
A novel tyrosine kinase inhibitor restores
chondrocyte differentiation and promotes bone
growth in a gain-of-function Fgfr3 mouse model
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France, 3Université Paris Diderot-Laboratoire ITODYS, Paris 75013, France and 4UMR1313 Génétique Animale et
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Activating germline fibroblast growth factor receptor 3 (FGFR3) mutations cause achondroplasia (ACH), the
most common form of human dwarfism and a spectrum of skeletal dysplasias. FGFR3 is a tyrosine kinase
receptor and constitutive FGFR3 activation impairs endochondral ossification and triggers severe disorgan-
ization of the cartilage with shortening of long bones. To decipher the role of FGFR3 in endochondral ossi-
fication, we analyzed the impact of a novel tyrosine kinase inhibitor (TKI), A31, on both human and mouse
mutant FGFR3-expressing cells and on the skeleton of Fgfr3Y367C/1 dwarf mice. We found that A31 inhibited
constitutive FGFR3 phosphorylation and restored the size of embryonic dwarf femurs using an ex vivo cul-
ture system. The increase in length of the treated mutant femurs was 2.6 times more than for the wild-type.
Premature cell cycle exit and defective chondrocyte differentiation were observed in the Fgfr3Y367C/1 growth
plate. A31 restored normal expression of cell cycle regulators (proliferating cell nuclear antigen, KI67, cyclin
D1 and p57) and allowed pre-hypertrophic chondrocytes to properly differentiate into hypertrophic chondo-
cytes. Our data reveal a specific role for FGFR3 in the cell cycle and chondrocyte differentiation and support
the development of TKIs for the treatment of FGFR3-related chondrodysplasias.

INTRODUCTION

Skeletal development in humans is regulated by numerous
growth factors. Among them fibroblast growth factor receptor
3 (FGFR3), a tyrosine kinase receptor, has been described as
both a negative and a positive regulator of endochondral ossi-
fication (1–4). Gain-of-function mutations of FGFR3 disrupt
endochondral ossification in a spectrum of skeletal dysplasias
which include ACH, the most common form of human dwarf-
ism (5,6), hypochondroplasia (7,8) and thanatophoric dyspla-
sia (TD) (9–11) and in Fgfr3 mouse models (12–15).
Activated FGFR3 reduces the rate of cartilage template forma-
tion and disrupts chondrocyte proliferation and differentiation,
leading to a severe disorganization of the growth plate

cartilage. FGFR3-related chondrodysplasias are the result of
increased signal transduction from the activated receptor.

Several signaling pathways have been described downstream
of FGFR3 activation, including the extracellular signal-regu-
lated kinases (ERK) and p38 mitogen-activated protein kinase
(MAPK) pathways (16–19) and the signal transducer and acti-
vation of transcription pathway (20–22). Others pathways such
as the phosphoinositide 3 kinase-AKT (23) and protein kinase C
pathways in endochondral bone growth have been identified.
The degradation of mutant receptors is disturbed as demon-
strated by higher levels of FGFR3 mutant receptors at the cell
surface (24–26) and disruption of c-Cbl-mediated ubiquitina-
tion (27). Fgfr3 mutations disrupt the formation of glycosylated
isoforms of the receptor and impeded its trafficking (28,29).
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To date, several strategies aimed at reducing excessive acti-
vation of FGFR3 have been proposed (30). They include strat-
egies to inhibit FGFR3 tyrosine kinase activity, to promote its
degradation and to antagonize its downstream signals (30).
However, the mechanisms by which mutated FGFR3 disrupts
bone growth are poorly understood. Here, to decipher the role
of FGFR3 in the endochondral ossification process, we tested a
synthetic compound of the pyrido-[2,3-d] pyrimidine class,
A31 (31), as a novel tyrosine kinase inhibitor (TKI) which
competes with the adenosine triphosphate (ATP)-binding site
of FGFR3. We modeled its binding to the FGFR3 kinase
domain in silico, with the disruption of kinase activity pre-
dicted by this analysis. We showed the ability of A31 to
inhibit the constitutive phosphorylation of FGFR3 in human
chondrocyte lines (32) transiently expressing activated forms
of FGFR3 (28). To delineate the functional impact of
FGFR3 mutation during cartilage development, we studied a
gain-of-function Fgfr3Y367C/+ mouse model (14) and showed
that A31 restored the size of femurs isolated from
Fgfr3Y367C/+ murine embryos to wild-type (WT) length and
increased the hypertrophic zone as revealed by type X colla-
gen labeling.

