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Abstract: Craniofacial defects (CFD) are a significant healthcare problem worldwide. Understanding
both the morphogenetic movements which underpin normal facial development, as well as the
molecular factors which regulate these processes, forms the cornerstone of future diagnostic, and
ultimately, preventative therapies. The soluble morphogen Sonic hedgehog (Shh), a vertebrate
orthologue of Drosophila hedgehog, is a key signalling factor in the regulation of craniofacial skeleton
development in vertebrates, operating within numerous tissue types in the craniofacial primordia to
spatiotemporally regulate the formation of the face and jaws. This review will provide an overview
of normal craniofacial skeleton development, and focus specifically on the known roles of Shh in
regulating the development and progression of the first pharyngeal arch, which in turn gives rise to
both the upper jaw (maxilla) and lower jaw (mandible).
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1. Introduction—Formation of the Craniofacial Skeleton

The cellular and molecular mechanisms which govern the formation of the vertebrate head
and face are remarkably conserved within the entire animal kingdom. Although much of the skull
is comprised from mesoderm-derived bone, the majority of anterior craniofacial tissues, including
cartilage, bone and musculature are primarily derived from the neural crest cells (NCCs) [1]. NCCs are
a population of multipotent, transient migratory cells that are specified at the border of the neural
plate and the non-neural ectoderm prior to and during neurulation. In order to form the facial
bones, NCCs destined to a craniofacial fate, termed cranial NCCs (CNCCs) migrate ventrally into
the frontonasal prominence (FNP), as well as the first, second, third and fourth pharyngeal arches
(PA1-4, respectively) [2]. While the forehead and nasal cavities are derived from the FNP, and most
facial muscles are formed from PA2, this review will focus exclusively on the first pharyngeal arch,
PA1, which primarily gives rise to the maxilla and mandible (upper and lower jaw, respectively), and
as such, is a critically important region in the formation of the craniofacial skeleton. Furthermore,
this review will focus on the role played by a critical signalling molecule, Sonic Hedgehog (Shh),
specifically in the context of first pharyngeal arch formation and neural crest survival, development
of the maxilla and palatal clefting, and development of the mandible. Other excellent reviews have
recently been published which extensively cover the role of Shh in the development and aetiology
of other craniofacial and neural tube defects [3,4], formation and morphogenesis of the vertebrate
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teeth [5–7], as well as the role of Shh partner proteins and pathway components (particularly Patched,
Smoothened and the Gli family) in development and disorders of the vertebrate craniofacial complex [8],
and as such, these topics will not be covered in this review.

2. Development of the Craniofacial Skeleton—The First Pharyngeal Arch

PA1 is the most rostral of the arches, and forms earliest during embryogenesis (approx. embryonic
day [E] 8.25 in mouse). In addition to forming the future maxillae and mandible, PA1 also gives rise
to numerous other structures, including the malleus and incus bones of the middle ear, the posterior
process of the sphenoid bone, the squamous region of the temporal bone, the Masseter muscle,
and the mucous membrane and glands of the anterior tongue [9,10]. Having migrated into PA1,
CNCCs are induced to proliferate and differentiate by numerous patterning signals emanating from
the surrounding pharyngeal environment [11–13]. As growth progresses, PA1 becomes segregated into
two separate domains, the maxillary and mandibular prominences, which give rise to the cartilage,
bones and connective tissue of the upper and lower jaws, respectively [14]. Both prominences consist
of bilateral processes that meet on the midline axis and fuse together to form the jaws (Figure 1).
For the mandibular processes, this involves epithelial fusion followed by pressure from growth in the
apposed mesenchyme pushing out the intervening epithelium, which is incorporated into the oral
epithelium that ultimately covers the mandible [15]. Concomitant to further growth of the maxillary
processes is regression of the inferior portion of the FNP, resulting in fusion of both medial nasal
prominences to form the midline of the nose, the philtrum of the upper lip and the primary palate [16].
During this period, outgrowths of the maxillary process known as the palatal shelves project on
either side of the developing tongue. A transient, non-adherent “covering” for the developing oral
epithelium, known as the periderm, prevents the opposing epithelial surfaces of the tongue and
palatal shelves from inappropriately adhering [17]. Caudal migration of the tongue in response to
growth and expansion of the mandible allows the palatal shelves to grow towards the midline and
fuse, forming the secondary palate (Figure 1). Fusion of the primary and secondary palates involves
growth of the component tissues, epithelial-mesenchymal transition, cell migration and apoptosis
at fusion sites [18–20]. Perturbation of any of the above processes can potentially lead to failure of
primary and/or secondary palatal fusion, and hence either cleft lip with or without cleft palate (CL/P),
or isolated cleft palate (Figure 2). Numerous other defects can also occur, as discussed below.
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Figure 1. Schematic diagram of human facial development. The craniofacial skeleton is predominantly
made up of five primordia; the frontonasal prominence (FNP; including the lateral and medial nasal
prominences), paired maxillary (MX), and paired mandibular (MD) prominences. These gradually
migrate towards the midline, to form the nose, lips and jaws, and are fully integrated by 10 weeks
of human embryonic development. The MD processes appose and fuse first (at ~5 weeks of age; (A),
followed by fusion of the lateral MX prominences with the medial and lateral nasal processes in the
ventrolateral FNP (B). Next, fusion of both medial nasal prominences forms the midline of the nose and
the primary palate (C). Two outgrowths of the MXP (the palatal shelves) elevate and migrate towards
each other, fusing with each other and the primary palate to form the upper jaw (D). Adapted from [21].
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Figure 2. Palatogenesis and development of palatal clefts. The palatal shelves, outgrowths of the 
maxillary processes, initially form and are directed ventrally, lateral to the developing tongue (A). As 
the embryo develops, the tongue migrates ventrocaudally and the palatal shelves migrate 
dorsolaterally (arrows in A). By 8 weeks of human development, the palatal shelves have begun to 
migrate towards each other (B), and following apposition and fusion, form the secondary palate by 
10 weeks, ensuring clear separation between the oral cavity (OC) and, at the anterior end, the nasal 
cavity (NC; C). Although palatal clefting has numerous diverse aetiologies, mechanistically, the 
palatal shelves remain similarly oriented ventrally at 6 weeks of development (D), but fail to elevate 
(crosses in D–E). This ultimately results in a failure of secondary palate formation, and a continuous 
passage between the oral and nasal cavities (at the anterior portion of the face; F). 

3. Defects of Craniofacial Development 

All congenital anomalies of the craniofacial structures, regardless of the aetiology or phenotype, 
are recognized clinically under the broad term of craniofacial defects (CFDs). CFDs are widely 
prevalent, as they account for approximately 75% of human birth defects, and affect 0.1%–0.3% of all 
births [1]. The severity of CFDs can range from minor cosmetic irregularities to considerable 
structural malformations that can lead to problems in breathing and feeding, as well as perturbed 
social and mental development, and in extreme cases, death. Surgical reconstruction of CFDs is 
complex, often requiring multiple procedures and not routinely available in many healthcare 
systems. Therefore, understanding the identity, fate and specification of the cells which comprise the 
craniofacial skeleton is imperative in order to understand the aetiology of disease. In fact, all CFDs 
result from either cell-intrinsic defects affecting CNCCs, leading to disorders such as Treacher Collins 
Syndrome [22] and other neurocristopathies (NCC disorders), or signalling aberrations within the 
pharyngeal environment, leading to disorders such as Di George Syndrome [23], Fraser Syndrome 
[24] and Van der Woude Syndrome [25]. Together with a concomitant identification of how CNCCs 
are instructed to perform their functions by specific (pharyngeal-arch derived) signalling molecules, 

Figure 2. Palatogenesis and development of palatal clefts. The palatal shelves, outgrowths of the
maxillary processes, initially form and are directed ventrally, lateral to the developing tongue (A). As the
embryo develops, the tongue migrates ventrocaudally and the palatal shelves migrate dorsolaterally
(arrows in A). By 8 weeks of human development, the palatal shelves have begun to migrate towards
each other (B), and following apposition and fusion, form the secondary palate by 10 weeks, ensuring
clear separation between the oral cavity (OC) and, at the anterior end, the nasal cavity (NC; C).
Although palatal clefting has numerous diverse aetiologies, mechanistically, the palatal shelves
remain similarly oriented ventrally at 6 weeks of development (D), but fail to elevate (crosses in D,E).
This ultimately results in a failure of secondary palate formation, and a continuous passage between
the oral and nasal cavities (at the anterior portion of the face; F).

