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Development of the Craniofacial Complex

Rena N. D’Souza, L-Bruno Ruest, Robert ]J. Hinton,
and Kathy K. H. Svoboda

10.1 Introduction

The craniofacial complex comprises the head,
face, and oral cavity and is the most distinguish-
ing of all the structures in the human body,
imparting unique identities to individuals.
Structures of the craniofacial complex, such as
the mandible, palate, temporomandibular joint
(TM]J), and dentition, each offer valuable para-
digms for studying development, structure, and
functions. This chapter will provide a back-
ground for the succeeding chapter that will com-
pare, in detail, the differences in bone and tooth
development. The chapter’s goals are to review
the classical and current knowledge of branchial
arch development, mandibular and temporo-
mandibular joint (TM]J) formation, palatogene-
sis, and tooth development. Information on
defects or disorders that arise from perturbat-
ions in genes, their protein products, and rele-
vant signaling pathways is integrated into each
section. The overarching goal is to emphasize
how the knowledge of fundamental develop-
mental processes can be translated to regenera-
tive approaches targeted at restoring the integrity
and function of craniofacial tissues.

153

10.2 Development
of the Craniofacial Skeleton

Ossification of the skeleton of the head utilizes
both endochondral and intramembranous pro-
cesses (Fig. 10.1). The neurocranium that com-
prises the cranial base that underlies the brain
is formed by endochondral ossification of carti-
lages that originate from the mesoderm (chon-
drocranium). In contrast, the neurocranium
creating the cranial vault develops from the cells
from the paraxial mesoderm or neural crest that
undergo intramembranous ossification (Fig. 10.1)
[31, 35, 76, 150]. The cranial sutures between
the mesodermal bones involve cells originating
from the neural crest. The skeleton of the face,
i.e., the viscerocranium, develops from the neural
crest cells that undergo both intramembranous
and endochondral ossification (Fig. 10.1). After
delaminating from the neural crest, these cells
undergo an epithelial-to-mesenchymal transition
and eventually migrate anterior to the developing
brain and into the pharyngeal arches, which are
structures located on the ventral aspect of the
embryos. Each arch produces a specific cartilage.
Two bilateral cartilaginous rods known as
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O Neural crest (intramembranous)
[ Neural crest (endochondral)
[ Mesoderm (intramembranous)
O Mesoderm (endochondral)
Figure 10.1.  Mouse skull showing the contributions of neural crest and mesodermal mesenchyme to the cranial skeleton. Darker colors indicate

skeletal structures that undergo endochondral ossification, and lighter colors indicate structures that are formed by intramembranous ossification. As
teeth do not form by endochondral or intramembranous ossification, they are shown in another hue of blue to indicate neural crest cell contributions
during their formation. AP alisphenoid; BO basoccipital; BS basisphenoid; £0 exoccipital; £T ethmoid; R frontal; HY hyoid components; / incus; IP inter-
parietal;/ jugal (zygoma); LA lacrimal; M malleus; MD mandible; MX maxilla, NA nasal; 0S orbitosphenoid; P palatine; PA parietal; PE petrosal (including
mastoid process); PMX premaxilla; PS presphenoid; PT pterygoid; S stapes; SO supraoccipital; SO/TE squamosal/temporal; SY styloid process; TH thyroid;
TY tympanic ring; and V0 vomer. (Adapted from Noden and Trainor [150], with permission from Wiley-Blackwell, and from Chai and Maxson [35],

copyright 2006, reprinted with permission from Wiley).

“Meckel’s cartilages” are associated with the first
arch and give rise to the lower jaw (mandible) and
the malleus and incus. The second arch produces a
part of the body and the lesser horns of the hyoid
(Reitchert’s cartilage), styloid process, and stapes;
the third arch gives rise to the body and greater
horns of the hyoid. The thyroid cartilage and the
cricoid cartilage are created from the fourth and
the sixth arches, respectively. The first pharyngeal
arch has typically been subdivided into the man-
dibular and maxillary (upper jaw) prominences.
Mapping data indicate that the maxillary promi-
nences contribute to the formation of structures
that are associated with the lower jaw [34,116,172],
with the maxilla, palatine, and jugal (zygomatic
arch) originating from the neural crest cells that
migrate toward the postoptic region above the
maxillo-mandibular cleft.

The development of the facial skeleton above
the mandible involves the orderly and inte-
grated growth and movement of different
prominences that eventually fuse and expand to
form the face [31, 35, 76, 150]. Fusion failure
results in orofacial clefts. The five different facial
prominences are the frontonasal, medionasal
(2), nasolateral (2), maxillary (2), and mandibu-
lar (2). The mandibular prominences, constitut-
ing the first pharyngeal arch, fuse at the midline
days before the other prominences fuse. The
development of the first pharyngeal arch is dis-
cussed subsequently. The frontonasal promi-
nence grows downward and forms the forehead,
middle of the nose, philtrum of the upper lip,
premaxilla, and primary palate. The medial and
lateral nasal prominences develop on each side
of the nasal pit, which becomes the nostrils.
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These prominences eventually migrate medially
and fuse with the frontonasal prominence to
form the nose. The maxillary prominences also
move forward toward the midline and fuse with
the frontonasal prominence to complete the
upper lip and, with the lateronasal prominences,
form the nasolacrimal grooves. The maxillary
prominences form the sides of the face and the
associated bones of the zygomatic arches, max-
illa, and secondary palate.

During the process of bone formation, the
endochondral and intramembranous bones use
the same mechanisms of osteoblast differentia-
tion, similar to the axial and appendicular skele-
tons [101,110]. As Runx2-null mice [109,155] are
born without endochondral and intramembra-
nous bones, it is evident that the transcriptional
factor, Runx2, is essential for bone differentia-
tion. The activation of Sox9 is also required for
the formation of the osteo-chondro-progenitor
that will differentiate into the chondrocytes
[78,125]. The differentiation of the chondrocytes
into hypertrophic chondrocytes and the subse-
quent differentiation steps, including ossifica-
tion, are mediated by Runx2; Sox9 activity is not
essential for intramembranous bone formation.

10.3 Development
of the Mandible

The mandible is a unique mammalian structure
that allows mastication during feeding. Its devel-
opment involves cells that, originating from the
neural crest, populate the first pharyngeal arch.
These cells are influenced by signals from the
ectoderm, core paraxial mesoderm, and pharyn-
geal pouch endoderm that induce the endochon-
dral differentiation of the neural crest cells to
create the two bilateral cartilaginous rods known
as “Meckel’s cartilages” and differentiate into the
osteoblasts forming the intramembranous bone.

Mandibular development begins with the con-
densation of the neural crest mesenchymal cells
that form the mandibular blastema and continues
as a subpopulation of these cells differentiates into
chondrocytes that then form Meckel’s cartilage.
The two rods of the proximal Meckel’s cartilage

differentiate into the malleus. The distal ends of
the Meckel’s cartilage project inward toward the
embryo midline, where they meet at the site of the
eventual symphysis of the lower jaw.

Meckel’s cartilage serves as a scaffold for the
ensuing ossification [168, 169, 220]. Unlike long
bones that undergo endochondral ossification, the
mandible ossifies mostly through an intramem-
branous process. During embryogenesis, the ossi-
fication of the mandible starts on the external side
along the first distal third of the Meckel’s cartilage
and proceeds rapidly toward the oral side [168,
169]. Ossification then ensues along the cartilage,
proximally and distally. The ossification of the
condylar and coronoid processes represents a
continuous addition of intramembranous bone
and occurs independently of the scaffold provided
by the Meckel’s cartilage.

Interestingly, part of the neural crest-derived
mesenchyme does not differentiate into bone,
but provides the alveolar spacing essential for
tooth development. Skeletal muscles develop
along the ossification front, initiating the jaw-
opening reflex [106]. This initial jaw opening
articulates with the developing incus via the
Meckel’s and malleus cartilages and is reminis-
cent of the articulation between the articular of
the lower jaw and the quadrate (ancestral incus)
seen in early gnathostomes [35, 48, 77]. The evo-
lutionary process that has modified the lower
jaw articulation is intimately related to the devel-
opment of the mammalian hearing system. The
jaw-opening reflex is essential for the develop-
ment of the secondary cartilage capping the con-
dyle; this condylar cartilage forms thearticulation
with the squamosal bone to create the definitive
articulation of the lower jaw with the skull.

10.3.1 Molecular Regulation
of Mandibular Development

Of the genes involved in neural crest cell for-
mation, migration and differentiation, most
modulate mandible development. Mutation or
alteration of their expression can result in man-
dibular defects. This is also true for the genes
expressed by the surrounding tissues, which
influence the neural crest cell development in
the mandibular pharyngeal arch.
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Other factors influencing bone development
and mandible patterning are Sonic hedgehog
(Shh), Fgf8, Bmp4, and endothelin-1 signaling.
These factors, expressed by the mandibular arch
ectoderm or pharyngeal pouch endoderm on the
underlying neural crest cells, predominantly act
in the course of early mandible development.

