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Abstract

Most facial bones, including frontal bones, are derived from neural crest cells through intramembranous ossification. Fibro-
blast growth factor receptor 1 (Fgfrl) plays a pivotal role in craniofacial bone development, and loss of Fgfrl leads to
cleft palate and facial cleft defects in newborn mice. However, the potential role of the Fgfrl gene in neural crest cell-
mediated craniofacial development remains unclear. To investigate the role of Fgfrl in neural crest cells, we analyzed
Wntl-Cre; Fgfrofox mice. Our results show that specific knockout of Fgfr/ in neural crest cells induced heterotopic chon-
drogenesis and osteogenesis at the interface of the anterior portions of frontal bones. We observed that heterotopic bone
formation continued through postnatal day 28, whereas heterotopic chondrogenesis lasted only through the embryonic period.
In summary, our results indicate that loss of Fgfrl in neural crest cells leads to heterotopic chondrogenesis and osteogenesis.
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Introduction

Most facial bones, including the palatine, maxilla, and
pterygoid bones, are derived from neural crest cells [1]. A
previous report using Wntl-Cre transgenic and ROSA26
conditional reporter (R26R) mice [2] showed that frontal
bones also originated from neural crest cells through intram-
embranous ossification.

Fibroblast growth factor receptor 1 (FGFR1) is a member
of the vertebrate Fgfr gene family, comprising four highly
related genes, Fgfri—4, each of which encodes a receptor
tyrosine kinase [3]. These receptors have an extracellular
ligand-binding domain, a transmembrane region, an alter-
natively spliced juxtamembrane domain, and an intracellular
tyrosine kinase signaling region. Fgfri-knockout embryos
have prominent defects during early development caused by
aberrant mesodermal migration and patterning, which lead
to embryonic lethality during gastrulation [4].
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Because of this early embryonic lethality, a conditional
allele of Fgfrl was generated by introducing loxP sites
into the intronic regions flanking exons 8 and 15 [5, 6].
Cre-mediated recombination then enabled deletion of the
sequences encoding the transmembrane and juxtamembrane
domains, as well as most of the tyrosine kinase domain.
These Fgfrl-flox mice were later crossed with mice carry-
ing a transgene expressing Cre recombinase under the Wt
promoter [7]. In these mice, Cre was active in neural crest
precursors and at the mid-hindbrain boundary, where Wnt/
was expressed. Therefore, the floxed exons of the Fgfrl gene
were deleted only in these cells.

Wntl-Cre;Fgfrlﬁ"x/ﬂox mice were previously used to
investigate the functions of the Fgfrl gene in pharyngeal
patterning and at the mid-hindbrain boundary [6], with cleft
palate and facial cleft defects observed in these newborn
mice. In skeletal preparations, these mice showed open pala-
tine bones and flattened pterygoid bones [6]. However, to
date, no complete assessment of craniofacial bone formation
has been performed in Fgfr! conditional knockout (CKO)
Wntl-Cre; F gfr]ﬁ”)‘m’”‘ mice.

In this study, we analyzed cranial bone development in
Watl-Cre; Fgfr1"/1°% mice and WntI-Cre;R26R; Fgfr1/o¥/fex
mice, which harbored the conditional R26R reporter.
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Materials and methods
Mice

Wntl—Cre;Fgfrlﬂ”X/ﬂox mice have been described previ-
ously [7]. All experiments were performed in an outbred
(129sv/ICR) background. Male WntI-Cre;Fgfr1"* mice
and female Fgfr/°fo* mice [7] were mated to yield Wntl-
Cre;F, gfr]ﬂo"m"x mice. F gfr]ﬂo"/ﬂ(’x mice and Wntl-Cre;R26R
mice were mated to yield Wntl-Cre;R26R; F’ gfr]ﬂo"m"x mice.
Genotypes were confirmed by polymerase chain reaction
(PCR) using tail clips. PCR was performed to detect Cre and
the Fgfrl wild-type (WT) allele. For Cre-transgenic mice,
the forward primer was 5'-CCCACCGTCAGTACGTGA
GATATC-3' and the reverse primer was 5'-CGCGGTCTG
GCAGTAAAAACTATC-3". A 350-bp band was expected.
For Fgfrl flox the forward primer was 5'-GAGCTGTAAGCA
TAGGCTAG-3" and the reverse primer was 5'-CTTCTC
CCAAAGAGACCTTTC-3', with a 225-bp band expected
for WT alleles but no band if only Fgfri-flox alleles were
present. Genotyping of R26R mice was conducted as previ-
ously reported [2].

