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Abstract

Craniofacial development, one of the most complex sequences of developmental events in embryology, features a uniquely
transient, pluripotent stem cell-like population known as the neural crest (NC). Neural crest cells (NCCs) originate from
the dorsal aspect of the neural tube and migrate along pre-determined routes into the developing branchial arches and
frontonasal plate. The exceptional rates of proliferation and migration of NCCs enable their diverse contribution to a wide
variety of craniofacial structures. Subsequent differentiation of these cells gives rise to cartilage, bones, and a number of
mesenchymally-derived tissues. Deficiencies in any stage of differentiation can result in facial clefts and abnormalities
associated with craniofacial syndromes. A small number of conserved signaling pathways are involved in controlling NC
differentiation and craniofacial development. They are used in a reiterated fashion to help define precise temporospatial cell
and tissue formation. Although many aspects of their cellular and molecular control have yet to be described, it is clear that
together they form intricately integrated signaling networks required for spatial orientation and developmental stability and
plasticity, which are hallmarks of craniofacial development. Mutations that affect the functions of these signaling pathways
are often directly or indirectly identified in congenital syndromes. Clinical applications of NC-derived mesenchymal stem/
progenitor cells, persistent into adulthood, hold great promise for tissue repair and regeneration. Realization of NCC potential
for regenerative therapies motivates understanding of the intricacies of cell communication and differentiation that underlie
the complexities of NC-derived tissues.
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Introduction

Craniofacial development is intricately linked to the biol-
ogy of neural crest cells (NCCs). The neural crest (NC) is a
highly migratory cell population with the ability to acquire
a broad spectrum of cell fates. It is the ultimate driving force
for the tremendous craniofacial variation seen in vertebrates.
The dynamic nature of the NC should take center stage when
considering normal development, congenital malformations,
malignancies of the craniofacial complex, and when devel-
oping strategies for tissue repair. In this review, we present
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a concise NC-centric view of craniofacial development and
highlight important biological principles that govern the for-
mation of major craniofacial structures. A common theme
throughout this review will be mechanisms that ensure
appropriate development of multipotential NCCs, particu-
larly in bones, cartilages, and teeth. We also provide exam-
ples of malformations resulting from perturbations in these
mechanisms.
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Fig. 1 Migration pattern of cell populations from embryonic neural
crest. Graphic representation of stage 12, week 4 human embryo. fb:
forebrain; mb: midbrain; rl: rhombomere 1; r2: rhombomere 2; r3:
rhombomere 3; bl: branchial arch 1; b2: branchial arch 2

Neural Crest Contribution to Early
Craniofacial Development

The NC is a transient pluripotent stem cell-like population
that originates from the most dorsal aspect of the neural tube
along the entire anteroposterior axis of the embryo (Fig. 1)
[1]. Its ability for extensive migration and potential to give
rise to a broad spectrum of cell and tissue types are its two
most recognized characteristics (Fig. 2). It is for these rea-
sons that the scientific community calls the NC the fourth
germ layer [2].

NCCs are exclusive to vertebrates and essential for
development of the head and face. Over the last 150 years,
researchers have worked to elucidate the many facets of the
NC given its central role for vertebrate development and
evolution [3]. This combined knowledge forms the foun-
dation of developmental and regenerative biology and
has furthered understanding of human pathologies caused
by altered NC development. These pathologies, called
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“neurocristopathies”, include multiple syndromes, many
associated with craniofacial malformations as well as
some types of cancer [2].

The development of the NC occurs in phases and some
steps chronologically overlap. All of them are strictly coor-
dinated by gene regulatory networks (GRN) comprised of
signaling proteins, transcription factors, and epigenetic mod-
ifiers that ensure the correct differentiation of these multi-
potential NCCs [2]. NC development occurs in a coordinated
manner along the anterior-posterior axis with cranial seg-
ments developing first followed by more posterior segments
(cranial, cardiac, trunk, vagal and sacral) [4]. Note that this
principle applies to all steps of the NC’s development, but
the timing has not been deeply studied with most studies
restricted to the cranial NC [5].

The many different types of neurocristopathies can be
divided according to the type of pathology (tumors, tumor
syndromes, malformations, etc.), stage of NC development
(NC induction and specification, NC migration, and NC dif-
ferentiation), or by origin along the anterior-posterior axis
(cranial, cardiac, trunk, sacral) [6].

