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Abstract

The fibroblast growth factor (FGF)/FGF receptor (FGFR) signaling pathway plays
important roles in the development and growth of the skeleton. Apert syndrome
caused by gain-of-function mutations of FGFR2 results in aberrant phenotypes of
the skull, midface, and limbs. Although short limbs are representative features in
patients with Apert syndrome, the causative mechanism for this limb defect has not
been elucidated. Here we quantitatively confirmed decreases in the bone length,
bone mineral density, and bone thickness in the Apert syndrome model of gene
knock-in FgfrZSZSZW/+ (EIIA-Fgfr25252W/+) mice. Interestingly, despite these bone
defects, histological analysis showed that the endochondral ossification process in
the mutant mice was similar to that in wild-type mice. Tartrate-resistant acid
phosphatase staining revealed that trabecular bone loss in mutant mice was asso-
ciated with excessive osteoclast activity despite accelerated osteogenic differ-
entiation. We investigated the osteoblast-osteoclast interaction and found that the
increase in osteoclast activity was due to an increase in the Rankl level of osteoblasts
in mutant mice and not enhanced osteoclastogenesis driven by the activation
of FGFR2 signaling in bone marrow-derived macrophages. Consistently,
Col1a1-Fgfr252°2"/* mice, which had osteoblast-specific expression of Fgfr2 S252W,
showed significant bone loss with a reduction of the bone length and excessive
activity of osteoclasts was observed in the mutant mice. Taken together, the present
study demonstrates that the imbalance in osteoblast and osteoclast coupling by
abnormally increased Rankl expression in Fgfr2°2°?"/* mutant osteoblasts is a major
causative mechanism for bone loss and short long bones in Fgfr2°2°2"/* mice.
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1 | INTRODUCTION

Apert syndrome is a rare genetic disorder that affects about 1 in
65,000-88,000 newborns (Czeizel et al., 1993) and its main symp-
toms are craniosynostosis (CS) caused by premature fusion of at least
one cranial suture (Johnson & Wilkie, 2011). Apert syndrome also
results in distinct facial features, such as midface hypoplasia and a
cleft palate, and some patients have an underdeveloped jaw that can
lead to dental problems (Naski & Ornitz, 1998; Wilkie, 1997; Yu
et al., 2003). Most Apert syndrome cases are caused by a Ser252Trp
(S252W) or Pro253Arg (P253R) missense mutation in the fibroblast
growth factor (FGF) receptor 2 (FGFR2) gene (Anderson et al., 1998;
Yu et al., 2003). These mutations lead to the loss of specificities of
the ligand-receptor interactions and consequently hyperactivation of
downstream signaling (Anderson et al., 1998; Ibrahimi et al., 2004).
Constitutively active FGFR2 signaling accelerates the proliferation
and differentiation of osteoblasts in craniofacial sutures, which leads
to premature fusion of sutures (Anderson et al., 1998; Ibrahimi
et al, 2004; Yu et al., 2003). As its pathophysiological molecular
mechanism, we have found that FGF/FGFR signaling stimulates
transcription and transcriptional activation of RUNX2 via extracellular
signal-regulated kinase (ERK)-mitogen-activated protein kinase and
protein kinase C pathways (Kim H. J. et al., 2003; Park et al., 2010).
We also revealed that Pinl is the downstream molecular target of
FGFR2 in ElIA-Fgfr252°2%* mice that mimic human Apert syndrome,
which suggests a potential therapeutic target for CS and midface
hypoplasia of Apert syndrome (Kim B. et al, 2020; Kim, Kim,
et al., 2020; Kim, Shin, et al., 2020; Shin et al., 2018). However, the
effect of these mutations on long bone growth has not been sys-
tematically studied and the mechanism is unclear.

FGFR genes are differentially expressed in the processes of os-
teogenesis and chondrogenesis. FGFR1 and FGFR2 are mainly ex-
pressed in mesenchymal progenitors and differentiating osteoblasts,
respectively, in the perichondrium, bone collar, and trabecular bone
(Britto et al., 2001; Coutu et al., 2011; Jacob et al., 2006; Molteni
et al., 1999; Ohbayashi et al., 2002). FGFR3 is expressed more in-
tensely in chondroprogenitor cells (Robinson et al., 1999), and FGFR1
and FGFR3 are expressed in mouse and human articular chon-
drocytes (Weng et al., 2012; Yan et al., 2011), which indicates that
FGFR1 and FGFR3 play major roles in endochondral ossification.
(mRNA)
immunoglobulin-like domain in FGFR genes results in different iso-

Alternative messenger RNA splicing of the third
forms, namely llIb and llic (Rice et al., 2003). These isoforms are not
only differentially distributed during bone development, but also
possess different ligand-binding specificities (Ornitz & Itoh, 2001; Yu
et al., 2003). However, immature cultured osteoblasts in vitro express
relatively higher levels of Fgfrl, whereas mature osteoblasts express
relatively higher levels of Fgfr2 (Rice et al., 2003). Such differential
expression of Fgfrs may reflect distinct responses to exogenous FGFs
such as FGF2 (Cowan et al., 2003). The FGF/FGFR signaling pathway
disrupted by mutations in FGFR2 make the FGFR2 mutations in
Apert syndrome change their ligand-binding specificity. Specifically,
the FGFR2 llic isoform binds more readily to FGF7 and FGF10, which

are preferential ligands of FGFR2 Illb, whereas the FGFR2 IlIb iso-
form is abnormally susceptible to binding with FGF2, FGFé, and
FGF9, which commonly bind to either FGFR2 lllc or FGFR1 llic in
mesenchyme (Ornitz et al., 1996; Rice et al., 2003).