Studying several cell cycle regulators (cyclin D1, p57) and
markers of proliferation [proliferating cell nuclear antigen
(PCNA), KI67], we observed an overexpression of these
markers in Fgfr3Y367C/+ growth plates. A31 strongly decreased
the expression of these markers in the proliferative and hyper-
trophic zones. This TKI had a remarkable effect on bone
growth and allowed pre-hypertrophic (PH) chondrocytes to
differentiate into hypertrophic chondrocytes. These data

allow us to conclude that activating Fgfr3 mutations induce
cell cycle exit and promote abnormal chondrocyte maturation.
By targeting the FGFR3 kinase domains with A31 in
Fgfr3Y367C/+ mice, our results suggest that TKI holds
promise for therapeutic approaches in FGFR3-related
chondrodysplasias.

RESULTS

Strong interaction between the tyrosine kinase domain
of FGFR3 and A31

Computational analyses were used to estimate interactions
between FGFR3 and A31, a synthetic compound of the
pyrido-[2,3-d] pyrimidine class, as a novel FGFR3 TKI (31)
(Fig. 1A).

To date, attempts to determine the experimental X-ray
structure of the FGFR3 kinase domain have failed. To over-
come this drawback, we predicted the structure of FGFR3
in silico by using a new crystal structure of the highly homolo-
gous FGFR1 (33). The resulting 3D structure of FGFR3
showed a low global energy and negative electrostatic and
Van der Waals components, indicating a high level of confi-
dence for this prediction. Docking calculations were used to
find the optimal position of A31 in the binding pocket of
FGFR3. The interactions between the FGFR3 kinase domain
and A31 are depicted in Figure 1B. The aromatic group carry-
ing the two methoxy moieties and the biphenyl ring induce
strong interactions between the FGFR3 kinase domain and
A31. Two hydrogen bonds locate the biphenyl ring at the

Figure 1. A31 prevents the kinase activity of FGFR3. (A) Molecular scheme of the A31 compound. (B) Overall structure showing docking conformation of A31
inside the FGFR3-binding pocket. A31 is represented with colored rods (carbon in green, oxygen in red, nitrogen in blue and polar hydrogen in white). The
FGFR3 kinase domain is shown as transparent ribbons and interacting amino acids in balls and rods with carbon in orange. (C) Overall structure showing
A31 in the ATP-binding site.

842 Human Molecular Genetics, 2012, Vol. 21, No. 4

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/21/4/841/2900704 by guest on 20 M
arch 2024



adenine position of ATP, filling the FGFR3 active site and, in
this way, A31 competes directly with the substrate. The cyclic
amino tail of A31 is deeply nestled inside the FGFR3 cavity in
the vicinity of a protein salt bridge. As a consequence, the salt
bridge is disrupted, thus preventing the kinase activity of
FGFR3 (Supplementary Material, Fig. S1). These in silico
data suggest that A31 specifically inhibits FGFR3 kinase ac-
tivity.

A31 inhibits FGFR3 phosphorylation and proliferation
of mutant Fgfr3 cell lines

Previously, we designed a library of pyrido[2,3-d]pyrimidines
as the FGFR3 TKI. Among the 27 analogues synthesized, one
TKI, A31, which exhibited 89% inhibition of FGFR3 kinase
activity was selected (31). Here, we evaluated the ability of
A31 to inhibit the constitutive phosphorylation of FGFR3 in
human chondrocyte lines (28) transiently expressing activated
forms of FGFR3 [FGFR3Y373C or FGFR3K650E (TD),
FGFR3K650M (SADDAN) or FGFR3+/+]. Immunoprecipita-
tion and western blotting showed the presence of a 130 kDa
mature isoform in the WT and FGFR3Y373C cell lysates,
whereas only an 115 kDa immature form was present in
FGFR3K650M and FGFR3K650E lysates (Fig. 2A). A31 abol-
ished receptor phosphorylation in all cells expressing FGFR3
mutations (Fig. 2A). Similar results were found with a com-
mercial TKI inhibitor (PD173074) (Fig. 2A). This inhibition
was confirmed by immunocytochemistry in transfected cells
expressing FGFR3 mutations (Fig. 2B). We observed a com-
plete inhibition of FGFR3 phosphorylation by A31.

