly369Cys mutation was introduced into exon
10 of the mouse Fgfr3 gene using an oligonucleotide,
5′-gcagcgtgtacgcaTgcgtcctcagctacgg-3′ , and a stan-
dard site-directed mutagenesis protocol (T indicates
the point mutation introduced). The targeting vector
was constructed using Fgfr3 genomic DNA isolated
previously (15). A 2.8-kb EcoRI-SmaI fragment con-
taining the Gly369Cys mutation was inserted into
pLoxpneo vector (16) through its EcoRI and BamHI
sites. The resulting plasmid was digested with HpaI
and NotI followed by insertion of a 3.9-kb SmaI-XbaI
fragment. The finished targeting construct, pFgfr3-
G369C, is shown in Figure 1a.

Homologous recombination in embyronic stem cells and gen-
eration of germline chimeras. TC1 embryonic stem (ES)
cells (15) were transfected with NotI-digested pFgfr3-
G369C. Genomic DNAs from G418- and FIAU-resistant
ES clones were digested with NotI+EcoRV or XbaI and
then probed with the 5′ flanking (Figure 1c), or 3′ inter-
nal fragments (unpublished observations) specific to
the Fgfr3 sequence. Blastocyst injection and screening
for germline transmission were carried out following
standard procedures.

Genotype analysis. Mice with germline transmission of
Gly369Cys were crossed with EIIa-Cre mice (17) to
delete the neo gene. After removal of the neo gene,
genotypes were determined by PCR using primers 1: 
(5′-CCGGGGGAAAGCTTGAAAA-3′), and 2 (5′-TGT-
AAAAGGGGTGGGGTGGTAG-3′). This pair of pri-
mers flanks the SmaI site and amplifies 534 bp in wild-
type and 594 bp in Fgfr3369/+ mice due to the presence
of a loxP site.

Skeleton staining. Animals were euthanized by asphyxi-
ation in CO2. After removing their skins, the carcasses
were eviscerated, fixed in 95% ethanol, stained with
Alizarin Red S and Alcian Blue, cleared by KOH treat-
ment, and stored in glycerol as described elsewhere (15).

Histology and antibody staining. Histological sections
were prepared from selected tissues fixed in 10% for-
malin, decalcified with 15% EDTA at 4°C for 1 week,
and embedded in paraffin. Five-micron sections were
either stained with hematoxylin and eosin (H&E) or
were subjected to immunohistochemical staining
using antibodies specific to FGFR3 (D. Ornitz, Wash-
ington University), P16 and P19 (Y. Xiong, University
of North Carolina), Stat1 (Santa Cruz Biotechnology,
Santa Cruz, California, USA), Stat5b, Stat5a (L. Hen-
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Figure 1
Introduction of Gly369Cys mutation into the mouse Fgfr3 locus. (a)
Targeting construct, pFgfr3-Gly369Cys, contained the Gly369Cys
mutation in exon 10 and a pLoxpneo gene in intron 10 of the Fgfr3
gene. Of 120 G418r/FIAUr clones examined by Southern blot analy-
sis using a 5′ flanking probe (probe 1), 5 clones showed an extra frag-
ment of approximately 11 kb upon NotI + EcoRV digestion (c). The
targeting events were confirmed by XbaI +EcoRV digestion using a 3′
internal probe (probe 2). Three of them had the point mutation co-
transferred as indicated by sequencing (unpublished observations).
(b) Removal of the pLoxpneo gene by breeding with EIIa-cre transgenic
mice. The Cre-mediated deletion was genotyped by PCR as described
in the Methods section.



nighausen, National Institutes of Health) and osteo-
calcin. Detection of primary antibodies was performed
with the Histomouse SP Kit (Zymed Laboratories Inc.,
South San Francisco, California, USA).