In addition to craniofacial deformities, short limbs appear to be a
common feature of patients with Apert syndrome (Cohen &

Kreiborg, 1993). Correspondingly, Fgfr2%2°2W/*

mice exhibit shor-
tened body and limb lengths, as well as a reduced bone mass com-
pared with wild-type (WT) mice (Chen et al., 2014; Morita
et al.,, 2014; Wang et al., 2005). However, the effect of these mu-
tations on long bone growth has not been systematically studied and
its mechanisms are poorly understood.

25252W/* mice had a

In the present study, we found that Fgfr.
dramatic reduction in long bone length, bone mineral density (BMD),
and bone thickness caused by an increase of osteoclast activity in
trabecular bone without alteration of chondrocyte differentiation in
epiphyseal growth plates. Our study also revealed that upregulation
of Rankl in osteoblasts was a main factor of the increased osteoclast

activation in Fgfr25252W/+

mice and suggested that modulation of this
process was a promising strategy for reducing skeletal abnormalities

of the limbs in Apert syndrome patients.

2 | MATERIALS AND METHODS

2.1 | Animal experiments

A mouse that carried a p-loxP-neo cassette, which blocks expression
of the mutant Fgfr2 allele (Fgfr2ne°52°2"W/* genetic background is
~88% FVB, 6% Black Swiss, and 6% 129SEVE), was crossed with a
ubiquitous Cre transgene mouse (EIIA-Cre. B6.FVB-TgN [Ella-cre]
C3739Lm, 003724; Jackson Laboratory) and mature osteoblast-
specific Cre-expressing mouse (Col1a1[2.3 kb]-cre mouse, B6D2F1),
which removed p-loxP-neo to allow specific expression of the mutant
allele. Fgfr2"°5252W/* knock-in mice and Collal-cre transgenic mice
were kindly provided by Dr. Chu-Xia Deng (U.S. National Institutes of
Health) and Dr. Je-Young Choi (Kyungpook National University), re-
spectively. Both male and female pups were examined in this study.
The numbers of mice for each assessment are described in each
figure legend. All mice were maintained under specific pathogen-free
conditions in an individual ventilating system. All animal experiments
were reviewed and approved by the Institutional Animal Care and
Use Committee and Special Committee on Animal Welfare, Seoul

National University, Seoul, Republic of Korea.

2.2 | Micro-computed tomography (CT) analysis
Mice were killed at postnatal Day 21 (P21) by CO, inhalation and the
hind limb was dissected and fixed with 4% of paraformaldehyde.
Micro-CT analysis was performed as described previously (Kim B. S.
et al,, 2021). Tibial bone analysis was performed using a CT Analyser
(Bruker) and TriBON™ software (RATOC System Engineering Co.).
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2.3 | Histological analysis

For hematoxylin and eosin (H&E) staining and immunohistochemistry
(IHC) of tissue sections, P21 mice were fixed in 4% paraformaldehyde
for 24 h. Paraffinization of a dissected tibia was conducted (TP1020,
Leica) after decalcification with 10% EDTA (pH 7.4). Detailed pro-
cedures were performed as described previously (Kim B. S.
et al., 2021). IHC using antibodies against collagen Type X (COL10;
234,196, Millipore-Sigma), proliferating cell antigen
(PCNA; sc-56, Santa Cruz Biotechnology), SOX9 (sc-20095, Santa
Cruz Biotechnology), MMP9 (sc6840, Santa Cruz Biotechnology),
MMP13 (ab39012, Abcam), and nuclear factor-«B (NF-kB; Santa Cruz

Biotechnology) was conducted after antigen retrieval. All stained

nuclear

tissue images were acquired with a DP72 digital microimaging camera

(Olympus) under a BX51 microscope (Olympus).

24 |
staining

Tartrate-resistant acid phosphatase (TRAP)

To measure TRAP activity, tibial tissue sections and differentiated
osteoclasts were stained using a TRAP-staining kit (PMC-AKOA4F,
Cosmo Bio) in accordance with the manufacturer's protocol. The
number of TRAP-positive multinucleated cells per sample was

counted using ImageJ software (National institutes of Health).

2.5 | Primary cell isolation

Mouse primary osteoblasts (POBs) were isolated from calvarial bone
in P21 mice. Dissected frontal and parietal bones were incubated
with trypsin/EDTA (SH30042.01, HyClone Laboratories, Inc.) and
Type |l collagenase (LS004176, Worthington Biochemical Corp.) for
15 and 30 min, respectively. Detached fibroblastic cells and debris
were washed out and the calvarial bones were incubated with Type Il
collagenase for an additional 1 h. Collected cells were filtered and
seeded on the plate for further experiments or storage. For macro-
phages from the spleen and bone marrow, splenocytes were isolated
from PO mice and bone marrow cells were isolated from P21 mice.
The spleen was crushed and dissociated using a 1 ml syringe. Bone
marrow was flushed out suing a 1 ml syringe and bone marrow cells
were dissociated. Spleen and bone marrow cells were treated with
red blood cell lysis buffer Hybri-Max™ (R7757, Sigma-Aldrich) and
plated on a petri dish overnight. Cells in the supernatant were col-
lected and treated with 20 ng/ml macrophage colony-stimulating
factor (M-CSF; 315-02, PeproTech, Inc.) for 5 days. The cells were
then used for further experiments or storage.

