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Summary

Craniofacial anomalies (CFAS) are a diverse group of disorders affecting the shapes of the face and
the head. Malformation of the cranial base in humans leads CFAs, such as midfacial hypoplasia
and craniosynostosis. These patients have significant burdens associated with breathing, speaking,
and chewing. Invasive surgical intervention is the current primary option to correct these
structural deficiencies. Understanding molecular cellular mechanism for craniofacial development
would provide novel therapeutic options for CFAs. In this study, we found that enhanced bone
morphogenetic protein (BMP) signaling in cranial neural crest cells (NCCs) (PO-Cre;caBmprla
mice) causes premature fusion of intersphenoid synchondrosis (ISS) resulting in leading to short
snouts and hypertelorism. Histological analyses revealed reduction of proliferation and higher

cell death in ISS at postnatal day 3. We demonstrated to prevent the premature fusion of ISS

in PO-Cre;caBmprlamice by injecting a p53 inhibitor Pifithrin-a to the pregnant mother from
E15.5 to E18.5, resulting in rescue from short snouts and hypertelorism. We further demonstrated
to prevent premature fusion of cranial sutures in PO-Cre;caBmpriamice by injecting Pifithrin-a
through E8.5 to E18.5. These results suggested that enhanced BMP-p53-induced cell death in
cranial NCCs causes premature fusion of ISS and sutures in time-dependent manner.
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11 INTRODUCTION

Craniofacial anomalies (CFAS) are a diverse group of deformities due to abnormal growth
of the head and the face. The incidence is approximately 1 in 100 births (Kitami, Kitami,
Kaku, Wang, & Komatsu, 2018; Sakai & Trainor, 2016; Twigg & Wilkie, 2015; Wei, Hu,
Mishina, & Liu, 2016). Surgery is the most used clinical treatment; however, invasive
surgery at neonatal stages decreases their quality of life and concerning the financial burdens
for the patients. Understanding molecular cellular mechanisms for CFAs could provide us
new therapeutic options. It has been reported that the abnormal cranial base development

in patients with CFAs, such as Apert syndrome (1:160,000 to 1:200,000 births), Crouzon
syndrome (1:60,000 births), Pfeiffer syndrome (1:100,000 births), and Down syndrome
(13:10000 hirths) (Canfield et al., 2006; Cohen Jr. & Kreiborg, 1992; Kaplan, 1991; Vogels
& Fryns, 2006). Clarifying molecular cellular mechanisms for the cranial base development
will provide novel clinical treatments options for the CFAs caused by premature fusion of
synchondroses.

The cranial base is a bottom part of the skull, which supports and separates the brain

from other oral structures (Hallett, Ono, Franceschi, & Ono, 2022; Lieberman, Pearson,

& Mowbray, 2000; Martinez-Abadias et al., 2012; Zhang et al., 2022). The cranial base
consists of basioccipital bone (BO), the basisphenoid bone (BS), and the presphenoid (PS)
bones, and cartilaginous tissues connecting the bones, which are the sphenoid-occipital
synchondrosis (SOS) between BO and BS, and the intersphenoidal synchondrosis (I1SS)
between BS and PS, respectively (Funato, 2020; Zhang et al., 2022). Different with majority
skull bones are formed via intermembranous ossification, in which mesenchymal cells
differentiate into osteoblasts to form bones (Nakashima & de Crombrugghe, 2003), bones
in the cranial base are developed by endochondral ossification, which cartilage are replaced
into bones, similar with bones in the trunk and extremities (Rengasamy Venugopalan & Van
Otterloo, 2021; Young et al., 2006). Unlike endochondral ossification in the long bones,
synchondroseal growth is bidirectional (Bailleul & Horner, 2016; Hallett et al., 2022). We
recently reported that a feedback loop between Indian hedgehog and parathyroid hormone-
related protein (PTHrP) plays critical roles in the posterior-to-anterior ossification of
cartilage primordia in the cranial base (Zhang et al., 2022). Interestingly, however, PTHrP-
expressing cells, which contribute to formation of columnar chondrocytes in long bones,
do not contribute to the formation of columnar structures in synchondrosis (Hallett, Zhou,
etal., 2022). These facts suggest that there are different molecular cellular mechanisms

of endochondral ossification between the cranial base and the long bones. Therefore, it is
necessary to identify common and unique mechanisms of formation and maintenance of
synchondroses in the cranial base.