In situ hybridization and thymidine labeling. In situ
hybridization was performed using standard proce-
dures (18). The Fgfr3 probe is a 562-bp NcoI-EcoRI frag-
ment from nucleotides 226–788 of the FGFR-3 cDNA
(19). Other probes are colX (B. Olsen, Harvard Medical
School), osteocalcin (G. Karsenty, Baylor College of Med-
icine), osteonectin, and osteopontin (L. Fisher, National
Institutes of Health). [3H]Thymidine (Amersham Phar-
macia Biotech, Arlington Heights, Illinois, USA) was
intraperitoneally injected at a dosage of 20 µCi/g. Ani-
mals were sacrificed 2 hours after injection. Slides were
dipped in emulsion (Kodak NTB-2; Eastman Kodak
Company, Rochester, New York, USA) and exposed for
4–15 days before developing.

Results
Gly375Cys mutation in human FGFR3 causes ligand-inde-
pendent dimerization and activation. To gain insight into
the mechanism underlying the Gly375Cys mutation in
human achondroplasia, we analyzed the capacity of this
mutant receptor to undergo ligand-dependent and
independent dimerization and activation (Figure 2).
While wild-type receptor required ligand for autophos-
phorylation, Gly375Cys FGFR3, like Ser371Cys and
Lys650Glu FGFR3 (which result in TDI and TDII,
respectively), was constitutively phosphorylated (Figure
2, a and b). Quantitative analysis by densitometry of a
typical experiment (Figure 2b), normalized for receptor
levels, indicated that the Gly375Cys mutant, like the
wild-type receptor, shared a further, ligand-dependent
activation as well. The substitution of Gly by Cys has
created, as expected, ligand-independent receptor
dimers, most likely due to the unpaired Cys that now
pairs with Cys in another mutant receptor (Figure 2c).

A Gly369Cys mutation in murine FGFR3 results in dwarf
mice. Gly 375 in human FGFR3 corresponds to Gly 369
in the mouse protein. To study the effect of that muta-
tion in vivo, we introduced the Gly369Cys mutation into
the mouse genome using a cotransfer-type targeting con-
struct (20), pFgfr3-G369C (Figure 1a). Germline trans-
mission was obtained from targeted ES cells, which were
identified by Southern blot (Figure 1c). Because the pres-
ence of the pLoxpneo gene in intron 10 was found to
block normal splicing of the Fgfr3 gene (data not shown),
leading to phenotypes resembling those of FGFR3-null
mice reported previously (15, 21), we crossed heterozy-
gous mice (Fgfr3neo369/+) with EIIa-cre mice (17) to excise
the pLoxpneo gene from the germline (Figure 1b). After
removal of the neo gene, the mutant allele was found to
be expressed at the same level as the wild-type allele by
Northern blot analysis (data not shown). All data pre-
sented below are from mice without the neo gene.

Mice heterozygous for the Gly369Cys mutation
(Fgfr3369/+) were smaller and displayed a significantly
shorter tail length than their wild-type littermates (Fig-

ure 3, a–c). F2 offspring were generated by intercross-
ing F1 heterozygous mice. At birth, both heterozygous
(Fgfr3369/+) and homozygous (Fgfr3369/369) mutant mice
were phenotypically normal (data not shown) but
exhibited pronounced dwarfism during postnatal
development. Tails of mutant mice grew slowly and
stayed about 60–70% of the control at most time points
measured (Figure 3c). The heterozygous mice exhibit-
ed intermediate lengths between the wild-type control
and the homozygous ACH mice (Figure 3c). Dramati-
cally reduced tail length suggests retarded growth of
the long bones in mutant mice. A quantitative meas-
urement of several major bones of the skeleton, pre-
pared at multiple developmental stages, indicated that
this indeed is the case. At postnatal day 15 (P15), the
homozygous femurs, humeri, and vertebrae averaged
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Figure 2
Ligand-independent dimerization and activation of G375C mutant
FGFR3. (a) Wild type, G380R, S371C, G375C and K650E mutants
of FGFR3 were transiently expressed in 293T cells in the absence or
presence of 50 ng/ml aFGF, lysed and immunoprecipitated with anti
FGFR3 antibody. Blots were developed using anti-FGFR3 antiserum
(upper panel) or anti-phosphotyrosine antibody (lower panel). (b)
Receptor phosphotyrosine activity normalized for expression levels
of FGFR3. In the absence of aFGF, FGFR3 mutants corresponding to
the immunoblot above are phosphorylated. The K650E mutant has
the highest basal activity, the G371C mutant is lower in basal activ-
ity but still higher than G375C and both are significantly higher than
that of the wild type receptor. (c) Wild type and mutant FGFR3 tran-
siently expressed in 293T cells were subjected to chemical cross-link-
ing after being stimulated with 50 ng/ml aFGF. Ligand-independent
receptor dimers were found for the S371C and G375C mutants, but
not in the wild-type receptor.



