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Ift88 is involved in mandibular development
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Abstract

The mandible is a crucial organ in both clinical and biological fields due to the high frequency of congenital
anomalies and the significant morphological changes during evolution. Primary cilia play a critical role in many
biological processes, including the determination of left/right axis patterning, the regulation of signaling
pathways, and the formation of bone and cartilage. Perturbations in the function of primary cilia are known to
cause a wide spectrum of human diseases: the ciliopathies. Craniofacial dysmorphologies, including mandibular
deformity, are often seen in patients with ciliopathies. Mandibular development is characterized by
chondrogenesis and osteogenesis; however, the role of primary cilia in mandibular development is not fully
understood. To address this question, we generated mice with mesenchymal deletions of the ciliary protein,
1t88 (Ift88™ - wnti1Cre). Ift88™7:Wnt1Cre mice showed ectopic mandibular bone formation, whereas /ft88
mutant mandible was slightly shortened. Meckel’s cartilage was modestly expanded in /ft88™™:Wnt1Cre mice.
The downregulation of Hh signaling was found in most of the mesenchyme of /ft88 mutant mandible.
However, mice with a mesenchymal deletion of an essential molecule for Hh signaling activity, Smo (Smo™":
Wnti1Cre), showed only ectopic mandibular formation, whereas Smo mutant mandible was significantly
shortened. /t88 is thus involved in chondrogenesis and osteogenesis during mandibular development, partially

through regulating Sonic hedgehog (Shh) signaling.
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Introduction

Approximately one-third of all congenital defects include
craniofacial anomalies. In particular, mandible anomalies,
including micrognathia, have been shown to occur at
high frequency. The mandible is also known to be a key
factor in evolution due to the significant morphological
changes that occurred during evolution. Therefore, under-
standing the molecular mechanisms regulating mandibular
development is crucial for both biological and clinical
fields.
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The mandible shows unique developmental processes
(Achilleos & Trainor, 2015; Parada & Chai, 2015; Terrazas
et al. 2017). Mandibular development relies on chondroge-
nesis (Meckel's cartilage) and osteogenesis (mandibular
bone). Meckel's cartilage is believed to act as a transient
supportive tissue for mandibular bone formation during
embryogenesis and disappears at late gestation and in early
neonates. Meckel’s cartilage initiates in the molar tooth
region of the mandibular process and then extends in both
directions along the anterior-posterior axis. The mandibular
bone is first seen as condensed mesenchymal cells that pro-
liferate and differentiate into osteogenic cells. The ossifica-
tion of the mandibular bone mainly begins in the
mesenchyme buccal and extends until Meckel’s cartilage at
the molar tooth region, and the developing mandibular
bone subsequently surrounds Meckel’s cartilage. However,
in murine mandible, except in the incisor region, the bulk
of the mandibular bone forms in the mesenchyme buccal to
Meckel's cartilage, and only a thin portion of bone is
formed in the mesenchyme lingual to Meckel’s cartilage.
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Primary cilia are immotile organelles on the surface of
almost all mammalian cells. Cilia play important roles in
many biological processes, including determination of left/
right axis patterning and regulation of signaling pathways
(Bisgrove & Yost, 2006; Zaghloul & Brugmann, 2011).
Hedgehog (Hh) signaling is activated within primary cilia.
Primary cilium comprises a membrane-bound cylinder sur-
rounding nine doublet microtubules that extend from a
basal body. Cilia are assembled and maintained by an
intraflagellar transport (IFT) system, in which multiple pro-
tein complexes move bidirectionally along the axoneme by
the coordinated action of IFT motor proteins. IFT is a highly
conserved system in all ciliated eukaryotic cells, and pertur-
bations in the function of primary cilia are implicated in a
wide spectrum of human diseases: the ciliopathies (Bisgrove
& Yost, 2006). Mandibular abnormalities are observed in
many ciliopathy patients. Primary cilia are reportedly
involved in chondrogenesis and osteogenesis (Yuan & Yang,
2016); however, their role in mandibular development is
not fully understood (Kolpakova-Hart et al. 2007; Gray et al.
2009; Brugmann et al. 2010; Zhang et al. 2011, 2011; Adel
Al-Lami et al. 2016; Cela et al. 2018; Kitami et al. 2019).

