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Sox9 mRNA expression in the developing palate and craniofacial
muscles and skeletons
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Abstract
Background . Sox9 is a critical transcription factor for chondrogenesis and sex determination. Haploinsufficiency
mutations of SOX9 in humans lead to campomelic dysplasia. Inactivation of Sox9 in the craniofacial region of mice results
in an absence of endochondral bones and in malformation of other structures. This suggests that Sox9 plays multiple roles in
craniofacial development and these remain to be elucidated. In order to study the functions of Sox9 in craniofacial
development, a preliminary expression examination was performed. Material and Methods. To detect the expression of
Sox9 mRNA, antisense riboprobe was synthesized by in vitro transcription. Radioactive in situ hybridization was performed
on sagittal and coronal sections of mice head from organogenesis to the early postnatal stage. Results. It was found that
Sox9 was expressed in multiple stages and distinct processes. Besides the expression in cartilage, it was seen in the fusing
stage of palatogenesis. Sox9 was also present during differentiation and maturation of craniofacial muscles. In addition, it
was observed in intramembranous skeletal elements at restricted sites and stage. Conclusions. The expression pattern
suggests that Sox9 serves broad roles in craniofacial development.
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Introduction

SOX9 is a critical transcription factor for skeleto-

genesis and sex determination [1,2]. Haploinsuffi-

ciency of SOX9 in humans leads to campomelic

dysplasia (CD), a severe dwarfism syndrome char-

acterized by sex reversal and the skeletal malforma-

tion of endochondral bones (OMIM, 114290). It has

recently been found that SOX9 serves other roles in

various developmental processes, but these remain

to be defined [3�/6]. SOX9 is also an important

participant in craniofacial development. Mammal

craniofacial development is generated from the

neural crest layer, which gives rise to most of

the craniofacial structures. Sox9 is required for the

induction and cell lineage specification of the neural

crest cells [3,7]. Inactivation of Sox9 from mouse

neural crest leads to multiple skeletal defects in the

basicranium, jaw, and palate [7].

Craniofacial bones are formed by two parallel

mechanisms: intramembranous and endochondral

ossification. The basicranium is a major site of

endochondral ossification in the craniofacial area,

while other bones are formed predominantly

through intramembranous ossification. Nasal and

ear cartilages, on the other hand, exist as permanent

cartilages that remain cartilaginous throughout life.

After initial development, cartilaginous or fibrous

structures are formed among craniofacial bones to

act as growth centers for further growth. In the

calvaria, open fibrous sutures act as growth centers,

whereas in the basicranium cartilage structures

similar to long bone growth plate, termed synchon-

droses, are formed as growth sites [8]. Recent

studies suggest that Sox9 , besides having critical

roles in chondrogenesis, is also important for growth

center regulation in craniofacial development [9,10].

Deficiency of Sox9 is concomitant with cleft palate

[7,11], implying a critical role in palatogenesis.

Palatogenesis is a multi-step process that includes

palatal shelf outgrowth, elevation, fusion, and trans-

differentiation or apoptosis of the medial epithelial

seam. Throughout this process, the mesenchymal

cells actively proliferate, which is a crucial event for

palatogenesis. Development of the palate is regu-

lated differently along the anterior-posterior axis.
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In the anterior part of the secondary palate,

mesenchymal cells proliferate and differentiate into

osteoblasts and form palatine bones, whereas mesen-

chymal cells in the posterior part mainly undergo

myogenic differentiation and form muscles of the

soft palate. Cleft palate comprises a major portion of

craniofacial developmental anomalies. The results of

gene manipulation in mice imply that Sox9 is a

critical signaling gene within the genetic network of

palatogenesis [7,11]. However, it is still unclear

which process Sox9 regulates in palatogenesis.

Furthermore, detailed cellular localization of Sox9

in many craniofacial elements is still lacking. In this

study, I examined the expression pattern of Sox9

during craniofacial development, while focusing on

developing palate and skeletal and muscular ele-

ments.

Material and methods

Preparation of tissues

All the procedures involving mouse use were ap-

proved by the Animal Welfare Committee of the

University of Bergen. Mice (NMRI) were killed by

cervical dislocation and decapitation. Embryonic (E)

and postnatal (P) mice (E9 to E18, P0, P3, P5, and

P9) were dissected in PBS and fixed in 4% PFA in

PBS overnight at 48C. Mice embryos harvested at

E14 or older were decalcified with 12.5%EDTA�/

2.5%PFA in PBS. They were then dehydrated in a

serial of ethanol and embedded in paraffin. Sagittal

sections of 7 mm from the midline of mouse heads

were cut and mounted, dried overnight at 378C, and

stored at 48C. Coronal sections were limited to E13

and E14.

