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Osx plays essential roles in regulating osteoblast and chondrocyte differentiation, and bone formation
during mouse skeletal development. However, many questions remain regarding the requirement for
Osx in different cell lineages. In this study, we asked whether Osx is required for craniofacial bone forma-
tion derived from cranial neural crest (CNC) cells. The Osx gene was conditionally inactivated in CNC-

KeyW{)TdS-' derived cells using a Wnt1-Cre recombination system. Neural crest-specific inactivation of Osx resulted
\c/’;t‘:;‘xc in the complete absence of intramembranous skeletal elements derived from the CNC, and CNC-derived
ntl-Cre

endochondral skeletal elements were also affected by Osx inactivation. Interestingly, Osx inactivated
CNC-derived cells, which were recapitulated by lacZ expression, occupied the same regions of craniofacial
skeletal elements as observed for controls. However, cells lost their osteogenic ability to differentiate into
functional osteoblasts by Osx inactivation. These results suggest that Osx is important for craniofacial
bone formation by CNC-derived cells. This finding provides novel insights of the regulation of craniofacial
development by the gene network and transcription factors, and the understanding of human diseases
caused by neural crest developmental abnormalities.

Cranial neural crest cells
Craniofacial

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Neural crest cells are transient, pluripotent cells that develop
into diverse cell lineages [1]. During craniofacial development, cra-
nial neural crest (CNC) cells, derived from the lateral ridges of the
neural plate, have a central role in the formation of the craniofacial
mesenchyme that differentiates into craniofacial cartilage and
bones [2-5]. CNC cells also contribute to the morphogenesis of thy-
mus, mandibles, and teeth. CNC cells are known to migrate along
defined pathways to form mesenchymal structures and to differen-
tiate into a variety of cell types, which include chondrocytes, oste-
oblasts, and odontoblasts in the head and neck [6,7]. Most
craniofacial skeletal elements originate from the neural crest and
form via intramembranous or endochondral bone formation. The
former process involves the direct differentiation of condensed
mesenchymal cells into functional osteoblasts, whereas the latter
involves the condensation of mesenchymal cells to form a cartilag-
inous template, which is then replaced by osteoblastic cells with
infiltrating blood vesselsand converted into bone [8]. CNC cells
contribute to both of these processes during craniofacial develop-
ment. Neural crest development is regulated by gene networks
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that include transcription factors. However, because of a lack of
marker genes, our understanding of the molecular mechanisms
underlying CNC cell lineages and neural crest formation, and the
craniofacial developmental process remains unclear.

The transcription factor Osterix (Osx) plays an essential role
in bone formation [9]. It is first expressed in differentiating chon-
drocytes and continuously expressed in osteoblast progenitor
cells and in all developing bones [9-11]. In Osx homozygous null
mutants, no bone formation occurs in both intramembranous
and endochondral ossification due to an arrest of osteoblast dif-
ferentiation. In osteoblast-specific Osx conditional knockout
mice, impaired intramembranous and endochondral ossification
was observed to delay osteoblast maturation and cause an accu-
mulation of immature osteoblasts [10]. Chondrocyte-specific Osx
deficiency resulted in the impairment of chondrocyte differentia-
tion and endochondral ossification [12]. In the present study, we
conditionally inactivated the Osx gene specifically in neural crest
cells using Wnt1-Cre, which contains an active Cre recombinase
in a CNC-derived sub-population [2,5]. Osx conditional null mu-
tants revealed obvious craniofacial bone developmental failure.
In particular, these mutants completely lacked intramembranous
skeletal elements, including mandibles, and exhibited the im-
paired endochondral skeletal elements, suggesting that Osx is a
marker gene required for craniofacial bone formation by CNC-
derived cells.
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2. Materials and methods
2.1. Animals and genotyping

