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A point mutation, Gly380Arg, in the transmembrane domain of fibroblast growth factor receptor 3 (FGFR3)
leads to achondroplasia, the most common form of genetic dwarfism in humans. This substitution was
suggested to enhance mutant receptor dimerization, leading to constitutive, ligand-independent activation. We
found that dimerization and activation of the G380R mutant receptor are predominantly ligand dependent.
However, using both transient and stable transfections, we found significant overexpression only of the mutant
receptor protein. Metabolic pulse-chase experiments, cell surface labeling, and kinetics of uptake of radiola-
beled ligand demonstrated a selective delay in the down-regulation of the mutant receptor. Moreover, this
receptor was now resistant to ligand-mediated internalization, even at saturating ligand concentrations.
Finally, transgenic mice expressing the human G380R mutant receptor under the mouse receptor transcrip-
tional control demonstrated a markedly expanded area of FGFR3 immunoreactivity within their epiphyseal
growth plates, compatible with an in vivo defect in receptor down-regulation. We propose that the achondro-
plasia mutation G380R uncouples ligand-mediated receptor activation from down-regulation at a site where

the levels and kinetics of FGFR3 signals are crucial for chondrocyte maturation and bone formation.

Fibroblast growth factor (FGF) receptors (FGFR) consti-
tute a family of four genes that encode multiple receptor iso-
forms, all of which have intrinsic tyrosine kinase activity (8, 12).
Upon binding of a ligand, receptor dimerization is induced,
leading to auto- and transphosphorylation followed by recep-
tor internalization and down-regulation. These lead to the
controlled activation of specific signal transduction pathways
and the expression of FGF target genes, critically required
during embryogenesis, tissue repair, and angiogenesis (1).

Multiple mutations in FGFR 1, 2, and 3 (FGFR1, FGFR2,
and FGFR3, respectively) give rise to a variety of inherited
skeletal malformations (40). Mutations in FGFR3 are respon-
sible for disorders predominantly of the long bones, including
achondroplasia, the most common form of human genetic
dwarfism (27, 29). Over 97% of cases of achondroplasia result
from either a G-to-A transition or a G-to-C transversion,
changing the codon for Gly380 (GGG) to Arg (AGG or CGG)
in the transmembrane domain of FGFR3. An Asn540Lys mu-
tation in the proximal tyrosine kinase domain of FGFR3 is
found in the milder disorder of hypochondroplasia (2), while
substitution to a cysteine of residue 248, 249, 370, or 371 in the
extracellular domain or a Lys650Glu mutation in the kinase
activation loop gives rise to the most severe and neonatal lethal
thanatophoric dysplasia (TD) types, I and II, respectively (28,
33). All of these skeletal malformations represent autosomal
dominant disorders characterized by disproportionately short
limbs and relative macrocephaly (23).

The cellular basis underlying the clinical features of achon-
droplasia is a defect in chondrocyte function during endochon-
dral bone formation, the primary mechanism by which long
bones elongate (22). This formation involves a linear process
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of chondrocyte proliferation and maturation in a very strictly
time- and space-controlled manner (10). The cartilage progen-
itor cells which arise at the top of the epiphyseal growth plate
proceed to form columns of proliferating chondrocytes that
later differentiate to produce the calcified matrix. This matrix
is subsequently remodeled by invading osteoblasts to form the
typical bone structure underlying the cartilaginous growth
plate (3). A disturbance in any of the stages in this tightly
coordinated process is quickly reflected by an alteration in the
normal pattern of the growth plate, resulting in inappropriate
bone growth and short stature. The remarkably similar pheno-
type shared by achondroplasia-affected individuals, irrespec-
tive of their genetic background, suggests a unique mechanism
responsible for this inhibition of endochondral bone forma-
tion.

FGFR3 is highly expressed during embryonic development
in the precartilaginous condensing mesenchyme and in bony
and cartilaginous structures of the developing vertebrae (20).
Later in development, during endochondral ossification, it is
concentrated in the perichondrium, the resting cartilage, and
the maturation and upper hypertrophic zones of the growth
plate, where it may play a key role in terminal chondrocyte
differentiation. Mice deficient in FGFR3 show remarkable
skeletal overgrowth with wider growth plates, suggesting that
FGFR3 exerts a negative effect on bone growth (5, 7). More-
over, transgenic mice overexpressing FGF2 driven by the col-
lagen type II promoter show shortening of their long bones and
macrocephaly (4).