3. Defects of Craniofacial Development

All congenital anomalies of the craniofacial structures, regardless of the aetiology or phenotype,
are recognized clinically under the broad term of craniofacial defects (CFDs). CFDs are widely
prevalent, as they account for approximately 75% of human birth defects, and affect 0.1%–0.3% of
all births [1]. The severity of CFDs can range from minor cosmetic irregularities to considerable
structural malformations that can lead to problems in breathing and feeding, as well as perturbed
social and mental development, and in extreme cases, death. Surgical reconstruction of CFDs is
complex, often requiring multiple procedures and not routinely available in many healthcare systems.
Therefore, understanding the identity, fate and specification of the cells which comprise the craniofacial
skeleton is imperative in order to understand the aetiology of disease. In fact, all CFDs result
from either cell-intrinsic defects affecting CNCCs, leading to disorders such as Treacher Collins
Syndrome [22] and other neurocristopathies (NCC disorders), or signalling aberrations within the
pharyngeal environment, leading to disorders such as Di George Syndrome [23], Fraser Syndrome [24]
and Van der Woude Syndrome [25]. Together with a concomitant identification of how CNCCs are
instructed to perform their functions by specific (pharyngeal-arch derived) signalling molecules,
we can begin to prospectively identify therapeutic windows for intervention. Such avenues for therapy
are critical, particularly in much of the developing world, where there is disparity in the incidence
of CFDs, compounded with a significant lack of trained surgical, post-operative and supportive care
available to repair and treat these debilitating facial anomalies.

4. A Key Pharyngeal-Arch Derived Regulator of Craniofacial Development—Sonic
Hedgehog (Shh)

Shh is one of three vertebrate homologues of the Drosophila gene hedgehog, first identified in
seminal genetic screens by Prof. Christiane Nusslein-Volhard [26], work which culminated in her being
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awarded the Nobel Prize for Physiology or Medicine in 1995. Along with Indian Hedgehog and Desert
Hedgehog, the vertebrate hedgehog homologues, particularly Shh, are among the best-characterised
developmental morphogens in vertebrates. First identified in 1993, as a key regulator of polarity,
axial development and neural tube floor plate induction [27,28], Shh has since been shown to play a
multitude of roles in development and disease [29]. Studies conducted in chicken, mouse and zebrafish,
as well as analyses of human patients, showed that the shh gene is expressed in the notochord, the
floorplate of the neural tube, the posterior limb buds and the developing gut [27,28,30,31]. In agreement
with its expression pattern, shh is important in foregut development [32] and critically involved in
patterning of the distal elements of the limbs [28,33–35], however, mutations in Shh classically lead to
defects in midline structures, particularly the face and eyes, and a lack of hemisphere separation of the
brain, a disorder termed holoprosencephaly (HPE) [36–39].

The involvement of Shh in the aetiology of developmental disorders in human was initially
described as the existence of an unknown gene residing within the locus 7q36, a known region
implicated in HPE [40]. Patients with HPE also presented with numerous defects of non-neural tube
origin, such as ocular hypertelorism, midface hypoplasia, cleft lip only (CLO) and cleft lip/palate [40].
Further studies have shown that a V332A mutation in Shh was implicated in a case of solitary median
maxillary central incisor syndrome (SMMCI) [41], a novel Shh missense mutation (C to T) in the coding
region (resulting in a Val for Ala substitution; A43V) was found in a patient with severe median
cleft lip/mandible [42], and a 14-month-old girl with submucous cleft palate was found to harbour a
duplication of the chromosome region located near the Shh gene on 7q36 [43], indicating an important
role for Shh in human craniofacial development. Outside the facial skeleton, mutations in Shh also lead
to facial defects of the eye such as coloboma (missing eye tissue) and micropthalmia (abnormally small
eyes) [40,44], indicating that Shh is a clinically relevant gene in the aetiology of human CFDs.

5. The Role of Shh in the Formation of the First Pharyngeal Arch and Maintaining Neural Crest
Cell Fidelity

Craniofacial defects caused by Shh deficiency largely occur even with correct ventralisation and
development of the floor plate of the neural tube (where Shh is also expressed) [45], indicating a
specific regulatory role for Shh within the pharyngeal arches themselves rather than a secondary
consequence of neural tube defects. Shh is a critical factor for development and survival of cells within
PA1, specifically neural crest cells which have colonised the facial prominences [45–47]. As a result of
CNCC death, mice lacking Shh exhibit failure of anterior facial structure formation [48]. Specifically,
Shh´/´ mice demonstrate normal early patterning of PA1 until E9.5, with no concomitant differences
in the expression of markers which definitively demarcate the arch endoderm, mesoderm, ectoderm
and neural crest cells (HoxA2, HoxA3, Dlx3 and AP2), as well as markers of pouch identity Pax1 and
FGF8 [49]. However, within 24 hours, PA1 is greatly reduced in size [49], indicative of global first arch
atrophy. As Shh-mediated craniofacial defects are largely caused by a loss of neural crest cell fidelity
and survival within the arches, [45], these data speak to a critical maintenance, rather than inductive
role in the establishment of the correct microenvironment to allow subsequent neural crest cell homing,
integration and differentiation. This is supported by evidence showing that in addition to the role of
Shh in maintaining NCC viability, it also plays an important role in regulating NCC migration [50].
Previous studies implicated Shh in the aetiology of Bardet-Biedl syndrome, characterised by facial
dysmorphology due to aberrant NCC homing and localisation [51] and using both in vitro cell culture
and in vivo models, recent work has shown that mesencephalic NCC migrate to the ocular region as a
chemotactic response to an exogenous concentration gradient of the Shh morphogen [52]. These data
point to a holistic regulation of NCC kinetics by Shh within the first pharyngeal arch, subsequent to
inductive patterning of the PA1 microenvironment.

However, Shh is expressed widely within the developing PA1, within both the ectodermal and
endodermal component, and Shh in both these compartments does appear to have some role in later
patterning and development of the pharyngeal apparatus, which may be independent in its trophic role
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supporting CNCCs. Within the ectoderm, Shh is expressed within the forming frontonasal prominence
and maxillary process from E8.5 in mouse, as well as both primary and secondary palate (Figure 3).
Removal of Shh-expressing ectoderm (but not adjacent, Shh-negative ectoderm) resulted in craniofacial
anomalies analogous to human cleft palate [53], indicating that the production of Shh within the
ectoderm must play a critical signalling function, likely operating concurrently with the production
of Shh from the endoderm, putatively to establish either paracrine feedback loops or to establish the
appropriate concentration gradients to subsequently regulate downstream genetic targets. Within the
pharyngeal endoderm of PA1, Shh is first expressed at embryonic day (E) 10.5 in the mouse [54], and
has also been characterised at an even earlier developmental stage in the chick (HH 9) [55]. This tissue
is a critical source of inductive signals for subsequent arch development, as the role of the endoderm
in the formation of the pharyngeal arches, and in subsequent patterning of the craniofacial complex
has been well-characterised [56–58], and numerous studies have shown that a loss of Shh within
the developing foregut endoderm leads to craniofacial anomalies, characterised by a decreased size
and density of the developing facial skeleton [48,59]. These data suggest that Shh is important for
maintaining overall homeostasis within the developing arch.
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(md) periderm (arrows; B). By E10.5 (C), Shh is localized to the ventral diencephalon (di) and 
telencephalon (te), as well as in the foregut (f) and pharyngeal endoderm (pe), with notable exclusion 
from the ectodermal swelling of Rathke’s pouch (asterisk); At E11.5 (D), the expression domain of the 
floor plate extends caudally along the entire length of the neural tube. Expression is maintained 
within the diencephalon and telencephalon, separated by an exclusion zone at the optic recess (or). 
Expression is also visible in the epithelium lining the tongue (t), within tooth germs (tg) along the 
length of both the maxilla and mandible, as well as within the leading edge of the maxillary palatal 
shelves (mx). Panels A, C and D are sagittal, Panel B is coronal. Adapted from [8]. 

