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Abstract

Neural crest cells appear early during embryogenesis and give rise to many structures in the
mature adult. In particular, a specific population of neural crest cells migrates to and populates
developing cranial tissues. The ensuing differentiation of these cells via individually complex and
often intersecting signaling pathways is indispensible to growth and development of the
craniofacial complex. Much research has been devoted to this area of development with particular
emphasis on cell signaling events required for physiologic development. Understanding such
mechanisms will allow researchers to investigate ways in which they can be exploited in order to
treat a multitude of diseases affecting the craniofacial complex. Knowing how these multipotent
cells are driven towards distinct fates could, in due course, allow patients to receive regenerative
therapies for tissues lost to a variety of pathologies. In order to realize this goal, nucleotide
sequencing advances allowing snapshots of entire genomes and exomes are being utilized to
identify molecular entities associated with disease states. Once identified, these entities can be
validated for biological significance with other methods. A crucial next step is the integration of
knowledge gleaned from observations in disease states with normal physiology to generate an
explanatory model for craniofacial development. This review seeks to provide a current view of
the landscape on cell signaling and fate determination of the neural crest and to provide possible
avenues of approach for future research.
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Introduction

Neural crest cells are multi-potent cells that are transient during development. They emerge
at the most dorsal aspect of the body around the time of neural tube closure and are thus
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named neural crest. Neural crest cells are formed on all axial levels, but those formed at
craniofacial levels differentiate into several cell types contributing a large portion of adult
craniofacial structures. Thus dysregulation during their development leads to congenital
craniofacial disorders such as DiGeorge syndrome (also known as velocardiofacial
syndrome and 22g11.2 deletion syndrome) and Treacher-Collins syndrome (mandibulofacial
dysostosis) [1-3].

Signaling molecules such as growth factors play a critical role for cell fate determination,
growth, differentiation, and survival. Genetic studies in both humans and model animals
have revealed a number of growth factors and transcription factors regulated by growth
factor signaling that are critical for development of cranial neural crest cells. In this review,
we summarize recent progress on how growth factor signaling contributes to neural crest
differentiation and to skull morphology. Due to limited space, we will not mention
palatogenesis, another important craniofacial developmental process where neural crest cells
play critical roles [4-6].

Origin of Neural Crest Cells

Neural crest progenitor cells are induced at regions of ectoderm between the neural plate and
non-neural ectoderm. These cells undergo epithelial-mesenchymal transition to migrate
ventrally to give rise to several different tissues including the peripheral nervous system.
Unlike trunk neural crest cells that migrate to relatively deep levels of the body, the cranial
neural crest cells migrate superficially. Neural crest cells emerging in the cranial region are
distinct from those in trunk because they will give rise to osteoblasts and chondrocytes in
addition to other cell types that trunk neural crest cells can differentiate into [7-10].

At the time of NC induction, growth factor signaling via bone morphogenetic proteins
(BMPs), fibroblast growth factors (FGFs), and Wnt play pivotal roles [11-14]. Along with
other signaling pathways such as Delta/Notch, retinoic acid, Hedgehog, and endothelin, the
downstream targets of these pathways are transcription factors such as Msx1/2, Pax3/7,
Zicl, DIx3/5, Hairly2, 1d3, and Ap2. These processes specify a border between neural plate
and non-neural ectoderm. Soon after specification of neural crest progenitors, these
signaling pathways induce a second set of transcription factors including Snail2, FoxD3,
Sox9/10, Twist, cMyc and AP2. The combination of these transcription factors is believed to
control EMT, migration, and differentiation of neural crest cells [15, 16].