Skeletal analysis

Skeletal preparations were made from the heads of E18.5
embryos and from mice at postnatal day 1 (P1), P7, P14, and
P28. Embryos at E18.5 derived from WntI-Cre; Fgfr1/'**fiox
CKO mice were dissected from the uterus and rinsed in
phosphate-buffered saline (PBS). Heads were dissected,
skinned, incubated in 100% ethanol for 10 days, and then
stained with 0.3% Alcian Blue and 0.1% Alizarin Red in
70% ethanol for cartilage (blue) and ossified tissue contain-
ing calcium (red), respectively. The heads were cleared with
2% KOH in 20% glycerol.

Histological analysis

Heads of E16.5 embryos and P10 mice were dissected and
fixed with 4% paraformaldehyde in phosphate buffer (pH
7.4). Heads of E16.5 embryos were then directly embedded
without decalcification, whereas the heads of P10 mice were
decalcified with formic acid for 24 h prior to embedding.
Embedded tissues were then cut into 6-pm-thick sections
and stained with hematoxylin and eosin (HE) according to
standard protocols.

X-gal staining of cryosections

Heads from E16.5 and E18.5 embryos were dissected,
embedded in OCT compound, and stored at — 80 °C.

Sections (10-pm-thick) were fixed in 0.2% glutaralde-
hyde/2% paraformaldehyde in PBS and incubated with 1 mg/
mL X-Gal staining buffer overnight in the dark at 37 °C.
The X-Gal staining buffer consisted of 2 mM MgCl,, 5 mM
K;Fe(CN)¢, and 5 mM K,Fe(CN)4-3H,0 in 1 X PBS. Sec-
tions were washed with PBS and counterstained with eosin.

In situ hybridization

We performed in situ hybridization of nonradioactive sec-
tions as described previously [8—10]. Briefly, digoxigenin
(DIG)-11-UTP-labeled, single-stranded RNA probes
were prepared using a DIG RNA-labeling kit (Roche Bio-
chemica). cDNAs for collagen type II (Col II), osteopontin
(OPN), and bone morphogenic protein-4 (Bmp-4) were used
to generate antisense and sense probes. Hybridization was
performed at 55 °C overnight, and wash steps were also per-
formed at the same temperature.

Analysis of bromodeoxyuridine (BrdU)
incorporation

Pregnant mice from E15.0 embryos were injected intraperi-
toneally with BrdU (100 mg/kg body weight) 2 h before the
kill. The heads of the embryos (knockout and WT, n=3
per group) were fixed overnight in 4% paraformaldehyde,
embedded in paraffin, and sectioned to 5-um thickness.
BrdU was detected immunohistochemically using an anti-
BrdU antibody (1:100; GE Healthcare), and sections were
then incubated with a biotinylated anti-mouse IgG antibody
(1:2000; Vector Laboratories) in blocking buffer with 1.5%
horse serum in PBS. Signals were detected using Vectastain
ABC (1:2000; Vector Laboratories) in PBS. Sections were
counterstained with hematoxylin. We counted the number of
BrdU-positive cells in the frontal bone or heterotopic bone
area of each section, using three sections for each embryo.

Biochemical tests

Alkaline phosphatase (ALP) activity (IU/mg protein) and
calcium (Ca) content (g/mg tissue) were used to quantify
frontal bone formation. Frontal bones, except for heterotopic
bones from E18.5 embryos of WntI-Cre; Fgfr1/*/o* (n=5)
and WT (n=6) mice derived from the same mother, were
weighed and then homogenized in 0.25 M sucrose in a Bio-
Mixer Polytron homogenizer. ALP activity and total protein
content in the resultant supernatants were determined using
the 4-nitrophenyl phosphate method [11]. The sediment was
demineralized in 0.5 N hydrochloric acid, and Ca content of
the soluble fraction was determined by the O-cresolphthalein
complex method [12].

@ Springer



158

Medical Molecular Morphology (2019) 52:156-163

Statistical analysis

Results are presented as means + standard deviations. Statis-
tical analysis of differences between groups (for Ca content
and ALP activity) was performed using analysis of variance
followed by Fisher’s comparison test.