These data confirmed the ability of A31 to inhibit constitutive
FGFR3 phosphorylation in transfected cells. To determine
whether A31 modulates the mitogenic activity of activated

FGFR3, we measured [3H]-thymidine incorporation in
FGFR3Y373C and FGFR3K650M transfected NIH3T3 cells.
The mitogenic activity was increased in cells expressing
FGFR3 mutations compared with WT (FGFR3Y373C, 9927+
2921 cpm; FGFR3K650M, 15048+ 5251 cpm; WT, 7499+
1667 cpm; P , 1025 versus WT) (Supplementary Material,
Fig. S2).

A31 treatment strongly reduced DNA synthesis of all
mutant cell lines [FGFR3Y373C, 3144+ 1201 cpm;
FGFR3K650M, 6281+ 2699 cpm; ∗∗P , 10210, ∗∗∗P , 10220

versus dimethyl sulfoxide (DMSO)] (Supplementary Material,
Fig. S2). These results demonstrate that A31 decreases the
mitogenic activity of FGFR3 mutants.

Rescue of the Fgfr3Y367C/1 femur growth defect by A31

A31 was tested on a gain-of-function Fgfr3Y367C/+ mouse model
(14). Fgfr3Y367C/+ mice display reduced length of long bones,
broad femurs, a narrow trunk, short ribs and a slightly
dome-shaped skull, closely resembling ACH (Fig. 3A and B).
We analyzed the effects of A31 on endochondral ossification
in Fgfr3Y367C/+ mice by using an ex vivo culture system for
embryonic day 16.5 (E16.5) limb explants. Mutant femurs
cultured without A31 had a significantly reduced longitudinal
growth compared with WT (Fgfr3Y367C/+, 461+ 119 mm;
WT, 1247+ 226 mm; P , 10210) (Fig. 3C and D). A31 was
able to induce and fully restore limb growth in Fgfr3Y367C/+

femurs (Fgfr3Y367C/+, gain of 1880+ 558 mm; WT, 1863+
255 mm; P , 10219) (Fig. 3C and D). After 5 days of culture,
the increase in length of the treated mutant femurs was 2.6
times more than that of WT.

Histological examinations using Hematoxylin-eosin (HES)
staining (Fig. 4A) and type X collagen labeling (Fig. 4B)

Figure 2. A31 inhibits the constitutive activation of FGFR3. (A) Immunoblots showing FGFR3 overexpression in transfected cells (HEK) with WT
human-cDNA (FGFR3+/+) and three human mutant cDNA constructs (FGFR3Y373C, FGFR3K650E, FGFR3K650M). FGFR3 is immunoprecipitated (IP) and immu-
noblotted (IB) with anti-FGFR3 and anti-phosphotyrosine antibodies (Ptyr). Ptyr immunoblot showing constitutive phosphorylation of FGFR3 in transfected cells
with mutant cDNA constructs. FGFR3 immunoblots showing three isoforms of the protein (105, 115 and 130 kDa) in WT (FGFR3+/+) and one mutant
(FGFR3Y373C). Two isoforms of the FGFR3 protein (105 and 115 kDa) were present in cells transfected with mutant constructs (FGFR3K650M and
FGFR3K650E). A31 reduces the constitutive phosphorylation of FGFR3. (B) Immunocytochemistry showing FGFR3 (green), phosphorylated tyrosine proteins
(red) and nucleus (blue, DAPI staining) in human chondrocytes transfected with mutant cDNA (FGFR3Y373C). A31 abolishes constitutive FGFR3 phosphoryl-
ation in transfected cells. All experiments were performed in triplicate.
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revealed a reduction in size of the hypertrophic zone of the
Fgfr3Y367C/+ mouse growth plate (Fig. 4B), with abnormally
small chondrocytes resembling PH rather than hypertrophic
cells (Fig. 4C). We evaluated the impact of A31 on the
growth plate (Fig. 4A). Interestingly, A31 induced a
marked expansion of the hypertrophic zone, with marked
modifications of the shape of proliferative and hypertrophic
cells. A31-treated chondrocytes appeared enlarged and more
spherical, resembling to hypertrophic chondrocytes
(Fig. 4D). Therefore, these results suggest that A31
increased the size of mutant growth plates by restoring
the disrupted chondrocyte maturation process.