2.6 | Cell culture

For osteoclast differentiation, bone marrow-derived macro-

phages (BMMs) isolated from the spleen and bone marrow were
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seeded and cultured as described previously (Yoon H.
et al., 2021). To induce osteoblast differentiation, confluent cal-
varial POBs were cultured in a-minimum essential medium with
10% fetal bovine serum, 50 pug/ml ascorbic acid, and 10 mM of (-
glycerophosphate. For coculture of osteoblasts and osteoclasts,
primary calvarial osteoblasts were seeded and BMMs were added
as described previously (Yoon H. et al., 2021). The medium was

changed every 2 days.

2.7 | Extraction of total RNA, reverse-transcriptase
PCR (RT-PCR), and quantitative real-time PCR

Total RNA was extracted from cultured cells using an RNeasy
Mini Kit (#74104, Qiagen) and reverse transcribed into com-
plementary DNA using a PrimeScript™ RT Master Mix (RRO36A,
TaKaRa Bio) in accordance with the manufacturer's protocol. TB-
Green® Premix Ex Tag™ (RR420A, TaKaRa Bio) was used for
quantitative PCR (qPCR) in an Applied Biosystems™ 7500 RT-PCR
system. Results were normalized to Gapdh expression. The primer

sets used for qPCR are listed in Table 1.

TABLE 1  Primer list used in this study

For real-time PCR

Name Oligonucleotide sequence

Gapdh(F) 5'-CAT GTT CCA GTA TGA CTC CAC TC-3'
Gapdh(R) 5'-GGC CTC ACC CCA TTT GAT GT-3'
Ranki(F) 5'-CAG CAT CGC TCT GTT CCT GTA-3'
Ranki(R) 5'-CTG CGT TTT CAT GGA GTC TCA-3’
Opg(F) 5'-ACC CAG AAA CTG GTC ATC AGC-3'
Opg(R) 5'-CTG CAA TAC ACA CAC TCA TCA CT-3'
Csf1(F) 5'-GAC CCT CGA GTC AAC AGA GC-3'
Csf1(R) 5'-TGT CAG TCT CTG CCT GGA TG-3'
Fgfri(F) 5'-GCA GAG CAT CAA CTG GCT G-3'
Fgfr1(R) 5'-GGT CAC GCA AGC GTA GAG G-3'
Fgfr2(F) 5'-AAT CTC CCA ACC AGA AGC GTA-3'
Fgfr2(R) 5'-CTC CCC AAT AAG CAC TGT CCT-3'
Nfactc1(F) 5'-GGTGCCTTTTGCGAGCAGTATC-3'
Nfactc1(R) 5'-CGTATGGACCAGAATGTGACGG-3'
Ctsk(F) 5'-AGC AGA ACG GAG GCA TTG TGA-3'
Ctsk (R) 5'-ATC GCA GTC TGG GCA CTT GTG A-3’
Trap (F) 5'-CTG ACA AAG CCT TCA TGT CCA A-3’
Trap (R) 5'-GCG CCG GAG TCT GTT CAC TA-3'
Mmp9(F) 5'-CTG GAC AGC CAG ACA CTA AAG-3'
Mmp9(R) 5'-CTC GCG GCA AGT CTT CAG AG-3'
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2.8 | DNA transfection

Fgfr2 WT and Fgfr2 S252W mutant expression vectors were gener-
ously provided by Professor Keiji Moriyama (Tokyo Medical and
Dental University, Tokyo, Japan). Construction of the plasmid vectors
has been described in a previous report (Tanimoto et al., 2004). These
plasmid DNAs were transfected into MC3T3-E1 cells using X-
tremeGENE HP DNA Transfection Reagent (XTG9-RO, Roche) in

accordance with the manufacturer's protocol.

29 | Statistics
All quantitative data are presented as means = SD. Each experiment
was performed at least three times. Results from representative in-

dividual experiments are shown in figures. Statistical analysis was

(a ) WT EIIA-Fgfr25252W

performed by either one-way analysis of variance followed by Bon-
ferroni's test or the Student's t-test using Prism 5.0 software

(GraphPad Software). Here, p < 0.05 was considered significant.

3 | RESULTS
3.1 | ENA-Fgfr2°%>®"’* mice have a decrease in
bone mass of the proximal tibia

Compared with WT littermates, EIIA-Fgfr252°?"/* mutant mice exhibited a
significant reduction in body length with a dome-shaped skull and shor-
tened skull length at P21, which are representative symptoms of Apert
syndrome (Figure 1a). In addition, to determine whether limb shortening
shown in Apert syndrome patients had occurred in EllA-Fgfr252°2W/*

mice, three-dimensionally reconstructed images of proximal tibias were
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FIGURE 1 ElA-Fgfr2°2°?"/* mice have decreases in long bone sizes and bone mineral density. (a) Physiognomy of ENIA-Fgfr2°2°2"/* and