Ift88 encodes a protein that is required for IFT (Murcia
et al. 2000). By analyzing mice with tissue-specific condi-
tional deletions of /ft88, we discovered that /ft88 regulates
mandibular development by controlling chondrogenesis
and osteogenesis.

Materials and methods

Production and analysis of transgenic mice

P53, Ift88™" WntiCre, R26SmoM2, and K14Cre mice were pro-
duced as described previously (Danielian et al. 1998; Jeong et al.
2004; Narai et al. 2006; Yi et al. 2006; Haycraft et al. 2007). Embry-
onic day 0 (E0) was taken to be midnight prior to finding a vaginal
plug.

In situ hybridization

In situ hybridization was carried out as described previously (Oha-
zama et al. 2008).

Skeletal preparation

To analyze the skeleton, pups were stained with Alcian Blue for
nonmineralized cartilage and Alizarin Red for bone. Briefly, mice
were fixed in 100% ethanol and then stained for 5 days in 0.1% Ali-
zarin Red S (in 95% ethanol), 0.3% Alcian Blue (in 70% ethanol),
100% acetic acid, and ethanol, followed by alkaline hydrolysis and
glycerol clearing.

3D reconstruction of Meckel’s cartilage

The 3D reconstructions of Meckel's cartilage were made from serial
sections as described previously (Kawasaki et al. 2014) using the
Awmira software package (Template Graphics Software).

Cell proliferation

For detection of cell proliferation, pregnant females were injected
intraperitoneally with BrdU (Roche) labeling reagent (45 mg g~
body weight) at E12.5. One hour after injection, embryos were
fixed in 4% paraformaldehyde (PFA) fixative and embedded in
paraffin wax, from which sections were cut. Immunodetection of
BrdU was performed using the BrdU labeling and detection kit
(Roche) according to the manufacturer’s instructions.

Results

Mandible phenotypes in Ift88™":Wnt1Cre mice

Global mutations in /ft88 have been shown to lead to early
embryonic lethality (Murcia et al. 2000). Therefore, mice
with tissue conditional mutations in /ft88 were generated
using the Cre-LoxP system. First, we generated mice with a
mesenchymal loss of /ft88 in neural crest-derived cells using
Wnti1Cre (It88™"-WntiCre). Ift88™":Wnt1Cre mice died at
birth and had no tongue (Tian et al. 2017). Skeletal prepa-
ration analysis showed that /ft88 mutant mandibles were
slightly shorter and thicker than those of wild-type mice
along the anterior—posterior and left/right axis, respectively
at E18.5 (Fig. 1A,B,D,E,G,H). In wild-type mice, developing
mandibular bone extends along the anterior—posterior axis
and, subsequently, the posterior end of the mandible starts
to form three mandibular processes that are classified as
secondary cartilage: condylar, coronoid, and angular. In
wild-type mice, cartilage was observed only in the angular
and condylar processes at birth (Fig. 1A,D,G,J). In Ift88™":
Wnti1Cre mice, extra cartilage formation was observed in
the lingual side of the mandible at the posterior end of the
mandible (Fig. 1E,K). This extra cartilage was isolated from
other endogenous cartilage. Examination of the aboral side
of Ift88 mutant mandibles indicated that two mandibular
bones were present, and the extra cartilage at the posterior
end of the mandible was found to form in the lingual side
of the mandibular bone (Fig. 1H, Supporting Information
Fig. S1B). These two mandibular bones could not be
observed in the anterior mandibles of /#t88™:Wnt1Cre mice
(Fig. 1H). The oral side of /ft88 mutant mandibles did not
show these two mandibular bones, except at the posterior
end of the mandibles (Fig. S1D,F). The anterior mutant
mandible was slightly enlarged along the left/right axis
(Figs 1E,H and S1F). Examination of the buccal and lingual
sides of the mandibles indicated that /ft88 mutant
mandibular bone was also enlarged along the oral-aboral
axis and that the coronoid process was ablated in /ft88™:
Wnti1Cre mice (Fig. 1N,Q). Histological analysis revealed
that mandibular bone oral, lingual, and buccal to Meckel’s
cartilage was enlarged in the anterior mandible of /ft88™:
Whnt1Cre mice (Fig. 2B). In the middle and posterior mand-
ibles, enlarged mandibular bone lingual to Meckel's carti-
lage (lingual mandibular bone) and the mandibular bone