Shh signaling is essential for the survival of
the neural crest cell population that forms the
mandible [90]. The absence of Shh signaling by
targeted deletion in the mouse results in several
craniofacial defects, including holoprosenceph-
aly. Most Shh-negative embryos die early during
embryonic development. It is difficult to estab-
lish the function of Shh in neural crest cells and
mandible development [37]. McMahon et al.
conditionally inactivated Smo, thus blocking the
transcription of Shh-dependent genes [131].
This allowed Shh signaling to proceed normally
in other mouse tissues [90]. The neural crest cell-
derived craniofacial skeleton and the mandible
were greatly reduced in size because of excessive
death by the neural crest cells. These results
demonstrate that Shh plays an essential role in
neural crest cell survival.

Bone morphogenetic protein 4 (Bmp4) and
fibroblast growth factor 8 (Fgf8) are both expressed
by the mandibular arch ectoderm. Bmp4 is
expressed more distally and induces the ecto-
dermal expression of the homeobox transcrip-
tion factor, DIx2 (Fig. 10.2) [209,224,225]. Fgf8 is
expressed more proximally, inducing the mesen-
chymal expression of Dix2, along with Lhx6 and
Lhx7. It appears that each factor represses the
other, creating a proximo-distal boundary in the
pharyngeal arch ectoderm that can be defined
by the mutually exclusive domains of Dix2
expression. The absence of Bmp4 signaling

?
BmpR1 Factor?

FgfR2
Msx1 pixz 4= Fg

Msx2 Lhx6

Lhx7

D1x5, D1x6, Hand1, Pitx1
Hand2, Pitx|

mesenchyme Ednra

Figure 10.2.  Complex mandibular patterning pathways that requlate
development in the first pharyngeal arch.

is lethal during early embryonic development
[235]. When Bmp4 was conditionally inacti-
vated in the pharyngeal arch ectoderm and
pharyngeal pouch endoderm [120], severe man-
dibular defects resulted, and the level of expres-
sion correlated with that of the remaining Brmp4
expression. In embryos with minimal Bmp4
expression, only the distal mandible develop-
ment is affected, as evidenced by the absence of
incisors. Embryos with near or total loss of
Bmp4 expression in the mandibular arch have
no mandibular structure except for small, inde-
terminate intramembranous bones proximal to
the squamosal bone. These findings indicate
that mandibular development depends on dif-
ferent Bmp4 thresholds, as reflected during the
expression of the genes Msx1 and Msx2 in the
underlying crest cells and the expression of Fgf8
in the ectoderm [120]. With less Bmp4 expres-
sion, more Fgf8 is expressed in the ectoderm,
with the expression expanding distally. Bmp4
may therefore play a role in neural crest cell pat-
terning and survival [87, 187, 188]. MsxI-null
mice are born with mild distal mandibular
defects: the incisors and molars are missing,
and the alveolae normally encasing the teeth
are filled by membranous bone [187]. In the
Msx2 knockout mice, the distal mandible is
severely malformed, and teeth may be absent
[188]. In the compound Msx1/Msx2 double-
mutant embryos, the mandible is much shorter
and the proximal mandible and TMJ formation
are affected. In addition, distal mandibular
defects are present; these may be due to additive
gene effects [87]. Bmp4 signaling, through the
activation of the Msx genes, is therefore essen-
tial for mandibular patterning and tooth forma-
tion. This indicates that Bmp4 also has a role in
distal mandibular development.

Of interest are the increased rates of apoptosis
in the Bmp4 conditional knockout embryos,
resulting from an upregulation of Fgf8 expres-
sion [120]. Conditional inactivation of the Fgf8
gene in the pharyngeal arch ectoderm leads to a
massive loss of neural crest cells by apoptosis
[223]. However, Fgf8 is also a patterning factor
that regulates the expression of mesenchymal
genes, such as Dix2, Lhx6, and Lhx7 as well as
the oral-aboral polarity [209, 224, 225]. An Fgf8
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hypomorphic allele has been used to circum-
vent the problem of neural crest cell loss; the
expression of this hypomorphic allele is lower
than that of the wild-type allele, but is sufficient
to prevent early embryonic death [60]. Embryos
with one null and one hypomorphic Fgf8 allele
exhibit micrognathia, but the shape of the man-
dible is fairly normal [60]. However, the devel-
opment of more proximal structures is affected
when the TM]J fails to form and the mandible
fuses with the squamosal bone and maxilla.
This proximal transformation suggests that
Fgf8 is also a factor patterning the lower jaw.
Fgf8 patterning function is probably mediated
by Pitx1, another gene regulated by the growth
factor [209]. The distal mandible of PitxI
mutant mouse embryos is normal. However, the
proximal mandibular structures are severely
malformed, with most of the ramus missing.
This is consistent with the role of Ffg8 in proxi-
mal mandible patterning [114].

Endothelin signaling also plays an important
role in the patterning of the lower jaw bone.
Endothelin-1 (Ednl) is secreted by the man-
dibular arch ectoderm, core paraxial meso-
derm, and pharyngeal pouch endoderm, and
binds to the endothelin-A receptor (Ednra)
expressed in the neural crest cells (Fig. 10.2)
[39,179,180]. Initially thought to be a signaling
mechanism that guides the neural crest cell
migration to the pharyngeal arch, the inactiva-
tion of either gene revealed that endothelin sig-
naling is instead essential for inducing a
mandibular identity in the neural crest cells
[179]. In the absence of endothelin signaling in
the mouse, the lower jaw undergoes transfor-
mation into upper jaw-like structures, includ-
ing duplication of the maxilla, palatine, and
zygomatic arch bones [179, 180]. This homeotic
transformation may be an atavism, because the
lower jaw is a mirror image of the upper jaw, as
observed in more primitive animals (e.g.,
sharks) or in evolutionary ancestors of mam-
mals [47, 48]. This transformation is caused by
the downregulation of the expression of the
mandibular genes (i.e., DIx5, DIx6, Handl, and
Hand2) in the first pharyngeal arch and the
gain of maxillary gene expression (i.e., Wnt5a,
DIx1, and DIx2) in the same arch [179]. A

similar phenotype was observed in DIx5/DIx6
knockout mouse embryos; therefore, the regu-
lation of homeobox genes is essential for lower
jaw patterning [17,47]. Recent data suggest that
endothelin signaling is the earliest patterning
mechanism for thelower jaw, probably upstream
of Bmp4 and Fgf8, inasmuch as the expression
of the Bmp4 and Fgf8-dependent gene Pitx] is
affected in the absence of endothelin signaling
[179, 180, 185, 186].

10.3.2 Patterning of the Mandibular
Neural Crest Cells

Structural patterning of the body is associated
with the regulation of the homeobox genes,
and the mandible is no exception. The neural
crest cells populating the mandibular arch are
also referred to as the “Hox-less crest cells,” as
they are not influenced by Hox genes prior to
their migration [43, 115]. This absence of Hox
gene influence is essential for their patterning.
As revealed by the inactivation of the Hoxa2
gene in the mouse, abrogating the gene expres-
sion characterizing the second pharyngeal arch
results in the duplication of the first arch struc-
tures (malleus and incus), instead of the for-
mation of second arch structures [66, 173]. As
the expression of the Hox genes is linked to
retinoic acid signaling, it is not surprising that
similar phenotypes were observed in different
retinoic acid receptor mutant mice [121, 122,
129, 134]. Thus, in the absence of Hox signal-
ing, second arch neural crest cells behave like
first arch crest cells; this suggests that the
expression of Hox genes in the first arch
represses a mandibular phenotype. To deter-
mine whether the Hox genes inhibit lower jaw
patterning, ectopic expression of the Hoxa2
genes in the mandibular arch was studied in
chicken and Xenopus embryos [68, 156], in
which the mandibular structures were trans-
formed into second arch-like structures. This
mandible-to-hyoid homeotic transformation
indicates that the neural crest cells carry pre-
patterning information; therefore, the absence
of Hox signaling is essential to maintain man-
dibular identity. On the other hand, neural crest
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cells have absolute plasticity, based on neural
crest transplant experiments [184, 221]. The
findings indicate that neural crest cells do carry
some prepatterning information. Interspecies
transplantation of similar axial neural crests
between duck and quail embryos [190] demon-
strates the presence of prepatterning informa-
tion. In these chimeric birds, the quails develop
a duck bill, whereas the ducks develop a quail
beak. This not only shows that the crest cells
carry prepatterning information, but that this
prepatterning cannot be changed by the sur-
rounding environment. Structural patterning
is, however, associated with the expression
of the homeobox genes. As no Hox gene is
expressed early in the mandibular arch crest
cell, other homeobox genes must compensate
to establish mandible patterning, a function
that is due to the DIx genes.

DiIx genes (like Hox genes) are duplicated
and found in tandem in the genome. They are
expressed along a proximo-distal gradient,
with DIx1 and DIx2 more proximal, DIx5 and
DIx6 more distal,and DIx3 and DIx4 in between
[47, 48]. On the basis of the gradient, it seems
likely that DIx1 and DIx2 regulate the pattern-
ing of the more proximal structures, with
DIx5 and DIx6 patterning the more distal
structures. Inactivation of the gene encoding
DIx2, or the genes encoding DixI and Dix2, has
shown that the two genes are essential for the
patterning of the upper jaw; their absence
leads to palatine, maxillary, and zygomatic
defects [164,165]. The duplication of the prox-
imal structures (e.g., incus) of the mandibular
arch led surprisingly to the malformation
of the middle-ear ossicles. This duplication
implies that other genes are involved in the
patterning of the middle-ear structures and
the mandible.