Preparation of hybridization probes

Preparation of hybridization probes has been de-

scribed previously [9]. Briefly, fragments of Sox9

cDNA was generated by RT-PCR and subcloned in a

pGEM-T easy vector (Promega). [35S]-labeled ri-

boprobes are made through in vitro transcription

from the cDNA-containing vectors using [35S]

uridine 5? triphosphate (Promega). Following tran-

scription, cDNA templates were digested with

RNase-free DNase I. Riboprobes were quantified

in a liquid scintillation analyzer.

In situ hybridization

Briefly, sections were deparaffined in xylene, rehy-

drated through serial ethanol, washed in PBS,

treated with proteinase K, post-fixed in 4% PFA,

and followed by PBS washing. The sections were

then acetylated with freshly prepared acetic anhy-

dride in triethanolamine-HCl (pH 8) for 10 min,

followed by water washes. The sections were dehy-

drated in series of ethanol solutions and air-dried.

Probe solutions were pipetted onto the sections.

Hybridization was carried out for about 15 h at 558C
in a humid chamber. Following hybridization, the

sections were washed under high stringent condi-

tions with 20 mM dithiothreitol (DTT) in 50%

formamide and 2�/saline sodium citrate buffer

(SSC) for 1 h at 658C and then in 0.1�/SSC for 1

h at 558C. They were dehydrated in 70% ethanol

and air-dried. The sections were then dipped in

NTB-2 emulsion (Eastman Kodak, New Haven,

Ct., USA) and stored in desiccated containers for

autoradiography. After exposure for 2 to 3 weeks at

48C, they were developed using Kodak D-19 devel-

oper and rapid fixer, counterstained with hematox-

ylin, and mounted. No specific signal was detected

in sections hybridized with the control sense probes.

Image processing

Images were taken with a SPOT Insight digital

camera (Diagnostic Instruments, Sterling Heights,

Mich., USA) mounted on a Zeiss Axioskop2 micro-

scope (Carl Zeiss Jena GmbH, Jena, Germany). The

bright-field and dark-field images of each section

were digitized separately and processed with Adobe

Photoshop 7.0 software (Adobe Systems, San Jose,

Calif., USA).

Results

Sox9 expression in the secondary palate

In mouse, the palatal shelves start to elevate at E13

and fuse at E14. Sox9 was already seen in the

mesenchyme of the elevating secondary palatal

shelves at E13 (Figure 1A, B). This expression was

intensified in the midline mesenchyme of the fusing

palatal shelves at E14 (Figure 1C�/F). In the anterior

part, the palatal shelves were fusing; Sox9 was highly

expressed in the mesenchyme adjacent to the medial

epithelial edge. Posteriorly, palatal shelves had fused;

Sox9 expression was high in the mesenchyme, but

weak or absent in the medial epithelial seam. In the

sagittal section, it was observed that Sox9 was

concentrated on the anterior and middle parts of

the palatal shelves, and became weak in the posterior

tip (Figure 1G, H). This expression of Sox9 was

found remarkably similar to that of Bmp2 (Figure

2A�/D). In subsequent development, Sox9 was

downregulated (Figure 1I, J). From the end of

embryogenesis, Sox9 was undetectable in the ante-

rior palate, but showed an expression in the soft

palate muscles (Figure 3A, B).

Sox9 expression in the craniofacial muscles

Sox9 was present during myogenic differentiation

and maturation, but was weak and restricted in

early myogenesis. The expression started to be

clearly observed and widespread from the end of
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Figure 1. Sox9 expression in palatogenesis. At E13, Sox9 was seen in the mesenchyme of the elevating palatal shelves (A, B; arrows ). One

day later, when the palatal shelves were fusing, Sox9 expression was intensified in the midline mesenchyme of the palatal shelves (C�/H;

arrows ). At this time, the palatal shelves had started to fuse in the anterior part (C, D) and had already fused in the posterior part (E, F). In

sagittal section, its expression was concentrated on the anterior part of the secondary palate (G, H; arrow ). The expression was

downregulated in subsequent development (I, J; arrow ). Arrows and arrowheads indicate the expression. Scale bar: 200 mm. Scale bar in F

applies to A, B, C, D, E, G, H; scale bar in J applies to I. b: brain; cb: cranial base; n: nasal cartilage; p: palatal shelves, t: tongue. E14a:

coronal section of the anterior part of the palatal shelves at E14; E14b: coronal section of the middle part of the palatal shelves at E14; E14c:

sagittal section at E14.

Figure 2. Bmp2 expression in the fusing palate. Bmp2 was expressed in the mesenchyme of the fusing palate (arrow ) overlapping with Sox9 .

Scale bar: 200 mm. n: nasal cartilage; p: palate; t: tongue.
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embryogenesis (Figure 3A�/D) and was maintained

and upregulated in postnatal stages (Figure 3E, F).

This was most obvious in the soft palate and tongue,

which are basically muscular organs.