© 2019 Anatomical Society
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Fig. 1 Mandibular bone phenotypes in 1#t88™""-\Wnt1Cre and Smo™"-Wnt1Cre mice. Oral (A-F), aboral (G-1), buccal (M-0) and lingual (P-R) view
of skeletal preparation of wild-type, /ft88"":Wnt1Cre and Smo™":Wnt1Cre mice at E18.5. (J-L) Proximal end of skeletal preparation of wild-type,
1ft88""-Wnt1Cre and Smo™-Wnt1Cre mice at E18.5. Green arrows and arrowheads indicate extra cartilage formation and ectopic mandibular

bone formation, respectively. Scale bars: 1 mm.

buccal to Meckel’s cartilage (buccal mandibular bone) were
observed in Ift88"™:wnt1Cre mice (Fig. 2E, data not
shown). There was a gap between the lingual and buccal
mandibular bone at the aboral side of the mandible, but
thin bone formation was observed between them at the
oral side of the mandible (Fig. 2H). To examine Meckel's
cartilage present between the lingual and buccal mandibu-
lar bone in Ift88™":Wnt1Cre mice, in addition to the analy-
sis of skeletal preparations using Alcian Blue, we performed
a 3D reconstruction of Meckel's cartilage from histological
specimens to obtain a more detailed picture of Meckel’s car-
tilage. Both analyses showed that Meckel's cartilage was
slightly shortened and thickened in 1ft88™";:Wnt1Cre mice
(Fig. 3B, data not shown). The enlargement of chondrocytes
could not be detected in Ift88™-Wnt1Cre mice (data not
shown). These mandibular bone phenotypes were observed
to be fully penetrant in Ift88™"";\Wnt1Cre mice. To deter-
mine whether /ft88 in epithelium is also involved in
mandibular development, we next generated mice with
epithelial conditional /ft88 mutations using Keratin(K)14Cre
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(1£t88™™:K 14Cre). We found that I£t88"":K14Cre mice exhib-
ited no obvious abnormalities in mandibular development
(data not shown).

Initiation of abnormal mandible formation in 1ft88"";
Wnt1Cre mice

Ectopic condensed mesenchyme and cell proliferation
examined by BrdU were observed in the region lingual to
Meckel's cartilage in t88™":Wnt1Cre mice (Fig. S2B,D). To
further identify the region where abnormal mandibular
development initiates in 1t88™:Wnt1Cre mice, we ana-
lyzed the osteoblast differentiation marker, Runx2, at early
stages of mandibular development. At E12.5, Runx2 was
expressed in mesenchyme buccal to Meckel's cartilage in
wild-type mice, which was slightly expanded in /ft88™":
Wnt1Cr mice (Fig. 4A,B,D,E). I£t88™™:WntiCre mice also
showed ectopic Runx2 expression in mesenchyme lingual to
Meckel's cartilage, which was observed as an oblique
expression domain in /ft88 mutant mandibles from the
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Fig. 2 Histological mandibular bone phenotypes in Ift88":Wnt1Cre and Smo™"-Wnt1Cre mice. Frontal sections show the developing mandibular
bone in wild-type, /ft88"":Wnt1Cre and Smo™:Wnt1Cre mice at E18.5. Blue arrow and arrowheads indicate wild-type endogenous lingual
mandibular bone and mutant excess mandibular bone, respectively. Green arrow indicates the gap between lingual and buccal bone. Yellow arrow
indicate the thin bone between lingual and buccal bone. Scale bars: 500 um (A-F), 250 pm (G-).