Contribution of neural crest cells to skull bones

Craniofacial mesenchymal tissues have three origins: neural crest, paraxial mesoderm, and
lateral mesoderm [17]. Cranial neural crest cells (CNCC) give rise to the majority of cranial
bones and cartilage. The contribution of CNCC was initially investigated by performing
chick-quail transplantation experiments [18, 19]. These assays revealed that the more
anterior cranial bones are derived from neural crest whereas the posterior portion is from
paraxial mesoderm [17]. The neural crest-mesoderm boundary lies within the frontal bone
(Fig. 1). In the mouse, the Cre-lox system has allowed us to genetically label specific cell
populations in order to trace their lineage. A handful of genes were found to be expressed in
a neural crest-specific manner such as Wnt1 and protein zero (P0) and transgenic mouse
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lines that express Cre recombinase using these neural crest specific promoters have been
generated [20-22]. These mice are used to label neural crest cell derived cells in
combination with Cre-reporter mice. This can mark neural crest cells “permanently” even if
they differentiate to other types of cells because the promoter used for the reporter is
ubiquitously active. Using Wnt1-Cre transgenic mouse line, the fate of CNCC was
extensively examined to reveal that, in the mouse, the neural crest-mesoderm boundary
coincides with the coronal suture (Fig. 1) [17, 23-25]. These analyses also reveal that the
interparietal bone is also derived from CNCC [24]. These results are not consistent with the
findings from chick-quail transplantations. This may be due to differences in nomenclature
of skull elements between avians and mammals or differences in experimental methods [17].
One likely explanation is that the position of the neural crest-mesoderm boundary remains
constant relative to the brain and pharynx, that is, the avian frontal bone is more
appropriately termed a frontoparietal bone [17].

Skull osteogenesis and cranial sutures

Bones comprising the cranial vault, collectively referred to as the calvaria, are generated
through intramembranous ossification. Some structures outside the calvaria, such as the
body and ramus of the mandible, also undergo intramembranous ossification; however, most
other cranial bones, such as bones in the cranial base, are formed by endochondral
ossification. During endochondral ossification, mesenchymal cells differentiate to
chondrocytes and form cartilage primordial whereas mesenchymal cells directly differentiate
into osteoblast progenitors during intramembranous ossification. Osteoprogenitor cells
further proliferate and differentiate to deposit fibrous matrix for bone formation.

Both CNCC derived and paraxial mesoderm derived osteoprogenitor cells undergo
intramembranous ossification to generate corresponding skull elements; however, they show
some differences in osteogenic potential and skeletal regenerative capacity [26]. Osteoblasts
from neural crest-derived bones such as the frontal bone feature a higher level of activation
of FGF signaling pathways compared with osteoblasts from paraxial mesoderm-derived
bones such as parietal bones [27, 28]. Osteoblasts from neural crest-derived bones such as
frontal bones also show lower apoptotic response when stimulated by TGF-f signaling [29].
Interestingly, regenerative ability of skull defects in the frontal bone is higher than that in
parietal bones [30]. Taken together, these results suggest that neural crest-derived bones are
more proliferative and less apoptotic than paraxial-derived bones due to increases in FGF,
BMP, and Wnt signaling pathways with a reduction in the TGF-f3 pathway [26].

Sutures are a fibrous connective tissue found between bones in the cranial vault and cranial
base. Cells in the fibrous tissues differentiate from embryonic mesenchyme. Sutures are
critical growth sites in the skull. Mesenchymal cells proliferate and differentiate into
osteoblasts that deposit collagen fibers and minerals to the bony plates to increase their size.
In addition to serving as growth sites in the skull through bone formation, sutures also
function as joints to hold skull elements together. Genetic studies in mice demonstrate that
nasal and metopic sutures, which connect nasal bones and frontal bones, are of neural crest
origin [24]. Coronal sutures are of mesodermal origin and are formed between the neural
crest derived frontal bones and the mesoderm derived parietal bones. The sagittal suture is
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formed between the two mesoderm-derived parietal bones and is of neural crest origin (Fig.
1). Sutures are critical for growth of the skull and fusion of sutures results in cessation of
skull growth at the site of fusion. Premature fusion of sutures causes a pathological
condition called craniosynostosis resulting in increased intracranial pressure and skull
deformity [31, 32].

In humans, the metopic suture closes in the first two years after birth whereas the rest of the
sutures may stay patent until early adulthood. The presence of cartilaginous tissues within
the metopic suture has been confirmed in a five month human fetus [33]. A chondroid tissue,
cartilaginous tissue mixed with bone matrix, is observed at the edges of the metopic suture
both at birth as well as 17 months after birth. This tissue constitutes the first bridge between
the two bones [33]. In the mouse, the corresponding suture to the metopic suture is the
frontal suture and can be divided into two parts: the anterior frontal suture and the posterior
frontal suture. The posterior frontal suture fuses in the first 45 days of life, whereas all other
sutures, including the sagittal and coronal, remain patent in the mouse [34]. Like the metopic
suture in human, cartilage formation is confirmed in the posterior frontal suture by
expression of Sox9 [35]. These findings suggest that although skull bones are generated
through intramembranous ossification, suture fusion undergoes either endochondral
ossification or chondroid ossification.