The mandibular patterning of the first arch
neural crest cells is absent when both Dix5 and
DIx6 are inactivated, with the lower jaw replaced
by upper jaw-like structures [17, 47]. This
homeotic transformation is caused by the
downregulation of genes that are normally
expressed in the mandibular arch, such as
Hand2, and the upregulation of genes associ-
ated with maxillary development, including
Dix1 and DIx2. This transformation is also an

atavism, as described earlier. Axial patterning
requires retinoic acid signaling, and the Hox
genes are involved; in the mandibular neural
crest cells, this interaction is provided by the
endothelin/DIx pathway [179, 180], a pathway
also essential for the expression of transcrip-
tional factors like Handl and Hand2. DIx6
directly activates the expression of Hand2 by
binding to the enhancer that drives the expres-
sion in the mandibular pharyngeal arch [36].
The two bHLH factors, Hand1l and Hand2, are
essential for early embryonic development, as
Handl-null and Hand2-null embryos die at
embryonic ages 8.5 or 10.5 days, respectively
[56,208].

In mice whose Hand 2’s endothelin-depen-
dent pharyngeal arch enhancer was removed
by targeted deletion, the mandible is hypoplas-
tic and porotic, and malformations are
observed in the distal segment and in the
angular process [62, 239]. These defects are
consistent with the expression pattern of the
Hand2 gene in the mandibular arch [178].
When the expression of both Hand2 and Hand1
genes is reduced, more severe distal defects are
observed [12]. Both branches of the mandible
are fused at the symphysis, and only one inci-
sor forms; in other words, Hand1 can partially
compensate for the loss of Hand2 function.
The most interesting phenotype in the pha-
ryngeal arch-specific Hand2 mutant embryos
is the porotic bone. This phenotype is caused
by premature ossification of the mandible,
with the depletion of the pool of crest-derived
mesenchymal cells that differentiate into
osteoblasts [62]. This premature ossification is
caused by the loss of the Hand2 physical
repression on the transcriptional activity of
Runx2, a master regulator of bone differentia-
tion. However,according to Ruest and Clouthier
[180], the later expression of Hand2 in the
mandibular arch is independent of endothelin
signaling. This raises the question of what reg-
ulates Hand2 expression after activation by the
endothelin/DIx pathway and what regulates
the onset of ossification in the mandibular
arch. Conceivably, this is Bmp signaling.
Endothelin signaling is intermingled with
Bmp4 signaling [179]. Possibly, an unknown
factor(s), released by the neural crest cells,
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influences ectodermal gene expression. This
uncertainty reflects the complexity of the sig-
naling mechanisms that regulate mandibular
patterning and development.

Endothelin signaling appears to be one of
the earliest patterning mechanisms to estab-
lish a mandibular identity in the neural crest
that populates the first arch, and does so by
regulating Dix5, Dix6, Bmp4, Pitx1, Hand1,and
Hand2 expression [179, 180, 185, 186]. What is
more, without endothelin signaling, the man-
dibular identity is lost and upper jaw-like
structures develop in place of the mandibular
arch. These findings indicate that endothelin
signaling may repress upper jaw development
and induce mandibular development ectopi-
cally. The restricted expression of Ednl may
explain why this situation does not occur,
inasmuch as Ednra is expressed in all head
neural crest cells [179, 186]. Kurihara’s group
in Japan produced transgenic mice that ectop-
ically expressed the ednl ligand. This caused
activation of the Ednra receptor signaling in
all head neural crest cells, and not only in
those in the pharyngeal arches [185]. In the
transgenic embryos, the maxilla is trans-
formed into lower jaw-like structures, includ-
ing Meckel’s cartilage and a mandible-like
formation. This homeotic transformation is
accompanied by expression in the maxillary
prominence of the lower jaw markers, DIx5,
DIx6, Pitxl, and Hand2, a transformation
that is mostly visible in the Hox-less-derived
neural crest cells, with no effect on the devel-
opment of the lower pharyngeal arch struc-
tures. As mentioned earlier, Hox genes are
essential for the development of neural-crest-
derived structures in the lower pharyngeal
arches with the absence of Hoxa2 expression
causing an anterior-to-posterior transforma-
tion. The ectopic expression of Hoxa2 in the
Hox-less mandibular arch causes a posterior-
to-anterior transformation [66, 68, 156,173].
The ectopic activation of endothelin signaling
is reminiscent of the posterior-to-anterior
transformation with Hoxa2. Retinoic acid reg-
ulates the expression of Hox homeobox genes
in the posterior arch structures; this regula-
tory function in anterior structures is proba-
bly assumed by edn1 functions.

10.4 Temporomandibular Joint

10.4.1 Initiation as a Secondary
Cartilage

All movements of the mandible take place at the
articulation of the mandible with the cranium,
the temporomandibular joint (TM]). These bilat-
eral synovial joints have an interesting develop-
mental history that makes them different from
the joints of the limbs. The general structure of
the TMJ resembles that of most synovial joints,
but the cartilage capping the mandibular con-
dyle (mandibular condylar cartilage or MCC) is
a secondary cartilage [16], a term indicating that
the morphogenesis of the TMJ and its compo-
nents begins after the bone of the mandible is
present and after analogous joints in the limbs
are formed. For the most part, the secondary
cartilages are transient, occurring in numerous
locations in the developing craniofacial complex
[231]. They persist postnatally in the mandibu-
lar condyle, in the angular process of the man-
dible and the intermaxillary suture [82,160]. The
primary cartilages of the limbs typically arise
via interaction between the mesenchyme and
epithelium [75], while secondary cartilages typi-
cally develop in response to local biomechanical
stimuli [16, 74]. The first sign of the future MCC,
adjacent to the intramembranous bone of the
mandible, is a condensation of the alkaline phos-
phatase-positive cells that are continuous ante-
riorly with the periosteum of the mandible [199].
Even though these cells are osteoblastic in nature
[200], they seem to be bipotent, becoming chon-
drogenic when mobility and loading are normal
and osteogenic, when motion is limited or loads
are low or absent [82, 161]. This is reflected in
the fact that cells in the MCC anlage express not
only mRNA for osteogenic lineage markers (e.g.,
collagen, Runx2,and Osterix), but also mRNA for
Sox 9, a marker for chondrogenic differentiation
[201]. Secondary cartilages such as the MCC are
also characterized by very rapid differentiation
of chondrocytes to hypertrophic chondrocytes,
with extensive overlap between collagen types II
and X. This differs from the stratification in dif-
ferent zones of the growth plate of limb carti-
lages [28,61,198].
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10.4.2 Stages of TM) Morphogenesis

Human TM] morphogenesis does not commence
until the embryo is 7 or 8 weeks old. By that time,
which is called the blastematic stage [135], the
major joints of the limbs are fully formed, and
their structure resembles that of the adult joint
[65, 139]. During this stage, the mesenchymal
cells condense, such that the mandibular condyle
and the temporal bone becomes recognizable
[13, 117, 135, 226]. The condylar blastema grows
dorsally and cranially, eventually to approximate
the separate temporal blastema [14, 109]; this
process is not completed until around 12 weeks
[14, 242]. The mesenchyme located between the
condylar and temporal blastemata comprises a
third blastema that is thought to give rise to the
articular disc [135,226].It is important to empha-
size that the condylar condensation has no con-
nection to primary cartilages, such as Meckel’s
cartilage or the cartilage anlage of the malleus (a
middle ear ossicle). Premyoblasts that form the
lateral pterygoid muscle appear around 6-7
weeks, and by 7 weeks, muscle fibers appear to
attach to the condylar mesenchymal condensa-
tion [114,117,151].

During weeks 9-11 in utero, known as the
cavitation stage, cells in the center of the condy-
lar blastema differentiate into chondrocytes
[14, 117]. At the same time, the mesenchyme
separating the condylar and temporal compo-
nents becomes denser; this signals a more defin-
itive anlage of the future articular disc.
Coincident with this, small clefts between the
disc anlage and the condyle can be observed
[151, 159, 226]. These events reflect the initial
formation of the inferior joint cavity, which is
typically completed through the coalescence of
the clefts by week 10. Interestingly, the upper
joint space does not become evident until week
11 or 11.5 [226]. By week 12, two parts of the lat-
eral pterygoid muscle appear: an upper part, in
contact with the medial aspect of the disc,and a
lower part, in contact with the condyle [151].

The maturation stage of TM] development
[135,226] begins in week 12. All the major com-
ponents of the TMJ, present in a form that
approximates their eventual postnatal structure,
commence a period of continued growth and
consolidation. The disc is comprised of densely
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Figure 10.3.  Timeline of human TMJ development showing changes
in different joint components.

packed fibroblasts and exhibits a thinned area
centrally, with thickening laterally and medially
[63]. The joint capsule which, at 9-11 weeks, is a
stained zone near the periphery of the mesen-
chymal block [135,226],becomes clearly evident
by week 14 [151]. The temporal component that
has been described as convex or flat during the
cavitation stage [135, 167, 226] now assumes a
slightly concave shape that is reminiscent of
what is seen postnatally, although no true emi-
nence is present. The development of the human
TM] is schematized in Fig. 10.3.