WT Ift88"":Wnt1Cre Smo™;Wnt1Cre

Fig. 3 Meckel's cartilage in /ft88"":Wnt1Cre and Smo™":Wnt1Cre mice. 3D reconstruction of Meckel’s cartilage of wild-type, /88" Wnt1Cre
and Smoﬂ/ﬂ,'Wnt7Cre mice at E14.5.

anterior mandible to the lingual end of the posterior mand- hybridization and immunohistochemistry analyses in the
ible (Fig. 4B,E). region where extra bone formation initiated at E11.5 and
E12.5. It has been shown that Fgf, Wnt, Tgfp, and Bmp sig-
naling pathways are involved in craniofacial development,
including mandibular development (Brugmann et al. 2007;
Mina et al. 2007; Oka et al. 2008; Komatsu et al. 2013). No
To identify candidate molecules related to the mandibular  /ft88™™:\Wnt1Cre mice exhibited any significant differences

phenotypes in Ift88™:Wnt1Cre mice, we performed in situ in the expression of marker molecules for these pathways in

Molecular changes in the developing mandible of
11t88™":Wnt1Cre mice

© 2019 Anatomical Society
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Smo™":Wnt1Cre

Fig. 4 Initiation of mandibular bone formation. (A-C) Oral view of whole mount showing Runx2 expression. (D-F) Frontal sections showing in situ
hybridization of Runx2. Arrowheads and arrows indicate endogenous and ectopic mandibular bone region, respectively. Scale bars: 500 pm.

developing mandibles (data not shown). Hh signaling is
activated within primary cilia and is involved in craniofacial
development (Jeong et al. 2004; Bisgrove & Yost, 2006;
Zaghloul & Brugmann, 2011; Kurosaka et al. 2014). There-
fore, expression of Ptch1 and Gli1 (direct targets of Hh sig-
naling) was examined in developing mandibular. In wild-
type mandibular mesenchyme, Ptch1 and Gli1 expression
was broadly observed at E11.5 (Fig. 5A,B). At E12.5, Ptch1
and Gli1 expression was also found in entire mesenchyme
of the anterior mandible, but became restricted in the mid-
dle and posterior mandible (Fig. 5CE,G,l). In the middle
and posterior mandibles, both Ptch? and Gli1 showed
expression in the endogenous bone region at E12.5. Ptch1
was also expressed in mesenchyme lingual to Meckel’s carti-
lage, whereas Gli1 expression could not be detected in the
region (Fig. 5E,l). Ptch1 and Gli1 expression was significantly
downregulated in most of the mesenchyme from the ante-
rior to posterior mandible, including the region correspond-
ing to endogenous and ectopic mandibular bone formation
in 188" -Wnt1Cre mice (Fig. 5D,F,H,J). Unlike in mes-
enchyme, both Ptch1 and Gli1 expression was found to be
increased in /ft88 mutant mandibular epithelium, indicating
that Hh signaling was overactivated in mandibular epithe-
lium of I£t88™:\Wnt1Cre mice. The jaw is known to develop
via an epithelial-mesenchymal interaction (Billmyre & Klin-
gensmith, 2015; Li et al. 2017). It has been shown that mice
with overexpression of Shh in the epithelium (K14-Shh)
show enlarged mandibles, suggesting the possibility that
the overactivation of Hh signaling in mandibular epithelium
results in extra mandibular bone formation (Cobourne
et al. 2009). However, Hh signaling is likely overactivated
both in epithelium and mesenchyme in K74-Shh mice, since
overexpression of Shh protein can bind to receptors
expressing both in epithelium and mesenchyme. Hh signal-
ing was overactivated only in mandibular epithelium of
1£t88™:Wnt1Cre mice. To address this question, we

© 2019 Anatomical Society

generated mice with overactive Hh signaling only in the
epithelium using R26SmoM2, since Hh signaling is overacti-
vated only in epithelium, when R265moM2 mice are crossed
with K74Cre driver mice (R26SmoM2;K14Cre). R26SmoM2;
K14Cre mice exhibited no extra mandibular bone forma-
tion, suggesting that the upregulated Hh signaling
observed in [ft88 mutant mandibular epithelium is not the
cause of extra mandibular bone formation (Supporting
Information Fig. S3).