60%, 56%, and 85% of the lengths of wild-type litter-
mates, respectively. Mutant mice also exhibited
reduced bone density (Figure 3d). These observations
indicated that the activation of FGFR3 by Gly369Cys
mutation results in skeletal dysplasia in mice.

Retarded growth of cranial base in mutant mice results in
macrocephaly. Patients with ACH exhibit macrocephaly
(3). Similar to human patients, both Fgfr3369/+ and
Fgfr3369/369 mice had dome-shaped heads (Figure 3, a
and b). This phenotype became apparent at P7. At all
developmental stages examined, skulls of Fgfr3369/369

mice were more severely affected than those of het-
erozygous mice (Figure 4a). The mutant skulls were
markedly reduced in size along the anterior-posterior
axis, whereas the left-right and dorsal-ventral axes were
only slightly increased in mutant mice (Figure 4a, and
unpublished observations). The bones of the skull are
formed by both intramembranous and endochondral
ossification. Macrocephaly seen in ACH is generally
believed to be the consequence of an imbalance be-
tween these 2 modes of bone formation. To evaluate
this in our mice, we examined 3 cranial base bones:
occipital, basosphenoid, and presphenoid (Figure 4b),
which are formed by endochondral ossification. Histo-
logical analysis of the P15–21 cranial base indicated
that wild-type synchondroses were still in the cartilage
state (Figure 4d), composed predominantly of prolif-
erating and mature chondrocytes as revealed by Fgfr3
expression (Figure 4e) and hypertrophic chondrocytes
as shown by ColX expression (Figure 4f). In contrast, the
mutant synchondroses had prematurely fused and
ossified (Figure 4, c and g), resulting in the much short-
er cranial base in the mutant skulls (Figure 4c). Histo-
logical examination of synchondroses of P5 mice did
not reveal any apparent difference between mutant and
wild-type mice (data not shown). Beginning from P6,
synchondroses of these bones in the mutant mice, on

the other hand, initiated an accelerated process of clo-
sure and replacement by bone (Figure 4, h–j). We also
found that the relative size of the mutant presphenoid
was much smaller than the other 2 bones, indicating
that it is most severely affected by the mutation (Figure
4c). In contrast, the dimensions of the flat bones in the
skull, which are formed by intramembranous ossifica-
tion, were virtually unaffected in the mutant mice (data
not shown). Thus, the dramatic shortening of cranial
base, in concert with relatively normal flat bones, may
serve as the major reason for the abnormal shape of the
skull in the mutant mice.