Induction and Specification

During late gastrulation, establishment of the prospective
NC, between the neural and non-neural ectoderm, occurs in
response to early extrinsic and late intrinsic signals [1, 2].
The exact moment of NC induction is the subject of debate.
Given that some gene expression from the blastula stage
continues into the gastrulation phase, it has been suggested
that NC induction might precede gastrulation [7]. Thus, the
pluripotency of NCCs may be maintained from the blastula-
stage rather than a novel feature acquired at a later stage [8].
The observation that NCCs are able to generate both ecto-
dermal and mesenchymal structures is compatible with the
view that induction occurs during the pre-border stage, prior
to the establishment of the neural plate, neuroectoderm, and
mesoderm (border stage) (Fig. 3) [2, 7].

Induction of most tissues requires crosstalk between
two adjacent cell types. In the NC, this interaction could be
facilitated by ectoderm-mesoderm and/or neural-non-neural
ectoderm interactions [2]. Although such communication
has been demonstrated in some species, a variety of inter-
actions are hypothesized to induce NC development. One
possibility is that signaling events during earlier stages (late
blastula/early gastrula) in the epiblast lead to induction of
the NC; however, it remains unknown whether additional
mechanisms at later stages are also required. In summary,
interactions between neural, non-neural ectoderm, and
underlying mesoderm are important in development. NC
induction requires an epithelial signal, but additional mecha-
nisms may also be involved [7].
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Fig.2 Neural crest derivatives. Adapted from Sperber, 2018 [56] and Etchevers et al. [57]

Delamination and Migration

After specification, the NCCs individualize and segre-
gate from the surrounding tissue in a process referred to
as delamination. This term is a misnomer as NCCs only
undergo a physical separation from the originating cell pop-
ulation rather than from an opposing lamina [9]. Delamina-
tion typically involves molecular changes that promote the
transition from an epithelial phenotype to a mesenchymal
one, a process known as epithelial-to-mesenchymal transi-
tion (EMT) [2]. All NCCs undergo EMT, but this is not
synchronized with delamination or migration [9]. The NCCs
can delaminate before changing cell shape (i.e. undergoing
EMT) or undergo EMT before delamination [9]. In order
to separate from the surrounding tissues and subsequently
migrate, the NCCs weaken cell-cell adhesion through the
regulation of transmembrane proteins like cadherins and
integrins, lose their apical-basal polarity, change their pat-
tern of cellular proliferation, acquire polarized motility, form
blebs and lamellipodia, produce more metalloproteinases

and laminin, and degrade the basal lamina [9, 10]. This cata-
logue of cellular events occurs in parallel during the different
steps of NC development and reflects its complexity.

After delamination, NCCs move toward their final desti-
nation, invading the space between the non-neural ectoderm
and the surrounding mesoderm [2, 10]. Gradually, NCCs
split into different streams until they reach their destination.
Migration occurs from specific positions along the neural
plate border to predetermined locations in the developing
face, keeping an anteroposterior order and a dorsolateral
and ventromedial direction. Additionally, migration can fol-
low a collective manner or occur as a single cell movement
depending on the species and region. For example, cranial
migration occurs simultaneously for the whole segment
while the trunk NC migrates in an anteroposterior order.
These migratory paths are determined by positive and nega-
tive signals originating in surrounding regions and cells [10].

A variety of mechanisms have been suggested as regula-
tors of the process of migration: contact inhibition of loco-
motion (CIL), co-attraction, mesodermal stiffening, chase

@ Springer



Head and Neck Pathology (2021) 15:1-15

LATE EARLY
BLASTULA

=
w
S
o
e
e "%

0‘ ..—> trophoblast
2 L) L ]
o ) .
= [ .
é % 0 UO Wembryoblast WOO
A . Md 0.& D
8 .. ..
v *

L4
...-'.

Fig. 3 Establishment of neural crest population in early embryogene-
sis. Graphic representation of chick embryogenesis from late blastula
to early neurula. Initially, cells of the embryoblast within the tropho-
blast are interspersed with no apparent specification. At the stage of
the early gastrula, these cells form the epiblast and hypoblast, further

and run, rear actomyosin contraction, tissue fluidity, and
confinement [11]. CIL involves repolarization of the collid-
ing cells followed by moving away from the site of cell—cell
contact. As a consequence, the free-edges experience mor-
phologic changes prompting reduction in intercellular ten-
sion [12]. While CIL tends to disperse cells, co-attraction
tries to keep them together and balances CIL activity. This
process of short-range chemotaxis is dependent on the
complement factor C3a [13]. Mechanical signals such as
stiffening of the underlying mesoderm seem to activate NC
EMT and facilitate migration [14]. NCCs can also migrate
toward molecules produced by other cells (chemotaxis) such
as epithelial placode cells. Once the cells contact, they “run
away” from each other, a process called “chase and run”
[11]. Additionally, differences in actomyosin contraction
between the poles of a cell cluster can generate changes in
the direction of movement [15]. Another essential mecha-
nism is the characteristic of the NC to behave like a fluid
by constantly remodeling cell junctions. Finally, the ability
to respond to repulsive signals prevents NCCs from invad-
ing non-NC tissue or the mixing of different streams [11].
All these mechanisms interplay with one another and are
required for successful migration.
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neural ectoderm, neural crest, neural plate, mesoderm, and endoderm
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Differentiation