In addition to Shh, numerous signals and critical genes expressed emanating from the endoderm 
have been identified, including fgf3/fgf8 [60,61], vgll2a [62], sphingosine-1-phosphate [63], Tbx1 
[23,64,65], FRAS1 [24] and grainyhead-like 3 [66]. It is quite likely that Shh interacts with these factors 
in the context of craniofacial development, either directly, or through co-operative regulation of 
survival pathways. For example, the common regulation between Shh and both BMP4 [67–69] and 
the FGF family [70], particularly FGF8 [54], has been well-described, clearly indicative of paracrine 

Figure 3. Expression of Shh in the developing (mouse) craniofacial skeleton. At E9.5 (A), Shh is
expressed in the ventral-most region of the neural tube, the floor plate (fp) as well as in the ventral
prosencephalon (p). At E10, expression within the fp becomes more abundant, and expression is
also seen within isolated regions of the medial nasal processes (mnp) as well as the developing
mandibular (md) periderm (arrows; B). By E10.5 (C), Shh is localized to the ventral diencephalon
(di) and telencephalon (te), as well as in the foregut (f) and pharyngeal endoderm (pe), with notable
exclusion from the ectodermal swelling of Rathke’s pouch (asterisk); At E11.5 (D), the expression
domain of the floor plate extends caudally along the entire length of the neural tube. Expression is
maintained within the diencephalon and telencephalon, separated by an exclusion zone at the optic
recess (or). Expression is also visible in the epithelium lining the tongue (t), within tooth germs (tg)
along the length of both the maxilla and mandible, as well as within the leading edge of the maxillary
palatal shelves (mx). Panels A, C and D are sagittal, Panel B is coronal. Adapted from [8].

In addition to Shh, numerous signals and critical genes expressed emanating from the endoderm
have been identified, including fgf3/fgf8 [60,61], vgll2a [62], sphingosine-1-phosphate [63], Tbx1 [23,64,65],
FRAS1 [24] and grainyhead-like 3 [66]. It is quite likely that Shh interacts with these factors in the
context of craniofacial development, either directly, or through co-operative regulation of survival
pathways. For example, the common regulation between Shh and both BMP4 [67–69] and the FGF
family [70], particularly FGF8 [54], has been well-described, clearly indicative of paracrine feedback
loops. Loss of sphingosine-1 phosphate in zebrafish leads to defects in craniofacial skeleton growth,
albeit not patterning, defects which are rescued by shh mis-expression, and restoration of fgf8a [63].
Tbx1 mRNA transcripts in the pharyngeal endoderm and mesoderm of Shh´/´ mice were significantly
down-regulated, even accounting for differences in arch size [71]. Furthermore, Shh appears to act
upstream of Tbx1, being sufficient to induce Tbx1 expression following implantation of Shh-soaked
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beads on the surface of the pharyngeal arch in stage 14 chick embryos [71], and Shh expression is largely
unchanged in E10.5 Tbx1´/´ mouse embryos [72]. Little is yet known about potential co-operation of
Shh with FRAS1, vgll2a or grhl3, however the phenotypes of these morphant/mutant animals (loss of
craniofacial structures, primarily due to NCC death or disrupted pharyngeal pouch morphology)
suggests that like shh, they regulate critical pro-survival pathways subsequent to correct initial arch
patterning and specification.

Lastly, several specific mechanisms by which Shh mediates CNCC survival, production and
apoptosis in PA1 have been described. Primarily, Shh regulates palatal mesenchyme proliferation
through activation and maintenance of the cell cycle regulators Cyclin D1 and Cyclin D2 [70].
Increased expression of the Shh-receptor CDO (Cell-adhesion molecule-related/Downregulated by
Oncogenes; [73]) similarly leads to neural crest cell death within PA1; elegant in ovo electroporation
experiments in chick showed that inhibiting CDO (but not another Shh receptor, Patched) rescued NCC
death in PA1 following loss of Shh [74]. High doses of retinoic acid are known to inhibit Shh and lead to
craniofacial defects [75]. Absence of the apoptosome component Apaf1 leads to altered Shh signalling,
mesenchymal hyperproliferation, and delayed skull base ossification [76], indicating that in addition
to pro-survival functions, Shh may also specifically act to inhibit apoptosis. Despite these advances,
and identification of several interacting factors, future work is needed to dissect the entire functional
spectrum by which Shh maintains NCC survival in PA1.

6. Role of Shh in Development and Fusion of the Palate (Maxilla/Upper Jaw) and Mandible
(Lower Jaw)

By mouse day E11.5, expression of Shh is visible within the ectoderm-derived nasal pits, as well as
within the lateral-most tips of the future palatal shelves, prior to extension form within the MXP [54].
This expression pattern suggests that Shh may be integral to establishing a signalling gradient required
for directing subsequent morphogenetic migration of the palatal shelves, and by extension, fusion of the
secondary palate. Shh continues to be expressed within the palatal shelf epithelium at E13 [77], and is
expressed until the two opposing palatal shelves meet and fuse at the midline epithelial seam (MES),
although Shh is not present during the fusion and subsequent MES breakdown [77]. Interestingly,
although the Shh receptor Patched is expressed throughout the mesenchyme of PA1, Shh expression
remains largely restricted to the epithelium, indicative of paracrine signalling operating within the
arch. As palatal elevation, migration and fusion continues, Shh appears to be highly expressed at sites
of epithelial thickening within the palate, the segmentation markers, or rugae, suggesting that these are
the key sites of Shh production in the context of palatogenesis [77,78]. In fact, seminal experiments in
avian embryos, in which Shh-expressing frontonasal prominence ectoderm was ablated led to maxillary
clefts; excision of adjacent, Shh-negative ectoderm, did not lead to such defects [79]. These results
indicate that Shh is a spatiotemporally-regulated signalling molecule, which acts to pattern and specify
the palatal shelves.

Unlike the upper jaw which forms from the fusion of separate tissues, the entire lower jaw
develops from the mandibular prominences. Clefting of the mandible is rare compared to clefting
of the palate and upper lip. More common developmental defects seen in the human mandible
are overdevelopment (hyperplasia), underdevelopment (hypoplasia, agenesis and micrognathia) or
mis-positioning (retrognathia and prognathism) [76]. Treatment of chick embryos by injection with
anti-Shh antibody and in mouse embryos injected with jervine, a steroid alkaloid known to inhibit Shh
signalling significantly disrupts mandibular development [80]. Further mouse models have shown
that conditional inactivation of Shh in the pharyngeal endoderm leads to reduced lower jaw size
(micrognathia) as a secondary consequence of increased neural crest cell death in the first pharyngeal
arch [81]. As mentioned previously, much of the role of Shh in the first pharyngeal arch is mediated by
endodermal Shh regulating the expression of FGF8 from within the pharyngeal ectoderm. Loss of either
the foregut endoderm [82] or FGF8 within the ectoderm [83] leads to a significant reduction in lower jaw
size. Importantly, implantation of Shh-coated beads into the pharyngeal region of endoderm-ablated
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chick embryos restored both FGF8 expression and mandibular development [80], confirming the
importance of the Shh-FGF8 axis in mandibular elongation.

One of the earliest stages in lower jaw development is the condensation, and differentiation into
chondrocytes, of CNCCs to form the hyaline Meckel’s cartilage (MC; [84]). MC development initiates as
an aggregation of CNCC-derived mesenchymal cells at the molar tooth bud region, and this structure
extends both anteriorly and posteriorly to develop the characteristic “wishbone-like” structure of the
pre-mandible. Additionally, the MC also ultimately gives rise to the incus and malleus bones of the
middle ear [84]. Whereas these two bones are formed through the process of endochondral ossification
(the MC “template” is directly replaced by bone), and the mandible in amphibians and reptiles is also
generated by endochondral ossification of the MC [85], the mandibular bone in mammals is formed
by a process of intramembranous ossification (whereby CNCC-derived mesenchymal progenitors,
surrounding the MC as a fibrous sheath, differentiate into osteoblasts, which subsequently ossify and
form the mandibular bones [84–86]). In mammals, following osteogenesis, cells of the (anterior) MC
primarily undergo degradation before birth [87], however the mesenchymal sheath surrounding the
(posterior) differentiated chondrocytes of the MC gives rise to the sphenomandibular ligament [88].

The dynamics of MC development and degradation are tightly controlled, as both loss
of MC-development or disruption of subsequent MC degeneration (e.g., through inhibition of
apoptosis and/or chondrocyte reabsorption) can result in mandibular defects, such as mandibular
hypoplasia [84] or a transition to endochondral ossification and subsequent thickening/hyperplasia
of the mandible [89]. Therefore, it is clear that any defects affecting CNCC fidelity, both pro- and
anti-proliferative, are likely to ultimately impinge on the structural architecture of the lower face,
particularly with respect to subsequent patterning and morphogenesis of the mandible.