Cranial neural crest cells (NCCs) are the origin of the face and the anterior part of the
head. Cranial NCCs are multipotent cells giving rise to bones, cartilage, adipo-tissues, and
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other tissues and organs (Hall, 2018; Ishii et al., 2012; Mishina & Snider, 2014; Santagati

& Rijli, 2003; Schneider, 2018). Defects in their behaviors, such as migration, proliferation,
cell death, differentiation, and cell fate specification have been often reported to cause CFAs
(He & Soriano, 2017; Teng, Mundell, Frist, Wang, & Labosky, 2008). Many studies have
revealed that signaling pathways regulate behaviors of cranial NCCs during craniofacial
development (Murillo-Rincén & Kaucka, 2020; Neben & Merrill, 2015). Among them,
bone morphogenetic proteins (BMPs) signaling is largely known to play important roles in
craniofacial development including chondrogenesis (Salazar, Gamer, & Rosen, 2016; Shu et
al., 2011). We previously developed a transgenic mouse model with augmentation of BMP
signaling in NCCs (P0O-Cre;caBmprlamice). PO-Cre;caBmprlamice exhibit premature
fusion of cranial sutures along with round face, short snouts, and hypertelorism by postnatal
day 17 (Komatsu et al., 2013). However, we observed the abnormal head morphology of
PO-Cre;,caBmprlamice at newborn stage (Hayano, Komatsu, Pan, & Mishina, 2015), earlier
than the stage PO-Cre;caBmprlamice develop cranial suture fusions. These data suggest that
premature fusion of cranial suture is not a sole reason for the CFAs in PO-Cre,caBmprla
mice. It has been reported that higher BMP ligand expression and lower BMP antagonist
expression, such as Noggin are found in the prematurely fused synchondrosis caused by

a gain of function mutation of fibroblast growth factor receptor 3 (Matsushita et al.,

2009). It is also reported that absence of 1d2, a downstream target of BMP signaling,
suppresses chondrogenic differentiation and proliferation in synchondrosis (Sakata-Goto et
al., 2012). Despite the facts that whether BMP signaling plays critical roles in synchondrosis
development remains unclear, these reports suggest a mechanism that augmented BMP
signaling in PO-Cre,caBmprlamice alters synchondrosis development and contributes to the
CFAs observed in this model.

In this study, we found that augmentation of BMP signaling in cranial NCCs mediated by
BMPR1A, a type | receptor for BMPs, develops premature fusion of ISS along with reduced
cell proliferation and higher cell death. Moreover, suppressing p53 activity significantly
rescues the premature fusion of ISS restoring CFAs such as short snouts and hypertelorism.
We identified a novel mechanism that BMP signaling plays critical roles in synchondrosis
development via regulating p53 activity. Our findings also provide a potential preventive
strategy for premature fusion of synchondrosis during development.

21 MATERIALS AND METHODS

2.11

Mouse breeding

Transgenic mouse line carrying the Cre-inducible constitutively activated Brmprla
(caBmpr1a) was described previously (Komatsu et al., 2013). We then crossed the caBmprla
mice with PO-Cre mice (C57BL/6JTg(P0-Cre)94Imeg (1D 148) provided by CARD,
Kumamoto University, Japan) (Yamauchi et al., 1999) to generate mice with neural crest
specific enhanced BMP signaling (P0-Cre,caBmpria). All mice used in this study were

kept in a mixed background of C57BL6/J and 129S6. All mice were housed in cages in a
20°C room with a 12 hours (h) light/dark cycle. All animal experiments were performed

in accordance with the policy and federal law of judicious use of vertebrate animals as
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approved by the Institutional Animal Care and Use Committee (IACUC) at the University of
Michigan (Protocol # 00009613).

Micro-computed tomography

Mice were euthanized at postnatal day 17 (P17). After cleaning of extra tissues, mouse
heads were fixed with 10% formalin overnight. All mouse heads were embedded in 1%
agarose gel, placed in a 19 mm diameter tube, and scanned over their whole length by
using a micro-CT system (UCT40 Scanco Medical). Bone surface images were generated as
described, respectively (Komatsu et al., 2013; Pan et al., 2017).