The establishment of NCC fates is a dynamic process
influenced by many aspects including their origin along
the anteroposterior axis, the surrounding tissues, and cel-
lular interactions along their migration path. In this respect,
NCCs provide an archetype of cellular plasticity [2]. Cells
migrating from the cranial NC contribute to cartilage, bone,
muscles, connective tissue, and nervous tissue of the face
and part of the skull. Meanwhile, the vagal NC gives rise to
connective tissue forming part of the heart outflow tract and
to glia and neurons belonging to the enteric nervous system
[5]. The trunk NC generates part of the enteric system, mel-
anocytes, dorsal root ganglia, sensory neurons and adrenal
gland [10]. With respect to the molecular regulation of these
many differentiation events, there is a broad range of GRNs
controlling respective terminal differentiation, a topic of
many reviews [5, 16]. The broad range of neurocristopathies
that have a NC development background reflect the complex
developmental events required for NC development, the dif-
ferent tissues with NC contribution, and the range of physi-
cal locations [6]. A thorough understanding of their develop-
mental origins allows better understanding these pathologies
and a potential for more targeted interventions that take into
account the biological underpinnings.
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Early Facial Development: Pharyngeal
Arches and Facial Prominences

Facial development requires coordinated establishment of
the pharyngeal arches (PA). The PAs (five pairs in mam-
mals) are bilateral outgrowths alongside the pharyngeal area
and form around the fourth week of gestation. They are the
direct result of the migration of the NCCs and reorganization
of the pharyngeal endoderm and the non-neural ectoderm
[17]. NCCs from the first to third rhombomeres are the first
to reach the first pharyngeal arch (PA1), while other NCCs
migrate in an anteroposterior direction to form the other four
PAs [17]. PAs are transient structures that are formed by all
four germ layers: the medial aspect is endoderm, the most
external is ectoderm, and the central part is shared by meso-
derm and mesenchyme derived from NCCs [18].

The high rate of proliferation and migration of NCCs con-
tributes to the formation of small buds of tissue called the
facial prominences (FP) [19]. The cells migrating rostrally
toward the most anterior part of the brain in development
establish the frontonasal prominence (FNP). Meanwhile,
PAT1 grows and develops into paired maxillary prominences
(MxP) and mandibular prominences (MP). The FPs will
converge to form the nose and the upper and lower jaws [2].
The FNP is split into medial and lateral prominences. The
medial prominences form the nasal septum, midline of the
nose, philtrum, premaxilla, and four incisors. The lateral
prominences, located laterally to the nasal pits, give rise to
the nasal turbinates and alae of the nose [2]. The upper lip

medial nasal process e —

(adjacent to the midline, the maxillary and palatine bones)
is a product of the fusion of the MxP and FNP. Meanwhile
the mandibular arch results from the fusion of the MPs [2]
(Fig. 4).

Palate Development

The palate provides an essential structural support for oral-
nasal functions like breathing, speaking, and swallowing and
acts as a barrier between the nasal and oral cavities [20]. It
can be distinguished into primary and secondary processes,
each with different embryological origins but common cel-
lular components [20]. The primary process forms from the
FNP, while the secondary process forms from outgrowths of
the MxPs [21]. The primary palate includes the four upper
incisors and extends to the foramen incisivum. The second-
ary palate consists of the bony palate anterior and the soft
palate posterior [22]. The upper lip and primary palate com-
plete formation prior to initiation of secondary palatogenesis
[22].The main cellular contributors of both the primary and
the secondary palate are mesenchyme derived from the NC
and epithelium from the ectoderm [20, 23]. The primary pro-
cess approaches and contacts the secondary palatal shelves
then undergoes fusion, leading to the formation of the palate
and resultant separation of the oral and nasal cavities. The
development of the secondary palate can be divided into
distinct synchronized phases. Initially, the palatal shelves
grow vertically along either side of the tongue. They then
elevate to a horizontal position through complex cellular
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Fig.4 Structures derived from facial prominences of the early
embryo. Graphic representation of 5 week human embryo (left) with
labelled facial prominences: medial nasal process (yellow), lateral

nasal process (blue), maxillary process (red), and mandibular process
(green). Structures derived from these processes are indicated in their
respective colors on an adult face (right)
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reorganization, followed by rapid horizontal growth. The
palatal shelves meet in the middle and begin to fuse. At this
point, the central epithelium covering the palatal segments
disintegrates and disappears allowing complete fusion of
the shelves at the midline, followed by the ossification of
the bony portion [23].