FGFR3 Gly369Cys mutation activates Stats and cell-cycle
inhibitors. Growth of long bones is primarily dependent
on growth plate activity. We therefore compared growth
plates from wild-type, Fgfr3369/+, and Fgfr3369/369 mice.
Growth-plate chondrocytes are typically divided into 4
types, i.e. resting, proliferating, maturation or prehyper-
trophic, and hypertrophic (Figure 5a). In Fgfr3369/369

growth plates, the proliferation and maturation zones
were disorganized and failed to form long chondrocyte
columns (Figure 5c). Mutant growth plates also showed
a dramatically expanded resting zone and significantly
decreased maturation and hy-pertrophic zones com-
pared with those of wild-type (Figure 5, a and c). Mutant
mice also showed delayed formation of the secondary
ossification center (Figure 5, a–c); this may partly
account for the observed expansion of the resting zone.
Heterozygous mice exhibited an intermediate phenotype
between wild-type and Fgfr3369/369 mice (Figure 5b).

Proliferation of chondrocytes in the growth plate was
examined by [3H]thymidine incorporation. In wild-type
mice, radiopositive signals were mainly localized with-
in the proliferating zone and were much stronger than
in mutant growth plates (Figure 5d). In Fgfr3369/369

growth plates, radiopositive cells were not only fewer in
number but were also scattered throughout the growth
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Figure 3
The Gly369Cys mutation in mouse FGFR3 results in dwarf
mice. (a) Morphology and (b) skeleton of 21 day old wild-
type (WT), Fgfr3369/+ (369/+), and Fgfr3369/369 (369/369)
mice. Notice dome-shaped heads in 369/+ and 369/369
mice (arrows). (c) Quantitative measurements of tail length
of mice with 3 genotypes. Each point represents data from
an average of 5 mice. Standard deviation is less than ± 5%.
(d) X-ray images of 369/369 and WT mice. Notice the
reduced bone density in 369/369 mice: F, femur; T, tibia.



Figure 4
Macrocephaly results from retarded growth of the cranial
base. (a) Dorsal view of x-ray images of skulls of P21 day old
369/369, 369/+, and WT mice. (b) Cranial base of WT, and
(c) 369/369 mice. Arrows point to synchondroses: basooc-
cipital (oc), basosphenoid (ba) and presphenoid (pr).
Notice the absence of synchondroses in 369/369 mice
(arrows in c). (d) H&E image of a WT synchondrosis, which
exhibits typical growth plate structures, including proliferat-
ing and maturing chondrocytes [positive for Fgfr3 (e)], and
hypertrophic chondrocytes [positive for collagen type X (f)].
(g) H&E image of corresponding region of a 369/369 syn-
chondrosis, which had completely turned into bone. (h–j) P6
synchondroses (arrows) of 369/369 (h), 369/+ (i) and WT
(j) mice. The 369/369 synchondrosis was much thinner than
the WT synchondrosis and was in a process of resolving,
while the 369/+ synchondrosis (i) exhibited an intermediate
phenotype between those of 369/369 and WT.

plates (Figure 5f). At the age of about 6 weeks, there was
virtually no detectable [3H]thymidine incorporation in
Fgfr3369/369 growth plate even after 4 hours of labeling,
with heterozygous mice showing fewer radiopositive
cells than wild-types (data not shown).

Activated FGF receptor signals cause activation of Stat
proteins and cell-cycle inhibitors, both in vitro and in
vivo (22–24). To determine whether the FGFR3
Gly369Cys mutation has a similar effect, we examined
expression of these molecules in both mutant and nor-
mal growth plates using immunohistochemistry. We
found that mutant growth plates exhibited increased
intensities of FGFR3 (Figure 5, h and i), suggesting that
the Gly369Cys FGFR3 may be more stable than wild-
type protein. Notably, as the dosage of the FGFR3
mutation increased from heterozygous to homozygous,
mutant growth plates showed increased levels of Stat1,
Stat5a, and Stat5b proteins (Figure 5, k and l; and
unpublished observations). Nuclear translocation of
Stat proteins is an accepted indicator of Stat activation;
unphosphorylated Stat proteins are in the cytoplasm,
and the activated forms are translocated into the nucle-
us (22, 23). Close examination revealed nuclear local-
ization of Stat proteins in many mutant cells (Figure 5,
m–o), suggesting that these proteins were activated.