Human fetuses can open their mouth begin-
ning at the age of 8.5 weeks; this is a component
of total contralateral head, trunk, and rump flex-
ion [84]. After 11 weeks, mouth-opening reflexes
are accompanied by progressively fewer trunk
and extremity movements; by 15 weeks, mouth
opening occurs without head or other move-
ments [84]. As the superior and inferior joint
cavities arise between 10 and 11.5 weeks, cavita-
tion in the TM] may be stimulated by these early
jaw movements. However, the reflex mouth
opening reported at 8.5 weeks is independent of
the TMJ, which is only in the process of forma-
tion at this time. Some investigators [11, 135]
have suggested that these early movements take
place at the malleus/incus joint at the rostral end
of the Meckel’s cartilage. If this is the case, it is
intriguing to speculate whether initiation of
chondrogenesis in the condylar cartilage at 9
weeks is engendered by these early reflex move-
ments. This may be true because the ex utero
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limitation of jaw movements in mouse fetuses
are observed to reduce growth at the condylar
cartilage [73]. Similarly, the absence of fetal
swallowing in human newborns is strongly asso-
ciated with micrognathia [195].

10.4.3 Postnatal Growth
and Maturation

Unlike the limbs, in which growth and articula-
tion are carried out by separate growth and
articulation cartilages, the MCC incorporates
both the functions in a single tissue. The MCC is
an active site of endochondral growth during
prenatal and early postnatal life (Fig. 10.4), yet its
thickness decreases to two-thirds by 6 months of
age in humans [32]. The MCC continues to grow
at an ever-attenuating rate until the mid to late
teens [237]; notwithstanding that, during
puberty, it is subject to increasing loads owing to
muscle hypertrophy. In the rat, the percent of
cells undergoing mitosis in the MCC declines

Figure 10.4.  Mandibular condylar cartilage (MCC) in a rapidly grow-
ing rat. AD, articular disc; IS, inferior joint space; PC, perichondrium. The
star designates the inner layer of the perichondrium where cells in the
MCC undergo division, when compared with the deeper-lying chondro-
cytesin a growth plate. Attwood stain.

with age to 47% of the value at weaning at
puberty, and to 7% by full adulthood [230]. A
solid subchondral plate of bone seals off the car-
tilage from the medullary spaces by 20 years of
age [86,215], effectively preventing further endo-
chondral ossification by denying blood vessels
from the marrow access to the deeper layers of
the cartilage. Over the ensuing years, the near- or
complete loss of the prechondroblastic (mitotic)
cells and reductions in overall cellularity, includ-
ing chondrocytes, transform the MCC into a rel-
atively homogeneous fibrocartilage [123, 124].
This completes a cycle in which the MCC, ini-
tially a site of rapid growth with minimal load-
ing, takes on both growth and articular functions,
and is ultimately transformed into a purely artic-
ular (fibro) cartilage. It has only recently become
apparent that the unusual developmental history
of the MCC and the resultant differences in its
histological structure and composition from
limb cartilages give rise to material properties
and growth characteristics that must be taken
into account in attempts to develop constructs
that mimic native TM]J tissues [8,232] or to stim-
ulate the overall length of the mandible beyond
its normal growth potential [166].

10.5 Palate Development

10.5.1 Classic Theories of Palatal
Morphogenesis

The palatal structures are composed of the
cranial neural crest-derived mesenchyme and
pharyngeal ectoderm [79, 99, 147]. The epithe-
lia that cover the palatal shelves can be divided
into oral, nasal, and medial edge epithelia
(MEE). The nasal and oral epithelia differenti-
ate into pseudostratified and squamous epithe-
lia, whereas the MEE is removed from the fusion
line (Fig. 10.5).

The secondary palate originates as an out-
growth of the maxillary prominences on or
aboutembryonicday11.5inthemouse (E11.5-m)
and 6 weeks post-conception (p.c.) in humans
(6 week-h). The palate shelves initially grow ver-
tically along the sides of the tongue (E13.5-m;
p.c. 7 week-h), and then rise above the tongue as
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Figure 10.5.
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Coronal view of a normal palate shelf and the key stages of mouse palatal development. At days E12-E13 in the gestation of the

mouse, the palatal shelves grow downward along the tongue (t). At E13-E13.5 days, the palatal shelves become elevated above the tongue. At E14.5,
the palatal shelves adhere to each other in the midline. After E15.5 days, the MES completely degrades and the palate fuses. (Reprinted with permission

from Yu et al.[241]).

the latter drops in the oral cavity, owing to the
forward and downward growth of the mandible
(E14.0-m; p.c. 8 weeks-h). With continued
growth, the shelves appose at the midline
(E14.5-m; p.c. 10 weeks-h) and eventually fuse
(E15.5-m; p.c. 13 week-h) [144]. Numerous genes
that are similar in mice [241] and humans [26,
144,196] are expressed (Table 10.1) during pala-
tal development.

During fusion, the epithelium covering the
tip of opposing palatal shelves adheres, interca-
lates, and thins into a single-layer midline epi-
thelial seam (MES) [147]. The disintegration of
this seam results in the confluence of the pala-
tal mesenchyme. Tremendous interest has
arisen in the cellular mechanisms underlying
MES degradation. The epithelial-mesenchymal
transition (EMT) is one of the proposed mod-
els that regulate the MEE cell fate [79, 96, 99,
147, 202]. However, other mechanisms have
been proposed, such as apoptosis [44, 141,217],
in which all the MEE cells are thought to die
during fusion. Alternatively, the MES cells may
disappear by migrating from the midline
toward the nasal and oral epithelia [29, 94].
Conceivably, apoptosis, migration, and EMT
may all occur [133, 141, 147]. The fusion of the
external surface of the bilateral maxillary pro-
cesses with the nasofrontal prominence in the
chick is similar to palatal fusion (Fig. 10.6)
[211]. The outer periderm layer dies through
apoptosis, and the lateral edge epithelium of
the intermaxillary segment of the nasofrontal
process fuses with the medial edge epithelium
of the external maxillary process to form a
seam that transitions to a confluent mesen-
chyme (Fig. 10.6) [211].

10.5.2 Molecular Mechanisms
in Embryonic Palatal Development

The genes that are expressed to induce the dif-
ferent stages of palatal development have been
examined through observations of human and
animal oral facial clefts. Cleft lip with or without
cleft palate (CL/P) is a complex trait caused by
many genes and environmental factors [143].
The failure of the palatal shelf formation is
a rare, but severe defect. Signaling networks
between the epithelium and mesenchyme involve
signaling molecules and growth factors such as
Shh, members of the transforming growth factor
B (TGFP) super family including BMPs and
TGFps, FGFs, and their receptors (FgfR), as well
as other effectors and targets [144]. FGF signal-
ing during early palatal development alters cell
proliferation within both mesenchyme and epi-
thelium in the palatal shelves, and induces an
increase in apoptosis within the epithelium. In
Fgfl0 and FgfR2b mouse mutants, the initial
development of the palatal shelves was altered
and the pups had a fully developed cleft palate
(CP) [170]. By signaling via its receptor [170] in
the palatal shelf epithelium, the mesenchymally
derived Fgf10 supports epithelial proliferation
and survival and induces the expression of Shh
within the epithelium. Shh, in turn, signals to the
mesenchyme and stimulates cell proliferation.
Signaling activities are generally subject to tight
spatiotemporal control and, in many instances,
too much or too little signal is detrimental to the
developing organ. This situation is well illus-
trated in anomalies caused by deregulated
hedgehog (Hh) and FGF signaling [149, 171].
Fgf10/FgfR2b activity plays a crucial role during
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Table 10.1.
Syndrome

Apert syndrome
Bamforth—Lazarus syndrome
Branchio-oculo facial

syndrome
Down syndrome
Ectrodactyly-ectodermal
dysplasia-cleft syndrome
Fetal alcohol syndrome
Goldenhar syndrome
Hereditary lymphedema-
distichiasis syndrome

Kallmann syndrome

Margarita Island
ectodermal dysplasia [71]

Pierre Robin sequence

Smith—Lemli-Opitz syndrome

Stickler syndrome

Treacher-Collins syndrome

van der Woude syndrome
Velocardiofacial syndrome

Unnamed syndrome
Unnamed syndrome

Unnamed syndrome
Unnamed syndrome
Unnamed syndrome
Unnamed syndrome

Unnamed syndrome

Unnamed syndrome

Syndromic genes associated with cleft and palate

Clinical features

AD; high arched palate, bifid uvula, and cleft palate

AR; hypothyroidism, athyroidal, CPO, choanal atresia, spiky hair

AD; pseudocleft of the upper lip resembling a poorly repaired
cleft lip

Macroglossia, microstomia, atlantoaxial subluxation

AD; triad of ectrodactyly, ectodermal dysplasia, and facial
clefting

Disorder characterized by a pattern of minor facial anomalies,
prenatal, and postnatal growth retardation

Oculo auricular vertebral dysplasia; AD; incomplete
development of the ear, nose, soft palate, lip, mandible

AD; lymphedema of the limbs, double rows of eyelashes,
cardiac defects, and cleft palate

AR disorder; Hypogonadotropic hypogonadism and anosmia

AR; unusual facies, dental anomalies, syndactyly, and cleft lip/
cleft palate

AD; triad of micrognathia, glossoptosis, and cleft palate

AR; defects in cholesterol biosynthesis, growth retardation,
dysmorphic facial features including CLP/CPO, postaxial
polydactyly

