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A B S T R A C T

Cleidocranial dysplasia (CCD) is an autosomal dominant disorder caused by heterozygous mutations in RUNX2.
Affected individuals exhibit delayed maturation or hypoplasia in various bones, mainly including those formed
by intramembranous ossification. Although several reports described deformation of the sphenoid bone in CCD
patients, details of the associated changes have not been well documented. Most parts of the sphenoid bone are
formed by endochondral ossification; however, the medial pterygoid process is formed by intramembranous
ossification associated with secondary cartilage. We first investigated histological changes in the medial pter-
ygoid process during different developmental stages in Runx2+/+ and Runx2+/− mice, finding that mesench-
ymal cell condensation of the anlage of this structure was delayed in Runx2+/− mice as compared with that in
Runx2+/+ mice. Additionally, in Runx2+/+ mice, Osterix-positive osteoblastic cells appeared at the upper re-
gion of the anlage of the medial pterygoid process, and bone trabeculae appeared to associate with subsequent
secondary cartilage formation. By contrast, few Osterix-positive osteoblastic cells appeared at the upper region
of the anlage of the medial pterygoid process, and no bone trabeculae appeared thereafter in Runx2+/− mice. At
more advanced embryonic stages, endochondral ossification occurred at the lower part of the medial pterygoid
process in both Runx2+/+ and Runx2+/− mice. After birth, well-developed bone trabeculae occupied two-thirds
of the cranial side of the medial pterygoid process, and cartilage appeared beneath these bones in Runx2+/+

mice, whereas thin trabecular bone appeared at the center of the cartilage of the medial pterygoid process in
Runx2+/− mice. In adult mice, the body and medial pterygoid processes of the sphenoid bone comprised mature
bones in both Runx2+/+ and Runx2+/− mice, although the axial length of the medial pterygoid processes was
apparently lower in Runx2+/−mice as compared with that in Runx2+/+mice based on histological and micro-
computed tomography (CT) examinations. Moreover, medical-CT examination revealed that in CCD patients, the
medial pterygoid process of sphenoid bone was significantly shorter relative to that in healthy young adults.
These results demonstrated that the medial pterygoid process of the sphenoid bone specifically exhibited hy-
poplasia in CCD.

1. Introduction

Mammalian skeletons are formed by two essential patterns: in-
tramembranous and endochondral ossifications [1,2]. In-
tramembranous ossification is achieved by the direct transformation of
mesenchymal cells into osteoblasts, with parts of the skull, maxilla,

mandible, and pelvis formed by this ossification pattern. During en-
dochondral ossification, chondrocytes that differentiated from me-
senchymal cells first form the cartilage template (primary cartilage) for
each skeletal tissue, which is replaced by bone after cartilage miner-
alization. Various axial and appendicular bones, vertebral columns,
sternums, and ribs are formed by this process. Some bones are formed
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by a combination of the two ossification patterns, including the lateral
end of the clavicle, which is formed by intramembranous ossification
while the medial part is formed by endochondral ossification [3–5].

Runt-related transcription factor 2 (Runx2) is a key transcription
factor that regulates osteoblast differentiation [6–8] and plays essential
roles in bone formation during both intramembranous and en-
dochondral ossification [9,10]. Cleidocranial dysplasia (CCD) is an
autosomal dominant disorder caused by heterozygous mutations in
RUNX2, which is located on chromosome 6p21 [1,2,11–15]. Affected
individuals exhibit delayed maturation or hypoplasia in various skeletal
tissues that form mainly via intramembranous ossification. Among
these, delayed closure of fontanels and cranial sutures, Wormian bones
(intra sutural bones), brachycephaly, depressed nasal bridge,

supernumerary teeth, delayed eruption of permanent teeth, and hypo-
plasia or aplasia of the clavicle are common features observed in pa-
tients with CCD [1,11–15].

Although mice with Runx2 homozygous mutation (Runx2−/−) die
immediately after birth without breathing due to a complete lack of
bone formation [6,7], Runx2 heterozygous mice (Runx2+/−) reach
adulthood but exhibit a skeletal phenotype similar to that observed in
CCD patients, except for changes in the teeth [6]. These results indicate
that Runx2+/− mice represent an ideal animal model for exploring
skeletal changes that occur in CCD.