Results

Embryos of Wnt1-Cre;Fgfr1 flox/ 1% ice form
heterotopic bone and cartilage in the frontal bone

We used the Wntl-Cre system to produce a neural crest-spe-
cific knockout of Fgfrl. The skulls at E18.5 were morpho-
logically smaller in Fgfrl CKO mouse embryos (n=6) than
in WT embryos (n=5), and presented marked frontal bone
defects (Fig. 1a). Moreover, heterotopic cartilage (Fig. 1a,
black arrow) and bone tissue formation (Fig. la, white
arrow) could be seen in the defective frontal bone, none of
which was observed in WT mice. HE staining of the fron-
tal and craniofacial sections of E16.5 embryos (n=7) con-
firmed heterotopic chondrogenesis (Fig. 1b, black arrows)
and osteogenesis (Fig. 1b, white arrows). No heterotopic
chondrogenesis or osteogenesis was detected in sections
from WT embryos (n=5).

Serial frontal sections of heads from Wntl-
Cre;Fgfrlﬂ"X/ﬂ”x embryos at E16.5 were used for in situ
hybridization to examine changes in Col II, OPN, and Bmp-
4 expression. We detected strong Col II expression in the
heterotopic cartilage (Fig. 1c, black arrow) and OPN expres-
sion in the center of the heterotopic bone (Fig. lc, white
arrow), whereas Bmp-4 was expressed around the region of
heterotopic ossification (Fig. 1c, red arrows).

Minimal calcification is observed in the frontal
bones of Wnt1-Cre;Fgfr17°/1* mice

Ca content (0.46 +0.23 mg/tissue) and ALP activity
(2.73 £1.08 IU/mg protein) were significantly lower in the
frontal bones of E18.5 Wntl-Cre; Fgfr1""°* embryos than
in WT embryos (0.79 +0.15 mg/tissue and 5.80+1.10 TU/
mg protein, respectively; Fig. 1d, e).

Heterotopic cartilage and bone derive from neural
crest cells

LacZ-positive cells were used to identify tissues derived
from the neural crest cells in Wntl-Cre; R26R;F gfr]ﬂox/ﬂ”
mouse tissues. Chondrocytes in the heterotopic cartilage
(Fig. 2, black arrows) and cells surrounding the sites of
heterotopic ossification (Fig. 2, white arrows) were both
lacZ-positive.
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Cell proliferation and Col Il gene expression are high
during early osteogenesis in Wnt1-Cre;Fgfr17ox/flox
mice

Frontal bone osteogenesis in Wat1-Cre; Fgfr1"°* embryos
was first observed at E15.0, with Col II-expressing cells at
the interface between frontal bones (Fig. 3a, black arrow).
The same site saw also active cell proliferation, as indicated
by positive BrdU staining (Fig. 3a, white arrow). In con-
trast, only few Col II-expressing or actively proliferating
cells were detected at the interface of frontal bones in WT
mice (Fig. 3a). The number of BrdU-positive cells was gen-
erally high at the interface of frontal bones in WT embryos
(Fig. 3b) and no significant difference could be seen regard-
ing the total number of cells in frontal bones between WT
and Watl-Cre; Fgfr""f°* embryos (Fig. 3b).

Fate of heterotopic cartilage and bone in postnatal
Fgfr1 CKO mice

Seven Fgfrl CKO mouse embryos and five WT embryos
were obtained from the same mother. Of the seven Wntl-
Cre; Fgfr1*fox embryos, five (71.4%) displayed cleft pal-
ate at E16.5 and died shortly after birth. The remaining
two (28.6%) did not display a cleft palate and survived. All
Wntl-Cre; F gfrlﬂ”"m”x mice exhibited heterotopic chondro-
genesis and osteogenesis, irrespective of cleft palate, and
could be observed postnatally for up to 4 weeks.

Heterotopic cartilage could not be clearly detected in
skeletal preparations of postnatal Wntl-Cre; Fgfr1/1o"flox
mice (Fig. 4a), or by HE staining at P10 (Fig. 4b). However,
Wntl-Cre;Fgfr17°f°* mice manifested heterotopic ossi-
fication in skeletal preparations up to P28 (Fig. 4a, white
arrow). Heterotopic bone in WntlI-Cre; Fgfr /¥ mice had
expanded into the interface between the two frontal bones
(Fig. 4a, white arrows). In HE staining at P10, heterotopic
bone tissue was observed and appeared separated from the
original frontal bone tissues (Fig. 4b, arrows).