Mutant growth plates also exhibited increased stain-
ing for cell-cycle inhibitors including P16 and P19 (Fig-
ure 5, q and r; and unpublished observations). In wild-
type mice, staining for these molecules is weak and
mainly localized in hypertrophic and resting zones
(Figure 5p). In mutant mice, however, the staining was
significantly stronger and appeared more frequently in
proliferating zones, especially in the flanking regions.
In the central regions, the staining was relatively weak
(Figure 5, q and r).

The Gly369Cys mutation enhances osteoblast differentia-
tion. Abnormal chondrogenesis may affect osteogene-
sis because long bone development is a coordinated
process involving both chondrogenesis and osteogen-
esis. In the P15 mutant mice, the long bones had less
primary spongiosa and less [3H]thymidine incorpora-
tion in the metaphyseal bone tissue than in wild-type
littermates (Figure 5, d–f). Examination of mutant
mice revealed an enhanced activity of osteoclasts, as
demonstrated by increased TRAP staining at the inter-
face between hypertrophic chondrocytes and trabecu-
lar bone (Figure 6, a–c). Staining undecalcified stage P1
knee joints with Alizarin Red S, a dye for mineralized
tissues, revealed an advanced bone collar flanking the
mutant, but not the wild-type growth plates (Figure 6,

d–f). These observations, together with the
premature ossification of synchondroses
shown earlier (Figure 4), indicate that the
Gly369Cys mutation results in advanced
osteogenesis. To further our molecular under-
standing, we checked the expression of several
genes that are intimately associated with
osteoblast differentiation. We found increased
expression levels of osteopontin (Figure 6, g–i),
osteonectin (Figure 6, j–l), and osteocalcin (Figure
6, m–o) in the trabeculae of mutant long
bones. Interestingly, osteocalcin not only is
expressed at higher levels in the mutant mice,
but is also ectopically expressed in the prehy-
pertrophic region as revealed by in situ
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Figure 5
Histology and immunohistochemistry analyses of growth plates
of P15 mice. Genotypes and markers were as indicated. (a)
Chondrocytes in the WT growth plates are divided into 4 dis-
tinct zones, i.e. resting (Rc), proliferating (Pc), maturing (Mc)
and hypertrophic (Hc) chondrocytes. (b and c) In the mutant
growth plates, the demarcation of each zone is not clear.
Arrows point to the secondary ossification center. (d–f)
[3H]Thymidine incorporation. The labeled cells in WT mark the
Pc zone. In mutant growth plates, the labeled cells are fewer in
number and scattered, suggesting that the majority of the cells
are in a quiescent state. (g–o) Immunohistochemical analysis
of growth plates, using antibodies to FGFR3 (g–i), Stat5b (j–l,
and m–o for higher magnification), and p19 (p–r). In all cases,
the staining was the weakest in WT, intermediate in 369/+, and
strongest in 369/369 growth plates.

hybridization (Figure 6, m–o), and immunohisto-
chemical staining using an antibody to mouse osteo-
calcin (Figure 6, p–r).

Discussion
Numerous mutations in FGFR1-3 have been found to
cause at least 9 human skeletal dysplasias (2–4). These
mutations are thought to result in increased
FGF/FGFR signals, as several studies showed ligand-
independent activation of these mutant FGF receptors
in vitro (25–29). Consistently, the overexpression of
FGFs in mice has resulted in skeletal conditions that
mimic human disease (30, 31). FGF receptors normally
exist as inactive monomers and become activated upon
ligand-triggered dimerization. Because many mutations

involved either gain or loss of a cysteine in the
extracellular domain of FGF receptors, it has been
postulated that the unpaired cysteine might pro-
mote intermolecular disulfide bond formation,
leading to dimerization of the mutant receptors
(32). Our observation that both Gly375Cys and
Ser371Cys mutations caused ligand-independent
dimerization directly supports this hypothesis.