littermate wild-type (WT) mouse at postnatal Day 21 (P21). The mutant mouse had a smaller body size and short head in the superior view (left)
and lateral view (right). (b) Micro-computed tomography (CT) images of the tibial growth plate at P21 in the arterial view of a coronal section and
cross-sectional views are shown for each genotype (n = 5, scale bar: 1 mm). (c) Representative micro-CT images of cortical (top) and trabecular
(bottom) bones in the proximal tibia (n = 5, scale bar: 2 mm). (d-I) Histomorphometric analyses of three-dimensional (3D) micro-CT data. (d) Tibial
length; (e) BV/TV, bone volume/tissue volume; (f) BMD, bone mineral density; (g) C. BV, cortical bone volume; (h) C. Th, cortical bone thickness;
(i) Tb. Th, trabecular thickness; (j) Tb. N, trabecular number. (k) SOC BV, secondary ossification center bone volume. () Regression equation that
described relationship between the degree of deviation of SOC BV and the tibia length in EIIA-Fgfr2°2°2"/* mice. The R? value is the coefficient
of determination of the regression equation. *p < 0.05, **p < 0.01, ***p < 0.001. NS, not significant
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generated and analyzed by micro-CT (Figure 1b,c). The total bone volume
(BV) of EllA-Fgfr2°2°2"* mice was significantly reduced compared with
that of WT mice (Figure 1b). In addition, significant decreases in the
cortical BV (C. BV) and cortical bone thickness (C. Th) were found in EIlIA-
Fgfr°?>2"/* mice compared with WT mice (Figure 1c). Bone morphometric
analyses supported the decreases in bone formation parameters, namely
tibial length, BV/tissue volume (TV), and BMD, in EIIA—Fgfr25252W/+ mice
compared with WT mice (Figure 1d-f). In line with these parameters, C.
BV, C. Th, trabecular bone thickness, and trabecular bone number were
clearly decreased in ElIA-Fgfr25%°?"/* mice compared with WT mice
(Figure 1g-j). These data demonstrated that the Fgfr2 5252W mutation
impaired long bone growth. Interestingly, BV of the secondary ossification
center (SOC) was significantly reduced in EIIA-Fgfr2525"/* mice com-
pared with WT mice (Figure 1k). Figure 1| shows a high correlation be-
tween the tibial length and SOC BV with 0.92 for the coefficient of
determination of the regression equation (R?), which indicated that tibial
length is significantly correlated with SOC BV.

3.2 | Fgfr2 S252W mutation does not affect
chondrocyte differentiation in the growth plate but
reduces trabecular bone

To determine whether the reduction of tibial bone growth caused by
the Fgfr2 S252W mutation was related to the growth plate length, we
examined the structure of tibia growth plates by histological analysis at
P21. Unexpectedly, H&E staining showed a normal columnar organi-
zation of the growth plate and morphometric measurements of the
lengths of proliferative and hypertrophic zones showed no significant
differences between WT and EIIA-Fgfr25252%/* mice (Figure 2a,b). Si-
milarly, at the earlier stages of newborns (P0), P3, and P7, H&E staining
showed no apparent differences in chondrocyte differentiation of
proximal tibial growth plate between WT and ElIA-Fgfr252°2"/* mice
(Figure 2c,d). However, the trabecular bone area was significantly re-
duced in ENIA-Fgfr25%°?"/* mice compared with WT mice (Figure 2a,b).
For confirmation, we performed IHC of COL10, PCNA, and SOX9,
which are the specific markers for hypertrophic and proliferative
chondrocytes, and the master transcription factor for chondrogenesis,
respectively (Tang et al., 2020; Ushijima et al., 2014). Consistent with
H&E staining, there was no difference in the expression levels of
COL10, PCNA, or SOX9 in the growth plate of tibia between both
genotypes (Figure 2e-g). Collectively, these data demonstrated that
the decrease in the long bone length of EIIA-Fgfr252°2"/* mice was due
to a decrease in trabecular bone and not the chondrocyte differ-

entiation process in the growth plate.

3.3 | ElA-Fgfr2°2°2%* mice have an increased
osteoclast formation

The balance between bone formation and resorption during bone re-
modeling is crucial to sustain the bone mass and systemic mineral

homeostasis (Charles & Aliprantis, 2014). Considering that chondrocyte
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differentiation in the tibia growth plate was normal and trabecular bone
was significantly reduced in mutant mice, we hypothesized that abnormal
osteoclastogenesis was induced in ENIA-Fgfr252°2"/* mice. To test our
hypothesis, we performed TRAP staining on the proximal tibia growth
plate. The number of TRAP-positive osteoclasts in EIIA-Fgfr252°?V/* mice
was significantly increased compared with that in WT mice (Figure 3a).
Most TRAP-positive cells were mainly observed on cortical and trabecular
bone surfaces that faced the bone marrow (Figure 3a). Quantitative
analysis showed that the number of osteoclasts was significantly in-
creased in ElIA-Fgfr22>?"/* mice compared with WT mice (Figure 3b).
Consistently, IHC showed that the expression levels of MMP9, MMP13,
and NF-kB, which are osteoclast-related factors, were also increased in
the tibia growth plate (Figure 3c-€). These results strongly suggested that
the Fgfr2 S252W mutation stimulated osteoclastogenesis, which reduced

the trabecular bone mass and tibial length.

3.4 | Fgfr2 S252W mutation affects the ability of
osteoblasts to support osteoblast-mediated
osteoclast activation, but not osteoclastogenesis itself

As ElIA-Fgfr252°2%/* mice showed an increase of osteoclast formation in
long bones, we investigated the possibility of aberrant differentiation of
BMMs into osteoclasts. Unexpectedly, TRAP staining showed that the
osteoclastogenic capacity of ENA-Fgfr252°2"*-derived BMMs was not
significantly different from that of WT-derived BMMs upon treatment
with CSF1 and receptor activator of NF-kB ligand (RANKL) (Figure 4a).
Quantitative analysis showed that the number of osteoclasts was similar
in both WT and ElIA-Fgfr252%"* mice (Figure 4b). As Fgfr2 shows very
high expression levels in osteoblasts (Han et al, 2015; Sugimoto
et al., 2016; Yoon K. A. et al., 2017) but is not expressed in BMMs, we
hypothesized that a mutation in Fgfr2 would not affect BMM differ-
entiation itself. Therefore, we investigated the expression profile of Fgfr
family genes in macrophages. Very similarly to the previously
reported expression profile (Chikazu et al., 2001; Jacob et al., 2006), our
results showed that expression of Fgfrl was very high during the dif-
ferentiation of macrophages isolated from the spleen (Figure 4c) and
bone marrow of WT mice into osteoclasts (Figure 4d), whereas that of
Fgfr2 was barely detectable at the indicated differentiation time points
(Figure 4c,d). These data suggested that BMMs of EIIA-Fgfr252°2V/* mice
did not directly influence osteoclast formation in the mutant mice. In
addition, in contrast to previous papers showing profound abnormalities
and high levels of ERK phosphorylation in osteoblasts of
EIIA—Fgfr25252W/ * mice (Shukla et al., 2007), we found that the level of
ERK phosphorylation, a major downstream molecule of FGFR2 signaling,