Little is known about the molecular mechanisms underlying
the various chondrodysplasia syndromes. The current dogma is
that constitutive, ligand-independent activation of mutant re-
ceptors and their downstream signaling is the mechanism
shared by all of these disorders (15, 18, 38). This notion is
supported by the finding that many of these disorders result
from substitutions to unpaired cysteine residues in the extra-
cellular domain of FGFR, leading to covalently disulfide-
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linked receptor dimers, as in TD type I, or from direct activat-
ing mutations in the kinase domain of these receptors, as in
hypochondroplasia and TD type II; both types of mutations
can lead to ligand-independent constitutive phosphorylation
(25, 28, 36). We found a specific defect in ligand-mediated
receptor down-modulation of G380R which may lead to inap-
propriate levels and kinetics of receptor activation at a site
where both are crucial for chondrocyte maturation and bone
formation.

MATERIALS AND METHODS

Cell lines. Nontransformed rat chondrocytes derived from fetal calvaria (RCJ
3.1C5.18), a generous gift from J. Aubin, and human embryonal kidney cells
expressing large T antigen (293T) were cultured in Dulbecco modified Eagle
medium (DMEM) containing 10% fetal calf serum.

Expression of human wt and G380R mutant FGFR3. Wild-type (wt) or mutant
receptor cDNA in expression vector pcDNA3 (Invitrogen) was transfected into
RCJ or 293T cells by the calcium phosphate method. For stable expression,
clones were selected in G418 (GibcoBRL, Gaithersberg, Md.) (0.5 mg/ml) and
screened for FGFR3 expression by sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis (PAGE) and Western blotting. Retroviruses were
produced in 293T cells cotransfected with vector pLXSN containing either wt or
mutant FGFR3 and a Psi helper phage. Virus-containing medium, collected
every 8 h, was filtered and kept at —80°C until further use. Infections were
performed by incubating RCJ cells with virus-enriched medium and 8 pg of
Polybrene per ml for 6 h followed by selection in G418 (0.5 mg/ml). Positive
pools were screened for FGFR3 expression by SDS-PAGE and Western blotting.

Immunoprecipitation. Cells were lysed in lysis buffer (50 mM Tris-HCI [pH
8.0], 150 mM NaCl, 1 mM MgCl,, 0.1 mM ZnCl,, 0.5% Nonidet P-40, 1 mg of
aprotonin per ml, 1 mg of leupeptin per ml, 2 mM phenylmethylsulfonyl fluoride)
and clarified by centrifugation at 12,000 X g for 15 min. The lysates were
immunoprecipitated for 16 h at 4°C with anti-FGFR3 C terminus antibody
(Santa Cruz, Santa Cruz, Calif.) and analyzed by SDS-6% PAGE and Western
blotting. Protein bands were visualized with horseradish peroxidase and an ECL
kit (Amersham) according to the manufacturer’s instructions.

Covalent cross-linking. Cells were washed twice with binding buffer (DMEM,
25 mM HEPES, 1% bovine serum albumin) and incubated at 4°C without or with
FGF9 (50 ng/ml). After 2 h, chemical cross-linking was performed with 1 mM
bis-(sulfosuccinimidyl)-suberate for 30 min at room temperature. Cells were
washed twice with binding buffer and lysed, and the lysates were precipitated with
protein A-immobilized FGFR3 antibodies. The immunoprecipitates were trans-
ferred to a nitrocellulose membrane and blotted with anti-FGFR3 antibodies
(generated in rabbits with a purified recombinant kinase domain of mouse
FGFR3).

Analysis of pMAPK. Cells were grown in six-well plates. After starvation for
16 h with serum-free DMEM, the cells were incubated for 9 min either without
or with 50 ng of FGF9 per ml and lysed. Equal amounts of each lysate were
separated by SDS-7.5% PAGE, and the presence of phosphorylated MAPK
(PMAPK) was determined by Western immunoblotting with antibodies against
phosphorylated mitogen-activated protein kinase (MAPK).