Histology, immunohistochemistry, and TUNEL staining

PO-Cre mice (Control mice) and PO-Cre;caBmpriamice at postnatal day 3 (P3) and P6 were
euthanized and mouse heads were dissected and fixed with 4% paraformaldehyde (PFA)

at 4°C for overnight. Then, mouse heads were transferred into 30% sucrose in phosphate-
buffered saline (PBS) at 4°C until the heads sank down. The heads were embedded in
OCT-compound (ThermoFisher Scientific, Waltham, MA, USA) and 10-um cryo-sections
were prepared by a cryostat (Leica CM1950). Hematoxylin and eosin (HE) staining are
performed according to a standard protocol. Immunohistochemistry was performed as
previously described (Hayano et al., 2015; Komatsu et al., 2013). The following primary
antibodies were used: rabbit antibody against human SOX9 (1:500, Cat# AB5535, Millipore,
Burlington, MA, USA), rabbit antibody against Ki67 (1:200, Cat# 9129 S, Cell signaling
technology, Danvers, MA, USA). Sections were washed with PBS for 5 min, three times.
Goat antibody against rabbit 1gG conjugated with AlexaFluor 568 (1:200, Invitrogen,
Carlsbad, CA, USA) was used as secondary antibody. Finally, sections were mounted

with ProLong gold antifade mountant with DAPI (Thermo Fisher Scientific, Waltham,

MA, USA). Cell death was detected with TdT-mediated dUTP nick-end labeling (TUNEL)
staining by using Click-iT Plus TUNEL assay (Cat# C10619, Thermo Fisher Scientific,
Waltham, MA, USA) according to a standard protocol. After TUNEL staining, sections were
mounted with ProLong gold mountant with DAPI. Fluorescence images were taken by a
confocal microscopy.

Pifithrin-a treatment and whole-mount skeletal staining

Pifithrin-a (PFT) was diluted with 50% DMSO in PBS to prepare PFT stock solution (1.68
mg/ml) (Hayano et al., 2015). This solution was further diluted 10 times with PBS prior to
inject to pregnant mice. The day when vaginal plugs were found was designed as embryonic
day 0.5 (E0.5). PFT (2.2 mg/kg body weight) was intraperitoneally injected into pregnant
mice from E15.5 to E18.5 or from E8.5 to E18.5, respectively (Hayano et al., 2015; Jones
et al., 2008). Pups were euthanized at P10 and P17, then skeletal preparation by alizarin red
and alcian blue were performed as previously described (Komatsu et al., 2013).

Statistic analyses

Statistical analyses were performed by using GraphPad Prism 9.0 software. Student's #test
was used for comparison of two groups, and One-way ANOVA with Tukey's test was used
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for multiple comparison were performed. p-Value is indicated with asterisks; *p < .05, and
**
p<.01.

31 RESULTS

3.11 Augmentation of BMP signaling in cranial NCCs causes premature fusion of
synchondrosis (ISS) in the neonatal skull

Our previous results showed that transgenic mice with enhanced BMP signaling in cranial
NCCs developed round face, short snouts, and hypertelorism (Komatsu et al., 2013). To
investigate the function of BMP signaling in synchondrosis of the cranial base leading
CFAs, we crossed caBmprlawith PO-Cre mice (hereafter, PO-Cre;caBmpriamice). We
evaluated the synchondrosis development of both PO-Cre mice (control mice) (Figure 1a)
and PO-Cre;caBmpria mutant mice (Figure 1b) by micro computed tomography (UCT)

at postnatal day 17 (P17). Intersphenoidal synchondrosis (ISS) of PO-Cre,caBmprlamice
was prematurely fused at P17 while ISS of control mice kept the patency (Figure 1a,

b, arrows). The sphenoid-occipital synchondrosis (SOS), of which cellular origins are

NCCs and mesenchymal cells (Kulkarni et al., 2018), was not fused in both control

and PO-Cre;caBmprlamice at P17 (Figure 1a, b, arrowheads). Assessments for liner and
angular dimensions showed shorter cranial base and wider anterior part of the skull in
PO-Cre;caBmpriamice than control (Figure 1c-1). Whole-mount skeletal staining by alizarin
red and alcian blue staining revealed that ISS in PO-Cre;caBmprlamice prematurely fused
at P10 (14 pups out of 15 pups), but not in control mice (Figure 1m-o, black arrows),

while SOS were still patent in both genotypes. PO-Cre;mTmG showed that chondrocytes and
perichondrial cells in the ISS are NC-derived cells (Figure 1p).