Skull formation and Fibroblast Growth Factor (FGF) signaling

The FGF signaling pathway is active in facial epithelium as well as mesenchyme and
functions to stimulate cell proliferation. FGF ligands, especially Fgf8, are expressed in
developing craniofacial regions and their contribution to the growth and development of
these areas is well documented [36-39]. Gain-of-function mutations in FGF signaling are
known to cause some types of craniosynostosis [40, 41]. For example, two missense
mutations (S252W and P253R) have been found in the Igll-Lglll linker region of FGFR2
and are associated with Apert syndrome [32, 40]. These mutations enhance binding of FGF
ligands to FGFR2 and reduce specificity for ligand binding [42—-44]. A closely related form
of syndromic craniosynostosis is Crouzon Syndrome. In Crouzon syndrome several
mutations in FGFR2 are also known to exist such as P263L in the Igll-Lglll linker region
and C342Y in the Iglll loop [40, 41]. It is biochemically demonstrated these mutations make
the FGFR2 signaling ligand-independent [45, 46].

It is known that subsequent to ligand binding FGF receptors activate mitogen-activated
protein (MAP) kinase pathways. Phosphorylation levels of extracellular signal-regulated
kinases 1 and 2 (ERK1/2), MAP kinases, are important to display FGF functions [47].
U0126, a small molecule inhibitor specific for MAP kinase kinase 1 and 2 (MEK1/2), can
block phosphorylation and activation of ERK1/2. Heterozygous mice carrying Fgfr25252W
mutation develop an Apert-like syndrome including fusion of coronal suture and treatment
of the mice with U0126 prevents the phenotype [48]. This in vivo evidence demonstrates
activation of MEK-ERK pathway is a probable cause of the skull deformity found in
patients and also offers a possibility to use small molecule inhibitors specific for FGF
signaling in treating craniosynostosis induced by gain-of-function mutations in the FGF
signaling pathway.
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Another possible therapy would be to genetically suppress the impact of the mutations.
Introduction of small hairpin RNA (shRNA) specific for the Fgfr25252W mutation
completely prevents Apert-like syndrome in heterozygous mice carrying Fgfr25252W
mutation [48]. It is important that only the transcript from the mutated allele is down
regulated by the allele specific ShRNA [48]. These results suggest that intervention by
shRNA can suppress production of mutant proteins without affecting production of
endogenous proteins, and thus this method may be more specific and therefore safer than
administration of chemical inhibitors. In order to treat patients establishment of more
efficient and site-directed delivery methods of ShRNA are needed [49].

BMP signaling

Bone morphogenetic proteins (BMPs) were found by their propensity to induce ectopic bone
formation [50, 51]. Currently, they are believed to be critical in regulating bone formation
[52]. BMPs bind to membrane bound serine/threonine kinase receptors to activate signaling
cascades. Msx2 is a transcription factor regulated by BMP-Smad signaling. A gain-of-
function mutation in MSX2 can cause Boston-type craniosynostosis [53]. A second mutation
in MSX2 has also been reported recently [54, 55]. Increased expression of Msx2 in mice
enhances growth of parietal bones into the sagittal suture [56] reminiscent of premature
fusion mechanisms found in human craniosynostosis. A BMP-responsive element is known
to exist proximal to the promoter of Mxs2 [57]. Foxcl, a winged helix type transcription
factor, directly interacts with this BMP responsive element to regulate expression of Msx2
[58]. Msx1 and Msx2 mutant mice show persistent calvarial foramina [59-61]. In the
compound homozygous mutants for Msx1 and Msx2, the frontal and parietal bones are not
formed [62]. These results suggest that both Msx1 and Msx2, as downstream targets of BMP
signaling, play a critical role in the differentiation and proliferation of osteoblasts within the
skull vault. Interestingly, when Msx1 and Msx2 are deleted in a neural crest-specific manner,
“heterotopic” bones are formed within the frontal foramen [63]. Formation of heterotopic
bones is associated with elevated BMP signaling. Taken together with cell labeling studies
using vital dyes, these results suggest that MSX1 and MSX2 negatively regulate BMP
signaling to help regulate cell fate determination in neural crest cells around day13.5 in
utero [63], which is different from other stages and tissues.