Following removal of Shh responsiveness specifically in the mouse neural crest cells, Jeong and
colleagues discovered that the primary requirement for Shh signalling was in post-migratory
craniofacial development, rather than the initial generation and migration of neural crest cells [90].
Given that Shh signalling is essential for ectomesenchymal cell proliferation and survival and that
Meckel’s cartilage development is dependent on CNCC-derived cells, these data indicate that the
absence of Meckel’s cartilage in Shh null mice is due to an insufficient number of neural crest-derived
cells within the mandibular arch, a defect and mechanism highly consistent with the aforementioned
roles of Shh in maintaining neural crest cell fidelity in PA1 in the context of palatal development.
Thus, following loss of Shh, increased apoptosis results in apparent aplasia of Meckel’s cartilage,
an early pathogenic event.

Taken together, these studies indicate that Shh is an important regulator of both maxillary and
mandibular development, primarily through its role in maintaining a sufficiently adequate critical
mass of CNCC-derived ectomesenchymal cells within the entirety of PA1 to allow for subsequent
correct morphogenesis and patterning of the craniofacial skeleton.

7. Conclusions and Future Directions

The strong co-operative and functional interactions between Shh and both retinoic acid and
ethanol indicate that embryos with abrogated or hypomorphic Shh signalling may ultimately benefit
from modulation of the retinoic acid pathway, and also be highly susceptible to ethanol exposure,
as well as potentially other environmental insults. Interestingly, craniofacial defects induced by ethanol
share remarkable similarity with those caused by Shh-deficiency, causing significant death of cranial
neural crest cells [91] and decreased Shh transcription [92]. Ethanol also severely impacts on the
ability of Shh to act as a chemotactic agent in vivo, inhibiting the migration of cranial neural crest
cells [52]. It is therefore tempting to speculate that modulation of the Shh pathway may ameliorate
the severity of some of these defects [92], providing an extremely promising new avenue for the
potential limitation of not only in utero craniofacial defects, but also for decreasing the severity of Fetal
Alcohol Spectrum disorders. As alluded to earlier, determining the molecular pathways (primarily
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cell survival/apoptosis) active in Shh-mediated regulation of CNCC fidelity will prove critical to
therapeutic interventions.

Numerous environmental factors are associated with the aetiology of CFD, including exposure to
ionising radiation, vitamin deficiency, tobacco smoke and maternal alcohol intake [93]. It is likely that
embryos with a genetic predisposition to CFD will suffer much more severe defects from exposure
to environmental factors than embryos without any sensitising mutations. Characterising such
gene-environment interactions (GEI) is crucial, as genetic mutations could then be accurately used
as a pre-natal diagnostic tool to limit the severity of peri-natal birth defects. Limited GEI data is
available; predominantly derived from large-scale analyses of human CFD populations [93], and very
few animal models of CFD susceptibility to environmental insult currently exist. The identification of
genes such as Shh, which both regulate craniofacial development, and are themselves influenced by
environmental factors, will therefore significantly shape future therapies of severe pre-natal defects of
human development.

Acknowledgments: This work was supported by NHMRC Project Grant #1063837 to SD.

Conflicts of Interest: All authors contributed to writing this manuscript, and the authors declare no conflict of
interest. The funding agency had no role in the design of the study; in the collection, analyses, or interpretation of
data; in the writing of the manuscript, and in the decision to publish the results.

References

1. Cordero, D.R.; Brugmann, S.; Chu, Y.; Bajpai, R.; Jame, M.; Helms, J.A. Cranial neural crest cells on the move:
Their roles in craniofacial development. Am. J. Med. Genet. 2011, 155A, 270–279. [CrossRef] [PubMed]

2. Lumsden, A.; Sprawson, N.; Graham, A. Segmental origin and migration of neural crest cells in the hindbrain
region of the chick embryo. Development 1991, 113, 1281–1291. [PubMed]

3. Murdoch, J.N.; Copp, A.J. The relationship between sonic hedgehog signaling, cilia, and neural tube defects.
Birth Defects Res. Part A Clin. Mol. Teratol. 2010, 88, 633–652. [CrossRef] [PubMed]

4. Gitton, Y.; Heude, E.; Vieux-Rochas, M.; Benouaiche, L.; Fontaine, A.; Sato, T.; Kurihara, Y.; Kurihara, H.;
Couly, G.; Levi, G. Evolving maps in craniofacial development. Semin. Cell Dev. Biol. 2010, 21, 301–308.
[CrossRef] [PubMed]

5. Cobourne, M.T.; Sharpe, P.T. Sonic hedgehog signaling and the developing tooth. Curr. Top. Dev. Biol. 2005,
65, 255–287. [PubMed]

6. Lan, Y.; Jia, S.; Jiang, R. Molecular patterning of the mammalian dentition. Semin. Cell Dev. Biol. 2014, 25–26,
61–70. [CrossRef] [PubMed]

7. Li, Z.; Yu, M.; Tian, W. An inductive signalling network regulates mammalian tooth morphogenesis with
implications for tooth regeneration. Cell Prolif. 2013, 46, 501–508. [CrossRef] [PubMed]

8. Xavier, G.M.; Seppala, M.; Barrell, W.; Birjandi, A.A.; Geoghegan, F.; Cobourne, M.T. Hedgehog receptor
function during craniofacial development. Dev. Biol. 2016, 415, 198–215. [CrossRef] [PubMed]

9. Johnson, J.M.; Moonis, G.; Green, G.E.; Carmody, R.; Burbank, H.N. Syndromes of the first and second
branchial arches, part 1: Embryology and characteristic defects. Am. J. Neuroradiol. 2011, 32, 14–19. [CrossRef]
[PubMed]

10. Grevellec, A.; Tucker, A.S. The pharyngeal pouches and clefts: Development, evolution, structure and
derivatives. Semin. Cell Dev. Biol. 2010, 21, 325–332. [CrossRef] [PubMed]

11. Cobourne, M.T.; Sharpe, P.T. Tooth and jaw: Molecular mechanisms of patterning in the first branchial arch.
Arch. Oral Biol. 2003, 48, 1–14. [CrossRef]

12. Graham, A. The development and evolution of the pharyngeal arches. J. Anat. 2001, 199, 133–141. [CrossRef]
[PubMed]

13. Graham, A.; Smith, A. Patterning the pharyngeal arches. BioEssays 2001, 23, 54–61. [CrossRef]
14. Chai, Y.; Maxson, R.E., Jr. Recent advances in craniofacial morphogenesis. Dev. Dyn. 2006, 235, 2353–2375.

[CrossRef] [PubMed]
15. Chai, Y.; Sasano, Y.; Bringas, P., Jr.; Mayo, M.; Kaartinen, V.; Heisterkamp, N.; Groffen, J.; Slavkin, H.; Shuler, C.

Characterization of the fate of midline epithelial cells during the fusion of mandibular prominences in vivo.
Dev. Dyn. 1997, 208, 526–535. [CrossRef]

http://dx.doi.org/10.1002/ajmg.a.33702
http://www.ncbi.nlm.nih.gov/pubmed/21271641
http://www.ncbi.nlm.nih.gov/pubmed/1811942
http://dx.doi.org/10.1002/bdra.20686
http://www.ncbi.nlm.nih.gov/pubmed/20544799
http://dx.doi.org/10.1016/j.semcdb.2010.01.008
http://www.ncbi.nlm.nih.gov/pubmed/20083217
http://www.ncbi.nlm.nih.gov/pubmed/15642387
http://dx.doi.org/10.1016/j.semcdb.2013.12.003
http://www.ncbi.nlm.nih.gov/pubmed/24355560
http://dx.doi.org/10.1111/cpr.12051
http://www.ncbi.nlm.nih.gov/pubmed/23952789
http://dx.doi.org/10.1016/j.ydbio.2016.02.009
http://www.ncbi.nlm.nih.gov/pubmed/26875496
http://dx.doi.org/10.3174/ajnr.A2073
http://www.ncbi.nlm.nih.gov/pubmed/20360348
http://dx.doi.org/10.1016/j.semcdb.2010.01.022
http://www.ncbi.nlm.nih.gov/pubmed/20144910
http://dx.doi.org/10.1016/S0003-9969(02)00208-X
http://dx.doi.org/10.1046/j.1469-7580.2001.19910133.x
http://www.ncbi.nlm.nih.gov/pubmed/11523815
http://dx.doi.org/10.1002/1521-1878(200101)23:1&lt;54::AID-BIES1007&gt;3.3.CO;2-X
http://dx.doi.org/10.1002/dvdy.20833
http://www.ncbi.nlm.nih.gov/pubmed/16680722
http://dx.doi.org/10.1002/(SICI)1097-0177(199704)208:4&lt;526::AID-AJA8&gt;3.0.CO;2-K