Next, we evaluated structures of ISS and SOS at P3 and P6 (Figure 2a-d), stages earlier

than that of premature fusion of ISS in the mutant mice. Histological assessments by H&E
staining showed proliferation zone of ISS in PO-Cre,caBmpria mice at P6 significantly
reduced compared with stage-matched controls (Figure 2c, d). Sizes of other zones were
comparable between two genotypes at P6. We did not see overt changes in the ISS, including
proliferation zone, at P3 (Figure 2e). For SOS, no significant changes were detected at both
stages between two genotypes (Figure 2f).

3.21 Upregulated p53 activities as a downstream event of enhanced BMP signaling which
causes premature fusion of ISS

We have reported that augmentation of BMP signaling in cranial NCCs induced more cell
death associated with increased p53 activity (Hayano et al., 2015). We then hypothesized
that the reduced proliferating zone of ISS in mutants are due to higher cell death and lower
cell proliferation caused by elevated p53 activity. Thus, we next quantified the number

of SOX9-positive cells as chondrogenic stem/progenitor cells, Ki67-positive cells to mark
proliferating cells, and TUNEL-positive cells for cell death. The number of SOX9- and
Ki67-positive cells in ISS of PO-Cre;caBmprlamice tended to be lower than that in control
mice (Figure 3a, b, d, e, f, h). On the other hand, the number of TUNEL-positive cells in
ISS of PO-Cre;caBmprlawas significantly higher than that in ISS of control mice (Figure
3i, j, I, arrows). Immunostaining for p53 demonstrates the presence of p53 in the cytosol
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(Figure 3m, boxed area) and p53 in nuclear (Figure 3n, boxed area) in I1SS. The number

of cells with p53 in nuclear in ISS of PO-Cre;caBmprlamice was significantly higher than
in ISS of control mice (Figure 3p, right). It is well known that p53 translocates into nuclei
and then regulates cell cycle and apoptosis. These results suggest that augmentation of BMP
signaling in PO-Cre;,caBmprla mice reduces cell proliferation and increases cell death and
p53 activity.

Next, we examined whether elevated p53 activity is a reason for the premature fusion of

the ISS. Since BmpZis expressed in hypertrophic chondrocytes and perichondrial cells in
synchondrosis at embryonic day 16.5 (E16.5) (Kettunen, Nie, Kvinnsland, & Luukko, 2006),
we hypothesized that BMP signaling in ISS at E16.5 prompts hypertrophy of chondrocytes
and thus augmented BMP signaling develops premature fusion of ISS at or later than E16.5.
We injected Pifithrin-a (PFT), an inhibitor of p53, into the pregnant mothers from E15.5,
which is 1 day before when BmpZis expressed in hypertrophic chondrocytes, to E18.5 to
evaluate impacts of p53 suppression on ISS development. We firstly confirmed that PFT
administration from E15.5 to E18.5 reduced p53 activity in ISS, as the number of cells

with p53 in nuclei in ISS of PFT-treated PO-Cre;caBmpriamice was significantly lower
than that in ISS of PO-Cre;caBmprla mice (Figure 3p). We then determined whether PFT
treatment rescued cell proliferation and apoptosis in ISS of mutants. The immunostaining
and quantification results showed that although the number of SOX9-positive cells in ISS

of PFT-treated PO-Cre,caBmprilamice was still lower than that in ISS of controls (Figure
3c,d), the number of Ki67-positive cells (Figure 3g, h) and TUNEL-positive cells (Figure 3k,
1) in ISS of PFT-treated PO-Cre,caBmprla mice was comparable with that in ISS of control
mice. Of note, the number of cells positive for p53 in nuclear in the ISS of PFT-treated
PO-Cre;,caBmpriamice was significantly lower than that in ISS of PO-Cre;caBmpriamice
(Figure 3p). These results indicated that augmentation of BMP signaling in ISS causes lower
cell proliferation and elevated cell death through prompting p53 activities.