Discussion

In this study, we analyzed frontal bone formation in WntI-
Cre; Fgfr17fox mice whose Fgfrl expression had been
knocked-out specifically in neural crest cells. Fgfrl knock-
out led to heterotopic chondrogenesis and osteogenesis in
the anterior portion of the frontal bone. Cre activity alone
can cause dramatic developmental defects, such as loss of
hematopoietic activity and increased apoptosis [13]. We
confirmed that Cre activity in WntI-Cre mice had no effect
on the phenotypes observed and described here (data not
shown). Therefore, we concluded that this phenotype arose
specifically as a result of Fgfrl deletion in neural crest cells.
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Fig.1 Phenotype and calcification of frontal bones in Wntl-
Cre; Fgfr/"fox mice. a Skeletal preparations of E18.5 embryos
stained with Alcian Blue (cartilage) and Alizarin Red S (bone).
Heterotopic chondrogenesis (black arrow) and osteogenesis (white
arrow) can be observed among anterior defects of frontal bones in
Watl-Cre; Fgfr1/of* mice. Heterotopic chondrogenesis is marked by
the formation of a rod-like structure in the anterior—posterior direc-
tion. Heterotopic bone is formed above this structure. b HE stain-
ing of E16.5 embryos showing heterotopic chondrogenesis (black

Bmp-4

arrows) and osteogenesis (white arrows). ¢ Col II, OPN, and Bmp-
4 gene expression in the anterior frontal bone of WT and Wntl-
Cre; Fgfr1"fox mouse embryos at E16.5. Col II (black arrow), OPN
(white arrow), and Bmp-4 (red arrows) can be observed in the middle
of the anterior frontal bone. d Ca content and E. ALP activity in fron-
tal bones of WT and Wnt! —Cre;Fgfr]ﬂ‘”‘m"x mouse embryos at E18.5.
CKO conditional knockout; WT wild-type. *P <0.05 for CKO versus
WT (unpaired two-tailed 7 test). Scale bars: 100 pm
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Fig.2 X-gal staining of
Watl-Cre;R26R; Fgfr1/'ofiox
mice. X-gal-positive cells can
be observed in heterotopic
cartilage (black arrows) and
heterotopic ossification tissues
(white arrows). Magnification:
left, X 100; right, X 400. Scale
bars: 100 pm

Heterotopic chondrogenesis in Wntl-Cre;Fgfrifox/™*

mice occurred within the same time frame as normal chon-
drogenesis in other parts of the skull [14], with specific
rod-shaped morphology. Heterotopic ossification occurred
also during embryogenesis dorsally to this rod-shaped
cartilage. However, we were unable to detect heterotopic
chondrogenesis in postnatal skeletal preparations. Dur-
ing craniofacial development, Meckel’s cartilage in the
mandible disappears in the postnatal stage [15]. Meck-
el’s cartilage is derived from neural crest cells [16] and
represents a temporary structure required for subsequent
membranous ossification [17, 18]. It is possible that, like
Meckel’s cartilage, the heterotopic cartilage formed in
Wntl-Cre; Fgfr °/1* mice acts as a temporary structure
for subsequent bone formation. To verify this hypothesis, a
more detailed analysis of the fate of heterotopic cartilage,
including analysis of apoptosis in Wntl-Cre; Fgfr1/lox/flox
mice, is required.

Wnt1-Cre;Fgfr1#/™ embryos displayed heterotopic
osteogenesis similar to that observed in mice with con-
ditional deletion of Msx] and Msx2 in neural crest cells
[19]. However, in Msx1/Msx2-deficient mice, heterotopic
bone formation was observed at the interface of the poste-
rior portion of the frontal bones and was not accompanied
by heterotopic chondrogenesis. The heterotopic osteo-
genesis observed at the posterior frontal bone was driven
by BMP signaling [19]. Although Bmp-4-expressing
cells were detected in heterotopic bone formed in Wntl-
Cre; F, gfr]ﬂ”/ﬂ”x mice, it remains unclear whether ectopic
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Bmp-4 expression promoted heterotopic chondrogenesis
and/or osteogenesis in this study.