BMP signaling is tightly regulated at several different levels. Extracellular proteins such as
Noggin and Chordin bind to BMP ligands to prevent receptor binding [64]. Noggin is
expressed only in patent sutures and ectopic expression of Noggin in the posterior frontal
suture in mice prevents the fusion of the suture that normally occurs by postnatal day 45
[64]. Since Noggin expression in sutures is downregulated by FGF signaling, these findings
suggest a possibility for the therapeutic use of Noggin to treat craniosynostosis caused by
hyperactivation of FGF signaling [64]. Indeed, Noggin can suppress suture fusions
experimentally induced by transplantation of osteoblasts expressing a mutant form of
FGFR2 [65]. Noggin treatment also inhibits recurrence of suture fusion subsequent to
suturectomy in a rabbit model of bilateral coronal synostosis [66]. Noggin treatment is not
effective however in another rabbit model of delayed-onset craniosynostosis [67]. These
results suggest divergence in the molecular causes of craniosynostosis.
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Direct involvement of BMP signaling in pathogenesis of craniosynostosis has been recently
demonstrated. A conditional transgenic mouse line that expresses a constitutively active
form of BMP type 1A receptor (caBmprla) has been made [68] and is bred with a neural
crest-specific Cre mouse line using protein zero (P0) promoter [22]. Enhanced BMP-Smad
signaling in the neural crest cells of this model results in premature fusion of the anterior
frontal suture leading to craniosynostosis [69]. It is interesting to contrast between this
animal and caBmprla mice bred with osteoblast-specific Cre transgenic lines such as Col1-
Cre and Osx-Cre where no craniosynostotic phenotypes are identified [69]. Within this
model system, increased BMP signaling in osteoblasts and subsequent differentiation are not
the direct causes of premature fusion of the suture. It is noteworthy that only a small
increase in BMP signaling (50%) is enough to result in craniosynostosis in this animal
model [69]. It is reasonable to speculate that large changes in expression of developmentally
important genes such as growth factors may be deleterious for fetal survival. As detailed
below, Genome-wide association studies (GWAS) indicate single-nucleotide
polymorphisms (SNPs) associated with alterations in skull morphology are located in
proximity to BMP related genes [70, 71]. Dysregulation of BMP signaling resulting in
pathogenesis of craniosynostosis has not been convincingly demonstrated in man; however,
upregulation of Msx2, a known downstream target gene of the BMP pathway, is a cause of
Boston type craniosynostosis [53]. Furthermore, glypican-1 and glypican-3, which are
known to negatively regulate BMP signaling, have been found in mesenchymal cells taken
from sutures in craniosynostosis patients [72]. Therefore there is circumstantial evidence
some human cases may be caused by upregulation of BMP signaling.

BMP signaling plays pivotal roles in many different aspects during embryogenesis [73].
Neural crest-specific disruption of Acvrl, one of the type 1 receptors for BMPs, results in
multiple craniofacial defects including a hypomorphic mandible and lack of ossification in
the squamous parts of frontal bones in addition to cleft palate [74]. Neural crest-specific
disruption of another type 1 receptor, Bmprla, results in midgestation lethality due to
malfunctions of cardiac neural crest [75, 76]. When this failure of cardiac function is
compensated for by isoproterenol, a beta-adrenergic agonist, mutant embryos can survive
until term, but the rescued embryos develop smaller heads and reduced projection of facial
structures [77]. Increasing BMP signaling by knocking out its antagonist Noggin results in a
microform of holoprosencephaly (HPE) [78] and compound mutations of Noggin and
Chordin results in variable forms of HPE [79]. Since the specific overexpression of BMP
signaling in neural crest cells does not exhibit HPE [69], candidate cell types sensitive for
enhanced BMP signaling to cause HPE would differ from neural crest derived tissues. Since
BMPs interact with nodal, another TGF-beta superfamily member important for
development of the anterior primitive streak during gastrulation, it is possible that excess
amount of BMP ligands due to the loss of their antagonists reduces Nodal signaling resulting
in HPE [80, 81]. This implies that we may need to go back to an earlier stage of
development in order to understand the molecular and cellular mechanisms of craniofacial
development.
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wnt signaling