Effect of A31 on Fgfr3 protein expression

We evaluated the level of Fgfr3 protein expression by
immunohistochemical staining and found an overexpression
of Fgfr3 in Fgfr3Y367C/+ growth plates (Fig. 5A). A31
induced a large decrease in Fgfr3 expression in mutant
femurs (Fig. 5A). These results were confirmed by
western blotting on primary chondrocytes isolated from
E16.5 ribs (Fig. 5B). A higher level of Fgfr3 was revealed
in untreated Fgfr3Y367C/+ chondrocytes, whereas this level
was similar to WT after addition of A31. These data, as
previously suggested (26), confirm that the inhibition of
the constitutive phosphorylation of Fgfr3 by A31 rescues
the turnover of the receptor.

A31 modulates the expression of cell cycle regulator genes

Analysis of expression of PCNA, an S-phase marker, revealed
abnormally high levels of PCNA in the PH (73% of total cells
positive; P , 0 005) and hypertrophic (H) areas of Fgfr3Y367C/

+ mouse growth plates (43% of total cells positive; P ,
0,005) (Fig. 6A). A31 strongly decreased PCNA expression in
the corresponding areas of mutant growth plates (20 and 18%
for PH and H areas, respectively, ∗∗∗P , 1024) (Fig. 6B). Like-
wise, higher expression levels of KI67 were observed in the PH
and H areas of Fgfr3Y367C/+ mouse growth plates compared with
controls (Fig. 6C). A31 also decreased this expression in
Fgfr3Y367C/+ mouse growth plates (Fig. 6C). We noted a
higher expression of PCNA than KI67 in the mutant growth
plate. Furthermore, we investigated whether the presence of
mutated Fgfr3 caused an impairment of expression of cell
cycle regulators. In fact, activated Fgfr3 induced a significant
overexpression of cyclin D1 in the proliferative and PH chon-
drocytes of Fgfr3Y367C/+ mice (Fig. 6D). Interestingly, A31
returned cyclin D1 expression to control levels in mutant
femurs (Fig. 6D). Consistent with this, western blots showed a
reduced level of cyclin D1 in A31-treated murine chondrocytes
isolated from E16.5 ribs compared with untreated chondrocytes
(Fig. 6F). We further analyzed the level of cyclin-dependent
kinase (CDK) inhibitors (CDKIs) negatively regulating the
cell cycle (34), particularly p57, a member of the Cip/Kip
family (35). Activated Fgfr3 induced a higher expression of

Figure 3. A31 restores longitudinal bone growth of Fgfr3Y367C/+ femurs. (A) Fgfr3Y367C/+ mouse embryo at E16.5 shows a dome-shape skull. (B) Fgfr3Y367C/+

femur is broader with a shorter diaphysis at E16.5. (C) Alizarin red and Alcian blue staining show the small size of Fgfr3Y367C/+ femurs. A31 increases the size of
the Fgfr3Y367C/+ femurs after 5 days of culture. (D) Bone length measurements showing a reduced longitudinal growth in Fgfr3Y367C/+ femurs compared with
WT (Fgfr3Y367C/+, 461+119 mm; WT, 1247+227 mm; P , 10210). A31 enhances longitudinal growth in Fgfr3Y367C/+ femurs, the bone growth is greater in
Fgfr3Y367C/+ femurs compared with controls (Fgfr3Y367C/+, 1880+558 mm; WT, 1863+255 mm; ∗∗∗P , 10219 versus untreated controls). The experiments
were performed six times and bone length is shown as mean+SD.
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p57 predominantly in late proliferative and PH chondrocytes.
A31 reduced expression of p57 protein particularly in the PH
zone and enabled PH chondrocytes to properly differentiate
into H chondrocytes (Fig. 6E). We conclude that activated
FGFR3 leads to over-expression of markers of proliferation
(PCNA, KI67) and cell cycle regulators (cyclin D1 and p57) par-
ticularly in the PH zone. These data highlight the dysregulation
of the cell cycle in this skeletal pathology.

DISCUSSION

ACH is the most common form of dwarfism in humans. Most
evidence to date suggests that endochondral ossification is

disrupted in FGFR3-related chondrodysplasias and Fgfr3
mouse models (12–15). To understand the molecular physio-
pathology and to define the best approaches to treat the
disease, we combined several approaches to understand the
specific role of Fgfr3 during the endochondral ossification
process.