AD; midface hypoplasia, micrognathia, Pierre robin sequence,
retinal detachment and early cataracts, deafness,
hypermobility of joints

AD; craniofacial deformities such as: downward slanting
eyes, micrognathia, conductive hearing loss,
underdeveloped zygoma

AD; cleft lip palate, distinctive pits of the lower lips, or both

AD; cleft palate, heart defects, abnormal facial structure,
and learning problems

CL/P and hereditary diffuse gastric cancer

Chromodomain helicase DNA-binding proteins; CL/P in Charge
syndrome

Bilateral CL/P, colobomas of the optic nerve and retina,
agenesis of the corpos callosum. Dysphagia, reduced
esophageal peristalsis

X-linked mental retardation and CL/P

Holoprosencephaly 7, a spectrum of forebrain and midline
anomalies and midline CL

(PO, craniofacial anomalies, osteoporosis, and cognitive defects

Holoprosencephaly, a spectrum of anomalies ranging from
severe (cyclopia) to subtle midline assymetries CL/P part
of the spectrum

Anomalies with most features of DiGeorge/velocardiofacial
syndromes: CPO, thymus, and parathyroid gland hypoplasia,
vertebra, facial, and cardiac outflow anomalies

Genes

FGFR2
FOXE1
TFAP2A

Duplication of portion
of chromosome 21

P63
Alcohol dehydrogenase 1B

Pericentric inversion of
chromosome 9

FOXC mutations

FGFR1 mutations
PVRL1 (nectin-1) mutation

Loci 2924.1-333,
4q32qter,1192123.1,
and17q2124.325.1

DHCR

Col11A1, Col11A2, Col2A1

Mutation in TCOF1
gene at chromosome
5¢32-q33.1

IRF 6 (interferon regulatory
factor 6) mutations

Chromosome 22q11
microdeletion

(DH1
CHD7

PAX9
PH8
PTCH
SATB2

SHH

TBX1

Reference
[72,130]

[33,72]
[72,137]
98]

(72]
[1,69]
[108,230]

(52]

[50,72]
[72,212]

[40,162]

[72,142]

[206,234]

[49]

[72,111]

[45,140]

[245]
[182]

[72] #5801
(2]

[72]

[72]

[86,180]

[86,305]
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Comparison of the morphogenesis of the upper lip (a—c) with that of the palate (d—f). After the bilateral maxillary processes (max)

fuse externally with the intermaxillary segment, the resulting epithelial seam (arrow, b) gives rise to mesenchyme (arrowhead, ¢) to produce a conflu-
ent lip. At a later time, the palatal shelves arising internally from the maxillary processes fuse with each other (arrows, d) and with the nasal septum
(ns) above them, creating an epithelial seam that transforms to mesenchyme (arrowheads, e) to produce the confluent palate (arrowheads, f). p
sloughed periderm cells. Reprinted with permission from Griffith and Hay [70], at www.dev.hiologists.org, and Sun et al. [211] copyright 2000, with

permission from Elsevier).

palatogenenesis, but appears subject to the tight
spatiotemporal regulation prevailing in mice
lacking Shox2. Shox2-mutant mice develop a very
rare type of CP, where the soft palate is intact,
but the hard palate has a cleft [80]. This condi-
tion is also found in humans. Abnormal prolif-
eration and apoptosis may cause the cleft. Yet,
many factors that play a role in palatogenesis
including Msx1, Bmp4, Pax9, Lhx8, Osr2, Tgff33,
and Jag 2 are normally expressed [80].In contrast,
Fgf10 and Fgfr2b are expressed at ectopic sites
within the mesenchyme of Shox2-mutant mice
[240]. These studies emphasize the importance
of the precise timing and sites of signaling activ-
ities that are necessary for normal development.

The mutation of activin-BA causes a severe
facial primordial development defect, which may
be responsible for the retardation of palatal shelf
development and complete CP.In addition, other
genes, including MsxI, Lhx8, Shox2, and Osr2,
assume important roles in the palatal shelf
growth. The targeted mutation of these genes in
mice generates CP; this indicates that these fac-
tors are essential for palatogenesis [240].

Under normal conditions, the palatal shelves
do not fuse with other oral structures. However,

in mice that do not express Fgf10, the palatal
shelf epithelium fuses with the tongue and man-
dible [170]. The loss-of-function mutations of
Fgf10 result in anterior palatal shelf fusion with
the tongue. At the same time, the middle and
posterior palatal shelf regions adhere to the
mandible, thus preventing the elevation of the
palatal shelf [6]. There is a severe reduction in
the Jagged 2 expression, encoding a ligand for
the Notch family receptors and the ectopic pro-
duction of TgfB3 in the nasal epithelia of mutant
mice. On the basis of the analysis of Jag2 mutant
embryos, it is apparent that Jag2-Notch signal-
ing prevents inappropriate palatal shelf adhe-
sion to other oral epithelia through its control of
the oral epithelial differentiation. Mutations in
TBX22 have been reported in families with
X-linked CP and ankiloglossia [24, 128, 236].
Tbx22 is expressed in the developing palate and
tongue in mice; this suggests an important role
in regulating tongue and palate development.
The role of TgfB3 during palatal fusion has
been studied extensively [58, 158]. For fusion to
occur, the MEE must adhere to the palatal shelf.
TGIP3 is expressed in the MEE before and dur-
ing fusion, and mediates MEE adhesion of the
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opposing palatal shelves through filopodia.
E-cadherin is required for fusion, whereas the
filopodia seem to be crucial for the proper align-
ment and guidance of cell sheets that are fated to
fuse, but not for the fusion itself [191]. TgfP3 is
implicated in controlling the remodeling of the
extracellular matrix through regulation of the
expression of matrix metalloproteinases (MMPs),
MMP13, MMP2, and the tissue inhibitor of met-
alloproteinase (TIMP)-2 [19]. TGFP3 signaling
functions in the MEE to mediate epithelial-
mesenchymal interactions leading to changes
that regulate palatal fusion. For example, EMT of
the MES may constitute the major mechanism
that underlies the disappearance of the MES,
which generates mesenchyme continuity and
prevents palatal clefts [146]. The establishment
of the concept of EMT as the prevailing mecha-
nism of MES disappearance has led to studies
attributing roles to various molecules including
TgfB3, Lefl, Smad, RhoA, phosphatidylinositol
3-kinase (PI-3 kinase), MMPs, Twist, and Snail
[97, 99, 145]. In TgfB- or Egfr-mutant mice, the
fate of MEE cells is altered [95,136],and the MEE
cells fail to undergo apoptosis and persist along
the midline, thereby preventing normal fusion.

10.5.3 Ossification of the Palate

Palatal fusion indicates the ossification process
that forms the hard palatal tissues in the ante-
rior two-thirds of the palate. This entails the suc-
cessful fusion of three embryonic structures,
namely, the lateral edges of the primary palate
with the two anterior edges of the secondary
palate. This process requires the synchroniza-
tion of shelf movements, together with the
growth and withdrawal of the tongue and the
growth of the mandible and head [31]. Any form
of disruption during the formative stages results
in a pathological cleft.

A wide range of studies on craniofacial skeletal
maturation has shown that the fusion of the pal-
atal shelves along their length to form the mid-
palatal (MP) suture occurs in the course of the
ossification of the maxillae and palatine bones
before the development of mandibular condyle
[80,105,152,157]. Ossification is observed where
mesenchymal cells condense, the surrounding
tissue vascularizes, and cells differentiate into

osteoblasts. A number of growth and differentia-
tion factors are involved in this process, e.g.,
BMPs, core-binding proteins, FGFs, and Hh pro-
teins. These interact with various signaling path-
waystoregulatethepatterningof undifferentiated
mesenchyme. Bmp-6 and the transcription fac-
tor Glil are also expressed during intramem-
branous bone formation [89, 103]. As in the
craniofacial sutures, the MP and TP suture osteo-
blasts express TgfB1,2, and 3, while the suture
cells primarily express TgfB3 [3, 4].

Cranial sutures are the growth sites for the
neurocranium, with the dura mater providing
the signaling molecules to regulate suture pat-
ency [153]. The MP and TP sutures have different
structures and are not in contact with the dura
mater. Opperman’s group has proposed that these
facial sutures are growth centers [6, 7] and that
the nasal capsular cartilage produces signaling
molecules that regulate the fusion of the MP and
TP sutures (Fig. 10.7) [4]. The nasal cartilage
maintains the TP sutures as growth sites with or
without nasal cartilage. Conceivably, the nasal
cartilage regulates mid-facial growth [4].

Cyclic forces constitute an effective mechani-
cal stimulus for the regulation of osteogenesis
and osteoclastogenesis in the growth of sutures
in neonatal rats [229]. At the early stage of sutural
expansion, when osteoblasts and fibroblasts
have proliferated, application of tensile forces
has led to a cyst-like zone at the conjuncture of
the bony front and the sutural connective tissue.
New bone is deposited along the nasal septum
and at the front of the cyst until the new bone
front is formed, with the original structure
restored by the suture [119].