Wht signaling is a critical player for generation and migration of neural crest cells [82, 83].
Whnt signaling is important for proliferation of the neural crest derived mesenchyme [82],
and for the fusion of epithelium in facial prominences [84-86], thus deficiency of Wnt
signaling frequently results in facial clefts. Beta-catenin is a central signaling component of
the canonical Wnt signaling pathway and neural crest-specific disruption of b-catenin results
in lack of skeletal structures derived from cranial neural crest [87]. On the other hand,
activation of b-catenin causes morphological abnormalities in calvaria such as increased
suture mesenchymal cells and expansion of immature, but not differentiated osteoblasts [88].
These results underscore the importance of Wnt canonical signaling for expansion of
skeletal progenitor cells and subsequent differentiation towards the osteoblast lineage.

AXin2 acts as a negative regulator of the Wnt canonical pathway by promoting degradation
of b-catenin. Axin2 is expressed in the osteogenic fronts and periosteum of developing
cranial sutures and disruption of Axin2 results in premature fusion of the metopic suture in
mice [89]. BMP signaling is upregulated in the Axin2 mutants and that may explain
expansion of osteoprogenitors through a positive feedback mechanism [90]. The elevated
BMP signaling alters subcellular localization of 3-catenin towards a membrane fraction,
which may play a critical role for cell-cell interaction during skull morphogenesis [90].
Expressions of signaling components in the FGF pathway are increased in Axin2 mutants
[89]. However, compound mutant mice for Axin2 and Fgfrl (Axin2—/—:Fgfr+/-) develop
ectopic cartilage in the sagittal suture at postnatal day 7 that results in fusion of the sagittal
suture at postnatal day 50 [91]. As mentioned earlier, the posterior frontal suture in the
mouse fuses by postnatal day 45 through endochondral ossification [35]. In Axin2-/- mice
cartilage is formed within the posterior frontal suture, but it soon goes away via apoptosis.
This disappearance of cartilage may be a cause for delay of suture fusion [92]. It is known
that both FGF and TGF-f signaling activity are high in the posterior frontal suture but not in
the sagittal suture [26]. The signaling pattern in the compound mutant mice implies that both
Whnt and FGF signaling work together to differentially regulate patency of sutures in a
region-specific manner, possibly through regulating chondrogenesis.

Twist is a basic helix-loop-helix transcription factor with an indispensible role during neural
crest differentiation [93]. Heterozygous null mutations of TWIST1 causes Saethre-Chotzen
syndrome that features craniosynostosis [94, 95]. Heterozygous null mice for Twistl show
premature fusion of the coronal sutures that mimics the human condition [96, 97]. In the
heterozygous mutants, an increase of Fgfr2 is observed suggesting a connection between
TWIST and FGF signaling pathway in the etiology of craniosynostosis [98, 99]. Since
Twistl has been demonstrated as a down stream target of Wnt canonical signaling [100], it
is possible to propose that Wnt canonical signaling positively regulates expression of Twistl
to suppress chondrogenesis in order to maintain patency of the sagittal suture and coronal
sutures [101, 102].
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Hedgehog signaling

Ciliopathy

The Hedgehog family has numerous roles during craniofacial development. Sonic hedgehog
(Shh) is a critical factor for proliferation, survival and patterning of neural crest cells [103—
105]. The amount of Hedgehog signaling is strongly associated with alterations in midline
facial structures. For example, reductions in Hedgehog activity result in midline hypoplasia,
and disruption of Shh in mice results in holoprosencephaly and cyclopia [104]. In humans,
mutations in SHH are linked to holoprosencephaly [106—108]. On the other hand, increasing
Hedgehog signaling leads to midline expansion including hypertelorism, and frontonasal
dysplasia (FND) [109-112]. It has been found that augmenting the level of Hedgehog
signaling past a certain level results in midline expansion and duplication of certain
structures. The extreme end of the spectrum of midline expansion is total craniofacial
duplication called diprosopus. Only 35 documented cases of diprosopus [113] combined
with a lack of animal models has left the molecular mechanisms responsible for craniofacial
duplication poorly understood.