By the same schedule of PFT treatment, about half of the PO-Cre,caBmpria mice treated
with PFT showed rescued ISS morphology (6 out of 11, Phenotype B, Figure 4c), while

the other half still showed premature fusion of ISS (5 out of 11, Phenotype A, Figure

4b). All PFT-treated mutant mice showed premature fusion of the anterior frontal suture
and foramina in the posterior portion of the frontal bone (Figure 4d-f, arrows), similar to
the PO-Cre;,caBmprlamice without PFT treatment (Komatsu et al., 2013). These results
suggested that PFT treatment during mid-late embryonic stage does not affect the formation
of abnormal structures in the calvaria of PO-Cre;caBmpriamice. Assessments for the liner
and angular dimensions of the skull demonstrated that the abnormal skull shape such as
short snout and hypertelorism was rescued in Phenotype B mice (Figure 4h-o).

We next determine whether p53 suppression during early embryonic stages can rescue
premature fusion of the cranial sutures in PO-Cre;caBmpriamice by injecting PFT

from E8.5 to E18.5. Skeletal preparation and histological observation demonstrated that
premature fusion of the anterior frontal suture (AF), the premaxilla-frontal suture (PF
suture), and the posterior nasal suture (PN) are partially rescued by PFT injection during
early-late embryonic stage (3 out of 9 pups, Figure 5a-f, j-o, black arrowheads), in addition
to rescue the premature fusion of ISS (Figure 5g-i, arrowheads). These results suggest that
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augmentation of BMP signaling in NCCs at mid-late embryonic stage develops premature
fusion of ISS while augmentation of BMP signaling in NCCs at early-mid embryonic
stage develops premature fusion of cranial sutures. Taken together, our results suggest that
enhanced BMP-p53 axis in cranial NCCs will cause premature fusion of ISS resulting in
CFAss such as short snouts and hypertelorism.

41 DISCUSSION

4.11

Dysregulations of cranial NCCs have been investigated as causative reasons for CFAs.
Despite much studies, molecular mechanisms underlying pathological synchondrosis
development leading to CFAs are still unclear. In this study, we found that augmentation

of BMP signaling in cranial NCCs causes premature fusion of 1SS leading to CFAs such as
short snouts and hypertelorism. We also found that inhibition of p53 activity during mid-late
embryonic stage rescued premature fusion of 1SS along with restoration of the CFAs.

Augmentation of BMP-SMAD signaling induces apoptosis of chondrocytes through

accumulating the SMAD-p53 interaction

4.21

In this study, we found reduction of proliferation and more cell death in ISS of
PO-Cre;,caBmpriamice (Figure 3). We previously reported that augmentation of BMP
signaling in NCCs results in more cell death due to accumulation of phosphorylated p53
through a more robust interaction between phosphorylated SMAD and MDM2 in nuclei
(Hayano et al., 2015). Thus, we hypothesized that augmentation of BMP signaling also
upregulates p53 activity in synchondroses. It has been demonstrated that loss of function
mutation of Polycystin-1 (Pkd1) in NCCs (Wnt1-Cre; Pkdl) develops premature fusion
of synchondrosis associated with reduction of proliferation and higher levels of apoptosis
(Kolpakova-Hart et al., 2008). Notably, Pkd1 expression is suppressed by p53 (Galluzzi et
al., 2018; Van Bodegom et al., 2006). It has been investigated that p53 induces apoptosis in
articular and the Meckel's cartilage (Okazaki et al., 2003; Trichilis & Wroblewski, 1997).
During endochondral ossification, chondrocytes terminally differentiate into hypertrophic
chondrocytes, subsequently, hypertrophic chondrocytes undergo apoptosis (Hallett, Ono,
& Ono, 2021). Apoptotic chondrocytes are known to promote calcium accumulation and
matrix calcification (Chen et al., 2021; Gibson, 1998). These facts suggest that apoptosis
induced by BMP-p53 interaction in NCCs promotes premature fusion of synchondrosis.