Utilizing the MP suture expansion in mice has
provided insight into how mechanical stress mod-
ulates remodeling of bones and cartilage. The
expansive force across the MP suture promotes
bone resorption through the activation of osteo-
clasts and bone formation through the increased
proliferation and differentiation of periosteal cells
[83]. Similarly, when expansion by orthodontic
wire was done in growing rats, the secondary
cartilage underwent chondrogenic and osteo-
genic differentiation in the maxillary arch. These
induced changes have been attributed to pro-
genitor cells differentiating from chondroblast
to osteoblast. When this occurs, many sutures
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Figure 10.7.

(a) Relationship between the nasal capsular (NC) cartilages and the transpalatal suture. Dotted lines indicate cut lines for removing

the palate from the embryo and the NC cartilage from above the sutures. (b—e) Micrographs of parasagittal sections through fetal rat heads, showing
the prenatal development of transpalatal (TP) sutures. (b) At E16, NC cartilages (arrows) can be seen directly above the presumptive TP suture region
(in box). (c) High-power micrograph of the region in the box, showing the advancing palatal plate of the maxilla and horizontal plate of the palatal
bone (asterisks) on either side of the presumptive TP suture (between arrows). (d) At E18, the advancing bone fronts (asterisks) overlap, creating a
highly cellular suture blastema (between arrows). (e) By E20, an elongated TP suture (between arrows) continues to form as the bone fronts proceed
to overlap.A airway; B shelves of maxillary bones; MP mid-palatal suture; N(C nasal capsular cartilage; 0 oral cavity; TP transpalatal suture. (Reprinted

with permission from Adab et al. [3]).

temporarily form secondary cartilage. Histological
observations at days 7, 10, and 14 have shown that
intramembranous bone formation occurred at
the boundary between the precartilaginous and
cartilaginous cell layers, with osteocalcin detected
in the calcified matrix [214]. The cellular events
that take place at the MP suture cartilage expan-
sion force are similar to what occurs when endo-
chondral bone is formed at the boundary between
the maxillary bone and cartilage. On the other
hand, intramembranous osteogenesis appears at
the internal aspect of the cartilaginous layer [107].
To stimulate new bone formation, rat organ
cultures with distracted palatal sutures were
treated with Bmp-7 and Nell-1 for 8 days in vitro.
Nell-1 increased chondrocyte hypertrophy and
endochondral bone formation, whereas Bmp-7
enhanced chondrocyte proliferation and differ-
entiation in the distracted palates of the 4-week-
old male rats. This study indicates that Nell-1 is
involved in the rapid osteoblast differentiation in
palate sutures [42]. When TGF-f1 was applied
during the early stages of rat MP expansion, bone
formed, presumably at the suture site [189].

10.5.4 Oral and Palatal Musculature
and Related Deformities

Defects encompassed in overt cleft lip and palate
range from the so-called microform clefts to
complete unilateral or bilateral clefts of the lip
and palate. The orbicularis oris (OO) muscle con-
sists of many muscular fiber strata that are differ-
ently oriented and surround the mouth opening.
At approximately 7 weeks p.c.in humans, the two
maxillary prominences fuse with the medial nasal
prominence; however, lip fusion is not complete
until the epithelial seam disappears through EMT
and/or apoptosis [31]. By 8 weeks p.c., there
appears a dense, continuous band of mesenchy-
mal cells that give rise to the OO muscle; discern-
ible OO muscle fibers are present by 12 weeks and
the complete OO muscle architecture is formed
by 16 weeks [93]. Any delay in fusion may result
in a subepithelial OO defect, such as the altered
migration of the mesenchymal cells.Subepithelial
(nonvisible) defects of the OO muscle represent
the mildest form of cleft lip, constituting a part
of the phenotypic spectrum of CL/P. This defect
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is a ridge of tissue, resembling a scar on the
upper lip along the philtrum [5].

Histological studies have shown that the
above-described defects extend to the muscle
fibers of the superior OO muscle. A method using
high-resolution ultrasonography was developed
to visualize the OO muscle noninvasively [148].
OO defects differ significantly between first-
degree relatives of the CL/P individuals and
controls, with the differences detected by ultra-
sound, consistent with the information from
autopsies [127, 148]. Interestingly, in the Bmp4
knockout mouse, bilateral cleft lips can be seen at
E14.5, even though this condition occurs only in
22% of newborns [93]. This suggests that the ini-
tial cleft lip is rescued or healed in utero, leaving
only the subepithelial OO defect. Two individuals
with OO defects were found to have mutations in
BMP4, whereas none was found in the controls
[150].Thestrongevidence that OO discontinuities
are part of the phenotypic spectrum of CL/P is
important for estimating the clinical recurrence
risk for families with members affected with
CL/P.

The mildest form of CP is termed as a “sub-
mucosal CP” This is made up of a bifid uvula,
palatal muscle diastasis, and a notch in the pos-
terior surface of the hard palate [67]. Defects in
the nasopharyngeal structure and/or function
may lead to velopharyngeal incompetence (VPI).
Although most VPI is caused by CP, the popula-
tion prevalence of VPI owing to other causes is
approximately 2.5% [20]. VPI may be caused by
submucosal muscular defects of the levator veli
palatini or musculus uvulae. Most of the soft-
palate muscles are derived from myotome cells,
which invade pharyngeal arch 4 and then migrate
to the palate, with innervation from the vagus
nerve. One muscle (tensor veli palatini) is
derived from myotome cells that invade arch 1
and are innervated by the trigeminal nerve [213].
In the mouse, the tensor veli palatini, levator veli
palatini, medial pterygoid, and lateral pterygoid
muscles are myogenic fields, beginning with ges-
tational day 15. The palatoglossus, palatopha-
ryngeus, and musculus uvulae, however, are not
yet in evidence [222]. The presence of these ana-
tomical features in unaffected individuals may
constitute an elevated risk for producing clefts
in offspring [233].

10.5.5 Small Ubiquitin-Like Modifier
(SUMO) Modification of Signaling
Pathways in Palatogenesis

The molecular understanding of nonsyndromic
(NS) CL/P is further complicated because pene-
trance may differ significantly when a given
mutation is placed on different strains. This
reflects the fact that CL/P pathogenesis is subject
to both genetic and environmental modifiers.
One posttranslational mechanism is due to the
SUMO [157]. SUMO proteins are ubiquitously
expressed throughout the eukaryotic kingdom
[243]. SUMO1 shows strong expression in the
medial edge epithelial of the secondary palate [7].
A translocation breakpoint interrupting SUMO1
was found in a patient with CLP [7]. This translo-
cation defect is the cause of CL/P and has been
confirmed in SUMOI-deficient mice [7].
Moreover, mutations in TBX22 profoundly affect
sumoylation, with changes in this process at least
partially responsible for loss of function [10].
Other SUMO targets include Smad4, Msx1, p63,
Pax9, Eyal, and FGF signaling [157], a change in
some of which may affect the SUMO pathway.
Destabilizing the normal balance of expression
and activity for genes such as TBX22, Msxl,
SATB2, and p63 during early pregnancy is likely
to constitute a risk for the occurrence of CL/P.On
elucidating the relationship of environmental
factors, the SUMO pathway and the networks of
craniofacial genes influenced by posttranscrip-
tional modification may be crucial to under-
standing the idiopathic forms of orofacial clefts.

10.5.6 Overview of the Genetic Etiology
of Cleft Palate

Disturbances at any stage during palate develop-
ment, e.g., defective palatal shelf growth, failed or
delayed elevation, and blocked fusion, can result
in CP [38, 54]. As one of the most common con-
genital craniofacial defects, CP occurs in approx-
imately 1 per 750 live births in the United States
[38, 59]. Clefts occur more frequently among
Asians (about 1:400) and certain American
Indians than in Europeans. Clefts are relatively
less common among Africans and African
Americans (about 1:1,500) [204].



168

Bone and Development

The etiology of CL/P is due to a combination
of genetic and environmental factors [72, 143].
Characterization of the genomic sequences will
pinpoint variations in the stages of craniofacial
morphogenesis. Classification of CL/P into syn-
dromic (Table 10.1) and NS genes (Table 10.2)
helps to understand the molecular and genetic
mechanisms that affect these types of craniofa-
cial defects [30, 35, 71]. In addition, there is
strong evidence that environmental factors such
as alcohol consumption, tobacco, and anticon-
vulsants increase the risk of CL/P [192,238].On
the other hand, folic acid may have a protective
effect on CL/P and neural tube defects [21,25, 55,
88, 112]. Recent data from the National Birth
Defect Prevention Network have shown that
neural tube defects have decreased from 5/10,000
to less than 2/10,000 after the food supply was
fortified with folic acid. This vitamin and the
proteins that facilitate its uptake and metabo-
lism may be candidate genes in craniofacial
development [55, 113,193,216, 244].

10.6 Tooth Development

From an evolutionary perspective, mammalian
dentition is considered as a segmental or sequen-
tially arranged organ system, in which specific
numbers of teeth are spatially organized along
the linear axes of the jaws. Biochemical and
developmental pathways that control the initia-
tion of tooth development in different vertebrate
species are remarkably conserved. For develop-
mental biologists, the developing tooth model is
useful for studying the modes of patterning and
morphogenesis that determine the position, size,
shape, and number during organogenesis. For
stem cell biologists and tissue engineering
experts, the forming and fully developed tooth is
an attractive model that offers both challenges
and opportunities. Adult teeth house reservoirs
of postnatal or “niche” stem cells that differenti-
ate into bone and dentin and other tissues. These
cells have been utilized in tissue engineering to
regenerate mineralized tissues [64, 197]. As the
implantation of a bioengineered “test tube tooth”
would not result in life-threatening consequences,
there is burgeoning interest in the field of

bioengineering to utilize the wealth of genetic
knowledge about tooth development to regener-
ate whole tooth organs for replacement therapies.
Understanding the basic principles that guide the
development of teeth, one of the most complex
mammalian organ systems, is critical for regen-
erative medicine.