Consistent with the abnormal bone growth due to FGFR3
mutations, inhibition of a constitutively active FGFR3 using

a novel TKI, A31 (31) rescued bone growth, indicating that

the inhibition of Fgfr3 was sufficient to overcome the

growth defects of Fgfr3Y367C/+ mice.
A31 inhibited constitutive FGFR3 phosphorylation in trans-

fected cells and restored the size of dwarf femurs using an

Figure 4. A31 modifies the size of the growth plate and chondrocyte morphology. (A) HES staining showing the reduced size of the Fgfr3Y367C/+ growth plate.
A31 induces an increase in the size of the growth plate of the Fgfr3Y367C/+ mice. (B) In situ hybridization of type X collagen showing a markedly reduced
hypertrophic zone (H) of Fgfr3Y367C/+ growth plates compared with WT. A31 induces enhanced type X collagen expression in Fgfr3Y367C/+ growth plates.
(C) HES staining of WT and Fgfr3Y367C/+ growth plates showing smaller mutant chondrocytes in proliferative (P) and hypertrophic (H) zones (high magnifi-
cation). (D) HES staining showing the effect of A31 on chondrocyte phenotype. Cells appear more spherical in the proliferative (P) and hypertrophic zones (H).
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ex vivo culture for embryonic femurs. The increase in length of
the mutant femurs was 2.6 times more than that of WT. This
approach allowed us to visualize more precisely the impact
of the activated receptor on growth plate organization, gene
expressions and chondrocyte morphology.

FGFR3 has been described both as a negative and a positive
regulator of endochondral ossification (1–4), disrupting prolif-
eration and terminal differentiation of growth plate chondro-
cytes, leading to inappropriate synthesis of extracellular
matrix (36). However, the molecular mechanism underlying
the harmonious transition from the proliferation to hypertroph-
ic differentiation of chondrocytes remains an enigma. Human
transcriptome data showed altered expression of genes down-
stream of mutated FGFR3, these genes were associated with
many cellular processes, including cell proliferation, cell
cycle and extracellular matrix structure and turnover (37).

Here, we focused our analysis on markers of proliferation
and regulators of the cell cycle. As previously described in
Fgfr3 K644E/+ mice, we observed a high number of PCNA-
(12) and KI67-positive cells in Fgfr3Y367C/+ fetal proliferative
and PH zones, indicating a dysfunction of cell cycle regula-
tion. The discrepancy in positive cell numbers between
PCNA and KI67 may be due to immunolabeling of non-
functional residual PCNA and/or involvement of PCNA in
DNA repair (38).

In the cell cycle process, PCNA interacts with the
cyclin-CDK complex to transduce positive or negative
signals for progression to G1 or S phase (e.g. the binding of
PCNA to the cyclin D-CDK complex is required for G1 pro-
gression, whereas cyclin E-CDK is required for progression
to S phase) (39,40). In particular, Cyclin D1 has been shown
to be required for normal proliferation of growth plate chon-
drocytes (41). Consistent with our previous human

transcriptomic data (37), activated FGFR3 induced a signifi-
cant overexpression of cyclin D1 in proliferative and PH chon-
drocytes of Fgfr3Y367C/+ mice, thus promoting G1 phase
presumably resulting in accelerated cell cycle progression. In
accordance with our data, fibroblast growth factors or
activated Fgfr3 induce cyclin D1 expression (42,43). Progres-
sion through the cell cycle is also controlled by CDKIs which
negatively regulate the cell cycle (34). Here, we focused our
attention on one CDKI, p57, which is known to inhibit the
activity of all cyclin-CDK complexes involved in G1/S
transition. The role of p57 has been studied in the p572/2

mouse model, in which the size of the resting and the prolif-
erative zones of the growth plate were increased, whereas
the number of hypertrophic chondrocytes was decreased
(35,44). An important role for P57 was reported in the regula-
tion of cell cycle exit and differentiation of chondrocytes (35).
P57 has also been described as a mediator of proliferative
actions of PTHrP in chondrocytes (45) and its transactivation
by C/EBPb promotes the transition from proliferation to
hypertrophic differentiation of chondrocytes (46). Here, acti-
vated Fgfr3 induced higher expression of p57 predominantly
in late proliferative and PH chondrocytes. Taken together,
our data suggest that even in a context of high cyclin D1
expression, P57 could shorten the cell cycle and induce prema-
ture chondrocyte differentiation. This hypothesis is in agree-
ment with previous results of Minina et al. (47), showing
that addition of FGF2 to bone explants induces an advanced
onset of hypertrophic differentiation. FGFs also promote
expression of genes associated with hypertrophic differenti-
ation in rat chondrosarcoma cells (43).