was not changed in differentiated osteoclasts of EllA-Fgfr252°2W/*

mice
compared with WT (Figure 4e). To identify the cellular mechanism of the
aberrant osteoclast activation in EIlA-Fgfr252°%/* mice, coculture experi-
ments were performed using BMMs and POBs from WT and ElIA-
Fgfr25252"* mice, respectively. The coculture experiments clearly in-
dicated that the acceleration of osteoclast activity was dependent on
Fgfr25252W/* expression in POBs and not that in BMMs (Figure 4fg).

Quantitative analysis showed that the number of TRAP-positive
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FIGURE 2 EllA-Fgfr252°?"* mice show normal cartilage development and growth plate structures in long bones. (a) Representative images
of hematoxylin and eosin (H&E)-stained proximal tibiae at postnatal Day 21 (P21) from wild-type (WT) and ElIA-Fgfr252°2"/* mice (n = 4, scale
bar: 200 um). (b) Graph of morphometric measurements of the PZ, HZ, and MP. A normal structure of the epiphyseal growth plate was observed
in EIIA-Fgfr252°2W* mice. (c) Representative images of H&E-stained proximal tibiae in newborn(PO), P3, and P7 WT (top) and EIlIA-Fgfr252°2W/*
(bottom) mice (scale bar: 100 um). (d-f) Representative images of immunohistochemistry (IHC) at P21 revealed no apparent differences in

expression of type 10 collagen (COL10) (d), proliferating cell nuclear antigen (PCNA) (e), and SOX9 (f) between WT and ENIA-Fgfr252°?"/* mice

(n =4). HZ, hypertrophic zone; MP, metaphysis; PZ, proliferating zone

multinucleated osteoclasts in EllA-Fgfr25252W/+

mice was significantly
higher than that in WT mice (Figure 4h). The expression levels of os-
teoclast marker genes Nfatcl, Ctsk, Trap, and Mmp9 were significantly
increased in WT-BMMs, which were cocultured with EllA-Fgfr25252W/*
POBs (Figure 4i-I). This significant increasing pattern of these osteoclast
differentiation markers was unaffected by the BMM genotype (data not
shown). Collectively, these results indicated that the Fgfr2 S252W mu-
tation in osteoblasts increased osteoblast-mediated osteoclast activity in
ENA-Fgfr25%°2"* mice by a secondary coupling effect of activated

osteoblasts.

3.5 | Enhanced RANKL expression in osteoblasts
of EllA-Fgfr2°2°2"/* mice contributes to the increases
in RANKL-mediated osteoclast activation and

bone loss

Previous reports show that the FGF signaling pathway is important for
osteoblast differentiation, and that the Fgfr2 S252W mutation induces
hyperactivation of the FGF signaling pathway and excessive differentia-
tion of osteoblasts (Kim H. J. et al., 2003; Shin et al., 2018; Yoon W. J.
et al, 2014). Concordantly, EllA-Fgfr2°?>*"/* POBs had enhanced
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FIGURE 3 Osteoclastogenesis is enhanced in the trabecular bone of EIIA-Fgfr252°2W* mice. (a) Representative images of tartrate-resistant
acid phosphatase (TRAP)-stained trabecular bone and secondary ossification center (SOC) of proximal tibiae in postnatal Day 21 (P21) wild-type
(WT) and EllA-Fgfr252°2%* mice. TRAP-positive purple spots indicate multinucleated osteoclasts (n = 3, scale bar: 500 um). (b) Quantification of
TRAP-positive cells in the trabecular bones of WT and EllA-Fgfr252°?"/* mice. Graph shows the number of osteoclasts per bone surface (N. Oc./
BS). (c-e) Representative images of MMP9 (c), MMP13 (d), and nuclear factor-kB (NF-kB) (p65). (e) IHC of tibia trabecular bones in WT and EIIA-

Fgfr2$252W/+ mice (n = 3, scale bar: 200 um)

production of mineralized matrix compared with WT POBs as shown by
alizarin red staining (Figure 52). M-CSF, RANKL, and osteoprotegerin
(OPG), which is expressed in osteoblasts, are essential signaling molecules
for osteoclastogenesis (Al-Bari & Al Mamun, 2020; Yoon H. et al., 2021).
To examine the molecular mechanism by which the Fgfr2 $252W mu-
tation in osteoblasts promoted osteoclast formation in EllA-Fgfr252°2W/*
mice, we measured the expression levels of these important osteoblast-
mediated osteoclast activation genes in POBs at various differentiation
days. The level of Rankl (Figure 5c) was significantly increased in EIIA-
Fgfr252°2"/* POBs compared with WT POBs. In particular, on differ-
entiation Day 3, the expression level of Rankl was increased by almost
fourfold (Figure 5c). However, the expression level of Csf1 (Figure 5b) in
EllA-Fgfr252°2"/* POBs was similar to that in WT POBs and the expres-
sion level of Opg (Figure 5d) was increased by about twofold in EIIA-
Fgfr252>2"/* POBs on differentiation Day 3. Owing to the high expression
of Rankl, the Rankl/Opg ratio was significantly increased in POBs of ElIA-
Fgfr25252"/* mice compared with WT mice (Figure 5¢). As RUNX2 drives
Rankl expression at the transcription level in osteoblasts (Enomoto
et al., 2003; Mori et al., 2006), we examined the Runx2 expression level
and found that Runx2 expression was also significantly increased in EIIA-
Fgfr252>2"W/* POBs (Figure 5f). Consistently, forced overexpression of
Fgfr2 $252W in MC3T3-E1 cells also increased the Rankl/Opg ratio by
upregulation of Rankl expression compared with Fgfr2 WT cells