Two important mechanisms are involved in the face and
palate formation: merging and fusion. Merging consists
of proliferation and migration of mesenchyme, filling in
the spaces between the two adjacent prominences. Fusion
occurs when two structures covered by epithelium contact
each other and form a bilayered epithelial seam which is
later degraded to impart continuity to the mesenchyme. An
example of merging is the connection at the midline of the
two mandibular processes, in contrast to palate formation
which is an example of fusion [21].

Diverse cellular phenomena occur during the palate’s
establishment: high rate of cellular proliferation, extracel-
lular matrix production, transformation of epithelium to
mesenchyme, and apoptosis. Each of these is highly regu-
lated and driven by several signaling pathways. Like other
craniofacial structures, palate formation involves complex
and detailed cellular and molecular interactions that are not
thoroughly understood. This complexity is evident in the
wide variety and relatively high incidence of congenital
defects involving palate formation such as cleft lip (with
or without cleft palate) and isolated cleft palate, the genetic
cause for which differs between each condition [24]. Knowl-
edge of the molecular/cellular reason for cleft formation can
help to predict the risk for developing other abnormalities
associated with cleft repair, such as midfacial hypoplasia or
excessive scarring.

Signaling Pathways

To understand NCC behavior throughout development, one
must be familiar with some important developmental signal-
ing pathways. We provide a brief overview of four common,
evolutionarily conserved signaling pathways that are insepa-
rable from NC biology: WNT, bone morphogenetic protein
(BMP), fibroblast growth factor (FGF), and Hedgehog (HH)
signaling. These pathways involve secreted ligands that show
varying affinities for extracellular matrix molecules. Rather
than being freely diffusible factors, ligand retention by the
extracellular matrix or binding to activity-blocking secreted
antagonists allows for precise spatio-temporal control of
signaling activity. While often presented in isolation, all of
these signaling pathways interact, either directly through
providing input into intracellular signaling hubs or indirectly
through cross-regulation of pathway members. Together
they provide the majority of the precise instructions required
for coordinated craniofacial development.
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WNT Signaling

WNT signaling is associated with a multitude of cellular
responses as diverse as cell polarity, energy metabolism,
cell proliferation, differentiation, and stem cell maintenance.
WNT signaling is involved in tissue formation, regenera-
tion, and tumorigenesis. It is important for all aspects of
the NC, from induction to terminal differentiation of NC-
derived structures. Extracellular availability of WNT ligands
is controlled by WNT antagonists. Signaling is initiated by
one of the many WNT ligands binding to cognate recep-
tors which can trigger a variety of intracellular cascades.
Canonical WNT signaling involves the intracellular media-
tor B-catenin which controls transcriptional changes through
binding of cofactors in the nucleus. Non-canonical WNT
signaling is independent of B-catenin and controls cell polar-
ity and movement. Interplay between p-catenin dependent/
independent signaling is frequently observed. Most craniofa-
cial structures show sustained WNT signaling activity [25].
With respect to bone, sub-ectodermal dermal and cranial
bone progenitors exhibit a transient, possibly instructive,
role for WNT signaling. In late stage embryonic develop-
ment, WNT signaling is increasingly defined by differen-
tiated cells; however, it has a dynamic expression pattern
throughout development. This pathway has several roles
throughout craniofacial development including interactions
with other signaling cascades. Genomic variants in Robinow
syndrome have been associated with aberrant non-canonical
WNT/planar cell polarity signaling [26].