Primary cartilage appears at the cartilage anlage before undergoing
endochondral ossification. In addition to this tissue, some cartilage in
the maxillofacial region and clavicle is referred to as secondary

Fig. 1. Histology of the medial pterygoid process region of
sphenoid bone in Runx2+/+ (A, C, E, and G) and Runx2+/−

(B, D, F, and H) mice on embryonic day 14.5. (A, B) Overall
histology of the sphenoid bone and surrounding tissues. The
body (b) of sphenoid bone comprises cartilage in both mice,
and the anlage of the medial pterygoid process is observed as
mesenchymal cell condensation (asterisk) beneath the lateral
end of the sphenoid body in Runx2+/+ mice (C, E, and G),
whereas this is not observed in Runx2+/−mice (D, F, and H).
(C, E, and G; and D, F, and H) Higher magnifications of re-
gions denoted in (A) and (B), respectively. Osterix-positive
cells are scattered throughout the region of mesenchymal cell
condensation in Runx2+/+ mice (G), although few Osterix-
positive cells are observed in Runx2+/− mice (H). (A–D),
Toluidine blue staining, (E, F) hematoxylin and eosin staining,
and (G, H) immunohistochemistry for Osterix. Black bars re-
present 200 μm (A, B) and 100 μm (C–H).

K. Mitomo et al. Bone 120 (2019) 176–186

177



cartilage, because it arises from the periosteum of previously formed
bones [2,16–19], with mandibular condylar cartilage, mandibular an-
gular cartilage, mandibular coronoid cartilage, and lateral cartilage of
the clavicle belonging to this category [18,20–22]. We previously re-
ported that cartilage types of the sphenoid bone are classified into
different two classes, based on the aforementioned categories during
developmental stages: the lateral pterygoid process belongs to the class
of primary cartilage, whereas the medial pterygoid process comprises
secondary cartilage. Specifically, the lateral pterygoid process is formed
by endochondral ossification while the medial pterygoid process is in-
itially formed by intramembranous ossification associated with sub-
sequent secondary cartilage [21,22].

Therefore, the sphenoid bone is formed by a combination of en-
dochondral and intramembranous ossification similar to that observed
with the clavicle. Most of the sphenoid bone is ossified by endochondral
ossification; however, the upper part of the medial pterygoid process is
first formed by intramembranous ossification associated with the sec-
ondary cartilage [21,22]. Because the skeletal tissues formed by in-
tramembranous ossification are severely affected in CCD patients and
mouse models [1,23,24], it is worthwhile to investigate whether the
development of the medial pterygoid process of sphenoid bone is af-
fected by CCD. Although several reports described deformation of the
sphenoid bone in CCD patients based on the examination of cephalo-
metric radiographs [13,25,26], the details of these morphological

Fig. 2. Histology of the medial pterygoid process region of
sphenoid bone in Runx2+/+ (A, C, E, G) and Runx2+/− (B, D,
F, H) mice on embryonic day 15.5. (A, B) Overall histology of
the sphenoid bone and surrounding tissues. Hypertrophy of
chondrocytes in the body (b) of the sphenoid bone in Runx2+/

+ mice (A) is enhanced as compare with that observed in
Runx2+/− mice (B). (C, E, and G; and D, F, and H) Higher
magnification of regions in (A) and (B), respectively. The bone
matrix (arrow) appears at the upper area of the medial pter-
ygoid process in Runx2+/+ mice. (C, E, and G; inserts) Higher
magnification of the bone matrix. (G) Numerous Osterix-po-
sitive cells are scattered throughout the medial pterygoid
process region. (H) No bone formation appears at the medial
pterygoid process, and several Osterix-positive cells are ob-
served in the upper area of the medial pterygoid process.
Toluidine blue staining (A–D), hematoxylin and eosin staining
(E, F), and immunohistochemistry for Osterix (G, H). Black
bars represent 200 μm (A, B), 100 μm (C–H), and 50 μm (C, E,
and G; inserts).
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changes have not been well documented. Furthermore, few reports
have described morphological changes in the sphenoid bone in mouse
models of CCD. Therefore, we conducted an extensive investigation of
the morphological changes that occur in the sphenoid bone in CCD
using a mouse model and patients.

In this study, we showed that the medial pterygoid process of the
sphenoid bone, which is first formed by intramembranous ossification
associated with secondary cartilage, exhibited hypoplasia in a mouse
model of CCD and in patients. This represents the first study demon-
strating that the sphenoid bone is a distinct target of CCD.