The MAPK pathway has been identified downstream of
FGFR3 activation and studies have demonstrated the impact
of this pathway on the growth plate. In mice expressing a

Figure 5. A31 decreases Fgfr3 overexpression in Fgfr3Y367C/+ femurs. (A) Growth plates of WT and Fgfr3Y367C/+ mice were subjected to immunohistochemical
staining for Fgfr3. Mutant growth plates display an overexpression of Fgfr3 in PH and H zones, which is strongly decreased after A31 treatment. (B) Costal
primary chondrocytes were examined by western-blot with anti-FGFR3. Fgfr3 protein level is higher in Fgfr3Y367C/+ chondrocytes compared with WT. A31
reduced this overexpression.
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constitutively active mutant of MEK1, the MAPK pathway
inhibits the hypertrophic differentiation (17). Indeed, sustained
activation of the MAPK pathway (ERK1/ERK2) is necessary
for the G1 to S progression and is associated with the accumu-
lation of cyclin D1 in the G1 phase (48). These data suggest

that a prolonged activation of ERK1 and ERK2 induces the
expression of cyclin-dependent kinase inhibitors, which can
also contribute to cell cycle exit.

The disorganization and the reduction in the growth plate in
FGFR3-related chondrodysplasias may also result from the

Figure 6. A31 reduces proliferation and cell cycle regulator expression in growth plates. (A) Immunohistochemical staining of growth plates with anti-PCNA
antibodies showing an overexpression of PCNA in Fgfr3Y367C/+mice. The expression of PCNA is reduced by A31. (B) Quantification of PCNA-positive cells in
proliferative (P), PH and H zones showing a higher level of PCNA-positive cells in Fgfr3Y367C/+ growth plates [73% (PH) and 43% (H), ∗∗P , 0,005 versus WT]
compared with WT [31% (PH) and 18% (H)]. A31 induces a strong decrease in PCNA expression in PH and H zones of Fgfr3Y367C/+ growth plates [20% (PH)
and 18% (H), ∗∗∗P , 1024 versus untreated femurs]. The experiments were performed six times and three observers counted positive cells. % PCNA-positive
cells are shown as mean+SD. (C) Immunohistochemical staining of growth plates with anti-KI-67 antibodies showing high expression of KI67 in P and PH
zones of the Fgfr3Y367C/+ growth plate. The expression of KI67 was reduced by A31. (D) Immunohistochemical staining showing overexpression of cyclin D1 in
the Fgfr3Y367C/+ growth plate. A31 induces a decrease in cyclin D1 expression. (F) Immunoblot showing a higher cyclin D1 expression in costal primary
Fgfr3Y367C/+ chondrocytes compared with WT. A31 reduces the expression of cyclin D1 in Fgfr3Y367C/+ chondrocytes. Actin is included as loading control.
(E) Immunohistochemical staining showing a high level of expression of P57 in the Fgfr3Y367C/+ growth plate compared with WT. A31 reduces P57 expression
in the Fgfr3Y367C/+ growth plate.
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disorganization of collagen fibrils, loss of matrix components
and an altered gliding movement of chondrocytes (49). Here,
we confirmed these abnormalities and restored the collagen
type X expression after inhibition of the phosphorylation of
the activated Fgfr3.

Collectively, these data allow us to conclude that key regu-
lators of the cell cycle were disrupted in the growth plate of
the Fgfr3Y367C/+ mice. Activated FGFR3 disturbs the transi-
tion from the proliferative to the hypertrophic state. The dur-
ation of the cell cycle phase was shortened, inducing escape
from the cell cycle and premature chondrocyte differentiation.

The TKI, A31, blocked FGFR3 kinase activity, restored
bone growth dramatically, modulated the cell cycle (PCNA,
KI67, cyclin D1, P67) and transformed PH chondrocytes
into hypertrophic chondrocytes.