BMP Signaling

Bone morphogenetic proteins (BMPs) belong to the TGF-f3
family of signaling molecules. In Drosophila melanogaster,
the BMP orthologues form two subgroups: Decapentaplegic
or dpp (BMP2, 4 group) and the 60A group (BMP5-8 group).
BMP signaling is highly regulated in the extracellular space,
at the cell membrane level, and intracellularly. BMP pro-
peptides help regulate their bioavailability, whereas a multi-
tude of BMP antagonists control receptor binding. Following
BMP ligand binding to heteromeric BMP Type I/II recep-
tors, canonical signaling involves SMAD-dependent signal
transduction to the nucleus. Non-SMAD signaling involves a
variety of pathways regulating cell organization and polarity
(Wang 2014). BMP signaling plays critical roles in NCCs
and morphogenesis of the craniofacial skeleton, such as NC
induction, migration, and coordination of cell proliferation
and cell death through apoptosis. Additionally, it is critical
for mandible, lip, and palate development, in Meckel’s car-
tilage, cranial bone formation, and sutures [27]. However,
the name ‘bone morphogenetic protein’ is misleading, as
these molecules control a myriad of cellular processes, much
like WNTSs [28]. BMP signaling is required for growth and
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patterning of the facial processes, and mutations to down-
stream targets or receptors result in midline and patterning
defects associated with holoprosencephaly, craniosynostosis,
cleft palate, and facial dysmorphism [27].

FGF Signaling

Fibroblastic growth factors (FGFs) are a family of secreted
molecules with an affinity for heparin sulfate in the extra-
cellular matrix. They signal through one of four conserved
FGF receptors (FGFR). Tissue-specific expression of FGFR
isoforms, receptor subtype-specific FGFs, and proteoglycans
provide fine regulation of FGFR signaling [29]. Like the
other signaling pathways, FGF signaling is tightly regulated
within the cell by multiple regulatory layers and negative
feedback loops which is vital for spatial and temporal control
of signaling. This signaling cascade has multiple essential
roles in skeletal development, specifically in bone progeni-
tor proliferation, bone matrix growth, and mineralization.
Mutations in FGFRs are associated with various syndromes
including Crouzon, Apert, or chondrodysplasias [30].

HH Signaling

Hedgehog signaling (HH) is achieved by three vertebrate
homologues of the Drosophila gene hedgehog: Indian
Hedgehog (IHH), Desert Hedgehog, and Sonic Hedgehog
(SHH). With respect to craniofacial development, SHH pat-
terns the microenvironment of the first pharyngeal arch spa-
tiotemporally and regulates neural crest cell kinetics. IHH
has important functions in the regulation of cartilage differ-
entiation by controlling chondrocyte hypertrophy. Overall,
HH signaling has an important role in neural crest survival,
production, and apoptosis in the first pharyngeal arch. It
contributes to mandibular and maxillary jaw development
by maintaining a critical mass of neural crest-derived cells
in the first pharyngeal arch. Mutations in SHH most nota-
bly cause midline (e.g. holoprosencephaly) and eye defects
[31]. HH signaling is known to interact with environmental
factors like ethanol, vitamin deficiency, and tobacco smoke,
making it an example of gene-environment interaction.

Signaling Crosstalk

During embryonic development, the control of shape and
function often involves crosstalk between different tissue
types and the above listed signaling pathways. This is exem-
plified by the recurrent requirement of BMP, WNT, FGF,
and HH signaling during tooth development, where their
reiterated use during epithelial-mesenchymal interactions
controls tooth development from placode formation, bud
invagination, enamel knot formation, crown mineralization,

and, finally, root formation [32]. Tooth development thus
provides a striking example of how precise spatio-temporal
control and integration of multiple signals enables the for-
mation of the hardest biological material known: enamel.

Cranial sutures provide another example of regulation of
a complex craniofacial system with signaling crosstalk. The
suture microenvironment reflects all stages of the intramem-
branous bone formation pathway, from mesenchymal stem
cells to osteoblasts (Fig. 5). A regulatory cascade involving
BMP and FGF signaling has been identified for the devel-
opment and maintenance of sutures during skull expansion,
as several gene mutations associated with craniosynostosis
involve either FGF or BMP signaling. In contrast, WNT and
HH signaling have been demonstrated to control mesenchy-
mal stem cell niches.

Bone is a highly specialized structure, the formation and
maintenance of which require constant coordinated cross-
talk between osteoblasts, osteocytes, and osteoclasts. BMP/
WNT/FGF ligands not only control direct cell-cell signaling
but are probably also stored in the bone matrix and released
when bone is broken down, recruiting mesenchymal stem
cells to sites of bone resorption.

The above examples not only illustrate crosstalk, but also
the importance of local regulation of signaling. This needs to
be considered when planning therapeutic approaches involv-
ing any of the described signaling molecules. The exquisite
crosstalk, local action, and wide effects explain the often-
unpredictable results and side effects associated with their
application [33].

Signaling Centers

The development of many NC-derived structures is regu-
lated by defined signaling centers which direct the overall
organization of the developing structures. The enamel knot
and frontonasal ectodermal zone (FEZ) are two examples of
such craniofacial signaling centers.