Hh signaling in Ift88 mutant mandibles

It has been shown that mice with a mesenchymal condi-
tional mutation in Smo (an essential molecule in Hh signal-
ing) generated using Wnt1Cre mice (Smo™:WntiCre)
exhibit abnormal mandibular formation (Jeong et al. 2004;
Xu et al. 2019). To investigate whether abnormal mandibu-
lar bone formation in Ift88™™-Wnt1Cre mice was the result
of the downregulation of the Hh signaling pathway in mes-
enchyme, we compared the mandibular phenotypes in
1£t88"™-\Wnt1Cre  and  Smo™:Wnt1Cre mice. Smo™";
Whnt1Cre mice have been shown to exhibit significantly
smaller lower jaws than wild-type mice (Fig. 1C; Jeong et al.
2004; Xu et al. 2019). In common with t88"™-wnt1Cre
mice, Smo™;Wnt1Cre mice exhibited extra cartilage at the
posterior end of the mandible, which was separated from
endogenous cartilage in the angular and condylar processes
(Fig. 1F,L). The extra cartilage in the Smo™":Wnt1Cre mice
was bigger than that in the 1t88™:Wnt1Cre mice. Contrary
to Ift88™™-Wnt1Cre mice, the coronoid process was also pre-
sent in Smo™™:Wnt1Cre mice (Fig. 10,R). In common with
1£t88™™:\Wnt1Cre mice, the aboral side of the Smo mutant
mandibles showed two mandibular bones (Fig. 11). How-
ever, unlike in 1t88™™:Wnt1Cre mice, these two mandibular
bones were observed along the entire mandible of Smo™":
Wnti1Cre mice. Through histological analysis, no bone
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Ift88"";Wnt1Cre

SMo™-Wnt1Cre

Fig. 5 Shh signaling in mandibles in /ft88™":Wnt1Cre and Smo™":
Whnt1Cre mice. Frontal sections show in situ hybridization of Ptch1 (A,
C—F,K) and GIi1 (B,G-J,L) in the anterior (C,D,G,H) and middle (molar)
region (A,B,E,F,I-L) of wild-type (A,B,C,E,G,l), Ift88""-wnt1Cre (D,F,H,
1) and Smo™:Wnt1Cre (K, L) mice at E11.5 (A, B) and E12.5 (C-L).
Meckel’s cartilage is outlined by red dots. Scale bars: 250 pm.

formation was observed in the anterior mandible of Smo™":

WntiCre mice (Fig. 2C). Like 11t88™"-Wnt1Cre mice,
enlarged lingual and buccal mandibular bone was observed
in the middle and posterior part of Smo mutant mandibles

(Fig. 2F, data not shown). In Smo™:Wnt1Cre mice, Meckel’s
cartilage was also present between the lingual and buccal
mandibular bone and was significantly shortened and
slightly thickened (Fig. 3C; Jeong et al. 2004; Billmyre &
Klingensmith, 2015; Xu et al. 2019). There was a gap
between the lingual and buccal bone at both the oral and
aboral side of mandible in the Smo mutant mandible
(Fig. 2I). Runx2 expression was slightly expanded in the
region buccal to Meckel’s cartilage, whereas ectopic Runx2
expression was observed in mesenchyme lingual to Meckel’s
cartilage in Smo™":Wnt1Cre mice (Fig. 4C,F). Unlike in
1£t88™"-Wnt1Cre mice, the ectopic Runx2 expression
domain was retained at the lingual end of Smof”ﬂ;WnﬂCre
mutant mandibles. Interestingly, upregulation of Ptch1 and
Gli1 expression were also observed in the mandibular
epithelium of Smo™":Wnt1Cre mice (Fig. 5K,L).