J. Dev. Biol. 2016, 4, 24 9 of 12

16. Greene, R.M.; Pisano, M.M. Palate morphogenesis: Current understanding and future directions. Birth Defects
Res. C Embryo Today 2010, 90, 133–154. [CrossRef] [PubMed]

17. M’Boneko, V.; Merker, H.J. Development and morphology of the periderm of mouse embryos (days 9–12 of
gestation). Acta Anat. 1988, 133, 325–336. [CrossRef] [PubMed]

18. Fitchett, J.E.; Hay, E.D. Medial edge epithelium transforms to mesenchyme after embryonic palatal
shelves fuse. Dev. Biol. 1989, 131, 455–474. [CrossRef]

19. Martinez-Alvarez, C.; Blanco, M.J.; Perez, R.; Rabadan, M.A.; Aparicio, M.; Resel, E.; Martinez, T.; Nieto, M.A.
Snail family members and cell survival in physiological and pathological cleft palates. Dev. Biol. 2004, 265,
207–218. [CrossRef] [PubMed]

20. Mori, C.; Nakamura, N.; Okamoto, Y.; Osawa, M.; Shiota, K. Cytochemical identification of programmed cell
death in the fusing fetal mouse palate by specific labelling of DNA fragmentation. Anat. Embryol. 1994, 190,
21–28. [CrossRef] [PubMed]

21. Duke University School of Medicine. Craniofacial Embryology. Available online: https://web.duke.edu/
anatomy/embryology/craniofacial/craniofacial.html (accessed on 27 July 2016).

22. Jones, N.C.; Lynn, M.L.; Gaudenz, K.; Sakai, D.; Aoto, K.; Rey, J.P.; Glynn, E.F.; Ellington, L.; Du, C.;
Dixon, J.; et al. Prevention of the neurocristopathy treacher collins syndrome through inhibition of p53
function. Nat. Med. 2008, 14, 125–133. [CrossRef] [PubMed]

23. Piotrowski, T.; Ahn, D.G.; Schilling, T.F.; Nair, S.; Ruvinsky, I.; Geisler, R.; Rauch, G.J.; Haffter, P.; Zon, L.I.;
Zhou, Y.; et al. The zebrafish van gogh mutation disrupts tbx1, which is involved in the digeorge deletion
syndrome in humans. Development 2003, 130, 5043–5052. [CrossRef] [PubMed]

24. Talbot, J.C.; Walker, M.B.; Carney, T.J.; Huycke, T.R.; Yan, Y.L.; BreMiller, R.A.; Gai, L.; Delaurier, A.;
Postlethwait, J.H.; Hammerschmidt, M.; et al. Fras1 shapes endodermal pouch 1 and stabilizes zebrafish
pharyngeal skeletal development. Development 2012, 139, 2804–2813. [CrossRef] [PubMed]

25. Kondo, S.; Schutte, B.C.; Richardson, R.J.; Bjork, B.C.; Knight, A.S.; Watanabe, Y.; Howard, E.; de Lima, R.L.;
Daack-Hirsch, S.; Sander, A.; et al. Mutations in irf6 cause van der woude and popliteal pterygium syndromes.
Nat. Genet. 2002, 32, 285–289. [CrossRef] [PubMed]

26. Nusslein-Volhard, C.; Wieschaus, E. Mutations affecting segment number and polarity in drosophila. Nature
1980, 287, 795–801. [CrossRef] [PubMed]

27. Echelard, Y.; Epstein, D.J.; St-Jacques, B.; Shen, L.; Mohler, J.; McMahon, J.A.; McMahon, A.P. Sonic hedgehog,
a member of a family of putative signaling molecules, is implicated in the regulation of cns polarity. Cell
1993, 75, 1417–1430. [CrossRef]

28. Riddle, R.D.; Johnson, R.L.; Laufer, E.; Tabin, C. Sonic hedgehog mediates the polarizing activity of the zpa.
Cell 1993, 75, 1401–1416. [CrossRef]

29. Varjosalo, M.; Taipale, J. Hedgehog: Functions and mechanisms. Gene. Dev. 2008, 22, 2454–2472. [CrossRef]
[PubMed]

30. Krauss, S.; Concordet, J.P.; Ingham, P.W. A functionally conserved homolog of the drosophila segment
polarity gene hh is expressed in tissues with polarizing activity in zebrafish embryos. Cell 1993, 75, 1431–1444.
[CrossRef]

31. Odent, S.; Atti-Bitach, T.; Blayau, M.; Mathieu, M.; Auge, J.; Delezo de, A.L.; Gall, J.Y.; le Marec, B.;
Munnich, A.; David, V.; et al. Expression of the sonic hedgehog (shh) gene during early human development
and phenotypic expression of new mutations causing holoprosencephaly. Hum. Mol. Genet. 1999, 8,
1683–1689. [CrossRef] [PubMed]

32. Litingtung, Y.; Lei, L.; Westphal, H.; Chiang, C. Sonic hedgehog is essential to foregut development.
Nat. Genet. 1998, 20, 58–61. [PubMed]

33. Chang, D.T.; Lopez, A.; von Kessler, D.P.; Chiang, C.; Simandl, B.K.; Zhao, R.; Seldin, M.F.; Fallon, J.F.;
Beachy, P.A. Products, genetic linkage and limb patterning activity of a murine hedgehog gene. Development
1994, 120, 3339–3353. [PubMed]

34. Currie, P.D.; Ingham, P.W. Induction of a specific muscle cell type by a hedgehog-like protein in zebrafish.
Nature 1996, 382, 452–455. [CrossRef] [PubMed]

35. Marti, E.; Takada, R.; Bumcrot, D.A.; Sasaki, H.; McMahon, A.P. Distribution of sonic hedgehog peptides in
the developing chick and mouse embryo. Development 1995, 121, 2537–2547. [PubMed]

http://dx.doi.org/10.1002/bdrc.20180
http://www.ncbi.nlm.nih.gov/pubmed/20544696
http://dx.doi.org/10.1159/000146662
http://www.ncbi.nlm.nih.gov/pubmed/3227794
http://dx.doi.org/10.1016/S0012-1606(89)80017-X
http://dx.doi.org/10.1016/j.ydbio.2003.09.022
http://www.ncbi.nlm.nih.gov/pubmed/14697364
http://dx.doi.org/10.1007/BF00185843
http://www.ncbi.nlm.nih.gov/pubmed/7527193
https://web.duke.edu/anatomy/embryology/craniofacial/craniofacial.html
https://web.duke.edu/anatomy/embryology/craniofacial/craniofacial.html
http://dx.doi.org/10.1038/nm1725
http://www.ncbi.nlm.nih.gov/pubmed/18246078
http://dx.doi.org/10.1242/dev.00704
http://www.ncbi.nlm.nih.gov/pubmed/12952905
http://dx.doi.org/10.1242/dev.074906
http://www.ncbi.nlm.nih.gov/pubmed/22782724
http://dx.doi.org/10.1038/ng985
http://www.ncbi.nlm.nih.gov/pubmed/12219090
http://dx.doi.org/10.1038/287795a0
http://www.ncbi.nlm.nih.gov/pubmed/6776413
http://dx.doi.org/10.1016/0092-8674(93)90627-3
http://dx.doi.org/10.1016/0092-8674(93)90626-2
http://dx.doi.org/10.1101/gad.1693608
http://www.ncbi.nlm.nih.gov/pubmed/18794343
http://dx.doi.org/10.1016/0092-8674(93)90628-4
http://dx.doi.org/10.1093/hmg/8.9.1683
http://www.ncbi.nlm.nih.gov/pubmed/10441331
http://www.ncbi.nlm.nih.gov/pubmed/9731532
http://www.ncbi.nlm.nih.gov/pubmed/7720571
http://dx.doi.org/10.1038/382452a0
http://www.ncbi.nlm.nih.gov/pubmed/8684485
http://www.ncbi.nlm.nih.gov/pubmed/7671817