Enamel knots are epithelial structures that form during
tooth development to control cusp formation [34]. They
express a multitude of signaling molecules to organize their
surroundings. Epithelial-mesenchymal interactions and stim-
ulation of proliferation in the nearby epithelium (but not in
the knot itself) permanently change tooth morphology. The
enamel knot illustrates the importance of local fine regula-
tion of signaling to achieve both shape and function.

The FEZ controls jaw growth and patterning and regu-
lates tissue interactions between the forebrain, neural crest,
and stomodeal ectoderm. The molecular mechanisms medi-
ating FEZ function rely on SHH, FGF, and BMP signal-
ing, and its organization is dependent on the distribution
of neural crest cells in a given species. The FEZ is a source
of patterning information directing initial growth patterns
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Fig.5 Differentiation of cells
within cranial sutures. Graphic
representation (top) of cranial
suture cell populations and their
presumptive differentiation
pathway. Note: the indicated
intramembranous bone stage
overtop each region of the
suture is not the only compos-
ing cell type, however, would
likely be found within. In real-
ity, the suture mesenchyme is

a heterogeneous population of
cells ranging in differentiation
from stem cells to committed
osteoprogenitors. Correspond-
ing orcein/methylene blue
stain (bottom) of the internasal
suture of a 4-week old mouse
portrays suture mesenchyme in
red/brown studded with blue
nuclei between two layers of
blue cuboidal osteoblasts lining
the red/brown bone. Within the
lacunae of the bone reside dark
blue osteocytes

nasal bone

for the frontonasal and subsequent medial nasal process.
Involvement of SHH, FGF, and BMP signaling in midline
specification/division in both the telencephalon and midface
are evidenced by variable changes to the facial appearance in
individuals with holoprosencephaly, ranging from singular
median incisor to cyclopia [35].

Later in development, or in the adult, such signaling
centers are less apparent but could be reflected in special-
ized niches regulating tissue homeostasis and repair, e.g.
through provision of stem cell niches. A better understand-
ing of maintenance of these niches is a prerequisite for future
stem cell therapies.

Redundancy

The concept of redundancy between members of the same
protein family is often considered but rarely tested. However,
both BMP signaling (as regulators of tooth mineralization)
and MSX1/2 (as transcriptional regulators) reveal surprising
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mechanisms of intricate control of the involved developmen-
tal processes.

Different BMPs are frequently expressed in similar
domains, such as BMP2 and BMP7 in odontoblasts at the
onset of mineralization. A spatiotemporal overlap in expres-
sion might suggest that these two proteins are redundant or act
in synergy. However, loss of BMP2 leads to dentinogenesis
imperfecta, a dentin anomaly, due to a failure of odontoblast
polarization. In contrast, loss of BMP7 results in a delay of
tooth mineralization by a couple of days resulting in wider
teeth with extra cusps [36]. Thus, concomitant expres-
sion of signaling molecules does not automatically indicate
redundancy.

Members of the MSX family of transcription factors play a
major role in craniofacial development. Expression of MSX1
and MSX2 frequently overlap at sites of epithelial-mesenchy-
mal interactions [37]. Although both show preference for simi-
lar DNA binding sites and have the ability to repress transcrip-
tion, suggestive of functional redundancy, MSX1 is associated
with both tooth agenesis and cleft palate, whereas MSX2 is
associated with craniosynostosis.
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Both examples illustrate the concept that factors from the
same family may act in similar context, suggesting redun-
dancy, but it is more likely that individual differences between
family members enable precise coordination of the develop-
ment of complex craniofacial structures.

Plasticity and Developmental Timing

NCCs are known for their plasticity and sensitivity to reg-
ulation by cellular interactions, both with each other and
with non-NC tissues [38]. This property allows them to
evolve and modulate in response to the environment they
migrate through, unlike the pre-programmed Hox pattern-
ing of the neural tube. NCCs respond to contact with other
cells and signaling molecules found in the tissues they
pass through or avoid, which is essential for the genera-
tion of distinct craniofacial phenotypes without dramatic
changes to the primordial pattern. Hence, their fate can
range from neurons and glia, to cartilage and bone, con-
nective tissue, and melanocytes.

Developmental timing is important; mistimed devel-
opmental events can have dramatic phenotypes. Correct
timing is crucial for normal development of the second-
ary palate and cranial sutures. The sequence of secondary
palate development including vertical growth, elevation,
horizontal elongation, fusion, and breakdown of the mid-
line epithelial seam are reliant on numerous temporally
constrained proliferation and differentiation cues. Changes
to individual cell morphology underlie cell polarization
and tissue organization. Mistiming of processes like early
tongue contraction will cause delayed palatal shelf eleva-
tion, resulting in subsequent failure of the shelves to meet
and fuse in the rapidly expanding face.