Simultaneous knockout of Axin2 and decreased activity
of Fgfrl in mice has been reported to induce ectopic chon-
drogenesis in the posterior frontal (PF) and sagittal sutures,
leading to abnormal suture morphogenesis and fusion in
the postnatal stage [20]. Moreover, Fgfr]l was inactivated in
Axin2-expressing cells and postnatal inactivation of Fgfrl
led to premature chondrogenesis in the PF suture at P7 in
80% of mice [20]. In contrast, our knockout of Fgfrl in the
neural crest cells induced ectopic chondrogenesis and osteo-
genesis in the anterior part of the frontal bone, rather than
in the PF suture. Importantly, ectopic chondrogenesis was
detected already in the prenatal stage. In vitro experiments
from the above study indicated that switching the fate of
mesenchymal stem cells from an osteoblast progenitor to
a chondrocyte progenitor was related to a balance between
WNT and FGF signaling [20]. Based on these findings, fur-
ther studies are required to elucidate the mechanisms medi-
ating cell proliferative activities and heterotopic chondro-
genesis in the anterior part of the frontal bone. We also plan
to evaluate Axin2 expression in Wntl-Cre, F, gfr]ﬂ”x/ﬂox mice.

The anterior part of the frontal bone in mice remains
unfused at birth [23-23]. In our study, heterotopic cartilage
and bone formed at the interface between the two anterior
portions of the frontal bones. This heterotopic bone grew
towards the posterior frontal bones, with an appearance
similar to that of Wormian bones [26—26]. These small
bones are often found within sutures and fontanelles of the
skull [26-26] and are typically associated with conditions



Medical Molecular Morphology (2019) 52:156-163

161

Al Col Il |

HE |

200 f

BrdU positive cells count
= =
w1 o w1
o o o o
L 1 1

WT CKO WT CKO WT

Frontal bone formed area Heterotopic bone formed area
(black dotted area) (red dotted area)

Fig.3 BrdU and Col II gene expression in WT and Wntl-
Cre; Fgfr1"*fex embryos at E15.0. a Col II-positive cells are visible
at the interface of frontal bones during the early stages of osteogene-
sis (black arrow). BrdU-positive cells (white arrow) are also found in
significant numbers at the interface of frontal bones (red dotted area);
however, they are fewer in Wnt]-Cre;Fgfr]ﬁ‘”‘m‘”‘ than in WT mice.

characterized by bony abnormalities, such as shortened
stature in patients with osteogenesis imperfecta. Wnt!-
Cre; F, gfr]ﬂ"ﬂﬂ”x mice exhibited also lower Ca content and
ALP activity in frontal bones than WT mice, as well as
fewer proliferative cells. The latter were concentrated at
the interface of anterior frontal bones, where heterotopic
cartilage and bone had formed. To this end, it should be

Frontal and heterotopic
bone formed areas
(black and red dotted areas)

Significant differences in cell proliferation can be seen between Wntl-
Cre;Fgfr1fox and WT mice (black dotted area). b Total counts of
BrdU-positive cells in the frontal bone and heterotopic bone areas in
WT and WntI-Cre;Fgfr1®* mice. CKO conditional knockout; WT
wild-type. *P <0.05 (unpaired two-tailed 7 test). Scale bars: 100 um

noted that patients with Wormian bones frequently exhibit
haploinsufficiency (nonsense and frameshift) mutations in
COLIAI [27]; however, a clear link between phenotypic
and genotypic manifestations of the disease has not been
established yet and could be the focus of future studies.

In conclusion, our results demonstrate that loss of Fgfrl
in neural crest cells leads to heterotopic chondrogenesis
and osteogenesis during frontal bone development.
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Fig.4 Fate of heterotopic cartilage and bone in postnatal Wntl-
Cre;Fgfr1#*f* mice. a Skeletal preparations of postnatal mice on
days 1, 7, 14, and 28. Mouse heads stained with Alcian Blue (carti-
lage) and Alizarin Red S (bone) show evident ossification but no het-
erotopic cartilage in WntI-Cre; Fgfr®* mice (white arrows). Het-
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erotopic ossification is seen to expand and close the interface between
frontal bones up to postnatal day 28 (white arrows). b HE staining in
sections of frontal bones on postnatal day 10 showing clear evidence
of heterotopic bone tissue (black arrows) but no heterotopic cartilage.
CKO conditional knockout; WT wild-type. Scale bars: 100 pm
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