The effects of activated FGFR3 signals on bone
growth have been tested in vivo recently by using
transgenic (12), and cDNA knock-in (23) models.
The former used the type II collagen promoter
and enhancer to control Fgfr3 Gly380Arg trans-
gene expression, and the latter knocked a FGFR3
cDNA containing the Lys644Glu mutation,
which results in TDII in human, into the endoge-
nous Fgfr3 locus. Mice with retarded long bone
growth were generated by both studies, although
the mutant alleles of FGFR3 were not expressed
faithfully. The ectopic expression of the Fgfr3
Gly380Arg transgene resulted in bone defects
that were not observed in human achondroplasia
(12), and the reduced expression of the Fgfr3
Lys644Glu allele did not cause the expected
neonatal lethality seen in human patients with
TD (23). Moreover, the existence of multiple
splicing variants in the Fgfr3 locus (33) makes it
impossible to mimic the endogenous situation,

as only 1 isoform of FGFR3 was mutated by the
approaches described here. To overcome these diffi-
culties, we introduced a point mutation into the Fgfr3
locus using a cotransfer approach (20) followed by the
excision of the neo gene (Figure 1). The mutant allele
was expressed faithfully after removal of the neo gene.
A similar approach was used by a more recent study
to introduce the Gly380Arg mutation into FGFR3
(11). Although this study showed that the Gly380Arg
mutation results in dwarf mice, the molecular mech-
anism through which the mutation retards bone
growth remains unclear. Of note, mutant mice dis-
played much more severe skeletal dysplasia than that
exhibited by both Gly369Cys mice and human
Gly380Arg patients. It is not known whether such a
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Figure 6
The Gly369Cys mutation results in enhanced differentia-
tion of osteoblast cells. Panel a–c, g–r are prepared from
P15 mice and panel d–f from P1 mice. (a-c) Enhanced
TRAP staining at the interface between mutant hyper-
trophic chondrocytes and primary spongiosa (arrows);
the mutant also showed less primary spongiosa. (d–f)
Alizarin Red S staining of undecalcified growth plates iso-
lated from the knee joints of P1 mice. Arrows in (e) and
(f) point to the advanced bone collars. (g–o) In situ
hybridization using probes for osteopontin (Op, g–i),
osteonectin (On, j–l) and osteocalcin (Oc, m–o). (p–r)
Immunohistochemical staining of osteocalcin. Arrows in
n and o point to ectopic expression of Oc in the matur-
ing zone of chondrocytes. Both Op and On are also
stronger in the 369/+ and 369/369 trabecular bones.

discrepancy between the Gly380Arg mice and
Gly380Arg patients reflects an intrinsic difference
between 2 species or is due to other unknown factors.

Our analysis of the mutant mice indicated that the
Gly369Cys mutation affects chondrogenesis by restrain-
ing chondrocyte proliferation. It has been suggested that
FGFR3 is a negative regulator of bone growth (15). This
is primarily based on observations that loss of FGFR3
results in faster and prolonged bone growth (15, 21).
One mechanism by which FGFR3 controls bone growth
is by regulating signal transduction pathways through
Stats, as demonstrated recently by the finding that
FGFR3 carrying a TD II mutation caused activation of
Stats and upregulation of cell-cycle inhibitors both in
vitro and in vivo (22, 23). The observation that an
achondroplasia mutation also causes activation of Stats
and cell-cycle inhibitors suggests that the involvement
of Stats and cell cycle proteins is a general phenomenon.

The markedly reduced sizes of mature and hyper-
trophic zones in mutant mice resemble phenotypes dis-
played by PTHrP or PTHrP-R knockout mice (34, 35). Ihh

and PTHrP constitute a reciprocal regulation loop that
controls chondrocyte proliferation and differentiation
(36). We found that the expression domains and inten-
sities of both PTHrP-R and Ihh were decreased in the
Fgfr3369/369 growth plates (data not shown). This is con-
sistent with recent studies showing that activation (23)
or overexpression (12) of Fgfr3 results in downregulation
of Ihh, supporting the notion that FGFR3 functions
upstream of Ihh and negatively regulates its activity.