Development and maintenance of patency in cranial
sutures is similarly dependent on spatiotemporally regu-
lated expression patterns of many genes including TWIST,
MSX2, FGFR1/2/3, and FGF2. Loss, functional change,
or mistiming can push the intricately regulated osteogenic
differentiation off balance, leading to premature ossifica-
tion (craniosynostosis) or delayed fusion (cleidocranial
dysplasia).

The high degree of temporal regulation in the crani-
ofacial complex is also evident from tooth development,
which involves reciprocal epithelial-mesenchymal cross-
talk reliant on the reiterated use of a limited number of
signaling molecules. It is currently not well understood
how cells at the various differentiation stages interpret
seemingly identical signals for different outcomes. The
precise spatio-temporal regulation of involved signaling
events is a prerequisite. Cellular organization and epige-
netic regulation must equally play critical roles. While
mistiming of any stage of tooth development can have

compounding effects on the final structure (i.e. abnormal
teeth), tooth development also shows the power of self-
contained developmental programs evidenced by rare,
ectopically formed teeth.

The above examples illustrate how precise temporo-
spatial regulation of cell differentiation is required for
successful craniofacial development. In light of this com-
plexity, it must be recognized that developmental pro-
cesses are overall very robust, a reflection of the high-level
under-appreciated molecular and cellular integration that
underlie these developmental processes. Thus, although
the plasticity of NC cells provides opportunities to use
these cells for tissue regeneration or repair, the complex
spatiotemporal requirements controlling cell differentia-
tion are often not sufficiently considered and likely com-
promise overall success.

Bone Development

The NC is a major contributor to craniofacial bones and
cartilages often affected by many congenital syndromes;
hence bone and cartilage development deserve closer
consideration.

Intramembranous ossification describes the process of
osteoblast differentiation directly into bone without a car-
tilaginous intermediate [39]. This type of bone formation
occurs within the membranous neurocranium and viscero-
cranium of the skull and part of the clavicle and is thought to
be dependent on prior vascularization. Here, NC mesenchy-
mal stem cells differentiate through various osteoprogenitor
stages into mature osteoblasts which lay down an extracel-
lular matrix (osteoid) that subsequently mineralizes, and end
up surrounded by mineralized bone as osteocytes. Current
research in osteoblast differentiation seeks to understand the
ramifications genetic abnormalities have on osteoblast matu-
ration and how this affects their ability to form and grow
craniofacial bones. In addition, the detailed understanding
of how signaling cascades interact with mechanical cues to
regulate osteoblast differentiation is essential for designing
successful treatments [40]. It is reasonable to assume that
changes to the intrinsic genetic program of the bone-form-
ing environment affect the success rate of various surgical
procedures. A better foundational understanding on how to
make, maintain, and repair bone will help to improve current
clinical practices.

The vertebrate skull is formed by both neural crest and
mesoderm. The anterior facial bones and calvaria are NC-
derived, whereas posterior bones, such as parietal and
occipital bones, are derived from mesoderm. As a result,
the intervening sutures can have dual origin (e.g. coronal
suture), and the relative position of a suture can indicate
the growth potential of the flanking bones. During late
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Fig. 6 Identification of lineage-traced neural crest cells (NCCs) in the »

craniofacial complex using Green fluorescent protein (GFP) stain-
ing. a & b Annotation of various craniofacial structures on a mid-
sagittal cross-section (red box) of a PO micro-computed tomography
mouse scan. Paraffin-embedded frontal section of the PO mice skulls
stained with GFP and counterstained with DAPI indicates the pres-
ence of NC-derived cells in the (c¢) cartilage and perichondrium (pc)
of the nasal septum (ns) and the (d) internasal suture (ins). Sagittal
sections of PO skulls demonstrate the presence of NC-derived cells
in the (e) periosteum and osteogenic front of the coronal suture.
NCCs also contribute to the resting (r), proliferative (p), pre-hyper-
trophic (ph) zone of the (G) intersphenoidal (iss) and not (f) sphe-
nooccipital (so) synchondroses of the cranial base. (h) The articular
(a), proliferative (p), chondrogenic (c) and hypertrophic (h) layers
of the temporomandibular joint (TMJ) are also neural crest-derived
along with the (i) chondrocytes of the Meckel’s cartilage (mc)

embryonic development the skull vault is defined, and the
sites of sutures become apparent [41]. Many congenital
pathologies affecting craniofacial bones are based on pat-
terning or intramembranous ossification defects.