(Figure 5g-j). Collectively, the Fgfr2 S252W mutation stimulated Runx2
expression in POBs, which in turn induced Rankl expression and secretion
from POBs, thereby enhancing osteoblast-mediated osteoclast activation
in ENA-Fgfr2525?"* mice.

3.6 | Collal-Fgfr2°?°?"/* mice also have a
decrease in bone mass and excessive activity of
osteoclasts

To confirm whether the Fgfr2 S252W mutation in osteoblasts caused
abnormal long bone growth through an increase in osteoblast-mediated
osteoclast activation in the in vivo model, Fgfr25252W/ * conditional knock-
in mice were crossed with mice that expressed Collal-cre in mature
osteoblasts (referred to as “Collal-Fgfr252°2V/*") (Baek et al., 2009; Kim
B. S. et al., 2021). Similar to the results of ENIA-Fgfr252°2/* mice shown in
Figure 1, micro-CT images of the proximal tibia of Collal-Fgfr252°2W/*
mice at P21 showed a significant reduction in the BV compared with WT
mice (Figure 62a). Bone morphometric analysis revealed that Collal-
Fgfr25252"* mice had significant decreases in the tibial length, BV/TV,
and BMD similarly to ENA-Fgfr25?°?"V/* mice (Figure 6b-d). Collal-
Fgfr25252W/* mice also exhibited a reduction in the SOC BV similarly to
ENA-Fgfr25%°?"/* mice (Figure 6e). Notably, we found a significant
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FIGURE 4 Abnormally enhanced osteoclast formation and activity in EIIA-Fgfr252°?/* mice are attributed to abnormal osteoblast
differentiation. (a) Osteoclast identification by tartrate-resistant acid phosphatase (TRAP) staining. Bone marrow-derived macrophages (BMMs)
isolated from wild-type (WT) and EllA-Fgfr2°252"/* mice were differentiated into osteoclasts in the presence of CSF1 (20 ng/ml) and receptor
activator of nuclear factor-kB ligand (RANKL) (80 ng/ml) for 5 days (scale bar: 100 um). (b) Number of TRAP-positive osteoclasts with more than
three nuclei (n = 5 in each group). (c, d) Messenger RNA (mRNA) levels of Fgfr1 and Fgfr2 measured by quantitative real-time PCR (qPCR) analysis
of WT BMMs isolated from the spleen (c) and bone marrow (d). BMMs from the spleen were cultured in osteoclast differentiation medium for
each indicated day and BMMs from bone marrow were cultured for 6 days. Relative mRNA expression was normalized to Gapdh expression. (e)
ERK phosphorylation of WT and EIIA-Fgfr2S252W/+ mice BMMs from bone marrow. BMMs were differentiated into osteoclasts in osteoclast
differentiation medium for 5 days. (f, g) TRAP staining of BMMs from WT and ElIA-Fgfr252°2"/* mice cocultured with primary calvaria
osteoblasts (OBs) from WT and ElIA-Fgfr252°2"/* mice, respectively, for 7 days with vitamin D3 (10 nM) and prostaglandin E2 (PGE2) (1 uM) in
osteogenic medium for osteoclast differentiation (scale bar: 100 um). (h) Number of TRAP-positive osteoclasts. (i-1) Primary calvarial OBs of WT
and ENIA-Fgfr25252W/* were cocultured with WT BMMs and mRNA levels of osteoclast marker genes were determined by reverse-transcription
(RT) quantitative PCR (gPCR). Data are expressed as the mean + SE. *p < 0.05, **p < 0.01, ***p < 0.001. NS, not significant

increase of TRAP-positive osteoclasts in the trabecular bone and SOC of expression level of Rankl was significantly increased, while Opg and M-
Col1a1-Fgfr252"/* mice (Figure 6f). Quantitative analysis showed that csf mRNA levels were not significantly changed in EIlA-Fgfr25252W/+
the number of osteoclasts was significantly increased in Collal- POBs compared with WT POBs (Figure 5c), which indicated that Rankl
Fgfr252°2"* mice compared with WT mice (Figure 6g). Taken together, was responsible for the osteoblast-osteoclast interaction as an
these results demonstrated that the mature osteoblast-specific Fgfr2 osteoblast-derived coupling factor in these mutant mice. FGF2 sti-
$252W mutation decreased the bone mass in the proximal tibia through mulates Rankl expression in osteoblasts to regulate osteoclast differ-
excessively enhanced osteoblast-mediated osteoclast activation. entiation (Chikazu et al., 2001; Kawaguchi et al., 2000) and activation

of FGF/FGFR signaling strongly stimulates Runx2 expression in os-
teoblasts, which promotes osteoblast differentiation (Kim H. J.
4 | DISCUSSION et al., 2003; Shin et al., 2018). The present study also showed that the
mRNA level of Runx2 was significantly enhanced in Fgfr2°2°2"/* POBs
RANKL, OPG, and M-CSF produced in osteoblasts are important (Figure 5f). Putative RUNX2-binding sites are located in the Rankl gene
regulators of osteoclast differentiation, bone resorption, and bone promoter region (Kitazawa et al., 1999; Mori et al., 2006) and Runx2-
remodeling (Charles & Aliprantis, 2014; Tanaka et al., 2005; Yoon H. deficient mice completely lack osteoclasts because of diminished
et al., 2021). Interestingly, the present study showed that the RANKL expression (Enomoto et al., 2003). Taken together, although
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Imbalanced Rankl/Opg expression due to enhanced Rankl expression in osteoblasts increases osteoclast formation in