J. Dev. Biol. 2016, 4, 24 10 of 12

36. Belloni, E.; Muenke, M.; Roessler, E.; Traverso, G.; Siegel-Bartelt, J.; Frumkin, A.; Mitchell, H.F.;
Donis-Keller, H.; Helms, C.; Hing, A.V.; et al. Identification of sonic hedgehog as a candidate gene responsible
for holoprosencephaly. Nat. Genet. 1996, 14, 353–356. [CrossRef] [PubMed]

37. Roessler, E.; Belloni, E.; Gaudenz, K.; Jay, P.; Berta, P.; Scherer, S.W.; Tsui, L.C.; Muenke, M. Mutations in the
human sonic hedgehog gene cause holoprosencephaly. Nat. Genet. 1996, 14, 357–360. [CrossRef] [PubMed]

38. Roessler, E.; Belloni, E.; Gaudenz, K.; Vargas, F.; Scherer, S.W.; Tsui, L.C.; Muenke, M. Mutations in the
c-terminal domain of sonic hedgehog cause holoprosencephaly. Hum. Mol. Genet. 1997, 6, 1847–1853.
[CrossRef] [PubMed]

39. Roessler, E.; Ward, D.E.; Gaudenz, K.; Belloni, E.; Scherer, S.W.; Donnai, D.; Siegel-Bartelt, J.; Tsui, L.C.;
Muenke, M. Cytogenetic rearrangements involving the loss of the sonic hedgehog gene at 7q36 cause
holoprosencephaly. Hum. Genet. 1997, 100, 172–181. [CrossRef] [PubMed]

40. Muenke, M.; Gurrieri, F.; Bay, C.; Yi, D.H.; Collins, A.L.; Johnson, V.P.; Hennekam, R.C.; Schaefer, G.B.;
Weik, L.; Lubinsky, M.S.; et al. Linkage of a human brain malformation, familial holoprosencephaly,
to chromosome 7 and evidence for genetic heterogeneity. Proc. Natl. Acad. Sci. USA 1994, 91, 8102–8106.
[CrossRef] [PubMed]

41. Garavelli, L.; Zanacca, C.; Caselli, G.; Banchini, G.; Dubourg, C.; David, V.; Odent, S.; Gurrieri, F.; Neri, G.
Solitary median maxillary central incisor syndrome: Clinical case with a novel mutation of sonic hedgehog.
Am. J. Med. Genet. Part A 2004, 127A, 93–95. [CrossRef] [PubMed]

42. Zhang, Y.; Wang, H.; Kamegai, A.; Hata, T.; Kitamura, N.; Hosoda, M.; Tani, R.; Hayashido, Y.; Toratani, S.;
Okamoto, T. Developmental signaling disorders in craniofacial anomalies and cancers. Oral Sci. Int. 2006, 3,
56–63. [CrossRef]

43. Morava, E.; Bartsch, O.; Czako, M.; Frensel, A.; Kalscheuer, V.; Karteszi, J.; Kosztolanyi, G. Small inherited
terminal duplication of 7q with hydrocephalus, cleft palate, joint contractures, and severe hypotonia.
Clin. Dysmorphol. 2003, 12, 123–127. [CrossRef] [PubMed]

44. Schimmenti, L.A.; de la Cruz, J.; Lewis, R.A.; Karkera, J.D.; Manligas, G.S.; Roessler, E.; Muenke, M.
Novel mutation in sonic hedgehog in non-syndromic colobomatous microphthalmia. Am. J. Med. Genet.
Part A 2003, 116A, 215–221. [CrossRef] [PubMed]

45. Ahlgren, S.C.; Bronner-Fraser, M. Inhibition of sonic hedgehog signaling in vivo results in craniofacial neural
crest cell death. Curr. Biol. 1999, 9, 1304–1314. [CrossRef]

46. Brito, J.M.; Teillet, M.A.; le Douarin, N.M. An early role for sonic hedgehog from foregut endoderm in
jaw development: Ensuring neural crest cell survival. Proc. Natl. Acad. Sci. USA 2006, 103, 11607–11612.
[CrossRef] [PubMed]

47. Brito, J.M.; Teillet, M.A.; le Douarin, N.M. Induction of mirror-image supernumerary jaws in chicken
mandibular mesenchyme by sonic hedgehog-producing cells. Development 2008, 135, 2311–2319. [CrossRef]
[PubMed]

48. Chiang, C.; Litingtung, Y.; Lee, E.; Young, K.E.; Corden, J.L.; Westphal, H.; Beachy, P.A. Cyclopia and defective
axial patterning in mice lacking sonic hedgehog gene function. Nature 1996, 383, 407–413. [CrossRef]
[PubMed]

49. Moore-Scott, B.A.; Manley, N.R. Differential expression of sonic hedgehog along the anterior-posterior axis
regulates patterning of pharyngeal pouch endoderm and pharyngeal endoderm-derived organs. Dev. Biol.
2005, 278, 323–335. [CrossRef] [PubMed]

50. Testaz, S.; Jarov, A.; Williams, K.P.; Ling, L.E.; Koteliansky, V.E.; Fournier-Thibault, C.; Duband, J.L. Sonic
hedgehog restricts adhesion and migration of neural crest cells independently of the patched-smoothened-gli
signaling pathway. Proc. Natl. Acad. Sci. USA 2001, 98, 12521–12526. [CrossRef] [PubMed]

51. Tobin, J.L.; di Franco, M.; Eichers, E.; May-Simera, H.; Garcia, M.; Yan, J.; Quinlan, R.; Justice, M.J.;
Hennekam, R.C.; Briscoe, J.; et al. Inhibition of neural crest migration underlies craniofacial dysmorphology
and hirschsprung’s disease in bardet-biedl syndrome. Proc. Natl. Acad. Sci. USA 2008, 105, 6714–6719.
[CrossRef] [PubMed]

52. Tolosa, E.J.; Fernandez-Zapico, M.E.; Battiato, N.L.; Rovasio, R.A. Sonic hedgehog is a chemotactic neural
crest cell guide that is perturbed by ethanol exposure. Eur. J. Cell Biol. 2016, 95, 136–152. [CrossRef] [PubMed]

53. Hu, D.; Helms, J.A. The role of sonic hedgehog in normal and abnormal craniofacial morphogenesis.
Development 1999, 126, 4873–4884. [PubMed]

http://dx.doi.org/10.1038/ng1196-353
http://www.ncbi.nlm.nih.gov/pubmed/8896571
http://dx.doi.org/10.1038/ng1196-357
http://www.ncbi.nlm.nih.gov/pubmed/8896572
http://dx.doi.org/10.1093/hmg/6.11.1847
http://www.ncbi.nlm.nih.gov/pubmed/9302262
http://dx.doi.org/10.1007/s004390050486
http://www.ncbi.nlm.nih.gov/pubmed/9254845
http://dx.doi.org/10.1073/pnas.91.17.8102
http://www.ncbi.nlm.nih.gov/pubmed/8058764
http://dx.doi.org/10.1002/ajmg.a.20685
http://www.ncbi.nlm.nih.gov/pubmed/15103725
http://dx.doi.org/10.1016/S1348-8643(06)80002-9
http://dx.doi.org/10.1097/00019605-200304000-00010
http://www.ncbi.nlm.nih.gov/pubmed/12868476
http://dx.doi.org/10.1002/ajmg.a.10884
http://www.ncbi.nlm.nih.gov/pubmed/12503095
http://dx.doi.org/10.1016/S0960-9822(00)80052-4
http://dx.doi.org/10.1073/pnas.0604751103
http://www.ncbi.nlm.nih.gov/pubmed/16868080
http://dx.doi.org/10.1242/dev.019125
http://www.ncbi.nlm.nih.gov/pubmed/18539924
http://dx.doi.org/10.1038/383407a0
http://www.ncbi.nlm.nih.gov/pubmed/8837770
http://dx.doi.org/10.1016/j.ydbio.2004.10.027
http://www.ncbi.nlm.nih.gov/pubmed/15680353
http://dx.doi.org/10.1073/pnas.221108698
http://www.ncbi.nlm.nih.gov/pubmed/11592978
http://dx.doi.org/10.1073/pnas.0707057105
http://www.ncbi.nlm.nih.gov/pubmed/18443298
http://dx.doi.org/10.1016/j.ejcb.2016.02.003
http://www.ncbi.nlm.nih.gov/pubmed/26979762
http://www.ncbi.nlm.nih.gov/pubmed/10518503