The relationship between ectopic bone formation in
the palatal shelf and the mandible

We previously reported that ectopic bone is formed in the
maxillary processes of Ift88™ :\Wnt1Cre mice as a result of
abnormal apoptosis. The ectopic bone disappears when the
apoptosis regulating molecule p53 is deleted from /ft88™:
Wnt1Cre mice (Ift88™™:Wnt1Cre;p53~'~; Watanabe et al.
2019). However, in the present study, no abnormal apop-
totic activity was detected in /ft88 mutant mandible, and
the abnormal mandibular bone showed no changes in
1ft88™-Wnt1Cre;p53 '~ mice (Supporting Information

Fig. S4, data not shown).

Discussion

In wild-type mice, only thin bone formation was observed
in the region lingual to Meckel's cartilage in the middle
and posterior mandible. Runx2 was not obviously expressed
in that region at the early stage of mandibular develop-
ment. In [ft88"™:Wnt1Cre mice, Runx2 was ectopically
expressed in the region and the subsequent lingual
mandibular bone was significantly enlarged. Extra cartilage
formation was also observed at the posterior end of the
1ft88 mutant mandible along with the angular and condylar
processes, which was formed in the enlarged lingual
mandibular bone. It has been shown that cartilage in the
angular and condylar processes is derived from the perios-
teum of the ossifying mandible in wild-type mammals (Shi-
bata et al. 2013), indicating that extra cartilage formation
at the posterior end of the /ft88 mutant mandible is derived
from the enlarged lingual mandibular bone. The enlarged
lingual mandibular bone in /ft88™ ;:Wnt1Cre mice was thus
programmed as another mandibular bone. In addition,
there was a gap between lingual and buccal mandibular
bone formation in the mutant, and Meckel’s cartilage was
present in the gap. Ift88™™:Wnt1Cre mice thus exhibited
mirror-image mandibles between the lingual and buccal

© 2019 Anatomical Society



sides of the mandible. These indicate the possibility that
mandibular bone formation was duplicated in /ft88™:
Wnt1Cre mice. However, lingual mandibular bone sepa-
rated from buccal mandibular bone could not be detected
on the oral side or the anterior part of the mandible from
1£t88™™:Wnt1Cre mice. The duplication of mandibular bone
is likely partially to have occurred in I#t88™:Wnt1Cre mice.

The lack of Hh signaling was observed in most of the mes-
enchyme from the anterior to the posterior region of Ift88
mutant mandible. Smo™":Wnt1Cre mice also showed similar
mandibular phenotypes, including two mandibular forma-
tions and extra cartilage at the posterior end of the mand-
ibles (Xu et al. 2019). Mirror-image mandibles were also
observed in Smo™:Wnt1Cre mice. These results indicate
that mandibular duplication was caused by downregulated
Hh signaling. Shh signaling has recently been shown to reg-
ulate the patterning of mandibular development (Xu et al.
2019). Shh signaling is activated within primary cilia, and
the primary cilia are known to regulate axis patterning (Bis-
grove & Yost, 2006; Bimonte et al. 2011; Zaghloul & Brug-
mann, 2011). It is conceivable that duplication of
mandibular bone in /ft88™™:\Wnt1Cre mice was caused by
abnormal patterning through perturbation of primary cilia
function due to /ft88 deletion and subsequent reduced Shh
signaling. The primary cilia thus likely regulate the direction
of mandibular bone formation through Hh signaling. On
the other hand, deficiency of /ft88 in osteoblasts and osteo-
cytes has been shown to result in increased bone formation
(Yuan & Yang, 2016). The deletion of another ciliary pro-
tein, Kif3a, has also been reported to lead to ectopic bone
formation in the craniobase (Koyama et al. 2007). In addi-
tion to abnormal patterning, it is also possible that
increased bone formation by perturbation of primary cilia
function contributes to enlarged lingual mandibular bone
formation in Ift88™;Wnt1Cre mice. The primary cilia might
play a role in limiting bone formation in mesenchyme lin-
gual to Meckel’s cartilage in wild-type mandible. Extra bone
formation is also observed in maxillary processes of /ft88™:
Wnt1Cre mice, indicating the possibility that limiting bone
formation by the primary cilia takes place in many regions
during craniofacial development (Watanabe et al. 2019).
However, in Ift88™ - Wnt1Cre;p53~'~ mice, abnormal bone
formation disappears in maxillary processes, but not in
mandibles (Watanabe et al. 2019). Molecular mechanisms
controlling bone formation by the primary cilia are thus
likely to be different between regions.