ElIA-Fgfr252°2W* mice. (a) Alkaline phosphatase (ALP) and alizarin red staining were performed in wild-type (WT) and EIlA-Fgfr2°2°?"/* primary
calvaria osteoblasts (OBs) treated with osteogenic medium for 5 days and 2 weeks. (b-d) Relative mRNA expression of osteoclast differentiation
factors in WT and EIIA-Fgfr252°2W* primary calvaria OBs treated with or without (O day) osteogenic medium for each indicated day as
determined by quantitative PCR (qPCR). (e) Relative Rankl/Opg ratio. (f) mRNA level of Runx2 in WT and EIlA-Fgfr2°2°2"/* primary calvaria OBs
cultured in osteogenic medium. Cells were collected and analyzed by reverse-transcription (RT)-gPCR after treatment for 1 or 3 days with or
without osteogenic medium. (g-i) Expression levels of osteoclast differentiation-regulating genes in MC3T3-E1 cells as measured by RT-gPCR
after transfection of Fgfr2 WT or S252W plasmids. (j) Graph of the relative Rankl/Opg ratio

we did not find this hierarchical regulation of FGFR2-Runx2-Rankl
directly in this study, our results indicated that the FGFR2 S252W
mutation markedly increased Rankl expression via excessive Runx2
expression in osteoblasts of these mutant mice, which induced ab-
normally increased Rankl-mediated osteoclast activation (Figure 6h).
On the basis of our present study, RANKL-targeted therapies may be
proposed to treat Apert syndrome disorders relevant to osteoclast-
mediated bone loss. Denosumab, which is a fully human monoclonal
antibody directed against RANKL and approved by the U.S. Food and
Drug Administration for the treatment of osteoporosis in post-
menopausal women with a high fracture risk (Dore, 2011; Schwarz &
Ritchlin, 2007; Scott & Muir, 2011), may be of great therapeutic value
for the treatment of Apert syndrome patients with long bone growth
disorders. Therefore, further studies of Fgfr2°2°?"/* mice are needed
to verify the potential of RANKL-targeted therapies to alleviate the
symptoms of Apert syndrome.

Bone homeostasis is maintained by the balance between the two
main processes of bone remodeling: bone resorption by osteoclasts
and bone formation by osteoblasts (Charles & Aliprantis, 2014;
Mohamed, 2008; Tanaka et al., 2005). Remodeling is a coordinated
process that occurs continuously and repeatedly with bone resorp-
tion by osteoclasts for 2-4 weeks and bone formation by osteoblasts
for 4 months (Tanaka et al., 2005). As the rate of bone resorption by
osteoclasts is faster than that of bone formation, bone mass is gen-

erally lost when both processes are activated together (Tanaka

et al, 2005). FGFs and FGFRs act as essential regulators in a
spatiotemporal-dependent manner at all stages of skeletal develop-
ment (Ornitz & Marie, 2015). In particular, a previous report has
shown that activation of FGFR2 promotes osteoblast differentiation
(Ornitz & Marie, 2015). FGF18 is an essential autocrine-positive
regulator of osteogenic differentiation mediated by FGFR2 activation
(Hamidouche et al., 2010; Jeon et al., 2012). Genetic studies in mice
have demonstrated that Fgfr2-lacking mice display defective osteo-
genesis (Yu et al., 2003). In addition, constitutive activation of Fgfr2
signaling caused by the S252W mutation promotes expression of
bone marker genes in human osteoblasts (Lemonnier et al., 2001;
Lomri et al., 1998; Tanimoto et al., 2004). Our data also showed that
osteoblast differentiation was significantly enhanced in EIIA-
Fgfr252°2"/* pOBs compared with WT POBs as shown by alkaline
phosphatase and alizarin red S staining (Figure 5a). However, al-
though Fgfr25252"/* mice showed accelerated osteogenic differ-
entiation of POBs, their long bones were much shorter than those of
WT mice (Figure 1). This discrepancy appeared to be caused by im-
pairment of the cooperation of complex regulatory crosstalk between
osteoclasts and osteoblasts during bone remodeling in these mutant
mice. The excessive Rankl expression mediated through RUNX2 ac-
tivation by constitutively active FGFR2 signaling in osteoblasts also
accelerated osteoblast-mediated osteoclast activation in long bones
of EllA-Fgfr252°2W* mice (Figures 3-5). In these mutant mice, both

bone formation and resorption were activated and the balance
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FIGURE 6 Increased osteoblast-mediated osteoclast activation and reduced bone formation in tibia trabecular bones of Collal—Fgfr25252W/ *

mice. (a) Representative micro-computed tomography (CT) images of the tibial growth plate at postnatal Day 21 (P21) in midsagittal and coronal views
are shown for each genotype. (n 2 8, scale bar: 1 mm). (b-e) Histomorphometric analyses of three-dimensional (3D) micro-CT data. (f) Tartrate-resistant
acid phosphatase (TRAP)-positive osteoclasts as determined by TRAP staining of trabecular bone and secondary ossification center (SOC) of proximal
tibiae in P21 wild-type (WT) and Colla1-Fgfr252°?* mice (n = 3, scale bars: top, 200 pm:; bottom, 100 pm). (g) Graph of the number of osteoclasts

per bone surface. Data are expressed as the mean + SE. *p < 0.05, **p < 0.01, ***p < 0.001. (h) Mechanisms of reduced long bone growth in

Fgfr25252W/* mice

shifted towards bone resorption, which reduced the bone mass and
shortened the bone length.