2. Materials and methods

2.1. Experimental animals

All mice were housed in animal facilities approved by the Nagasaki
University and Tokyo Dental College, respectively. All experiments
were reviewed and approved by the Animal Care and Use Committee of
Nagasaki University Graduate School of Biomedical Sciences (No.
1403111129-21) and Tokyo Dental College (No. 300402).

Mouse embryos obtained from Runx2+/+ and Runx2+/− pregnant

Fig. 3. Histology of the medial pterygoid process region of
sphenoid bone in Runx2+/+ (A, C, E, and G) and Runx2+/−

(B, D, F, and H) mice on embryonic day 16.5. (A, B) Overall
histology of the sphenoid bone and surrounding tissues.
Increased progression of chondrocyte hypertrophy in the body
(b) of the sphenoid bone in Runx2+/+ mice (A) relative to
that observed in Runx2+/− mice (B). (C, E, and G; and D, F,
and H) Higher magnification of regions in (A) and (B), re-
spectively. Bone trabeculae (arrow) appear at the upper area
of the medial pterygoid process, and cartilage formed beneath
these trabecular bones and the lower part of the medial
pterygoid process in Runx2+/+ mice (C, E, and G). Numerous
Osterix-positive cells are scattered around the trabecular
bones and the cartilage at the lower part of the medial pter-
ygoid process region (G). Cartilage appears at the center of
the medial pterygoid process and is associated with no ap-
parent bone formation (D, F). Osterix-positive cells mainly
distribute beneath the cartilage and observed at the medial
pterygoid process (H). Toluidine blue staining (A–D), hema-
toxylin and eosin staining (E, F), and immunohistochemistry
for Osterix (G, H). Black bars represent 200 μm (A, B), and
100 μm (C–H), respectively.
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mice (gestational days 14.5, 15.5, 16.5, and 18.5) and those from
newborn mice (postnatal day 3) were used to explore histological
changes at each developmental stage. Ten Runx2+/+ and eight
Runx2+/− mice at 10 weeks of age were also used to investigate the
sphenoid bone in adult animals. These mice were used for subsequent
experiments after euthanasia with diethyl ether.

2.2. Histological observation

The skulls isolated from embryonic, newborn, and adult Runx2+/+

and Runx2+/− mice were fixed in 4% paraformaldehyde in phosphate-
buffered saline (PBS) followed by decalcification with 10% ethylene-
diaminetetraacetic acid. They were then embedded in paraffin, and 5-
μm-thick serial frontal or sagittal sections were prepared from each
paraffin block. These sections were stained with 0.05% toluidine blue in
PBS (pH 7.2) and hematoxylin and eosin, as well as for

Fig. 4. Histology of the medial pterygoid process region of
sphenoid bone in Runx2+/+ (A, C, E, and G) and Runx2+/−

(B, D, F, and H) mice on embryonic day 18.5. (A, B) Overall
histology of the sphenoid bone and surrounding tissues.
Chondrocyte hypertrophy in the body (b) of the sphenoid
bone is similar between Runx2+/+ mice (A) and Runx2+/−

mice (B). (C, E, and G; and D, F, and H) Higher magnification
of regions in (A) and (B), respectively. Bone trabeculae
(arrow) associated with bone marrow occupies the upper two-
thirds, and cartilage occupies the lower one-third of the
medial pterygoid process in Runx2+/+ mice (C, E). Numerous
Osterix-positive cells are scattered around the trabecular
bones and beneath the cartilage in the lower part of the
medial pterygoid process region (G). Bone trabeculae (arrow)
appear at the medial pterygoid process region, but are located
in the central area of the cartilage comprising the medial
pterygoid process in Runx2+/− mice (D, F). Osterix-positive
cells are mainly distributed at the central area and beneath
the cartilage (H). Toluidine blue staining (A–D), hematoxylin
and eosin staining (E, F), and immunohistochemistry for
Osterix (G, H). Black bars represent 200 μm (A, B), and
100 μm (C–H).

K. Mitomo et al. Bone 120 (2019) 176–186

180



immunohistochemical staining. At least four Runx2+/+ and Runx2+/−

embryos and newborn mice were used for histological investigation.