Hh signaling was downregulated in most of the mandibu-
lar mesenchyme of [ft88™:\Wnt1Cre mice. However, the
anterior mandibular bone was present and slightly enlarged
in 1ft88™™:\Wnt1Cre mice, although the anterior mandibular
bone was absent in Smo™":Wnt1Cre mice. In addition, the
coronoid process was observed in Smo™-Wnt1Cre mice but
not in Ift88™™:Wnt1Cre mice. Thus, the lack of Hh signaling
is likely to result in only abnormal lingual mandibular bone
formation. Other phenotypes observed in Ift88™":wnt1Cre

© 2019 Anatomical Society
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mice including the lack of the coronoid process and the
presence and enlargement of the anterior mandibular bone
were independent of the lack of Hh signaling. Furthermore,
the mandible in Smo™™:Wnt1Cre mice was much smaller
than those in Ift88™7:Wnt1Cre mice. The phenotypes of
Meckel's cartilage were significantly different between
1£t88™-Wnt1Cre and Smo™";Wnt1Cre mice. Thus, other
molecular changes should have occurred in 1788
Whnt1Cre mice, probably resulting in different phenotypes
in Ift88™™:\Wnt1Cre mice.

Hh signaling was upregulated in the mandibular epithe-
lium in Ht88™M:Wnt1Cre mice, which was also observed in
Smo™ - Wnt1Cre mice. These results suggest that Hh activity
in the epithelium is determined by Hh signaling in the
mandibular mesenchyme. It is possible that overactivation
of Hh signaling in epithelium leads to abnormal mandibular
bone formation, since it has been shown that mice with
overexpression of Shh in the epithelium (K74-Shh) exhibit
enlarged mandibles (Cobourne et al. 2009). However, we
found no extra mandibular bone formation or abnormal
Meckel’s cartilage in R265SmoM2;K14Cre mice, suggesting
that the upregulation of Hh signaling in mandibular epithe-
lium was not the cause of enlarged mandibles in /£t88™";
Wnti1Cre mice. Hh signaling in R265moM2;K14Cre mice
should only be overactivated in the epithelium. However, in
K14-Shh mice, it is highly likely that overactivation of Shh
protein (the Hh ligand) from epithelium can bind to recep-
tors expressed in both epithelium and mesenchyme. It is
possible that enlarged mandibles are caused by upregula-
tion of Shh signaling in both the epithelium and mandibu-
lar mesenchyme in K14-Shh mice.
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Supporting Information

Additional Supporting Information may be found in the online
version of this article:

Fig. S1. Mandibular bone phenotypes in Ift88™:wntiCre. Abo-
ral (A,B) and oral (C-F) view of skeletal preparation of wild-type
and 1ft88™"™-WntiCre in the posterior (A-D) and anterior (E,F)
region at E18.5. Scale bars: 1T mm.

Fig. S2. Initiation of extra mandibular bone formation. (A,B)
Frontal sections showing the developing mandible at E13.5.
Arrows indicating ectopic condensed mesenchyme. (C,D) Frontal
sections showing BrdU-positive cells in wild-type and /ft88™";
Wnt1Cre mice at E12.5. Arrows indicating region corresponding
ectopic bone. Meckel's cartilage was outlined by blue dots. Scale
bars: 500 um.

Fig. S$3. Overactivation of Hh signaling in epithelium in
mandibular development. Frontal sections showing the develop-
ing mandibular bone in wild-type and R26SmoM2™":K14Cre
mice. Scale bars: 500 pum.

Fig. $4. Mandibular bone phenotype in Ift88™:Wnt1Cre;p53~/~.
Frontal sections showing the developing mandibular bone in
1ft88™:\wnt1Cre (A) and Ift88™7:Wnt1Cre;p53~'~ (B,C) mice at
E18.5. Scale bars: 500 pm.
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