In our ACH mice, retarded bone growth is accompa-
nied by advanced ossification as manifested by prema-
ture closure of cranial synchondroses and early onset of
the bone collar flanking long bone growth plates.
Because chondrogenesis and osteogenesis are coupled
processes during endochondral bone formation, we
have considered the possibility that the advanced ossi-
fication is secondary to the decreased chondrogenesis
in mutant mice. However, this option is difficult to rec-
oncile with some observations. For example, the
advanced bone collar was observed in P1 (Figure 6, d–f)
and older mutant mice, whereas the decreased prolifer-

ation of growth plate chondrocytes became
obvious only after P7, arguing that the
advanced bone collar is not merely a conse-
quence of the decreased chondrogenesis. The
advanced ossification can result in bone dys-
plasia because it does not allow sufficient
time for chondrocytes and osteoblasts to pro-
liferate. Our molecular analysis of mutant
mice revealed increased expression of osteo-
pontin, osteonectin, and osteocalcin, which are
associated with the mature osteoblast differ-
entiation stage (37–40), indicating that the
Gly369Cys mutation enhances differentia-
tion of osteoblasts. Enhanced differentiation
is correlated with diminished osteoblast pro-
liferation (41), which was observed in our
mice. Osteopontin is likely to play a role in the
early formative stages of osteogenesis. Phos-
phorylated osteopontin enhances attachment
of osteoclasts to the bone matrix during bone
resorption (42). Thus, the elevated expression
of osteopontin may be 1 factor causing
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increased activity of osteoclasts in mutant growth
plates. Osteocalcin is an osteoblast-specific protein
expressed mainly in cortical and trabecular bone (43).
In mutant mice, however, osteocalcin was abnormally
expressed in all prehypertrophic chondrocytes.

The consequence of the ectopic expression of osteo-
calcin in the prehypertrophic zone of chondrocytes is
not clear. Expression of osteocalcin is associated with
osteoblast differentiation (41); thus, the ectopic expres-
sion of osteocalcin may presage abnormal differentiation
of prehypertrophic chondrocytes into osteoblastlike
cells, a process termed transdifferentiation that is
sometimes observed in chicken (44). Osteocalcin is
inferred to be a negative regulator of bone formation,
based on the increased bone mass and accelerated bone
growth caused by the null mutation (45). Because the
ACH mice exhibited retarded bone growth and reduced
bone density, we believe that increased and ectopic
expression of osteocalcin by the activated FGFR3 signals
is partially responsible for this phenotype. The reduced
bone density, which is reflected by the reduced number
and size of trabeculae, could also be caused by
increased osteoclast activity (TRAP, Figure 6a) and/or
decreased chondrogenesis. The mutant growth plate
contains fewer clones of hypertrophic cells and fewer
longitudinal septa between these clones. As the ossifi-
cation front advances, fewer subchondral trabeculae
will be left behind.

In summary, we have shown that the Gly375Cys
mutation activates FGFR3 by inducing ligand-inde-
pendent dimerization of the receptor. When this muta-
tion is introduced into mouse, it results in dwarfism
sharing similar phenotypes with human achondropla-
sia. Molecular analysis reveals activation of Stat pro-
teins and cell-cycle inhibitors, which may be responsi-
ble for the decreased proliferation of mutant
chondrocytes. The activation of FGFR3 also results in
downregulation of Ihh and PTHrP-R and upregulation
of osteoblast differentiation markers, as evidence for
both abnormal chondrogenesis and osteogenesis.
These data reveal an essential role of FGF/FGFR3 sig-
nals in both chondrogenesis and osteogenesis during
endochondral ossification. The dwarf mouse model
offers a valuable tool for further exploration of the sig-
naling pathways that regulate normal bone growth.
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