It is still unclear whether hypertrophic chondrocytes in synchondroses undergo apoptosis
to promote calcium accumulation and matrix calcification as well as long bones. Gain of
function mutation of fibroblast growth factor receptor 3 (Fgfr35374R), a causative reason
for craniosynostosis, promotes premature fusion of synchondrosis in mice (Ko, 2016);
(Matsushita et al., 2009). The Fgfr3374R mice show lower cell proliferation but do not show
higher cell death. It is an important effort to determine whether cell death of hypertrophic
chondrocytes in synchondrosis promotes calcium accumulation.

Defects of BMP signaling in cranial NCCs develops CFAs

In mice, we and others have reported that loss of function or gain of function mutation of
BMP signaling mediated by BMP type 1 receptor develops CFAs such as midfacial defects,
cleft palate, and craniosynostosis (Dudas, Sridurongrit, Nagy, Okazaki, & Kaartinen,
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2004; Hayano et al., 2015; Komatsu et al., 2013; Li et al., 2013; Maruyama et al.,

2021; Yang et al., 2021). In addition to many studies about BMP-related CFASs by using
transgenic animals, there are a few case reports of BMP-related CFASs in human subjects.
Homozygous missense of BMPR1A (results in amino acid substitution of BMPR1AR406L)
develops brachycephaly with unilateral coronal craniosynostosis in humans (Russell et al.,
2019). Duplication of human chromosome 10 g22.3923.2, including BMPR1A, develops
hypertelorism (van Bon et al., 2011). Genome-wide association studies (GWAS) of patients
with nonsyndromic craniosynostosis demonstrated the single nucleotide polymorphisms
(SNPs) near the location of BMP2, which may upregulate BMP2 expression in the patients
(Justice et al., 2012). SMADS is an inhibitory SMAD that negatively regulates BMP
signaling (Hata, Lagna, Massagué, & Hemmati-Brivanlou, 1998). Exome sequencing of
patients with nonsyndromic craniosynostosis demonstrated de novo SMAD6 mutation,
inferred loss of function mutation of SMADG6 (Komatsu & Mishina, 2016; Timberlake et
al., 2016). Notably, all patients carrying both the SMAD6 mutation and the SNP near BMP2
develops craniosynostosis (Komatsu & Mishina, 2016; Timberlake et al., 2016). Many of
the global knockouts of BMP ligands, receptors, and Smads and overexpressions of BMP
signaling components in mice result in embryonic lethality (Mishina, Crombie, Bradley, &
Behringer, 1999; Mishina, Suzuki, Ueno, & Behringer, 1995; Winnier, Blessing, Labosky, &
Hogan, 1995; Zhang & Bradley, 1996). It is reasonable to speculate that a significant change
in BMP signaling activity may also cause lethality in human subjects. Mutations identified
in humans with CFAs are likely those which result in slight up- or down-regulation of BMP
signaling. Indeed, chondrocytes with homozygous BMPR1AR406L show slight elevation

of the pSMAD 1/5/9 level (Russell et al., 2019). Taken together, this finding suggests

that mutations in regulatory sequences, which result in a slight up- or down-regulation of
components of the BMP-SMAD pathway, may lead to CFAs even if no mutation is found in
their coding sequences.

In summary, we propose that BMP-induced apoptosis and reduction of proliferation develop
premature fusion of synchondrosis leading to CFAs. We hope these findings will contribute
to further define the molecular mechanisms of CFAs, ultimately provide better treatment
options for pathologic conditions including midfacial hypoplasia.
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FIGURE 1.
Augmentation of BMP signaling in cranial NCCs develops premature fusion of

intersphenoidal synchondrosis (ISS). Mid-sagittal planes were generated by using micro-CT
scans of Control (a) (7= 3) and PO-Cre,caBmprlamice (b) (n=3). (c-I) Angular and length
between control and PO-Cre;caBmpriamice were then measured. Each point of sagittal
view, coronal view, and frontal view were indicated in c. (m—0) Skeletal preparations for
control (n) and PO-Cre;,caBmprlamice (0) at postnatal day 10 were stained with alizarin
Red and alcian blue. Arrows in a, b, m, and n indicated ISS. The number of pups with
patent ISS (white bars) and premature fused ISS (gray bars) at P10 are shown in m. (p)
PO-Cre;mTmG mice showed that cells in ISS are neural crest-derived cells (MGFP; green).
Scale bar; 5 mm (m, n) and 100 pum (p). Student's £test was used for statistical analyses. **p
<.01, *p<.05
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FIGURE 2.
Histological observations of intersphenoidal synchondrosis (I1SS) and sphenooccipital