Kinase inhibitor drug discovery has progressed dramatically
in the past decade and TKIs are being intensively pursued as
new anticancer therapeutics (50). Here, we have successfully
targeted FGFR3 kinase domains with a TKI in Fgfr3Y367C/+

mice. These promising data provide a pre-clinical rationale
for clinical investigation of TKIs in FGFR3-related
chondrodysplasias.

MATERIALS AND METHODS

Chemical compound

A series of inhibitors was previously designed and synthesized
as PD173074 [Park Davies (51)] analogues bearing various
N-substituents. Of 27 analogues synthesized, A31 (refers to
19 g) was selected in the course of preliminary cellular
assays for its ability to inhibit FGFR3 phosphorylation (31).
This compound competes with ATP binding and can inhibit
autophosphorylation of FGFR3, with an IC50 value of
�190 nM. As a control, we used the commercial FGFR TKI,
PD 173074. TKIs were dissolved in DMSO at a concentration
of 10 mM. The stock solution was stored at 2208C before use.

Computational analyses

The kinase domain structure of FGFR3 was predicted by hom-
ology modeling with the Esypred3D software (52) using a
recent X-ray structure of the highly homologous FGFR1
protein (pdb code 3JS2) (33). We used AMBER software
(53) according to a previously published protocol (54). We
built A31 compound (31) using the Sybyl software package
version 11.0 (SYBYL, Tripos Inc., St Louis, MO, USA).
Two states of the asymmetric carbon (R, S) and two different
protonation states of the neighboring amino moiety (neutral
and +1) were considered. Four distinct chemical structures
were obtained. Energy minimizations of these four A31 struc-
tures were performed (55). Docking calculations were carried
out with version 4.2 of the program AutoDock (56). Kollman’s
united atomic charges were computed. A grid box of 23 ×
20 × 33 Å was constructed in, respectively, the x-, y- and
z-axes around the binding cavity. All ligand torsion angles
were allowed to rotate during docking, leading to a complete
flexibility. One hundred cycles of calculations of Lamarckian
genetic algorithm were performed to complete the conform-
ational search. One hundred resulting docking structures

were clustered into conformation families according to a
root mean square deviation lower than 2.0 Å. We selected
the conformation, which presented the lowest docking free
energy of binding in the most populated cluster.

Ex vivo experiments

Heterozygous Fgfr3Y367C/+ mice ubiquitously expressing the
Y367C mutation and exhibiting a severe dwarfism were used
(14). Six sets of ex vivo experiments were performed. Femur
embryos at day E16.5 from WT (n ¼ 6) and Fgfr3Y367C/+

(n ¼ 6) mice were used and incubated for 5 days in Dulbecco’s
modified eagle medium (DMEM) with antibiotics and 0.2%
bovine serum albumin (BSA) (Sigma) supplemented with
A31 or PD173074 (as control) at a concentration of 2 mM.
Right femur was cultured in the supplemented medium and
compared with the left one cultured in the control medium.
Rib cage from E16.5 WT and Fgfr3Y367C/+ mice embryos
were isolated and stripped of all soft tissues. Primary chondro-
cytes were obtained from rib cages. The ribs were incubated in
a pronase solution (Roche; 2 mg/ml) followed by a digestion
in collagenase A (Roche; 3 mg/ml) at 378C. Isolated chondro-
cytes were plated out at a density of 2.105 cells in six-well
plates containing DMEM supplemented with 10% fetal calf
serum and antibiotics, and were allowed to reach sub-
confluency. Cultures were supplemented with A31 or
PD173074 (as control) at a concentration of 2 mM. Cells
were treated with A31 (2 mM) and PD173074 (as control) in
serum-free DMEM supplemented with 0.2% BSA and har-
vested after 24 h. To establish the effect of the inhibitors,
the right femur was cultured in the supplemented medium
and compared with the left one cultured in the control
medium The bone length was measured at the beginning
(before treatment) and at the end of time course. Each experi-
ment was repeated at least three times.

The genotype of WT, Fgfr3Y367C/+ and Fgfr32/2 mice was
determined by polymerase chain reaction of tail DNA as pre-
viously described (14). All experimental procedures and proto-
cols were approved by the Animal Care and Use Committee.