Fos-luciferase assay. RCJ cells were cultured in 60-mm plates at 37°C and
transfected in duplicate with 0.5 pg of B-galactosidase cDNA with or without 2
ng of a c-fos promoter—luciferase cDNA. After 24 h, the cells were serum starved
for 16 h, treated for 9 min with FGF9, lysed, and assayed for luciferase activity.
Luciferase activity was measured by use of a Turner luminometer with luciferase
reaction buffer (100 mM Tris acetate, 10 mM magnesium acetate, ] mM EDTA,
0.07 mM luciferin, 2 mM ATP). To account for transfection efficiencies, lucif-
erase values from each transfection were normalized for the corresponding
B-galactosidase activities.

Metabolic pulse-chase labeling experiments. RCJ cells were cultured in me-
thionine-depleted medium for 3 h, after which *>S-methionine (150 pCi/ml) was
added for 30 min. Cells were washed extensively with DMEM and incubated at
37°C for various times. Cells were extracted, and lysates were precipitated with
immobilized anti-FGFR3 antibodies. Proteins were separated by SDS-6%
PAGE and visualized by autoradiography.

Cell surface biotinylation. RCJ cells were washed twice in ice-cold phosphate-
buffered saline and incubated at 4°C with 0.5 mg of water-soluble biotin-X-NHS
(Pierce) per ml in borate buffer (10 mM boric acid [pH 8], 150 mM NaCl). After
45 min, the coupling of biotin was blocked by an extensive wash with 15 mM
glycine in phosphate-buffered saline. Cells were incubated at 37°C for various
times. To evaluate cell surface receptors, the cells were extracted and their
lysates were precipitated with immobilized streptavidin (Pierce). The precipi-
tated proteins were separated by SDS-6% PAGE, transferred to a nitrocellulose
membrane, and probed with anti-FGFR3 antibodies.

Radiolabeled ligand internalization assay. FGF2 was labeled with '>*I-Na (1
mCi) by the chloramine-T method (16) and separated from free iodine on a
heparin-Sepharose column. Cells cultured in 12-well plates were washed with
binding buffer (DMEM, 100 mM HEPES [pH 7.5], 1% bovine serum albumin)
and incubated in the presence of radiolabeled '*I-FGF2 (5 ng/ml) without or
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with a 200-fold excess of cold ligand for 2 h at 4°C. To allow for ligand inter-
nalization, cells were transferred to 37°C for various times, at the end of which
the cells were placed on ice and washed twice with low-affinity buffer (25 mM
HEPES [pH 7.5], 1.6 M NaCl). The cellular distribution of the radiolabeled
ligand was determined by use of a low-pH extraction buffer (25 mM HEPES [pH
4], 1.6 M NaCl) to remove cell surface receptor-associated ligand; the remaining
radioactivity, solubilized in 100 mM NaOH, represented the internalized ligand.
The extent of nonspecific binding was determined in the presence of a 100-fold
excess of unlabeled FGF2 and was subtracted from all data points.

Immunohistochemistry. Isolated bones were fixed in 4% paraformaldehyde
(pH 7.4) containing cetylpyridinium chloride (0.5%), decalcified in EDTA, de-
hydrated with an ethanol gradient, and embedded in paraffin. Sections (5 pm)
were cut, stained with anti-FGFR3 antibodies (Santa Cruz), and visualized with
fluorescein-conjugated anti-rabbit immunoglobulin G (Vectra Laboratory).
Slides were counterstained with methyl green (Vector) and mounted with Lem-
onvitrex (Carlo Erba). Negative controls were obtained by substituting normal
rabbit serum for the specific antibodies.

RESULTS

Expression of wt and G380R mutant FGFR3 in chondro-
cytes. Since the cells most affected in achondroplasia are chon-
drocytes, we chose to study FGFR3 functions in the nontrans-
formed RCJ 3.1C5.18 cell line derived from multipotential
mesenchymal rat stem cells and expressing chondrocyte-spe-
cific differentiation markers (9, 17). Human wt FGFR3- or
G380R mutant FGFR3-encoding plasmids were introduced
into RCJ cells by stable transfection with full-length human
FGFR3 (hFGFR3) cDNA driven by a cytomegalovirus pro-
moter. Six independent clones expressing the transduced
genes, as evident by SDS-PAGE and immunoblot analysis,
were selected. All clones transduced with the G380R mutant
receptor were found to express higher receptor protein levels
than those expressing the wt receptor (Fig. 1A). Two stable
clones which expressed comparable levels of the two receptors
(Fig. 1B) were chosen for further studies.