Sox9 expression in the craniofacial skeleton

At E9, prior to mesenchyme condensation, Sox9 was

seen in all the initial mesenchymal cells that were

destined to form cartilages of facial primordia. This

was obvious in the ventral and lateral sides of

the brain, where the chondrocranium would be

formed (Figure 4A, B). One day later, Sox9 was

present in all the condensations of prospective

cartilages in craniofacial region. In sagittal section,

high expression was seen in the presumptive

chondrocranium and the posterior portion of the

mandibular arch, where the epiglottis would be

formed (Figure 4C, D). In subsequent development,

Sox9 was intensely expressed in all developing

cartilages at their early stage, i.e. the Meckel’s

cartilage, chondrocranium, and nasal cartilages

(Figure 4E, F). It was also observed in the mesench-

yme condensation of the anterior part of mandible in

the labial side (Figure 4G, H). In subsequent

development, its expression disappeared from the

differentiated cartilage, but continued in the perma-

nent cartilage in the nasal cavity and synchondroses

of the basicranium (Figure 4I, G). In the endochon-

dral basicranium, its expression was found to be

remarkably related to that of Cbfa1 . They over-

lapped in early chondrocranium, with the absence of

Cbfa1 in the synchondroses (Figure 5A, B). Follow-

ing differentiation, expression of Sox9 and Cbfa1 was

dissociated. Sox9 was downregulated from the

differentiated chondrocytes, whereas Cbfa1 was

upregulated in these cells (Figure 5C, D). Cbfa1

was never expressed in the synchondroses, where

Sox9 persisted (Figure 5 E, F).

Discussion

During embryogenesis, Sox9 is essential for endo-

chondral bone formation and sex determination

[1,2,12]. Recently, it has been found to serve

broader roles in embryogenesis, involved in heart,

pancreas, and neural crest formation [3�/6,13]. In

this study, it was found that, besides its presence in

chondrogenesis, Sox9 is also involved in a number of

other developmental processes in the craniofacial

area.

Sox9 is essential for palatogenesis, as demon-

strated by the gene targeting approach [7,11].

However, it is still unclear which process Sox9

regulates. This study shows that Sox9 is expressed

in the mesenchyme of palatal shelves prior to and

during palatal fusion, whereas it is downregulated in

subsequent development. This expression implies

that Sox9 might be essential for mesenchyme pro-

liferation and thus the outgrowth and fusion process.

This hypothesis is also supported by Sox9 deficiency

mice, in which development of the palatal shelves is

arrested after an initial budding [7]. I also observed

remarkable parallel expression of Sox9 and Bmp2 in

Figure 3. Sox9 expression in the craniofacial muscles. Sox9 was expressed in craniofacial muscles from the late embryonic stage.

Transcripts were clustered in the palatal and tongue muscles (A, B, C, D). This expression was maintained and upregulated in the postnatal

stage (E, F; arrow ). Arrows and arrowheads indicate the expression. Scale bar: 200 mm. Scale bar in A applies to B, C, D; scale bar in E

applies to F. p: palate; pi: pituitary gland; t: tongue.
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the fusing palatal shelves. Bmp signaling is essential

for palatogenesis; block of the Bmp signal pathway

by receptor inactivation in the craniofacial region of

mice results in cleft palate [14,15]. In further

analysis, it was found that the cleft is due to

insufficiency of mesenchyme proliferation, whereas

the palatal shelves are capable of fusion when placed

together [14,15]. Furthermore, craniofacial deletion

of Bmp4 , a critical ligand in putative facial epithelia

[16], only leads to cleft lips, whereas the palate fuses

normally [15]. So far, no other members of the Bmp

family have been implicated to be directly involved in

this process. Therefore, Bmp2 appears to be the

critical ligand for palatogenesis. Bmp2 and Sox9

signal loop have been identified in many developing

processes [17�/19]. The observation of high expres-

sion of Bmp2 and Sox9 in the mesenchyme of fusing

palate implies that these two signal pathways may

converge in palatogenesis.

A major finding of this study is the widespread

expression of Sox9 in the developing muscles.

Craniofacial myogenesis is distinct from that of other

sites by its early expression of myogenic regulation

factors (MRFs), and thus early maturation [20,21].

The tongue is basically a muscular organ and a

good model for studying myogenesis in the cranio-

facial region. Tongue development first undergoes

a rapid expansion process and then myogenic

differentiation at E15 [20�/22]. Sox9 expression

was weak and restricted in the initial expanding

process, but was high in the differentiating muscles,

suggesting a role in regulating myogenic differentia-

tion. This holds true in the soft palate. Sox9 has also

been detected in a myoblastic cell line [23]. So

far, the function of Sox9 in the developing cranio-

facial muscles is unknown. Further studies are

warranted to elucidate the roles of Sox9 in muscle

development.