2.3. Immunohistochemical analysis

We investigated the expression of Osterix (Sp7) by im-
munohistochemistry. After deparaffinization, sections mounted on the
slides were incubated with 0.3% hydrogen peroxide in methanol for
30min, followed by several washes in PBS and incubation with 3%
bovine serum albumin for 1 h to block nonspecific binding. The sections
were subsequently treated with an anti-Sp7/Osterix antibody
(ab22552; Abcam, Cambridge, UK) for 1 h at 37 °C in a moisture
chamber. After washing with PBS, a secondary antibody was applied
using EnVision+ Dual Link (DAKO, Santa Clara, CA USA) at room
temperature. After several washes with PBS, the sections were treated
with ImmPACT DAB substrate (Funakoshi, Tokyo, Japan) to detect any
reaction, followed by inspected after counterstaining with hematoxylin.

2.4. Analysis of murine sphenoid bone by micro-computed tomography

Skulls isolated from adult Runx2+/+ and Runx2+/− mice (10-week-
old) were used to obtain micro-CT images using a micro-CT system
(HMX-225 Actis4, Tesco Co., Tokyo, Japan). Based on these data, two-
dimensional slice data were prepared using the back-projection
method. Three-dimensional (3D) images were constructed based on the
volume-rendering method from slice data using analytical software
(TRI/3D-BON; RATOC System Engineering Co., Tokyo, Japan). After
observing the basic structure of bones in the skulls, we conducted more
precise analysis of the medial pterygoid process of sphenoid bone. To
quantitatively assess the size of the process, we measured the lengths of
medial pterygoid processes from the frontal, axial, and sagittal planes of
the 3D images. For frontal sections, the length of the medial pterygoid
process was defined by measuring the length of a perpendicular line
from the tip of the medial pterygoid process to the skull base line. For

axial sections, the length was defined by measuring the distance from
the tip to the base of the medial pterygoid process. The sagittal section
was used to measure the length of the pterygoid hamulus of the medial
pterygoid process. For these measurements, the longest distance from
the serial CT images was chosen as the length of each medial pterygoid
process and pterygoid hamulus.

2.5. CCD patients

Experimental procedures applied to healthy young adults and CCD
patients were approved by the Ethics Committee of Tokyo Dental
College (permit no. 533). All patients provided written informed con-
sent before participating in the study.

We enrolled four CCD patients (11–27 years of age;
average:18.5 years) who had visited Suidobashi Hospital or Chiba
Dental Center of Tokyo Dental College in order to analyze the structure
of craniofacial skeletons by medical CT. Four young adults who had no
craniofacial bone symptoms (16–27 years of age; average: 21.2 years)
were used as healthy controls. A heterozygous RUNX2 mutation in CCD
patients was confirmed by sequence analysis of genomic DNA extracted
using an Easy-DNA™ gDNA purification kit (Thermo Fisher Scientific,
Waltham, MA, USA). Mutations in CCD1 and CCD2 were determined, as
reported previously [27], and mutations in CCD3 and CCD4 were
analyzed by exome sequence using an Illumina Hiseq 2500 (Illumina,
San Diego, CA, USA). Sequence mapping and mutation analysis were
performed, as described previously [28].

2.6. Analysis of human sphenoid pterygoid processes by CT

The morphology of sphenoid bone in CCD patients and healthy
young adults was observed by medical CT (SOMATOM Definition AS;
Siemens, Erlangen, Germany). Using 3D-structure-analysis software
(Mimics 19.0; Materialise, Leuven, Belgium), 3D- reconstructed images
were prepared, and the inner structure was observed. For frontal

Fig. 5. Histology of the medial pterygoid process region of the
sphenoid bone in Runx2+/+ (A, C, D, and G) and Runx2+/−

(B, E, F, and H) mice on postnatal day 3. (A, B) Overall his-
tology of the sphenoid bone and surrounding tissues. Bone
tissue replaces the body of the sphenoid bone (b) and is as-
sociated with bone marrow formation, in both Runx2+/+ (A)
and Runx2+/− (B) mice. (C, D; and E, F) Higher magnification
images of regions in (A) and (B), respectively. Bone trabeculae
(arrows) associated with bone marrow occupy the upper
three-quarters, and cartilage occupiy the lower one-quarter of
the medial pterygoid process in Runx2+/+ mice (C, D). Bone
tissue (arrows) appears at the central region surrounded by
cartilage of the medial pterygoid process in Runx2+/− mice
(E, F). Histology of the sphenoid bone in 10-week-old
Runx2+/+ (G) and Runx2+/− (H) mice. The body of the
sphenoid bone (b) is completely replaced by bone, and the
medial pterygoid process (doubled-heads arrows) in Runx2+/