synchondrosis (SOS) for control and PO-Cre,caBmprlamice at neonatal stage. (a—d)
Histological sections of the 1SS and SOS at postnatal day 3 (P3) and P6 were stained

with hematoxylin and eosin staining. (e, f) Length between control (white bars) and P0O-
Cre;caBmprla(gray bars) at P3 and P6 were measured (1= 3, two replicate experiments
were performed independently). Whole; whole synchondrosis, Resting; cells in resting zone,
Pro; proliferating cells, Hyper, hypertrophic cells. Scale bar; 200 um. Student's #test was
used for statistical analyses. **p < .01
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FIGURE 3.
Staining of undifferentiating cells, proliferating cells, and cell death in intersphenoidal

synchondrosis (ISS). Immunchistochemistry for SOX9 (a—c) and Ki67 (e—g), TdT-mediated
dUTP nick-end labeling (TUNEL) staining (i-k) and p53 (m-o0) are shown (/7= 6). Nuclei
were stained with DAPI (Blue). Control pups (control) and pups of PO-Cre;caBmprla mice
(caBmprla mut w/o PFT) were harvested at P3. The pregnant mice were injected Pifithrin-a
from E15.5 to E18.5 and the pups were harvested at P3 (caBmprla mut w/ PFT). Number of
cells positive for respective markers were quantified (d, h, I, j). Scale bar; 100 um. Statistical
analyses for respective markers were evaluated by one-way ANOVA with Tukey's test
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FIGURE 4.
Inhibition of p53 during late embryonic stage partially rescued the premature fusion of

ISS in PO-Cre;caBmprlamice. Pifithrin-a (PFT), an inhibitor for p53, was injected to the
pregnant mice from embryonic day 15.5 (E15.5) to E18.5, then the skulls of control and
PO-Cre;caBmprilamice were stained with alizarin red and alcian blue (skeletal preparation)
following the pups were harvested at postnatal day 17. Two phenotypes of PO-Cre;caBmprila
mice were found by PFT injection; phenotype A (4 out of 7 pups) and phenotype B (3 out

of 7 pups). Skeletal preparation of the cranial base (a—c) and calvaria (d—f) are shown. (g)
Schematic measurement points of angular and length are shown. (h—0) Measurements with
significant differences between control (white bar), PO-Cre;caBmpriaphenotype A (gray
bar) and PO-Cre;caBmprlaphenotype B (red bar) were shown. Scale bar; 2 mm. One-way
ANOVA with Turkey's test was used for statistical analyses. **p < .01, *p < .05.
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FIGURE 5.
Inhibition of p53 during early to late embryonic stage partially rescued the premature fusion

of cranial sutures in PO-Cre;caBmprlamice. Pifithrin-a (PFT), an inhibitor for p53, was
injected to the pregnant mice from embryonic day 8.5 (E8.5) to E18.5, then the skulls of
control and PO-Cre;caBmprlamice were stained with alizarin red and alcian blue (Skeletal
preparation) following the pups were harvested at postnatal day 10. (a—c) Cranial sutures in
control mice with PFT (control with PFT), PO-Cre;caBmprla mice with PFT (mutant with
PFT), and PO-Cre,caBmprlamice without PFT (Mutant wo PFT) were shown. (d—f) Boxed
area in a—c were enlarged. Arrows indicated the anterior frontal suture (AF), premaxilla-
frontal suture (PF), and posterior nasal suture (PN), respectively. (d—-f) Synchondroses in
control with PFT, Mutant with PFT, and Mutant without PFT were shown. Arrowheads
indicated intersphenoidal synchondrosis (ISS). (j—0) Histological observations for the PN
suture (j—I) and the PF suture (m-0) by hematoxylin and eosin staining were done. Black
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arrows indicated patent sutures (2 out of 5 pups showed the partial restoration). F and P in
the PF suture mean frontal bones and posterior bones. Scale; 5 mm (a—c, g-i), 2 mm (d-f),
200 pm (j-0).
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