Histological, in situ hybridization and
immunohistochemical analyses

Limb explants were fixed after culture in 4% paraformalde-
hyde at 48C, and placed in a staining solution for
45–60 min (0.05% Alizarin Red, 0.015% Alcian Blue, 5%
acetic acid in 70% ethanol) or embedded in paraffin. Serial
sections of 5\xEF\x80 mm were stained with hematoxylin–
eosin using standard protocols for histological analysis or
were subjected to in situ hybridization or immunohistochem-
ical staining. In situ hybridization using [S35]-UTP labeled
antisense riboprobes for collagen X was carried out as previ-
ously described (26). Sections were counterstained with hema-
toxylin. For immunohistochemistry, sections were stained
with antibodies specific to FGFR3 (1:250 dilution; Sigma),
anti-PCNA (1:1000 dilution; Abcam), anti KI67 (1:300;
Abcam), anti-cyclin D1 (1:80 dilution; Santa Cruz) and anti
p57 (1:100 dilution; Santa Cruz) using the Dako Envision
kit. Images were captured with an Olympus PD70-IX2-UCB
microscope.
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Quantification of PCNA expression

Three observers counted PCNA-positive and -negative chon-
drocytes in proliferative (P), PH and hypertrophic (H) zones
of the growth plate. Student’s t-test was used to compare
treated (A31) and untreated femurs. Imagine software cellSens
(Olympus) was used for counting cells. We considered a
P-value , 0.05 significant.

Immunoprecipiation, immunoblotting and
immunocytochemistry experiments

Human embryonic kidney (HEK) cells and human chondro-
cyte lines (32) were transfected transiently with FGFR3
human constructs (FGFR3Y373C, FGFR3K650M, FGFR3K650E)
(28) using Fugene 6 (Roche). A31 (31) or PD173074
(Parke Davies) was added at a concentration of 2 mM over-
night. Transfected cells were lysed in radio-immunoprecipita-
tion assay buffer (50 mM Tris–HCl pH 7.6, 150 mM NaCl,
0.5% NP40, 0.25% sodium deoxycholate, supplemented
with protease and phosphatase inhibitors). Immunoprecipita-
tion was performed by incubating 3 ml rabbit anti-FGFR3
(Sigma)/500 mg protein with protein A-agarose (Roche).
Immunoprecipitated proteins were subjected to sodium
dodecyl sulfate (SDS)–polyacrylamide gel electrophoresis
on NuPAGE 4–12% bis–tris acrylamide gels
(Invitrogen). Immunoprecipitated proteins were subjected to
SDS–polyacrylamide gels electrophoresis on NuPAGE
4–12% bis–tris acrylamide gels (Invitrogen). Blots were
hybridized overnight at 48C with anti-FGFR3 polyclonal anti-
body (1:1,000 dilution; Sigma), or anti-phosphotyrosine
monoclonal antibody (1:400 dilution; Cell Signaling).
Lysates of primary murine chondrocytes (E16.5) were sub-
jected to SDS–polyacrylamide gel electrophoresis and were
hybridized overnight at 48C with anti-cyclin D1 monoclonal
antibody (1:100 dilution; Santa Cruz). A secondary antibody,
anti-rabbit or anti-mouse coupled to peroxidase, was used at
a dilution of 1:10 000 (Amersham). Bound proteins were
detected by chemiluminescence (ECL, Amersham). The
blots were rehybridized with an anti-pan-actin antibody for
quantification (Millipore).

For immunocytochemistry, we used the following primary
antibodies: anti-FGFR3 antibodies (1:400 dilution; Sigma),
anti-phosphotyrosine antibodies (1:200 dilution; Cell Signal-
ing) and secondary antibodies Alexa Fluorw488 goat anti-
rabbit and Alexa Fluorw568 goat anti-mouse (1:400 dilution;
Molecular Probes). Cells were covered with Faramount
Aquaeous Mounting Medium (Dako) and analyzed using
an Olympus PD70-IX2-UCB microscope.

Proliferation studies

NIH-3T3 clones stably expressing FGFR3+/+ (WT) and
FGFR3Y373C, FGFR3K650M (human constructs) were used.
The stable clones were selected with G418. NIH-3T3 clones
were incubated for 8 h in 10% newborn calf serum DMEM
supplemented or not with A31 (2 mM). [3H] thymidine was
added at a concentration of 10 mCi/ml and incubated for
16 h. The cells were harvested on glass fiber filter paper and
assayed for radioactivity by liquid scintillation counting.

We used Top Count Microplates scintillation counter (Perkin
Elmer).

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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