− (H) mice is shorter than that in Runx2+/+ (G) mice.
Toluidine blue (A–C, E) and hematoxylin and eosin staining
(D, F–H). Black bars represent 200 μm (A–F) and 500 μm (G,
H).
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images, the entire image of the medial pterygoid process was observed
based on serial slices of sphenoid bone, and the maximum length was
extracted in each case. Because CCD patients often present shorter
heads, manifesting as a larger cephalic index (the ratio of the maximum
width of the head×100/the maximum length), we normalized the
length of the medial pterygoid process to the distance between both

foramen ovale.

2.7. Statistical analysis

An unpaired Student's t-test was used for statistical comparisons,
and P < 0.01 was considered significant.

Fig. 6. Micro-CT analyses of sphenoid bones in
Runx2+/+ (A, C) and Runx2+/− (B, D) mice. Frontal
(A, B) and axial (C, D) 3D images constructed from
micro-CT data, with sphenoid bone highlighted in
each image. Measurement of the lengths of the
medial pterygoid processes (white arrows) in
Runx2+/+ (A) and Runx2+/− (B) mice. Inserts in-
dicate higher magnification images for each mouse.
The clavicle is normal in Runx2+/+ mice (A), but
hypoplastic in Runx2+/− mice (B). Measurement of
the front-occipital lengths of the medial pterygoid
processes (double-headed white arrows) in Runx2+/

+ (C) and Runx2+/− (D) mice. Quantitative valua-
tion of the lengths of the medial pterygoid processes
on both sides of the frontal (E) and axial (F) sections
in Runx2+/+ (black bars) and Runx2+/− (white
bars) mice. (n=10 for the Runx2+/+ group; and
(n=8)for the Runx2+/− group; P < 0.01).

Table 1
Clinical symptoms and gene mutations in CCD patients and healthy control.

Symptoms CCD1 CCD2 CCD3 CCD4 HC1 HC2 HC3 HC4

Age 23 13 27 11 27 22 16 20

Gender Female Female Male Female Male Male Male Female

Craniofacial Patency of the anterior fontanelle ○ ○ ○ ○ ー ー ー ー

Delation of cranial suture ○ ○ ○ ○ ー ー ー ー

Wormian bone ○ ○ ○ ○ ー ー ー ー

Hypoplasia of nasal bone ○ ○ ○ ○ ー ー ー ー

Tooth Multiple supernumerary teeth ○ ○ ○ ○ ー ー ー ー

Retention of permanent teeth ○ ○ ○ ○ ー ー ー ー

General Hypoplasia of clavicle ○ ○ ○ ○ ー ー ー ー

Short stature ○ ー X ー ー ー ー ー

Family history ー ー X ー ー ー ー ー

Mutation R391X a Q67Xa R190Q K134E ✼ ✼ ✼ ✼

○: Exhibition of symptoms, ー: No symptom, X: not available, ✽: no examination, a: these mutations were reported previously [27].
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3. Results

3.1. Comparison of histological changes in the medial pterygoid process of
the sphenoid bone during different developmental stages between Runx2+/+

and Runx2+/− mice

In both Runx2+/+ and Runx2+/− mice, the cartilage core appeared
at the body of the sphenoid bone by embryonic day 14.5 (Fig. 1). Me-
senchymal cell condensation was evident at the area that forms the
future medial pterygoid process in Runx2+/+ mice, whereas this was
not apparent in Runx2+/− mice (Fig. 1A, C, E and G). These areas
showed no apparent metachromasia based on toluidine blue staining in
both wild type and heterozygous mice (Fig. 1 C and D). In Runx2+/+

mice, many Osterix-positive cells were distributed at the region of
mesenchymal-cell condensation (Fig. 1G), whereas few Osterix-positive
cells appeared in the same area in Runx2+/− mice (Fig. 1H).