Teeth develop in distinct stages that are easily
recognizable under the microscope (Fig. 10.8).
They are the lamina, bud, cap, and bell (early and
late) stages of tooth development [218]. As the
molecular events that transform the tooth bud
into a fully formed mineralized tooth have
become known, the following functional terms
can be used to describe the developing tooth
organ: initiation, morphogenesis, cell or cytodif-
ferentiation, and matrix apposition. The first vis-
ible sign of tooth development, becoming evident
around 5 weeks of human development and at
embryonic day 11 (E11) in mouse gestation, is a
thickening of the oral epithelium that lines the
frontonasal, maxillary, and mandibular arches. At
this stage, the dental lamina is inductive and can
direct the mesenchyme to a tooth-forming mes-
enchyme. As development progresses, the dental
lamina grows into a bud that is distinguished by a
well-demarcated zone of condensed ectomesen-
chyme called the dental papilla. At this stage, the
inductive or tooth-forming potential is trans-
ferred from the dental epithelium to the dental
papilla. At the cap stage, further elongation
occurs,and the ectodermal component is referred
to as the dental or enamel organ. The enamel
organ and dental papilla become encapsulated by
the dental follicle, a thin layer of mesenchymal
cells that separate the dental papilla from the
other connective tissues of the jaws.

The transition from the bud to the cap stage
marks the onset of crown formation. Similar to
the signaling centers found in other tissues, the
tooth organ utilizes the enamel knot as an impor-
tant organizing center that initiates cuspal pat-
terning [91]. In this region, a unique set of
signaling molecules is expressed. They modulate
the shape of the crown and the underlying den-
tal papilla. The enamel knot undergoes pro-
grammed cell death or apoptosis after cuspal
patterning is completed at the onset of the early
bell stage. The dental organ then assumes the
shape of a bell as cells continue to divide
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Table 10.2.  Nonsyndromic genes: interaction effects of genes and environmental risk factors on oral clefts
Gene Functional role Risk factor References
Cytochrome P450 proteins Highly polymorphic, having multiple functional alleles; role Negative gene—smoking [81]
(CYP) CYPIAT, CYPIA2, in detoxification; metabolism of endogenous morphogens interaction effect
CYPIB1 CYP2E1 in the developing fetus
Epoxide hydrolase (EPHX) Class of proteins that catalyze the hydration of chemically reactive
epoxides into their corresponding dihydrodiol products
EPHX Plays an important role in both the bioactivation and detoxifica- Negative gene—smoking [9,81]
tion of exogenous chemicals, such as PAHs, which are present interaction effect
in cigarette smoke
EPHX1Y113H Variant of EPHX 1 found in the fetus and maternal smoking Positive gene—smoking [196]
interaction effect
Glutathione transferase gene  Families of dimeric phase Il enzymes that catalyze the conjuga-
family (GST) tion of reduced glutathione with electrophilic groups of a wide
variety of environmental agents
GSTM1 Major gene detoxifying PAHs and widely studied in many Negative gene—smoking [196]
disorders and cancers interaction effect
GSTT1 Expressed in a variety of tissues/organs, such as erythrocytes, Positive gene—smoking [196]
lung, kidney, brain, skeletal muscles, heart,and small interaction effect
intestine; elevated expression profile at the craniofacial
regions during embryonic development
GSTP1 Major gene detoxifying PAHS; involvement in a variety Positive gene—smoking [196]
of disorders and cancers. Major enzyme involved interaction effect
in the inactivation of cigarette smoker’s metabolites;
most important isoform at the embryonic and early fetal
developmental stages
GST A4/GSTM3 Two other types of GST gene family members Positive gene—smoking [196]
interaction effect
Hypoxia-induced factor-1 Mechanism by which maternal smoking may affect embryonic Positive gene—smoking [196]
development owing to the production of carbon monoxide interaction effects
that interferes with oxygen transfer
to the placenta, or nicotine that constricts the uterine
wall resulting in hypoxia
Arylamine N-acetyltransferase ~ N-conjugation of arylamine by the action of N-acetyltransferases
gene family (NAT), UDP glucoronosyltransferases (UGTs), or sulfotransfer-
eases (SULTS0) produces nontoxic compounds
NAT 1 Expressed in many tissues, such as erythrocytes, bladder, lympho- Negative gene—smoking [113,203,205]
cytes, neural tissues, liver, and intestines interaction effects
NAT pseudogene (NATP1) Pseudogenes identified, which are located at chromosome [113,203,205]
8p23.1-8p21.3
NAT 2 Expressed in the liver and epithelial cells of the intestine Positive gene—smoking [196]
interaction effects
Methylenetetrahydrofolate Metabolism of folate by reducing methylenetrahydrofolate, Positive gene—vitamin [18,132]
reductase (MTHFR) primary donor for methionin synthesis. Variant of interaction effect
MTHFRC677T methylenetetrahydrofolate reductase Negative
gene-smoking
interaction effect
Other metabolic genes
NAD(P)H quinine Flavoenzyme that catalyzes two electron reduction of quinine Negative gene—smok- [196]
oxidoreductase (NQO1) compounds to hydroquinone and is inducible by oxidative ing interaction effect
stress, dioxin, and PAHS found in cigarette smoke
SULTTA1 Catalyzes transfer of the sulfonate group from the active sulfatetoa Negative gene—smoking [196]

substrate to form the respective sulfate or sulfamate ester

interaction effects

(continued)



B-3 (TGF B3)

Muscle segment homeohox1
(MsX1)

MSX2

Acyl-CoA desaturase ACOD4

Retinoic acid receptor

CHD7
ESR1

FGF/FGFR families FGF8 FGF3
FGF10 FGF18 FGFR1 FGFR2
FGFR3

SPRY1/SPRY2

TBX10
GABRB3
GLI2

ISGF3G

Other candidate genes
SKI, FOXE1, JAG2, LHX8

differentiation, epithelial-mesenchymal transformation, and
apoptosis

Transcriptional repressor important in craniofacial, limb, and
nervous system development

Similar to MSXT; rare cause of isolated cleft lip with or without
cleft palate

Pericentric inversion disrupts a gene (ACOD4) on chromosome
421 that codes for a novel acyl-CoA desaturase enzyme occurs
in a single two generation family with CL

0dds ratios for transmission of alleles at THRA1 were significant
when ethnic group was included

Chromodomain helicase DNA-binding proteins
Ligand-activated TF estrogen receptor

Expressed during craniofacial development and can rarely harbor
mutations that result in human clefting syndromes

Loss-of-function mutations in FGFR1 cause a syndromic
form of clefting

Ectopically expressed in dancer cleft lip and palate-mutant mice
133 subunit of GABA receptor CL/P

Mutations in GLi2 cause holoprosencephaly-like features
with cleft lip and palate

Similar to IRF6

Rare causes of isolated cleft lip with or without cleft palate

effects (smoking, alcohol
drinking)

Positive—gene interaction
effects (smoking and
alcohol drinking)

Negative gene—smoking
interaction effects
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Table 10.2.  (continued)
Gene Functional role Risk factor References
UDP glycosyltransferases (atalyzes conjugation reactions where hydrophobic chemicals Positive gene—smoking [41,194,196]
(UGTs) UGT1A7 variant are transformed into water-soluble compounds. Potential interaction effects
maternal effects on embryonic development
Developmental genes for oral clefts
Transforming growth factor A Transmembrane protein expressed at the medial edge of the Positive gene—interaction  [85,126]
(TGF o) epithelium (MEE) of fusing palatal shelves. Its receptor effects (smoking, alcohol
epidermal growth factor is expressed in the degenerating MEE drinking, vitamins)
Transforming growth factor Regulator of many biological processes such as proliferation, Positive—gene interaction  [126]

[126,138,176]

[138,176]

[15]

[126]
(53]

[154]
[174]
[228]
[228]
[72]

[228]

[228]

[228]

at differential rates. The outermost layer of
cuboidal cells is called the external dental epi-
thelium, whereas the cells that encase the dental
papilla are the internal dental epithelium. The
latter gives rise to the ameloblasts, cells respon-
sible for enamel formation. Functional layers
develop within the enamel organ, which allow it
to expand and change the fate of the dental
papilla. The star-shaped cells of the stellate retic-
ulum are rich in glycosaminoglycans that are
thought to sequester fluids, as well as growth
factors that lead to its expansion. The narrow
layer of flattened cells termed the stratum

intermedium, which expresses high levels of
alkaline phosphatase, develops adjacent to the
inner dental epithelium and influences differen-
tiation into ameloblasts, as well as the process of
enamel biomineralization.