FGFR3 is expressed prominently in proliferating and pre-
hypertrophic chondrocytes in the growth plate, and STAT1, ERK1/2,
and p38 intracellular signaling through FGFR3 activates downstream
genes, such as p107, p21, and Sox9, which regulate chondrocyte
proliferation and differentiation into hypertrophic chondrocytes
(Ornitz & Marie, 2015). Achondroplasia is the most common form of
skeletal dwarfism in humans and 297% of cases result from an au-
tosomal dominant missense mutation in FGFR3 (Segev et al., 2000;
Su et al., 2010). In achondroplasia, the hypertrophic zone is reduced
by shortened chondrocyte proliferation and differentiation (Naski &
Colvin, Coffin, et al., 1998; Ornitz & Marie, 2002). However,
ElIA-Fgfr2°252"/* mice had decreases in long bone lengths and BMD
without apparent defects in chondrocyte proliferation or differ-
entiation (Figure 2). FGFR2 is expressed very weakly in resting,
proliferating, and erosive zones of the growth plate (Rice et al., 2003).
Mice with a conditionally inactivated Fgfr2 gene in limb bud me-
senchyme (Fgfr2°k°) have reduced postnatal growth, but no effects on

chondrocyte proliferation or the length of the proliferating chon-
drocyte zone (Yu et al., 2003). These results indicate that FGFR2 and
FGFR3 have cell type-specific expression patterns and functions in
the bone. Consistent with our current osteoclast findings (Figure 3), a
previous in vivo study has suggested that greater osteoclast activity
in the metaphysis results in smaller bone formation and, conse-
quently, a shorter trabecular bone (Quinn et al., 2008). In addition,
the reduced stature and limbs of Fgfr2°*° mice are attributed to de-
creased osteogenesis and increased osteoclast activity at the meta-
physis (Yu et al., 2003). A previous report has also shown an increase
in TRAP-positive osteoclasts in the mandibular bone of Fgfr25252W/*
mice compared with WT mice (Zhou et al., 2013). Thus, on the basis
of these results, in this study, we reported that constitutive activation
of FGFR2 in ENA-Fgfr252°2"/* mice reduce the length of limbs
through accelerated osteoblast differentiation-coupled enhancement
of osteoclast activation in the metaphysis without altering chon-
drocyte differentiation in the epiphyseal growth plate.

In our previous study, we have shown the increased hypertrophy

of nasal septal chondrocytes in the above mentioned Apert syndrome
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model mice (Kim B. S. et al., 2021). Although a small part of septal
cartilage adjacent to ethmoid or nasal bones undergoes endochondral
ossification, the main body of the nasal septum continues to remain
as a cartilage throughout a lifespan (Wealthall & Herring, 2006). The
hypertrophic change of chondrocytes that we observed was in the
main body of the nasal septum and did not progress to endochondral
ossification. The discrepancies of chondrocyte hypertrophy in the
nasal septum and the long bone epiphysis probably occurred due to
their different developmental origin (Gilbert, 2000) or a different
developmental fate of tissue that caused the chondrocytes to re-
spond differently from the activated FGFR2 signaling. Nevertheless,
as the endochondral ossification process is critical for longitudinal
bone growth (Segev et al., 2000), and as the abnormal proliferation
and differentiation of chondrocytes in the growth plate in the Apert
syndrome model mice were reported in previous studies (Chen
et al, 2014; Wang et al., 2005), the possibility of abnormal en-
dochondral ossification cannot be ruled out completely.

During this process, a primary ossification center (POC) is
formed within the diaphysis and an SOC within the epiphysis (Xie
& Chagin, 2021). The process that regulates POC formation has
been well investigated, whereas the signaling pathways as well as
the systemic and local factors that regulate establishment of the
SOC and the role of SOC in longitudinal bone growth are unclear.
In the present study, we observed that a reduced SOC BV was
highly correlated with a shortened tibia length in Fgfr25252W/*
mice (Figure 1k,l). Anatomically, the SOC separates the articular
cartilage from the growth plate cartilage, which provides several
advantages in connection with formation of the epiphysis, in-
cluding flexibility for the growth plate cartilage to take a shape
that allows proper arrangement of trabeculae (Xie &
Chagin, 2021). Therefore, although not revealed in this study, our
results on the high correlation between the SOC and length of
long bones provide insights to explain another mechanism for
limb-shortening symptoms in Fgfr2°2°2"/* mice and patients with
Apert syndrome.

In conclusion, the present study shows that activating mutation
Fgfr2 S252W decreases the long bone length and BMD by elevating
osteoclast activity stimulated by Rankl expression in osteoblasts
(Figure 6h). Furthermore, genetic and functional studies revealed
how activated FGFR2 signaling in osteoblasts affects postnatal bone
homeostasis in long bones. For new therapeutic approaches that
target these regulatory processes, further studies are needed to gain
an integrated understanding of the bone formation and bone re-
sorption status in Apert syndrome of other bone tissues such as

calvaria, midface, and vertebral bones.
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