To cause neural crest-specific inactivation of Osx, conditional
Osx mice harboring a floxed allele (0sx™°*/*) [10], Osx heterozy-
gous mice Osx*/~ with a LacZ knock-in in the Osx locus (Osx*/~)
[9], and Wnt1-Cre transgenic mice [2] were used. During the first
cross, Wnt1-Cre transgenic mice were mated with Osx*/~ to gener-
ate Osx"/~; Wnt1-Cre. Osx"/~; Wnt1-Cre male mice were then
crossed with Osx™/* female mice to obtain Osx1¥/*, Qsxflox/—,
0sx°¥/*; Wnt1-Cre, and Osx"°/~; Wnt1-Cre. Genotypes of animals
were determined by PCR using genomic DNA from yolk sacs or
skin. The primer sets used and the PCR genotyping reactions were
previously described [10]. All animal experiments were conducted
after obtaining approval from Kyungpook National University.

2.2. Skeletal preparation and histological analysis

Skeletal preparations were performed on skeletons from new-
borns. Briefly, skin and organs were removed, and skeletons were
fixed in 95% ethanol and stained with alcian blue for cartilage
and alizarin red S for bone. The stained skeletons were then cleared
in 1% KOH containing 20% glycerol and observed under a stereomi-
croscope (Leica, Germany). For histological analysis, craniofacial
bones of 15.5 days post coitum (dpc) and newborns were fixed in
4% paraformaldehyde (PFA), embedded in paraffin, sectioned at
6 um, and stained with hematoxylin and eosin (H and E), and al-
cian blue. Von Kossa staining was performed to detect calcified
tissues.

2.3. X-gal staining

X-gal staining of whole-mount craniofacial samples of newborn
mice was performed as described previously [13]. Briefly, craniofa-
cial samples were fixed for 1h in a fixation solution containing
0.1 mol/L phosphate buffer (pH 7.5), 0.2% glutaraldehyde, 0.8%
formaldehyde, 2 mM MgCl2, and 5 mM EGTA (pH 8.0). Then, the
samples were washed with 0.1 mol/L phosphate buffer (pH 7.3)
containing 2 mmol/L MgCl2, 0.2% Nonidet P-40, and 0.1% sodium
deoxycholate. They were reacted with X-gal staining solution con-
taining 5 mM potassium ferricyanide, 5 mM potassium ferrocya-
nide, and 1 mg/ml X-gal overnight in the dark, washed in 1x
phosphate-buffered saline (PBS, pH 7.8) containing 10 mmol/L
EDTA (pH 8.0), and refixed in 4% formaldehyde/1x PBS (pH 7.8)
in the dark at 4 °C. For histological analysis, X-gal-stained samples
were dehydrated, embedded in paraffin, sectioned at 10 pm, and
counterstained with nuclear fast red.

3. Results
3.1. Conditional inactivation of the Osx gene by Wnt1-Cre

To inactivate Osx in neural crest cells, conditional Osx floxed
mice and Wnt1-Cre transgenic mice were used in the mating
scheme described in Section 2. 0sx™¥*, 0sx1°%/~, and Osx/1°¥/*;
Wnt1-Cre littermates were also generated and used as controls
for 0sx°*/~; Wnt1-Cre. All control animals revealed the same phe-
notype (data not shown). In a previous study, Cre recombinase in
Wnt1-Cre was active from embryonic day 8.5, and its activation
was limited to migrating neural crest cells [2]. Wnt1-Cre trans-
genic mice do not exhibit any specific phenotypic alteration [2].
Newborn Osxf°*/~; Wnt1-Cre were born at the expected Mendelian
frequency, but they were not viable due to breathing difficulties
and an inability to suckle.