Recent findings establish involvement of primary cilia in growth factor signaling and in
particular for Hedgehog signaling. Primary cilia are microtubule-based organelles found in
most types of cells in the body. There is mounting evidence that cilia are important
regulators of signaling pathways during development [114]. It has been demonstrated that
disruption of intraflagellar transport (IFT) genes important for formation of cilia and
anterograde and retrograde movement within cilia compromises Shh signaling [115, 116].
Subsequently, it has been found that components of Shh signaling such as a Hh receptor
Patchedl (Ptchl), a multi-pass membrane protein Smoothened (Smo), and transcription
factors Gli1/2/3, are all localized in cilia [117, 118]. This has led to the current view of how
the mammalian Hh pathway is regulated. In the absence of the Hs ligands, Ptch1l inhibits the
accumulation of Smo to the cilia, then at the bottom of cilia, protein kinase A (PKA) along
with kinesin Kif7 promotes proteolytic conversion of Gli3 to its repressor form.
Concomitantly, suppressor of fused (Sufu) stabilizes Gli proteins to suppress transcriptional
activity of Gli2. When Hh ligands bind to Ptch1, Ptchl relieves inhibition of Smo and Smo
accumulates in the cilia. This promotes the movement of Gli2/3, Sufu and Kif7 to the tip of
cilium subsequently produce activated forms of Gli2/3 to initiate Hh dependent gene
expressions [119].

Loss of one IFT, KIF3A, results in disruption of cilial function thus leading to reduction of
Hedgehog signaling [115, 120, 121]. Interestingly, however, neural crestspecific disruption
of Kif3a leads to a widened frontonasal prominence and cleft palate resembling FND [109].
These abnormalities are simultaneous with an increase in Shh signaling, likely due to the
alteration of Gli3 processing leading to the reduction of a repressor from of Gli3 [122].

Ciliopathies are an inter-related cluster of genetic syndromes caused by dysfunctions in
primary cilia [123]. As mentioned above, cilia play important roles during craniofacial
development by serving as a hub for signaling regulation [123, 124]. Growth factor
signaling pathways also play roles for cilial function, thus malfunction of the signaling
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components may potentially lead ciliopathy. FGF signaling is important for cilial length
[125]. BMP signaling through ACVRL is critical to form cilia at the node during gastrulation
by negatively regulating cell cycle progression [126]. Planer Cell Polarity (PCP) signaling is
a pathway critical for craniofacial development that utilizes some components of Wnt
signaling pathway but is beta-catenin independent. Mice deficient for the PCP effector gene
Fuzzy (Fuz) exhibit severe craniofacial defects along with reduction of Hedgehog and an
increase in Wnt/beta-catenin signaling [127]. The mutants show a narrow palate and
disrupted rugal organization due to excessive neural crest cells from the first branchial arch
[128]. This phenotype resembles the high arched palate reported for human ciliopathy
patients. Fuz is also critical to negatively regulate Fgf8 expression in neural crest derived
tissues [128]. Interestingly, neural crest-specific disruption of Fuz does not result in high
arched palate suggesting that negative regulation of FGF signaling by Fuz/cilia may be
required before the induction of neural crest cells. These results suggest dynamic interaction
among ciliogenesis, growth factor signaling, and tissue morphogenesis during normal
craniofacial development.

Perspective — new movements for more depth understanding

Genome-wide association studies (GWAS)

Due to ever increasing progress in DNA sequencing technologies, it has never been easier to
get genome-wide sequence information for individuals and families [129]. This development
opens a number of new avenues of exploration that were not possible even one decade ago.
In the last a couple of years, GWAS in humans have revealed numbers of disease-associated
mutations. For example, genome-wide information was collected from 201 case-parent trios
and 13 nuclear families with non-syndromic sagittal craniosynostosis to identify several
single-nucleotide polymorphisms (SNPs) [70]. Interestingly, the most significant SNP is
located close to BMP2, possibly suggesting that this region may be an enhancer to increase
BMP2 expression in the patient in a skull-specific manner [70]. Another significant group of
SNPs are found within Bardet-Biedl Syndrome gene 9 (BBS9) of which mutations cause
skeletal abnormalities, but not suture fusions [70]. BBS9 may be important for cilial
functions; mutations found in BBS9 may alter cilial function and thus alter growth factor
signaling to develop skull deformity. An exome sequencing approach was also utilized to
reveal several additional mutations causative for skull deformity such as TCF12 for coronal
craniosynostosis and ERF where all sutures are affected [130, 131].