Differential overexpression of G380R mutant FGFR3. Re-
peated transfections with different cell lines have always
yielded, on average, more clones expressing the mutant recep-
tor than the wt receptor as well as higher protein levels for the
G380R mutant gene than for the wt gene under identical
conditions. This finding suggested a posttranscriptional mech-
anism as the potential cause for the selective accumulation of
the mutant receptor. To rule out the possibility that the ap-
parent selective overexpression of the mutant receptor was due
to clonal variation, the receptors were subcloned into a retro-
viral expression vector, and parental RCJ cells were infected
with the retrovirus encoding either wt or mutant FGFR3. Pools
of infected cells expressing either receptor were obtained and
analyzed (Fig. 1B). FGFR3 migrates on SDS-PAGE as two
discrete bands; the upper band is the mature, membrane-as-
sociated glycoprotein (130 kDa), while the lower band is the
immature, nonprocessed form (97 kDa) (13). A comparison of
immunoprecipitates from wt FGFR3- and G380R mutant
FGFR3-expressing cells revealed a clear difference in the ratio
of the 97-kDa form to the 130-kDa form. While in wt receptor-
expressing cells the protein was present mainly as the 97-kDa
form, in cells expressing the mutant receptor, more of the
protein accumulated as the 130-kDa, mature form (Fig. 1B).
The phenomenon of higher total expression levels for the mu-
tant receptor was not unique to chondrocytes, as it was simi-
larly observed when equal amounts of wt receptor- and mutant
receptor-encoding cDNAs were transiently transfected into
293T human embryonal kidney cells (Fig. 1C). At such high
expression levels, even the mutant receptor accumulated more
as the 97-kDa form, most likely due to saturation of the post-
translational and trafficking machinery. Nevertheless, the ex-
pression of wt FGFR3 could be observed only at DNA con-
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FIG. 1. Expression of wild-type and G380R mutant hFGFR3 in RCJ and
293T cells. (A and B) Lysates of RCJ cells expressing the wt receptor or the
G380R mutant receptor were precipitated and probed with anti-FGFR3 anti-
bodies. Three different clones expressing wt or mutant (Ach) FGFR3 (A) or
stable clones expressing equal amounts of wt or mutant FGFR3 and RCJ pools
infected with wt FGFR3- or mutant FGFR3-encoding retroviruses (B) are
shown. (C) 293T cells transfected with the indicated concentrations of either
receptor cDNA were lysed, precipitated, and analyzed by SDS-PAGE and West-
ern blotting with anti-FGFR3 antibodies.

centrations of at least 0.1 pg/ml, while that of the mutant
receptor could be easily detected at half that amount.
Ligand-mediated dimerization and activation of G380R mu-
tant FGFR3. Since receptor overexpression may by itself lead
to spontaneous dimerization of receptor tyrosine kinases, we
investigated the ability of wt and mutant FGFR3 expressed in
RCIJ cells to form ligand-dependent and -independent dimers.
Chemical cross-linking followed by Western immunoblot anal-
ysis failed to detect dimers of either wt or mutant FGFR3
expressed at moderate levels (Fig. 2A) in the absence of FGF9,
a preferred ligand for FGFR3 (10). At very high expression
levels, both receptors underwent spontaneous, ligand-indepen-
dent dimerization and autophosphorylation (data not shown),
which were more pronounced for the G380R mutant receptor
due to its abnormal accumulation at the plasma membrane.
Significant levels of receptor dimers were, however, formed
only upon ligand binding to both wt and mutant receptors.
Activation of downstream signaling pathways, such as MAPK
(Fig. 2B) or that of the immediate-early gene c-fos, were also
strictly ligand dependent for both receptor types (Fig. 2C). A
more detailed analysis, including the activation of FRS2, JNK,
phospholipase C-y (PLC-y), and Statl and using several dif-
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FIG. 2. Receptor dimerization, MAPK activation, and c-fos induction by wt
and G380R mutant FGFR3. (A) Stable clones of RCJ cells expressing either the
wt receptor or the G380R mutant (Ach) receptor were incubated for 2 h at 4°C
in the absence (—) or presence (+) of 50 ng of FGF9 per ml. After chemical
cross-linking, cells were lysed, immunoprecipitated with anti-FGFR3 C terminus
antibodies, and probed on an immunoblot with a polyclonal antibody to the
kinase domain of FGFR3. (B) Cells incubated with (+) or without (—) FGF9 for
9 min at 37°C were lysed, and their lysates were separated by SDS-PAGE and
immunoblotted with an anti-pMAPK antibody. (C) Cells transfected with the
c-fos luciferase vector were incubated with or without FGF9, lysed, and analyzed
for luciferase activity. The data shown represent the means * standard devia-
tions of duplicate transfections normalized for B-galactosidase activity. A.U,
arbitrary units.