3.2. Alterations of craniofacial bones in conditional Osx mutants by
Wnt1-Cre

In newborn Osx°*/~; Wnt1-Cre mutants, obvious craniofacial
deformities were observed by gross appearance and skeletons
which were stained by alcian blue for cartilage and alizarin red
for bone (Fig. 1). Whereas 0sx°¥/~ controls revealed normal cra-
niofacial bones, Osxf°*/~; Wnt1-Cre exhibited the complete ab-
sence of cranial neural crest (CNC)-derived intramembranous
bones, such as, frontal and nasal bones, zygomatic bone, tympanic
ring, premaxilla, and maxilla (Fig. 2). Furthermore, parietal and
interparietal bones were undersized in Osx™°¥~; Wnt1-Cre versus
0sx1°%/~ controls (Fig. 2). In particular, mandibles were tiny and
rudimentary in Osx™*/~; Wnt1-Cre, though Meckel's cartilage
was normal (Fig. 2). A hypoplastic hyoid bone with a delay in size
and mineralization was observed in Osx™°¥~; Wnt1-Cre. Analysis
of the cranial base in Osx™®¥~; Wnt1-Cre revealed that CNC-de-
rived endochondral bones in the prechordal region, such as, the
basisphenoid and presphenoid, were smaller than in Osx1¥/~,
and that pterygoid processes of sphenoid bone were missing
(Fig. 2). The caudal portion of the skull base, including the supraoc-
cipital, exooccipital, and basioccipital bones, which do not origi-
nate from the neural crest, was conserved in Osx"°*/~; Wnt1-Cre
(Fig. 2). Moreover, although somewhat small, all cartilages, includ-
ing the nasal and otic capsules, were unaffected in skeletal prepa-
rations of Osx™~; Wnt1-Cre (Fig. 2). No abnormalities were
observed in the trunk or limbs of Osx™°*/~; Wnt1-Cre (Fig. 1). These
results show that Osx™°/~; Wnt1-Cre exhibited severe morpho-
logic defects of CNC-derived craniofacial skeletal elements.

Osxflox-\Wnt1-Cre Osxflox-
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Fig. 1. Conditional inactivation of the Osx gene by Wnt1-Cre. Gross appearance
(upper) and skeletal preparation (lower) of newborn mice. Skeletons were stained
with alcian blue for cartilage followed by alizarin red for bone.
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Fig. 2. Higher magnified lateral, dorsal, and basal images of the skeletons of Fig. 1.
In Osx™°¥/~; Wnt1-Cre mutants, the morphology of overall cartilage was conserved,
but frontal and nasal bones, premaxilla, maxilla, and mandible were missing.
0sx°%/=; Wnt1-Cre mutants showed a progressively decreased size and mineral-
ization in hyoid bone and rudimentary mandibles. n, nasal; f, frontal; p, parietal; ip,
interparietal; s, supraoccipital; e, exooccipital; px, premaxilla; x, maxilla; md,
mandible; tr, tympanic ring; z, zygomatic; bo, basioccipital; bs, basisphenoid; ps,
presphenoid.
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Fig. 3. Localization of lacZ expressing cells in Osx

deposition was detected by von Kossa staining in X-gal stained sections (A, lower and B). In Osx

3.3. LacZ gene expression in the craniofacial bones of conditional Osx
mutant

In Osx heterozygotes, the lacZ gene was inserted in the Osx locus
to recapitalize the expression of Osx after Osx gene knockout [9].
Thus, the lacZ expression enabled us to visualize patterns of endog-
enous Osx gene expression by X-gal staining [9]. In order to observe
the Osx gene expression in CNC cells, we examined the localization
of lacZ expressing cells in Osx™*/~ and 0sx™~; Wnt1-Cre. In
0sx°~ controls and Osx™~; Wnt1-Cre mutants, which were
examined in dorsal view, lacZ expression was observed in all skull
bones, such as, frontal and nasal bones, parietal and interparietal
bones (Fig. 3A, upper panel). Surprisingly, the strong expression of
lacZ gene was observed in intramembranous bones of Osx°¥/~;
Wnt1-Cre mutants, such as, the frontal and nasal bones, which were
totally absent in skeletal preparations shown in Fig. 2. LacZ gene
expression was also observed in zygomatic bones and the mandibles
of 0sx°*/~: Wnt1-Cre (data not shown). Consequently, the overall
pattern of lacZ expression in Osx-null mutant cells was identical
to that observed for Osx heterozygous cells, even in terms of missing
craniofacial skeletal elements. Next, the mineral bone deposition,
originally detected by von Kossa staining, was histologically exam-
ined in whole mount X-gal stained skull. In Osx™¥/~ controls, the
mineral bone deposition was observed within matrix associated
with lacZ expressing cells, but in lacZ expressing cells of Osx1°%/~;
Wnt1-Cre, von Kossa stained regions showed no mineral bone depo-
sition (Fig. 3A, lower panel and Fig. 3B). This complete lack of min-
eral bone deposition was attributable to the failure of CNC-derived
cells not expressing Osx to differentiate into functional osteoblasts.
Our results show that no functional osteoblasts were present in
Osx°*/~; Wnt1-Cre mutants in regions where craniofacial bone
formation derived from CNC cells occurred in Osx"°¥/~ controls.