J. Dev. Biol. 2016, 4, 24 11 of 12

54. Haworth, K.E.; Wilson, J.M.; Grevellec, A.; Cobourne, M.T.; Healy, C.; Helms, J.A.; Sharpe, P.T.; Tucker, A.S.
Sonic hedgehog in the pharyngeal endoderm controls arch pattern via regulation of fgf8 in head ectoderm.
Dev. Biol. 2007, 303, 244–258. [CrossRef] [PubMed]

55. Marcucio, R.S.; Cordero, D.R.; Hu, D.; Helms, J.A. Molecular interactions coordinating the development of
the forebrain and face. Dev. Biol. 2005, 284, 48–61. [CrossRef] [PubMed]

56. Couly, G.; Creuzet, S.; Bennaceur, S.; Vincent, C.; le Douarin, N.M. Interactions between hox-negative
cephalic neural crest cells and the foregut endoderm in patterning the facial skeleton in the vertebrate head.
Development 2002, 129, 1061–1073. [PubMed]

57. Kikuchi, Y.; Agathon, A.; Alexander, J.; Thisse, C.; Waldron, S.; Yelon, D.; Thisse, B.; Stainier, D.Y.
Casanova encodes a novel sox-related protein necessary and sufficient for early endoderm formation
in zebrafish. Genes Dev. 2001, 15, 1493–1505. [CrossRef] [PubMed]

58. Kikuchi, Y.; Trinh, L.A.; Reiter, J.F.; Alexander, J.; Yelon, D.; Stainier, D.Y. The zebrafish bonnie and clyde
gene encodes a mix family homeodomain protein that regulates the generation of endodermal precursors.
Genes Dev. 2000, 14, 1279–1289. [PubMed]

59. Wall, N.A.; Hogan, B.L. Expression of bone morphogenetic protein-4 (bmp-4), bone morphogenetic protein-7
(bmp-7), fibroblast growth factor-8 (fgf-8) and sonic hedgehog (shh) during branchial arch development in
the chick. Mech. Dev. 1995, 53, 383–392. [CrossRef]

60. Abu-Issa, R.; Smyth, G.; Smoak, I.; Yamamura, K.; Meyers, E.N. Fgf8 is required for pharyngeal arch and
cardiovascular development in the mouse. Development 2002, 129, 4613–4625. [PubMed]

61. Walshe, J.; Mason, I. Fgf signalling is required for formation of cartilage in the head. Dev. Biol. 2003, 264,
522–536. [CrossRef] [PubMed]

62. Johnson, C.W.; Hernandez-Lagunas, L.; Feng, W.; Melvin, V.S.; Williams, T.; Artinger, K.B. Vgll2a is required
for neural crest cell survival during zebrafish craniofacial development. Dev. Biol. 2011, 357, 269–281.
[CrossRef] [PubMed]

63. Balczerski, B.; Matsutani, M.; Castillo, P.; Osborne, N.; Stainier, D.Y.; Crump, J.G. Analysis of
sphingosine-1-phosphate signaling mutants reveals endodermal requirements for the growth but not
dorsoventral patterning of jaw skeletal precursors. Dev. Biol. 2012, 362, 230–241. [CrossRef] [PubMed]

64. Arnold, J.S.; Werling, U.; Braunstein, E.M.; Liao, J.; Nowotschin, S.; Edelmann, W.; Hebert, J.M.; Morrow, B.E.
Inactivation of tbx1 in the pharyngeal endoderm results in 22q11ds malformations. Development 2006, 133,
977–987. [CrossRef] [PubMed]

65. Piotrowski, T.; Nusslein-Volhard, C. The endoderm plays an important role in patterning the segmented
pharyngeal region in zebrafish (danio rerio). Dev. Biol. 2000, 225, 339–356. [CrossRef] [PubMed]

66. Dworkin, S.; Simkin, J.; Darido, C.; Partridge, D.D.; Georgy, S.R.; Caddy, J.; Wilanowski, T.; Lieschke, G.J.;
Doggett, K.; Heath, J.K.; et al. Grainyhead-like 3 regulation of endothelin-1 in the pharyngeal endoderm is
critical for growth and development of the craniofacial skeleton. Mech. Dev. 2014, 133, 77–90. [CrossRef]
[PubMed]

67. Zhang, Y.; Zhang, Z.; Zhao, X.; Yu, X.; Hu, Y.; Geronimo, B.; Fromm, S.H.; Chen, Y.P. A new function of bmp4:
Dual role for bmp4 in regulation of sonic hedgehog expression in the mouse tooth germ. Development 2000,
127, 1431–1443. [PubMed]

68. Zhang, Z.; Song, Y.; Zhao, X.; Zhang, X.; Fermin, C.; Chen, Y. Rescue of cleft palate in msx1-deficient mice by
transgenic bmp4 reveals a network of bmp and shh signaling in the regulation of mammalian palatogenesis.
Development 2002, 129, 4135–4146. [PubMed]

69. Hu, D.; Young, N.M.; Li, X.; Xu, Y.; Hallgrimsson, B.; Marcucio, R.S. A dynamic shh expression pattern,
regulated by shh and bmp signaling, coordinates fusion of primordia in the amniote face. Development 2015,
142, 567–574. [CrossRef] [PubMed]

70. Lan, Y.; Jiang, R. Sonic hedgehog signaling regulates reciprocal epithelial-mesenchymal interactions
controlling palatal outgrowth. Development 2009, 136, 1387–1396. [CrossRef] [PubMed]

71. Garg, V.; Yamagishi, C.; Hu, T.; Kathiriya, I.S.; Yamagishi, H.; Srivastava, D. Tbx1, a digeorge syndrome
candidate gene, is regulated by sonic hedgehog during pharyngeal arch development. Dev. Biol. 2001, 235,
62–73. [CrossRef] [PubMed]

72. Aggarwal, V.S.; Carpenter, C.; Freyer, L.; Liao, J.; Petti, M.; Morrow, B.E. Mesodermal tbx1 is required for
patterning the proximal mandible in mice. Dev. Biol. 2010, 344, 669–681. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.ydbio.2006.11.009
http://www.ncbi.nlm.nih.gov/pubmed/17187772
http://dx.doi.org/10.1016/j.ydbio.2005.04.030
http://www.ncbi.nlm.nih.gov/pubmed/15979605
http://www.ncbi.nlm.nih.gov/pubmed/11861488
http://dx.doi.org/10.1101/gad.892301
http://www.ncbi.nlm.nih.gov/pubmed/11410530
http://www.ncbi.nlm.nih.gov/pubmed/10817762
http://dx.doi.org/10.1016/0925-4773(95)00453-X
http://www.ncbi.nlm.nih.gov/pubmed/12223417
http://dx.doi.org/10.1016/j.ydbio.2003.08.010
http://www.ncbi.nlm.nih.gov/pubmed/14651935
http://dx.doi.org/10.1016/j.ydbio.2011.06.034
http://www.ncbi.nlm.nih.gov/pubmed/21741961
http://dx.doi.org/10.1016/j.ydbio.2011.12.010
http://www.ncbi.nlm.nih.gov/pubmed/22185793
http://dx.doi.org/10.1242/dev.02264
http://www.ncbi.nlm.nih.gov/pubmed/16452092
http://dx.doi.org/10.1006/dbio.2000.9842
http://www.ncbi.nlm.nih.gov/pubmed/10985854
http://dx.doi.org/10.1016/j.mod.2014.05.005
http://www.ncbi.nlm.nih.gov/pubmed/24915580
http://www.ncbi.nlm.nih.gov/pubmed/10704389
http://www.ncbi.nlm.nih.gov/pubmed/12163415
http://dx.doi.org/10.1242/dev.114835
http://www.ncbi.nlm.nih.gov/pubmed/25605783
http://dx.doi.org/10.1242/dev.028167
http://www.ncbi.nlm.nih.gov/pubmed/19304890
http://dx.doi.org/10.1006/dbio.2001.0283
http://www.ncbi.nlm.nih.gov/pubmed/11412027
http://dx.doi.org/10.1016/j.ydbio.2010.05.496
http://www.ncbi.nlm.nih.gov/pubmed/20501333