ferent cell lines, revealed identical results (P. David, R. Ben-
Levi, and A. Yayon, unpublished data). These results suggest
that at least at moderate expression levels, the G380R mutant
receptor, like its wt counterpart, does not form spontaneous
ligand-independent dimers.

G380R mutant FGFR3 is specifically defective in internal-
ization and accumulates at the cell surface. In order to obtain
more insight into the mechanisms responsible for the apparent
difference in processing of wt FGFR3 and mutant FGFR3, de
novo receptor synthesis and translocation to and from the
plasma membrane were followed by a short pulse of metabolic
labeling of RCJ cells expressing either of the two receptors
(Fig. 3A). The immature form (97 kDa) of both receptors
could be detected within 30 min after labeling with **S-methi-
onine. It took another 30 min for processing and for the 130-
kDa form to appear. There did not seem to be a significant
difference in posttranslational processing and trafficking to the
membrane between the two receptors (Fig. 3A). However, a
clear difference in the rates of internalization and degradation
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FIG. 3. Metabolic labeling and surface biotinylation of wt and G380R mutant
FGFR3 expressed in RCJ cells. (A) Stable clones of RCJ cells expressing wt or
G380R mutant (Ach) receptors were pulse-labeled with 3°S-methionine for 30
min. At the indicated times, cell lysates were immunoprecipitated with anti-
FGFR3 antibodies and resolved by SDS-6% PAGE and autoradiography. (B
and C) Stable clones (B) or infected pools (C) of RCJ cells were cell surface
biotinylated for 45 min. At the indicated times, cell lysates were precipitated with
immobilized avidin, analyzed by SDS-6% PAGE, blotted onto a nitrocellulose
membrane, and probed with anti-FGFR3 antibodies. Results represent three
independent experiments repeated with different RCJ clones.

between the two receptors could be observed. While the wt
receptor remained intact for up to 2 h before it was internal-
ized and degraded, the mutant receptor was not internalized
during this time period and could be traced even after a 4-h
chase (Fig. 3A).

In another independent technique used to monitor the fate
of the plasma membrane resident receptor, total cell surface
proteins were labeled for 45 min with membrane-imperme-
able, water-soluble biotin-X-NHS. Stable RCJ clones (Fig. 3B)
and infected RCJ pools (Fig. 3C) expressing either the wt or
the mutant receptor were biotinylated, and their cell lysates
were precipitated with immobilized avidin, separated by SDS-
PAGE, and immunoblotted with antibodies to FGFR3 (Fig.
3B and C). As expected, only the mature, 130-kDa, membrane-
associated protein band of both receptors could be detected by
that method. Similar to the results obtained by metabolic la-
beling (Fig. 3A), the biotin-labeled wt receptor disappeared
from the cell surface within 2 h after labeling, while the G380R
mutant receptor remained stable on the cell surface for more
than 3 h (Fig. 3B and C). Some variation in the time scale for
internalization but not in the selective delay in mutant receptor
down-regulation was observed between different experiments,
most likely due to the variation in receptor expression levels.
Taken together, these results suggest that the selective accu-
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FIG. 4. Ligand-mediated receptor internalization. (A) RCJ cells expressing
wt or mutant (Ach) receptors were cell surface biotinylated for 45 min and
incubated with (+) or without (—) FGF9 (50 ng/ml) for the indicated times. The
cell lysates were precipitated with immobilized avidin, analyzed by SDS-6%
PAGE, and probed with anti-FGFR3 antibodies. (B) Cells were incubated for
2 h at 4°C with '*I-FGF2 and then transferred to 37°C for the indicated times.
At the end of each incubation, low-affinity heparan sulfate-bound ligand was
removed with a high-salt buffer, high-affinity receptor-bound ligand was dissoci-
ated under low-pH conditions, and the retained intracellular radioactivity was
determined by solubilizing the cells in 100 mM NaOH. The results shown are the
averages *+ standard deviations of triplicate measurements, calculated as the
ratio between the internalized ligand and the receptor-bound ligand. Nonspecific
binding was subtracted from all data points.