3.4. Histological analysis of craniofacial bone

To examine alterations in craniofacial bones, histological analy-
sis was performed by H and E, alcian blue and von Kossa staining at
15.5 dpc and in newborns (Fig. 4). Alcian blue and von Kossa stain-
ing enabled to assess cartilage matrix and mineral bone deposition,
respectively. Cartilage matrix stained by alcian blue was not signif-
icantly altered in Osx"®/~ controls and Osx™°*~; Wnt1-Cre mu-
tants. However, no mineral bone deposition was observed in the
craniofacial skeletal elements of OsxM°%/~;

; Wnt1-Cre mutants,
whereas normal calcification was present in Osx1°*/~ controls at
both times.

Osxfox-

B | Osxfloxi-\Wnt1-Cre

Calvaria

Mandible

; Wnt1-Cre mutants. LacZ expressing cells were stained blue by whole mount X-gal staining (A, upper) and mineral

flox/~ controls, mineral deposition occurred within matrix in association with

lacZ expressing cells. However, mineral deposition was totally lacking in Osx™°/~; Wnt1-Cre mutants.
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4. Discussion

The skull is a unique skeletal structure consisting of cranial
vault bones formed by intramembranous ossification and cranial
base bones formed by endochondral ossification. Unlike other parts
of the skeleton, the skull is derived from the neural crest. Neural
crest cells arise in the ectoderm at the margins of the neural tube,
migrate in many different locations, and then differentiate into
many cell types to contribute to neurons, teeth, head, face, and
other cranial features [2,14]. CNC cells, which generate most of
the skull, provide patterning information for craniofacial morpho-
genesis [15-17], and several genes have been suggested to play
important regulatory roles in craniofacial patterning by CNC cells
and CNC-derived cell lineages.

Transcription factor AP-2 is expressed in CNC cells, cranial and
spinal sensory ganglia, and facial mesenchyme [18]. Furthermore,
AP-2 knockout mice display severe dismorphogeneses of the face,
skull, and cranial closure, indicating that AP-2 is necessary for cra-
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niofacial development [19]. Members of the DIx homeobox gene
family are expressed in craniofacial ectoderm and CNC and func-
tion in the patterning of bronchial arches [20]. In addition, DIX5
is expressed in CNC for the development of craniofacial hard tis-
sues, and DIx5-deficient mice show defective craniofacial struc-
tures, frontonasal development, and maxillae and mandibles,
which suggests that DIx5 is required for craniofacial development
and that it regulates the patterning of craniofacial morphology
through the CNC [21]. Mutations in Pax6, a crucial regulator of cra-
niofacial development, cause craniofacial skeletal defects that arise
from the arrested migration of midbrain CNC-derived cells to the
lateral frontonasal region [22,23]. During craniofacial development
in mouse, Osx is expressed in condensed mesenchymes of the
developing frontal bone, maxilla, and mandible [9]. However, the
importance of Osx in CNC-derived cells for craniofacial bone for-
mation has not been well investigated.