On embryonic day 15.5, cartilage of the sphenoid body in Runx2+/

+mice was more hypertrophic than that in Runx2+/− mice (Fig. 2A and
B), and mesenchymal cells at the cranial side of the future medial
pterygoid process formed an osteoid lacking definite metachromasia in
Runx2+/+ mice (Fig. 2C, E, and G; arrows). In these areas, many Os-
terix-positive cells were scattered around the osteoid, small flattened
cells located at the cranial region of mesenchymal-cell condensation
were also positive for Osterix in Runx2+/+ mice (Fig. 2G). In Runx2+/−

mice, mesenchymal-cell condensation appeared at the future medial
pterygoid process (Fig. 2B, and D), and a small number of Osterix-po-
sitive cells was scattered at the cranial region of mesenchymal-cell
condensation (Fig. 2H), although no osteoid formation was observed
(Fig. 2F). Furthermore, no metachromasia was observed in sites of
mesenchymal cell condensation in Runx2+/− mice (Fig. 2D).

On embryonic day 16.5, cartilage hypertrophy in the sphenoid body

of Runx2+/+mice preceded that observed in Runx2+/− mice (Fig. 3A,
and B), and the cranial site of the medial pterygoid process was covered
by the bone collar comprising thin trabeculae (Fig. 3C, E, and G). Ad-
ditionally cartilage exhibiting strong metachromasia appeared beneath
the bone collar and the lower part of the medial pterygoid process in
Runx2+/+ mice (Fig. 3C); with Osterix-positive cells distributed around
the bone collar and the lower region of the cartilage (Fig. 3G). In
Runx2+/− mice, cartilage that exhibited weak metachromasia ap-
peared at the central region of the site of mesenchymal-cell condensa-
tion (Fig. 3D), with no bone collar comprising thin trabeculae observed
at the cranial site of the medial pterygoid process (Fig. 3F). Ad-
ditionally, Osterix-positive cells were distributed in the lower part of
the cartilage at sites of mesenchymal-cell condensation (Fig. 3H).

On embryonic day 18.5, hypertrophic cartilage occupied the sphe-
noid body in both Runx2+/+ and Runx2+/− mice (Fig. 4A, and B), and
the upper two-thirds of the cranial side of the medial pterygoid process
comprised trabecular bones associated with Osterix-positive cells and
bone marrow in Runx2+/+ mice (Fig. 4C, E, and G). We observed
mature cartilage in one-third of the oral site of the medial pterygoid
process region, with Osterix-positive cells also distributed in the lower
part of the cartilage (Fig. 4C, E, and G). In Runx2+/− mice, the bone
collar covering the cranial region of the cartilage was not observed
(Fig. 4D, and F), and osteoid-like tissue associated with Osterix-positive
cells appeared at the center of the cartilage core along with Osterix-
positive cells appearing at the lower part of the cartilage (Fig. 4H).

On day 3 after birth, well-developed bone trabeculae associated
with bone marrow were observed in two-thirds of the cranial side of the
medial pterygoid process region, and cartilage was observed beneath
these bones in Runx2+/+ mice (Fig. 5A, C, and D). By contrast, thin
trabecular bone associated with bone marrow cells appeared at the
center of the cartilage at the medial pterygoid process region in

Fig. 7. Frontal medical-CT images of the craniofacial
region of a healthy young adult (A) and CCD patient
(B). White arrows indicate the medial pterygoid
processes of the sphenoid bones. (C, D) 3D-re-
constructed images of the sphenoid bone in a healthy
young adult (C) and CCD patient (D). The medial
pterygoid process is emphasized in a bronze color.
Hypoplasia is more prominent in the pterygoid ha-
mulus (white arrows) of CCD patients (D) as com-
pared with that observed in healthy young adults
(C). (E) The length of the medial pterygoid process of
both sides in healthy young adults (black bars) and
CCD patients (white bars) (n=4 for both groups;
P < 0.05).
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Runx2+/− mice (Fig. 5E, and F).
In adult mice, the body and the medial pterygoid processes of the

sphenoid bone comprised mature bones with bone marrow in both
Runx2+/+ and Runx2+/− mice as a result of the complete replacement
of cartilage (Fig. 5G, and H). However, the axial length of the medial
pterygoid processes of the sphenoid bone in Runx2+/− mice was ap-
parently shorter than that in Runx2+/+ mice (Fig. 5G, and H).