mulation of the mutant receptor may be a direct consequence
of its slower rate of internalization and/or degradation.
Ligand-mediated receptor internalization is selectively ab-
rogated in G380R mutant FGFR3. Cell surface receptors, in-
cluding receptor tyrosine kinases, are internalized upon ligand
binding (30), leading to receptor down-regulation and signal
transduction attenuation. We therefore examined the internal-
ization and degradation rates of biotin-labeled receptors in
response to a ligand (Fig. 4A). A major difference in the rates
of internalization of wt FGFR3 and mutant FGFR3 was re-
vealed. The addition of a ligand had a dramatic effect, as
expected, on the wt receptor half-life, as in less than 30 min,
most of the labeled receptor was internalized and targeted for
degradation. Strikingly, the rate of internalization of the mu-
tant receptor was not affected by the addition of a ligand in
several different clones (data not shown), even at saturating
ligand concentrations (Fig. 4A). Using a kinase-deficient ver-
sion of the wt or mutant receptor, we found no effect of the
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FIG. 5. Expression and phosphorylation of wt and G380R mutant FGFR3. RCJ cells expressing either wt or mutant (Ach) receptors were treated for the indicated
times with 10 pg of cyclohexamide (Chx) per ml at 37°C. Then, the cells were incubated for 10 min with 50 ng of FGF9 per ml and lysed. Each lysate (1 mg of protein)
was immunoprecipitated with an antiphosphotyrosine antibody. Samples were separated by SDS-6% PAGE, transferred to nitrocellulose, and blotted with antibodies

to FGFR3.

ligand on the half-life of either receptor (data not shown); this
result suggests that FGFR internalization may be strictly reg-
ulated by interactions with the intracellular domain, which in
turn may depend on its kinase activity.

In a more quantitative approach, the effect of FGF ligands
on receptor internalization was examined by monitoring the
level of the accumulated radiolabeled ligand with time. We
found marked differences in the kinetics of radiolabeled FGF2
accumulation between the cells (Fig. 4B). Cells expressing the
mutant receptor bound significantly higher levels of the ligand
than wt receptor-expressing cells, reflecting the higher levels of
expression of the mutant receptor but, nevertheless, internal-
ized the labeled ligand at a very slow rate. Cells expressing wt
FGFR3, despite having a smaller number of binding sites for
FGF2, internalized most of this ligand in less than 30 min,
while the internalization of the radiolabeled ligand by G380R
mutant FGFR3-expressing cells was far from being completed
even after 120 min (Fig. 4B).

To investigate the effect of receptor stabilization on receptor
activation, RCJ cells expressing wt or G380R mutant FGFR3
were treated with cycloheximide, which blocks the production
of newly synthesized receptors. Monitoring of FGFR3 levels at
different times revealed prolonged expression of the mutant
receptor compared to the wt receptor (Fig. 5), in agreement
with previous results (Fig. 3). This finding was, however, ac-
companied by a sustained capacity of the mutant receptor to

Normal

undergo ligand-dependent phosphorylation, suggesting that as
long as the receptor is on the cell surface, it is capable of ligand
binding and transphosphorylation. The mutant receptor, there-
fore, not only accumulates at the surface but also is capable of
signaling over a longer period of time than its normal coun-
terpart.