Figure 4. Sox9 expression in the craniofacial skeletons. At E9, Sox9 was seen in the mesenchyme of the ventral and lateral sides of the

neural brain (A, B; arrow ). At E10, it was clearly seen at the posterior presumptive chondrocranium (arrow ) and the cartilage of pharyngeal

arches (C, D). Later it was highly expressed in the chondrocranium, nasal cartilage (E, F), and Meckel’s cartilage (G, H, arrowhead ). It was

also localized in the mesenchyme condensation of the mandible in the anterior part (G, H; arrow ). Later, Sox9 was maintained in the

synchondroses and permanent cartilages (I, J; arrow ). Arrows and arrowheads indicate the expression. Scale bar represents 200 mm. Scale

bar in F applies to E; Scale bar in J applies to A, B, C, D, G, H, I. b: brain; ma: mandibular arch; me: Meckel’s cartilage; oc: occipital bone;

sp: sphenoid bone; sos: sphenoid-occipital synchondrosis.
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Sox9 is a master transcription factor for chondro-

genesis regulating the expression of Col2a1 gene, a

chondrocyte-specific enhancer element [24]. Sox9

null cells are excluded from chondrogenic condensa-

tion [25]. In craniofacial development, Sox9 acts

from neural crest formation and specification [3].

Later, Sox9 is mainly seen in the early chondrocra-

nium and the permanent cartilages, whereas it

disappears from terminally differentiated chondro-

cytes. The expression, along with other functional

studies [26,27], suggests a role for Sox9 in prevent-

ing the cartilage from being terminally differentiated.

This role is essential for the existence of permanent

cartilages. It has been suggested that expression of

Sox9 and Cbfa1 determines whether skeletal tissues

form as bone, persistent cartilage, or replacement

cartilage [26]. In support of this, inactivation of Sox9

in the neural crest results in osteogenic marker

expression of nasal cartilages [7]. In this study, the

author observed mutually exclusive expression do-

mains of Sox9 and Cbfa1 in the endochondral

basicranium, in which Cbfa1 was seen in differentia-

tion chondrocytes, whereas Sox9 decreased from

those cells. In general, Sox9 shows an expression

pattern in craniofacial endochondral skeletons par-

allel to that of other sites, implying an equivalent role

of Sox9 in this type of bone.

Interestingly, Sox9 is observed in intramembra-

nous skeletal elements, exemplified by the anterior

part of the mandible. The anterior palate, where

Sox9 is expressed, is also a site of prospective

intramembranous ossification. This expression sug-

gests a possible role in intramembranous bone

formation. In support of this, Sox9 was found in

osteogenic cells in the craniofacial bone and bone

collar of long bone [28]. Very recently, Sox9 was

found to control the fusion of the posterior frontal

suture in the calvaria, which is composed of intra-

membranous skeletal elements [10]. The regulatory

role in the cranial growth centers indicates that Sox9 ,

besides regulating early development, is also an

important signal for later growth. Moreover, mam-

mal development and growth are sensitive to Sox9

dosage; mutation of only one copy of Sox9 gene is

enough to cause severe developmental defects. It is

therefore logical to speculate that disturbance of

Sox9 function might be a possible mechanism of

growth insufficiency in the cranium, as well as other

facial bones.

In summary, Sox9 is expressed in distinct pro-

cesses during craniofacial development, such as

skeletogenesis and myogenesis in a number of organs

including palate, tongue, and craniofacial skeletons.

The expression suggests important roles in cranio-

facial development. Although roles of Sox9 in

skeletogenesis in general have been extensively

investigated using appendicular bones, its specific

functions in craniofacial skeletal development re-

main to be analysed, particularly its roles and

mechanisms in control of the skeletal growth centers.

Its expression in developing palate points to a novel

role in regulating palatogenesis. This study and other

Figure 5. Comparison of Sox9 and Cbfa1 expression in the developing basicranium. In early development, Sox9 was expressed throughout

the chondrocranium, while Cbfa1 was absent from the presumptive synchondrosis (A, B). Subsequently, their expression dissociated from

the differentiating cartilage. Sox9 disappeared from the differentiated cartilage, where Cbfa1 was upregulated (C, D). Later, Sox9 and Cbfa1

displayed mutual exclusive expression domains (E, F). Scale bar: 200 mm. b: brain; t: tongue; n: nose; pi: pituitary gland; p: palate; sos:

sphenoid-occipital synchondrosis.
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functional analyses suggest that Sox9 is a critical

signaling within the genetic network of palatogen-

esis. Therefore, unraveling of the Sox9 signaling

pathway will undoubtedly extend our understanding

of craniofacial development, as well as pathological

mechanisms. Further studies are warranted to

elucidate its functions and mechanisms in these

specific developmental processes during craniofacial

development.
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