3.2. Comparison of the medial pterygoid process of the sphenoid bone by
micro-CT analysis between Runx2+/+ and Runx2+/−- mice

Fig. 6 shows typical micro-CT images of the craniofacial and cla-
vicular regions of 10-week-old Runx2+/+ and Runx2+/− mice, with the
structures of the sphenoid bones and clavicles highlighted for clar-
ification. The medial pterygoid processes of the sphenoid bone in
Runx2+/− mice were shorter than those in Runx2+/+ mice based on
both the frontal and axial planes (Fig. 6A–D arrows). Additionally, 3D-
reconstructed features of the medial pterygoid processes of the sphe-
noid bone revealed clearly shorter structures in Runx2+/− mice
(Fig. 6A and B; inserts), axial images revealed hypoplasia of the cla-
vicles (Fig. 6A, and B). Moreover we observed a shorter structure of the
pterygoid hamulus in sagittal sections in Runx2+/− mice (Fig. S1A, and
B).

We then measured the length of the medial pterygoid processes of
the sphenoid bone based on micro-CT images from the frontal and axial
planes by using the 3D-reconstructed model of the sagittal sections. The
medial pterygoid processes on the right and left sides in Runx2+/− mice
were significantly shorter than those in Runx2+/+ mice based on
measurements of both frontal and axial sections (Fig. 6E, and F). Ad-
ditionally, the pterygoid hamulus in sagittal sections was significantly
shorter in Runx2+/−- mice, relative to that observed in Runx2+/+ mice
(Fig. S1C).

3.3. Clinical symptoms and gene mutations in CCD patients

Table 1 summarizes the clinical symptoms, including X-ray findings
and genetic mutations in CCD patients. All patients presented sufficient
symptoms associated with clinical CCD, and heterozygous mutations
were confirmed in the RUNX2 gene based on sequence analysis of
genomic DNA. Moreover, we identified a different mutation in each of
the four patients (CCD1; R391X [27], CCD2; Q67X [27], CCD3; R190Q,
CCD4; K134E) in exons 1through 7 of the RUNX2 gene (Table 1).

3.4. Analyses of the medial pterygoid process of the sphenoid bone in
patients with CCD

Fig. 7 shows typical medical-CT images of the frontal planes of
normal young adults (Fig. 7A) and CCD patients (Fig. 7B). As indicated
by white arrows, the medial pterygoid processes of the sphenoid bone
in CCD patients were shorter as compared to those in normal young
adults. We then measured the length of the medial pterygoid processes
of the sphenoid bone in normal young adults and CCD patients based on
their frontal images, revealing that the medial pterygoid processes on
both sides in CCD patients were significantly shorter than those in
normal adults (Fig. 7E).

The CT images of the frontal planes (Fig. 7A, and B) suggested a lack
of a pterygoid hamulus in CCD patients. To confirm these changes, we
observed the medial pterygoid processes of the sphenoid bone using 3D-
reconstructed images (Fig. 7C, and D), which verified the absence of the
pterygoid hamulus in CCD patients.

4. Discussion

In this study, we compared developmental changes in the medial
pterygoid process of the sphenoid bone between Runx2+/+ and
Runx2+/− mice. Our findings revealed that the appearance of

mesenchymal cell condensation at the anlage of the medial pterygoid
process was apparently delayed in Runx2+/−mice as compared with
that in Runx2+/+ mice, suggesting that haploinsufficiency of Runx2
reduced mesenchymal cell proliferation and migration at the anlage of
the medial pterygoid process. However, further investigation is neces-
sary to confirm these findings because Pratap et al. [29] proposed a cell-
growth-suppressive function for Runx2 in bone cell progenitors.

In Runx2+/+ mice, the mesenchymal cell population included nu-
merous Osterix-positive cells, whereas this number was reduced on
embryonic day 14.5 in Runx2+/− mice. Additionally, the temporal and
spatial regulation of bone deposition at the medial pterygoid process
differed between Runx2+/+ and Runx2+/− mice across different de-
velopmental stages. In Runx2+/+ mice, bone deposition first appeared
as a bone collar at the cranial site of mesenchymal cell condensation
associated with Osterix-positive cells on embryonic day 15.5, which
was involved in secondary cartilage formation beneath the bone collar.
Thereafter, cartilage appeared at the lower part of the medial pterygoid
process, and numerous Osterix-positive cells appeared beneath the
cartilage, suggesting the initiation of endochondral ossification in these
areas. Therefore, the cranial region of the medial pterygoid process
generated a bone collar and secondary cartilage, and endochondral
ossification occurred at the lower part of the medial pterygoid process
[21,22]. Because Runx2+/− mice lacked bone deposition as a bone
collar at the cranial side of the primordial medial pterygoid process, it is
possible that cartilage might appear directly at the center of the site of
mesenchymal cells. In this case, Osterix-positive cells were located
adjacent to the lower part of the cartilage, indicating the initiation of
endochondral ossification. These data indicated that Runx2+/− mice
lacked a bone collar at the cranial site of the medial pterygoid process
due to the disturbance of intramembranous ossification, whereas en-
dochondral ossification progressed even in these mice. This inter-
pretation was further supported by histological findings observed in
newborn mice (3 days old), where the medial pterygoid process was
clearly divided into two layers comprising bone tissue at the cranial site
and cartilage tissue in the lower part in Runx2+/+ mice. By contrast,
bone tissue was located in the center of the cartilage in Runx2+/− mice,
indicating that this bone was formed through endochondral ossification
by primary cartilage.