Expanded expression of FGFR3 in growth plates of trans-
genic mice carrying the human mutant receptor. To address
the relevance of such a specific delay in receptor internaliza-
tion to the localization of FGFR3 in the growth plate, we
analyzed epiphyseal growth plates of transgenic mice which
were engineered to express G380R mutant hFGFR3 under
mouse FGFR3 transcriptional control and which show a phe-
notype remarkably similar to that of afflicted humans (28a).
Immunostaining with anti-FGFR3 antibodies revealed that
while the localization of this receptor in the growth plates of
normal mice was restricted to cells in the upper hypertrophic
zone (Fig. 6, left), transgenic littermates expressed the recep-
tor in a significantly wider area of the growth plates comprising
several layers of cells, including the lower hypertrophic zone
(Fig. 6, right). No such difference was observed at the RNA
level, as detected by in situ hybridization (data not shown).
This result suggests that the mutant receptor may not be down-
regulated in vivo at the time and differentiation stage at which
the normal receptor is down-regulated.

Transgenic
(G380R hFGFR3)

FIG. 6. Immunohistochemical analysis of epiphyseal growth plates from normal and transgenic G380R mutant hFGFR3-expressing mice. Immunostaining for
FGFR3 was performed on sections of proximal tibia growth plates from 8-day-old normal and transgenic littermates with anti-FGFR3 and fluorescein-conjugated
antibodies. Cells expressing FGFR3 are indicated by white brackets. The different zones of the growth plate (PZ, proliferating zone; MZ, maturation zone; MZ,

hypertrophic zone) are noted.
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DISCUSSION

Substitution of a glycine with an arginine in the transmem-
brane domain of FGFR3, as in achondroplasia, results primar-
ily in the stabilization and accumulation of the mutant receptor
at the cell surface. Transgenic mice expressing G380R mutant
hFGFR3 driven by the mouse FGFR3-specific promoter and
enhancer demonstrate a significantly extended area of FGFR3
expression similar to that observed in sections from human TD
type I cases (6) and compatible with the detected prolonged
expression of the mutant receptor in genetically engineered
chondrocytes. The direct consequence of this specific defect in
internalization is uncontrolled, prolonged, ligand-dependent
activation of this receptor, which may contribute to receptor
overactivation (15, 18, 25, 36, 38) and the observed inhibition
of chondrocyte terminal differentiation typical of achondropla-
sia. This suggestion is well in line with the current concept that
multiple mutations in FGFR responsible for human skeletal
dysplasias are all gain-of-function mutations. Whether the ob-
served selective overexpression of the FGFR3 protein in TD
type I (6) and possibly of other mutants of FGFR3 results from
a similar defect in receptor down-regulation has yet to be
determined.

Ligand-induced dimerization is a key event in the transmem-
brane signaling of receptor tyrosine kinases. A Val-Glu point
mutation in the transmembrane domain of the Neu/ErbB-2
tyrosine kinase leads to constitutive receptor phosphorylation
due to ligand-independent dimerization and activation (39).
The G380R mutation in FGFR3, being in a position analogous
to that of the neu mutation, was implied to function in a similar
manner to constitutively activate this receptor (38). Constitu-
tive activation of the mutant receptor was supported by exper-
iments with chimeric proteins of FGFR3 having the kinase
domain of either FGFR1 (18) or the neu oncogene (37), having
the extracellular domain of the platelet-derived growth factor
receptor (24), or having a full-length homologous mutant of
FGFR2 (15). Our results, like those of Raffioni et al. (24) and
Thompson and coworkers (34), suggest that at moderate ex-
pression levels, the G380R mutant receptor, like its normal
counterpart, requires a ligand for dimerization and activation.
We have also found an equal capacity of the mutant receptor
to dimerize with either a wild-type or a mutant receptor coun-
terpart upon ligand binding, as evidenced by coexpression and
immunoprecipitation experiments (data not shown). This find-
ing may argue against mutant homodimerization via hydrogen
bonding as the sole mechanism driving constitutive receptor
activation in human achondroplasia. The discrepancy between
the reported, albeit partial, ligand-independent activation and
our above-mentioned results may be due to the use of different
cellular systems, which may express variable levels of these
receptors or their endogenous ligands (1) acting in an auto-
crine manner to stimulate the overexpressed receptor. Indeed,
from our experience, it is not uncommon to detect significant
basal phosphorylation levels of the wild-type receptor as well.
One cannot rule out, however, the possibility that both consti-
tutive activation and selective overexpression of the mutant
receptor may act in concert to locally enhance FGFR3 signals.