J. Dev. Biol. 2016, 4, 24 12 of 12

73. Zhang, W.; Kang, J.S.; Cole, F.; Yi, M.J.; Krauss, R.S. Cdo functions at multiple points in the sonic hedgehog
pathway, and cdo-deficient mice accurately model human holoprosencephaly. Dev. Cell 2006, 10, 657–665.
[CrossRef] [PubMed]

74. Delloye-Bourgeois, C.; Rama, N.; Brito, J.; le Douarin, N.; Mehlen, P. Sonic hedgehog promotes the survival
of neural crest cells by limiting apoptosis induced by the dependence receptor cdon during branchial arch
development. Biochem. Biophys. Res. Commum. 2014, 452, 655–660. [CrossRef] [PubMed]

75. Helms, J.A.; Kim, C.H.; Hu, D.; Minkoff, R.; Thaller, C.; Eichele, G. Sonic hedgehog participates in craniofacial
morphogenesis and is down-regulated by teratogenic doses of retinoic acid. Dev. Biol. 1997, 187, 25–35.
[CrossRef] [PubMed]

76. Long, A.B.; Kaiser, W.J.; Mocarski, E.S.; Caspary, T. Apaf1 apoptotic function critically limits sonic hedgehog
signaling during craniofacial development. Cell Death Differ. 2013, 20, 1510–1520. [CrossRef] [PubMed]

77. Rice, R.; Connor, E.; Rice, D.P. Expression patterns of hedgehog signalling pathway members during mouse
palate development. Gene. Expr. Patterns 2006, 6, 206–212. [CrossRef] [PubMed]

78. Cobourne, M.T.; Green, J.B. Hedgehog signalling in development of the secondary palate. Front. Oral Biol.
2012, 16, 52–59. [PubMed]

79. Hu, D.; Marcucio, R.S.; Helms, J.A. A zone of frontonasal ectoderm regulates patterning and growth in the
face. Development 2003, 130, 1749–1758. [CrossRef] [PubMed]

80. Melnick, M.; Witcher, D.; Bringas, P., Jr.; Carlsson, P.; Jaskoll, T. Meckel’s cartilage differentiation is dependent
on hedgehog signaling. Cells Tissues Organ 2005, 179, 146–157. [CrossRef] [PubMed]

81. Billmyre, K.K.; Klingensmith, J. Sonic hedgehog from pharyngeal arch 1 epithelium is necessary for early
mandibular arch cell survival and later cartilage condensation differentiation. Dev. Dyn. 2015, 244, 564–576.
[CrossRef] [PubMed]

82. Haworth, K.E.; Healy, C.; Morgan, P.; Sharpe, P.T. Regionalisation of early head ectoderm is regulated by
endoderm and prepatterns the orofacial epithelium. Development 2004, 131, 4797–4806. [CrossRef] [PubMed]

83. Trumpp, A.; Depew, M.J.; Rubenstein, J.L.; Bishop, J.M.; Martin, G.R. Cre-mediated gene inactivation
demonstrates that fgf8 is required for cell survival and patterning of the first branchial arch. Genes Dev. 1999,
13, 3136–3148. [CrossRef] [PubMed]

84. Parada, C.; Chai, Y. Mandible and tongue development. Curr. Top. Dev. Biol. 2015, 115, 31–58. [PubMed]
85. Amano, O.; Doi, T.; Yamada, T.; Sasaki, A.; Sakiyama, K.; Kanegae, H.; Kindaichi, K. Meckel’s cartilage:

Discovery, embryology and evolution—Overview of the specificity of meckel’s cartilage. J. Oral Biosci. 2010,
52, 125–135.

86. Lee, S.K.; Kim, Y.S.; Oh, H.S.; Yang, K.H.; Kim, E.C.; Chi, J.G. Prenatal development of the human mandible.
Anat. Rec. 2001, 263, 314–325. [CrossRef] [PubMed]

87. Muhlhauser, J. Resorption of the unmineralized proximal part of meckel’s cartilage in the rat. A light and
electron microscopic study. J. Submicrosc. Cytol. 1986, 18, 717–724. [PubMed]

88. Garg, A.; Townsend, G. Anatomical variation of the sphenomandibular ligament. Aust. Endod. J. 2001, 27,
22–24. [CrossRef] [PubMed]

89. Wang, Y.; Zheng, Y.; Chen, D.; Chen, Y. Enhanced bmp signaling prevents degeneration and leads to
endochondral ossification of meckel’s cartilage in mice. Dev. Biol. 2013, 381, 301–311. [CrossRef] [PubMed]

90. Jeong, J.; Mao, J.; Tenzen, T.; Kottmann, A.H.; McMahon, A.P. Hedgehog signaling in the neural crest cells
regulates the patterning and growth of facial primordia. Genes Dev. 2004, 18, 937–951. [CrossRef] [PubMed]

91. Muralidharan, P.; Sarmah, S.; Zhou, F.C.; Marrs, J.A. Fetal alcohol spectrum disorder (fasd) associated neural
defects: Complex mechanisms and potential therapeutic targets. Brain Sci. 2013, 3, 964–991. [CrossRef]
[PubMed]

92. Ahlgren, S.C.; Thakur, V.; Bronner-Fraser, M. Sonic hedgehog rescues cranial neural crest from cell death
induced by ethanol exposure. Proc. Natl. Acad. Sci. USA 2002, 99, 10476–10481. [CrossRef] [PubMed]

93. Dixon, M.J.; Marazita, M.L.; Beaty, T.H.; Murray, J.C. Cleft lip and palate: Understanding genetic and
environmental influences. Nat. Rev. Genet. 2011, 12, 167–178. [CrossRef] [PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.devcel.2006.04.005
http://www.ncbi.nlm.nih.gov/pubmed/16647303
http://dx.doi.org/10.1016/j.bbrc.2014.08.134
http://www.ncbi.nlm.nih.gov/pubmed/25193697
http://dx.doi.org/10.1006/dbio.1997.8589
http://www.ncbi.nlm.nih.gov/pubmed/9224671
http://dx.doi.org/10.1038/cdd.2013.97
http://www.ncbi.nlm.nih.gov/pubmed/23892366
http://dx.doi.org/10.1016/j.modgep.2005.06.005
http://www.ncbi.nlm.nih.gov/pubmed/16168717
http://www.ncbi.nlm.nih.gov/pubmed/22759669
http://dx.doi.org/10.1242/dev.00397
http://www.ncbi.nlm.nih.gov/pubmed/12642481
http://dx.doi.org/10.1159/000085950
http://www.ncbi.nlm.nih.gov/pubmed/16046861
http://dx.doi.org/10.1002/dvdy.24256
http://www.ncbi.nlm.nih.gov/pubmed/25626636
http://dx.doi.org/10.1242/dev.01337
http://www.ncbi.nlm.nih.gov/pubmed/15342462
http://dx.doi.org/10.1101/gad.13.23.3136
http://www.ncbi.nlm.nih.gov/pubmed/10601039
http://www.ncbi.nlm.nih.gov/pubmed/26589920
http://dx.doi.org/10.1002/ar.1110
http://www.ncbi.nlm.nih.gov/pubmed/11455541
http://www.ncbi.nlm.nih.gov/pubmed/3783795
http://dx.doi.org/10.1111/j.1747-4477.2001.tb00446.x
http://www.ncbi.nlm.nih.gov/pubmed/11481875
http://dx.doi.org/10.1016/j.ydbio.2013.07.016
http://www.ncbi.nlm.nih.gov/pubmed/23891934
http://dx.doi.org/10.1101/gad.1190304
http://www.ncbi.nlm.nih.gov/pubmed/15107405
http://dx.doi.org/10.3390/brainsci3020964
http://www.ncbi.nlm.nih.gov/pubmed/24961433
http://dx.doi.org/10.1073/pnas.162356199
http://www.ncbi.nlm.nih.gov/pubmed/12140368
http://dx.doi.org/10.1038/nrg2933
http://www.ncbi.nlm.nih.gov/pubmed/21331089
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction—Formation of the Craniofacial Skeleton 
	Development of the Craniofacial Skeleton—The First Pharyngeal Arch 
	Defects of Craniofacial Development 
	A Key Pharyngeal-Arch Derived Regulator of Craniofacial Development—Sonic Hedgehog (Shh) 
	The Role of Shh in the Formation of the First Pharyngeal Arch and Maintaining Neural Crest Cell Fidelity 
	Role of Shh in Development and Fusion of the Palate (Maxilla/Upper Jaw) and Mandible (Lower Jaw) 
	Conclusions and Future Directions 