Recent studies characterized of secondary cartilage, which was de-
scribed in detail in a classic review by Beresford [3] As including
mandibular condylar cartilage, mandibular angular cartilage, coronoid
cartilage, and lateral cartilage of the clavicle. Here and in our previous
reports [21,22], we confirmed that the medial pterygoid process of the
sphenoid bone represents secondary cartilage. Interestingly, Shibata
et al. [30] revealed that Runx2-deficient mice lack mandibular condylar
cartilage, indicating that Runx2 is essential for the formation of con-
dylar cartilage, which is generated from the periosteum of previously
existing bone. The lateral part of the clavicle also comprises secondary
cartilage, which might be closely related to hypoplasia of the clavicle
observed in CCD model mice and CCD patients. Here, we revealed
hypoplasia of the medial pterygoid process of the sphenoid bone, which
also belongs to the class of secondary cartilage. These findings sug-
gested that cartilage or bones that originate from secondary cartilage
are targets for CCD due to the incomplete formation of the periosteum
as the origin of secondary cartilage formation.

Our results revealed that the expression of Osterix, a transcriptional
factor required for osteoblast differentiation [31], was first observed in
the anlage of the medial pterygoid process and subsequently distributed
in the cranial region of the medial pterygoid process, where the original
bone collar appears as the source of secondary cartilage in Runx2+/+

mice. This phenotype was absent in Runx2+/− mice and might be
closely related to the lack of a bone collar at the cranial region of the
medial pterygoid process. However, many Osterix-positive cells were
distributed beneath the cartilage at the lower part of the medial pter-
ygoid process, where endochondral ossification progressed, in both
Runx2+/+ and Runx2+/− mice. Because Osterix participates in
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stimulation of osteoblast differentiation, even in the absence of Runx2
[32,33], endochondral ossification occurred in both Runx2+/+ and
Runx2+/− mice. Accordingly, further investigation of the role of Os-
terix in secondary cartilage formation is required, because Osterix is
essential for the coupling of terminal cartilage differentiation and en-
dochondral ossification in mandibular cartilage [34], which represents
a type of secondary cartilage [18,20].

We observed either hypoplasia or absence of the pterygoid hamulus
in CCD model mice and CCD patients. The tensor veli palatine muscle
originates from the scaphoid fossa at the posterior margin of the medial
pterygoid process of the sphenoid bone and is inserted into the palatine
aponeurosis located just beneath the medial pterygoid process [35,36].
These structures play important roles in nasopharyngeal closure during
swallowing. During this process, the pterygoid hamulus acts as a pulley
to induce smooth movement of the tensor veli palatine muscle. Medical
CT observations in the present study revealed absence or hypoplasia of
the pterygoid hamulus in CCD patients, although these patients har-
bored the scaphoid fossa at the medial pterygoid process. These find-
ings suggested that CCD patients retain the tensor veli palatine muscle
between the scaphoid fossa and palate aponeurosis, although its
movement might be disturbed by the lack of a suitable pulley during
swallowing. Because some CCD patients report dysphagia [37], more
extensive and careful clinical studies should be performed to confirm
whether this symptom is a commonly observed in CCD patients.

5. Conclusion

In this study, we showed that the medial pterygoid process of the
sphenoid bone, which is formed by intramembranous ossification, re-
presents a distinct skeletal tissue affected by CCD. Our findings sug-
gested that more critical and careful examination of the sphenoid bone
is necessary to understand the detailed pathophysiology and me-
chanism underlying the associated functional disturbance in CCD pa-
tients with these investigations currently ongoing in our group.
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