In the present study, to further understand the significance of Osx
in CNC-derived cells, the Osx gene was specifically inactivated by

| High magnification

Osxfox-Wnt1-Cre Osxfiox/-
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Fig. 4. Histological analysis of Osx™®/~; Wnt1-Cre mutants at 15.5 dpc (A) and in newborns (B). H and E, alcian blue, and von Kossa staining were performed in coronal
sections of 0sx°*/~ controls and 0sx°¥/~; Wnt1-Cre mutants. Alcian blue and nuclear fast red staining showed no change in cartilage formation in either group. However,
von Kossa staining showed the complete absence of mineral deposition in Osx"**/~; Wnt1-Cre mutants at 15.5 dpc and in newborns.
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Wnt1-Cre-mediated deletion. Wnt1 is required for the anterior-pos-
terior patterning of the central nervous system (CNS), and notably, in
the CNS, CNC cells in branchial arches are wholly derived from
Wntl-expressing cells [24,25]. Thus, in the Wnt1-Cre recombination
system, Cre recombinase is specifically active in the neural crest and
exhibits an expression pattern identical to that of the endogenous
Wnt1 gene [2,24]. The Wnt1-Cre system also provides a good tool
for the analysis of neural crest development, and by using this sys-
tem, several group have elucidated the functions of specific genes
and the molecular mechanisms underlying CNC-derived cell lin-
eages and of neural crest formation. For instance, Sox9 inactivation
in CNC cells resulted in a complete absence of CNC-derived endo-
chondral bones and cartilages, but did not affect any intramembra-
nous bone [26]. CNC-derived Sox9-null cells failed to differentiate
into chondrocytes, and instead expressed osteoblast marker genes
[26]. These results were due to a failure of CNC cells to differentiate
into chondrocytes, and suggest that Sox9 is required for determining
the cell fates of chondrocyte and osteoblast lineages during CNC-de-
rived endochondral ossification. However, Sox9 is not needed for the
osteoblast lineage during CNC-derived intramembranous ossifica-
tion [26]. Alagille syndrome caused by mutations in the Jagged1 gene
exhibits craniofacial anomalies [27]. The requirement for Jagged1 in
CNC cell populations during craniofacial development was investi-
gated using CNC cell lineage-specific Jagged1 conditional knockout
models. Jagged1 inactivation in CNC cells caused the craniofacial
abnormalities observed in Alagille syndrome, including midfacial
hypoplasia and aberrant craniofacial growth [27]. This result dem-
onstrates that the Jagged1 plays an important role in the CNC during
craniofacial formation. The conditional inactivation of Tgfpr2 in the
CNC resulted in severe skull defects, cleft palate, small mandibles
and maxillae, and missing frontal and retarded parietal bones in
mice [28,29]. Furthermore, in this conditional knockout model,
FGF2, a downstream gene of TGFp signaling, rescued impaired cell
proliferation in frontal bone [30]. These results demonstrate that
TGFp signaling is essential for the regulation of the fate of CNC cells
during craniofacial development. In the present study, conditional
inactivation of Osx in CNC-derived cells was achieved using a
Wnt1-Cre recombination system and conditional Osx inactivation
in CNC cells caused severe defects in craniofacial bone development,
including the complete absence of intramembranous skeletal ele-
ments and the impairment of endochondral skeletal elements. These
results suggest that Osx is required for craniofacial bone formation
by CNC-derived cells. Moreover, in conditional Osx null mutants in
CNC cells, Osx inactivated CNC-derived cells occupied the same re-
gion as in the control. However, although they migrated to the cor-
rect locations, they failed to differentiate into functional
osteoblasts to generate mineral bone matrix. This finding indicates
that Osx inactivated CNC-derived cells do not differentiate into ma-
ture osteoblasts and cannot participate in the formation of craniofa-
cial bones. Taken together, this study provides novel insights of the
regulation of craniofacial development by network via the osteo-
blast-specific transcription factor Osx and enhances our under-
standing of human diseases caused by neural crest developmental
abnormalities.
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