Canine skull morphology is heterogeneous with variations such as brachycephaly (flattened
head) and dolichocephaly (elongated head). GWAS has also been applied to compare
different dog breeds and has led to identification of at least 5 loci responsible for
cranioskeletal differences [71]. Two of the five loci are mapped to cGMP-dependent protein
kinase 2 (PRKG2) and BMP3 with the SNP in BMP3 causes a missense mutation (F452L)
[71]. Although no overt craniofacial abnormality is reported in Bmp3 mutant mice [132],
knockdown of bmp3 in zebrafish by morpholino oligonucleotides results in severe
deficiencies in jaw development [71]. These discrepancies may be explained by the different
requirement of BMP signaling among different species or the F452L mutation alters
signaling activity of BMP3 rather than diminishing it.

Exp Cell Res. Author manuscript; available in PMC 2015 July 15.
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GWAS reveals an association of the SNP close to BMP2 with non-syndromic sagittal
craniosynostosis [70]. Since the SNP locates outside of the coding exons, this region is
expected to be a regulatory region for BMP2 expression. Mutations that lead to changes in
amino acids may be too drastic to maintain viability of fetuses if the mutation happens to be
in critical genes for development such as growth factor signaling. Based on these
considerations, attempts to identify distant-acting enhancers that affect craniofacial
morphology were made. P300 is an enhancer binding protein to increase gene expressions.
Chromatin immunoprecipitation followed by sequencing with p300 is done using E11.5
mouse facial tissues and over 4,000 candidate enhancers were identified [133]. More than
200 candidates were examined for their enhancer activity in vivo and 121 of the sequences
can lead to gene expression within craniofacial structure [133]. Targeted deletion of three
candidates close to Msx1, Snai2 and Isl1, respectively, result in subtle but significant
structural alterations in craniofacial morphology [133]. These results underscore the
importance of small changes in gene expressions during embryogenesis for fine-tuning to
develop normal craniofacial structures.

New tools and technologies

Many of the studies utilize Wnt1-Cre transgenic mice to investigate fate mapping of neural
crest-derived tissues and functions of growth factor signaling in neural crest cells [20].
Recently, it has been shown that this transgenic line shows increased Wnt/beta-catenin
signaling in the midbrain region associated with compromised development of the midbrain
[21]. These results warrant revisiting results using Wnt1-Cre because newly generated Wnt1-
Cre2 transgenic line shows the same cell type specificity without ectopic Wnt signaling
[21]. PO-Cre transgenic mouse line is another frequently used mouse line that expresses Cre
in a neural crest-specific manner [22]. Expression patterns of these lines (Wnt1-Cre and PO-
Cre) are similar but not identical; expression domains of PO-Cre are found in epithelial
layers of developing tooth germ and taste bud [134, 135]. Thus, comparisons of results
among such Cre transgenic lines will be helpful.

Cranial neural crest culture

The ability to culture cells from the cranial neural crest and isolate stem cells from this
population has been attempted for years. Once in hand, these cells would provide an
invaluable tool for looking at the factors that are responsible for cell fate determination.
Recently a major result has been reported in this area [136]. These researchers demonstrated
the ability to isolate cranial neural crest stem cells and control their differentiation towards
an osteogenic fate as well as others. This would have implications in dentistry with regards
to bony defects. Currently, bone grafts are usually achieved with either lyophilized cadaver
bone or xenografts [137-139] and often lead to repair in lieu of true regeneration.
Ultimately, the ability to culture or induce a population of multi-potent progenitors from
CNCC could lead to regenerative therapies for a multitude of pathologies arising in the
craniofacial complex.
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Figure 1.

Origins of cranial bones and sutures. Blue indicates neural crest origin whereas pink
indicates mesodermal origin. Not all bones comprising the cranial base are shown.
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