Shortly after the shape of the crown is deter-
mined, the cells of the internal dental epithelium
at the sites of the future cusp tips stop dividing
and signal the underlying dental papilla cells
to organize themselves along the epithelial-
mesenchymal interface. These newly differenti-
ated cells are called odontoblasts, cells that are
responsible for the synthesis and secretion of
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Figure 10.8.
(b) bud stage (a = ectodermal outgrowth; b = dental mesenchyme; c = tongue; d = oral cavity space; e = oral ectoderm). (c) cap or transition to early
bell stage (a = outer dental epithelium; b = internal dental epithelium; c = stellate reticulum; d = dental papilla ectomesenchyme; e = dental lamina).
(d) late bell stage (a = nerve bundle; b = alveolar bone; c = vasculature; d = oral ectoderm; e = tongue). Note the extension of the dental lamina on
the right aspect of the dental organ that will form the succeeding incisor. (e) onset of dentinogenesis (a = dental pulp; b = cluster of odontoblasts that
appear crowded at the tip; c = odontoblastic process; d = dentin).

the dentin matrix that shares the biochemical
properties with bone. The dental papilla is now
termed the dental pulp. After the odontoblasts
deposit the first layer of predentin, inner dental
epithelium cells develop into ameloblasts or
enamel-producing cells. As enamel is deposited
over the dentin matrix, the ameloblasts retreat
to the outside and undergo apoptosis. In con-
trast, the odontoblasts line the inner surface of
the dentin and remain metabolically active
throughout the life of the tooth. The inner and
outer dental epithelia combine in the area of the
cervical loop to form Hertwig’s epithelial root
sheath. This structure influences the different-
iation of the odontoblasts from the dental
papilla, as well as the cementoblasts from the

Histologic depiction of tooth development. (a) lamina phase (a = nasal septum; b = tongue; ¢ = palatal shelves; d = dental lamina).

follicle mesenchyme, thus forming root dentin
and cementum, respectively. The dental follicle
that gives rise to the components of the perio-
dontium (the periodontal ligament fibroblasts,
alveolar bone of the tooth socket,and the cemen-
tum) also plays a role during tooth eruption, the
last phase of odontogenesis.

10.6.1 Signaling Interactions During
Tooth Development

Epithelial-mesenchymal interactions that involve
an exchange of molecular information between
the ectoderm and mesenchyme drive critical
events in tooth morphogenesis. As is true for the
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limb bud, no single transcription factor or
growth factor is responsible for odontogenesis;
rather, a series of interactions involving several
molecules leads to the development of the com-
plex tooth form [92]. Signaling is reciprocal in
nature. In other words, information is exchanged
to and from the dental epithelium to the mesen-
chyme, and to and from the dental mesenchyme
to the epithelium. For example, when the dental
epithelium is separated from the mesenchyme,
cusp patterning does not occur. Similarly, in the
absence of the dental epithelium, the dental mes-
enchyme does not differentiate into odonto-
blasts [177].

The website (http://honeybee.helsinki.fi/too
thexp) lists all molecules expressed in tooth
organs. The two principal groups of molecules
involved in the information exchange between
the tooth epithelium and mesenchyme are the
transcription factors and growth factors. The key
mediators are the BMPs, FGFs, and WNT fami-
lies: Shh, transcriptional molecules like the Msx-
1,-2homeoboxgenes,lymphoidenhancer-binding
factor I (Lef-1) and Pax9,a member of the paired-
box-containing transcription factor gene family.
For a description of the actions and interactions
of these molecules, see [46,100].

10.6.2 The Role of the Extracellular
Matrix (ECM) in Tooth Morphogenesis
and Cytodifferentiation

The basement membrane ECM directs the bud-
ding and folding of dental epithelium during
morphogenesis [219]. Molecules like collagens
type I, III,and IV, along with laminin and various
proteoglycans, are expressed in the basement
membrane at the tooth epithelial-mesenchymal
interface [177]. The MMPs, such as gelatinase,
cleave type-IV collagen and contribute to the
overall degradation of the basement membrane
[181]. The expression of the protease inhibitors,
TIMPs 1,2,and 3, also correlates with tooth mor-
phogenesis. Earlier in vitro studies have shown
that the integrity of the basement membrane
influences the budding and folding of the dental
epithelium during morphogenesis and the spa-
tial ordering of the cells that undergo terminal
differentiation [219].

10.6.3 Dentin Biomineralization

The formation of dentin follows the same princi-
ples that guide the formation of other mesenchy-
mal-derived mineralized tissues, e.g., cementum
or bone. The odontoblasts are terminally differ-
entiated cells that synthesize and secrete a type-I
collagen-rich organic matrix called predentin. As
the odontoblasts retreat toward the center of the
tooth, cellular processes that subsequently min-
eralize remain in the matrix. Apatite crystals are
deposited in an orderly manner, with disruptions
resulting in a defective matrix, as seen in several
dentinogeneses imperfectae and dysplasias.

For several decades, researchers have sought
answers to these fundamental questions:

What is the exact composition of the dentin
matrix and what biochemical features distin-
guish dentin from bone and cementum? Are
there dentin-specific markers and can they be
used to characterize the nature of the replace-
ment cells responsible for forming reparative
dentin? How do the physical features and con-
formational structures of the ECM molecules
facilitate the calcification of dentin? Do these
macromolecules interact with each other during
the mineralization of dentin, and do they form
supramolecular complexes that promote the
deposition of hydroxyapatite crystals? What is
the nature of the ECM molecules that modulate
the initiation, rate, and extent of dentin deposi-
tion? What is the nature of the genes that encode
the ECM molecules for dentin? Are defects in
these genes responsible for inherited dentin dis-
orders, namely dentinogenesis imperfecta (DGI)
and dentin dysplasia? What genes regulate the
expression of key dentin ECM molecules?

The noncollagenous proteins (NCPs) of the
dentin matrix are thought to play a unique
role in modulating the mineralization of dentin.
Experimental evidence for this role is provided
by the discovery that mutations in the dentin
sialophosphoprotein (DSPP) gene are responsi-
ble for the defects seen in DGI types II and III
[51]. As 90% of the organic matrix is type-I col-
lagen, it is not surprising that patients with DGI
type I caused by mutations in the type-I collagen
gene have severe dentinal defects [104].

In recent years, a family of dentin and bone
NCPs that have attracted attention are the small
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integrin-binding ligand, N-linked glycoprotein
(SIBLING) proteins. This group comprises DSPP,
dentin matrix protein 1 (DMP1), bone sialopro-
tein (BSP), and osteopontin (OPN) [57]. As they
are polyanionic molecules, SIBLING proteins
are active in the mineralization of a collagen-
containing matrix and are also thought to pro-
mote crystal growth within predentin.

10.6.4 Dentin Sialophosphoprotein
(DSPP)

DSPP is a member of the SIBLING family that
makes dentin matrix distinguishable from the
bone. It is transcribed from a single mRNA that
encodes DSP at the 5" end and DPP at the 3’ end
of a large precursor molecule [175]. Because of
the abundance of at least two proteins in dentin
ECM, DSPP is likely to be cleaved posttransla-
tionally by a proteinase. The expression profiles
of DSP and DPP show tooth-specific colocaliza-
tion in the preameloblasts, the newly differenti-
ated odontoblasts in predentin and dentin
matrix. DSPP does occur in bone, but with far
fewer osteoblasts expressed than in dentin and
odontoblasts [163].

DSP, discovered by Butler et al. [27], has no
specific function to date; it does not promote
mineralization in vitro [22]. In contrast, DPP,
discovered by Veis and Perry [227], may modu-
late mineralization. It contains unusually large
amounts of acidic residues, such as aspartic acid
and phosphoserine, and can initiate and modu-
late the formation and growth of hydroxyapatite
crystals [23]. Expressed in odontoblasts, DPP
binds to collagen at the mineralization front and
may modulate binding of other NCPs to the
growing hydroxyapatite crystals in a specific
conformation [118].

More recently, a proteoglycan form of DSP
(DSP-PG) has been isolated and characterized,
but its precise role is still unknown [210].

Each of the three DSPP-derived variants, DSP,
DPP, and DSP-PG, may play a unique role in the
mineralization of dentin. Conversion of DSPP to
DSP and DPP in dentin may require activation
and the activating molecule(s), once identified,
may have therapeutic value. As the precursor
of DSPP is a large molecule, it is likely that

structural changes are needed to enable the DPP
to bind calcium to the collagen fibers. In other
words, the rate and extent of biomineralization
may be controlled by the activation and struc-
tural changes involving DSPP.

Mutations in the human DSPP gene give rise
to DGI-II and DGI-III, causing the dentin to be
severely affected. Studies with DSPP-null mice
have provided evidence for defects in the miner-
alization of dentin. The SIBLING protein, there-
fore, is critical for normal dentinogenesis [207].

10.7 Future Perspectives

Many medical and dental scientists envision the
day when diagnostic tools will be available to
establish a personalized genetic and molecular
profile of a patient’s condition. Such a “molecu-
lar fingerprint” can also provide clues about
gene changes and their effects on encoded pro-
teins and the signaling pathways that are altered
in the development and progression of the dis-
ease. In coming decades, identification and anal-
ysis of molecules that regulate the development
of the craniofacial complex will provide insights
that can be translated into clinical therapies to
treat the spectrum of disorders and diseases that
affect this part of the body. Knowledge of the
mechanisms that drive the formation of mandi-
ble, palate, TMJ, and the teeth will provide a basis
for developing new regenerative strategies aimed
at restoring normal structure and function.
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