Tyrosine kinase receptors undergo ligand-mediated inter-
nalization following their dimerization and activation (31). Al-
though specific data concerning FGFR3 internalization are not
available, the mechanisms responsible for the internalization
of other tyrosine kinase receptors are relevant to FGFR3, as
evidenced by the increased rate of internalization of this re-
ceptor in response to a ligand and the lack of this effect in a
kinase-deficient receptor. Our studies of internalization rates
by several independent methods, such as pulse-chase meta-
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bolic labeling, surface biotinylation, and quantitative measure-
ments of receptor-mediated internalization of a radiolabeled
ligand, clearly establish a primary defect in the down-regula-
tion of the G380R mutant receptor. The pattern of expression
of the mutant receptor is distinct from that of the wt receptor
in both total receptor levels and the ratio between the imma-
ture, unglycosylated form and the mature, membrane form of
the receptor. The selective accumulation of the mutant recep-
tor in the mature form is of particular importance, as it is this
form which is capable of binding and responding to extracel-
lular ligands by dimerization and downstream signal transduc-
tion. Such an accumulation of a fully functional receptor may
also support the prolonged and persistent signals induced by a
locally expressed ligand. It is expected that in the heterozygous
achondroplasia state, a block in the internalization of the mu-
tant receptor may eventually lead, through the process of li-
gand-mediated receptor heterodimerization (35, 39), to the
excess accumulation and activation of wt FGFR as well. Such
a transdominant positive effect of the mutant receptor can
further contribute to the overall excessive and prolonged acti-
vation of FGFR-specific pathways.

The molecular basis for the selective accumulation of the
mutant receptor is not clear. It could be related to differential,
posttranslational processing of the receptor. Introducing a pos-
itively charged residue within the interior of the hydrophobic
membrane may also present an ionic barrier for membrane
endocytosis or cause a change in receptor protein conforma-
tion crucial for the interaction of the receptor with intracellular
components responsible for internalization. Alternatively, the
lack of down-regulation may be due to a specific block in the
transmittance of an internalization signal by the mutant recep-
tor. FGFR1, with a mutation in Y766 autophosphorylation and
in the PLC-y binding site, is defective in internalization and
degradation (32) and leads to a hypomorphic gain-of-function
allele resulting in vertebral abnormalities in mice targeted for
this mutation (26). The disrupted down-regulation signal in
achondroplasia may be different from that of MAPK, JNK, and
Statl as well as from PLC-y-mediated signals, which seem to
be properly activated by the mutant receptor. The fact that this
phenomenon is also observed for 293T human embryonal kid-
ney cells, L8 myoblasts, and CHO epithelial cells suggests that
the internalization defect of the mutant receptor is an intrinsic
characteristic of the mutant protein and is not cell or tissue
specific, as could be implied from the selective defect in bone
formation.

Signals from FGFR3 seem to exert a selective negative effect
on bone growth, as evidenced from the skeletal overgrowth of
FGFR3-null mice (5, 7) and the severe skeletal growth retar-
dation of mice overexpressing FGF2 (4). Moreover, FGFR3
mutations selectively inhibit endochondral ossification and
long-bone formation without detectable abnormalities in other
tissues, where FGFR3 is highly expressed (20, 41). The cellular
context in which FGFR function seems to be of great impor-
tance, and their tissue-specific expression as well as the expres-
sion of their ligands is highly coordinated throughout develop-
ment. Several FGF ligands were found to be expressed by
growth plate chondrocytes (11, 14, 20, 21), and receptor acti-
vation in the growth plate can be readily explained by either
autocrine or paracrine mechanisms. Ligand-mediated receptor
overactivation is therefore an attractive mechanism to support
an exclusive effect of mutated FGFR3 on long-bone formation
due to the specific combination of ligands, receptors, and co-
receptors, such as heparan sulfate proteoglycans, in this tissue
and at different stages along the pathway of differentiation of
epiphyseal chondrocytes.

The process of longitudinal bone growth involves coordina-
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tion and precise balance among chondrocyte proliferation, dif-
ferentiation, cartilage matrix production, and mineralization
within the developing growth plate. These cellular activities are
under the influence of a variety of hormonal and local factors,
such as FGF ligands (19), whose relative concentrations, sites,
and sequence of appearance vary critically during develop-
ment. It is this tightly coordinated process which may make the
growth plate a most sensitive organ to a variety of insults, such
as in achondroplasia.
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