The flat bones of the skull are joined by fibrous joints
called sutures. Cranial sutures are populated by mesenchy-
mal stem cells, which are often made up by NC and their
progeny, leading to bone-forming osteoblasts. Sutures are
a fascinating system for study of intramembranous bone
growth as they represent the entire osteoblast differentiation
pathway, with mesenchymal stem cells in the central suture
mesenchyme and terminal osteoblasts lining the new bone
surface (with more differentiated osteocytes within the min-
eralized matrix) [42]. Researchers can study perturbations
to the sutures anatomically (in the case of craniosynostosis),
histologically (looking at cellular components), biomechani-
cally (studying tension, forces, and the extracellular matrix),
and in vitro (cell signaling cascades). Suture malformations
are often studied in the context of delayed or premature
fusion. What is still lacking in the field of suture biology
is a holistic interpretation of differing fields - combining
anthropology, clinical findings, historical reports, anatomy,
embryology, development, stem cell biology, physics, and
beyond [43]. The pathways governing establishment, main-
tenance, and closure are still quite unclear. Similarly, the
mechanisms of biomechanical interpretation and response
remain only partly understood. These principles have clini-
cal application in fields like otolaryngology, plastic surgery,
and orthodontics especially.

Cartilage

Cartilage can be divided into three different groups: hyaline,
fibro- and elastic cartilage. The type of cartilage is depend-
ent on function and reflected by extracellular matrix compo-
sition. Hyaline cartilage is resilient, fibrocartilage is strong
and dense, and elastic cartilage is flexible. Hyaline cartilage
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is found in the cranial base and nasal septum [44]. The tem-
poromandibular joint is formed by fibrocartilage and the ear
by elastic cartilage. Cranial neural crest cells give rise to all
of these cartilaginous structures, except for the basioccipital
aspect of the cranial base (Fig. 6).
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Hyaline cartilage is involved in the process of endo-
chondral ossification whereby a cartilage intermediate
forms the template for bone development [45]. In this
process, mesenchymal stem cells differentiate into chon-
drocytes, mature into hypertrophic chondrocytes, and
then transdifferentiate into bone-forming osteoblasts or
are replaced by osteoblasts. In the craniofacial complex,
the cranial base and the posterior aspect of the nasal sep-
tum, also known as the perpendicular plate of ethmoid,
undergo endochondral ossification. Onset and comple-
tion of ossification is directly linked to growth require-
ments for each cartilage and therefore varies. Both the
nasal septum and cranial base drive midfacial growth;
altered midfacial growth can directly result from cartilage
anomalies and might manifest as a deviated nasal septum
or synchondroses in the cranial base [46, 47]. Reduced
growth of nasal septum or anterior cranial base are associ-
ated with severe midfacial hypoplasia [47, 48]. However,
it remains unresolved whether cartilage abnormalities
give rise to midfacial hypoplasia, vice versa, or whether
there is a reciprocal interaction. Assigning cause to con-
sequence is often difficult due to the relations and com-
plexity of craniofacial structures. Additionally, changes
in progenitor cells themselves could affect their differen-
tiation potential and predispose to growth and develop-
mental abnormalities that only become apparent at later
stages (e.g. midfacial hypoplasia). The consequence of

Fig.7 Illustration of the
chondrocyte organization and
differentiation during endochon-
dral ossification. (Top panel)
Safranin O staining (red) of
paraffin-embedded temporo-
mandibular joint (TMJ) section
counterstained with fast green
indicating the organization of
the TMJ into articular (outer-
most/surface), proliferative,
pre-hypertrophic, early and

late hypertrophic chondrocytes
followed by bone. (Bottom
panel) Chondrocyte progeni-
tors undergo differentiation

into proliferative chondrocytes articular/
which then mature to become fibrous
hypertrophic chondrocytes.

The hypertrophic chondrocytes
either undergo apoptosis or
transdifferentiate into bone.
This process of progenitors
undergoing an intermediate
cartilage phase to form bone is
called endochondral ossification

proliferative

hypertrophic

such changes may be reduced success rates for corrective
surgical interventions due to compromised potential of
the cells themselves. Understanding the genetic underpin-
nings of craniofacial abnormalities thus becomes essen-
tial for personalized medicine.

Mandible Development

The mandible, or lower jaw, is a crucial component of the
orofacial complex that not only assists with mastication but
is essential for holistic craniofacial development. Meckel’s
cartilage (MC), formed by the first pharyngeal arch, provides
early structural support and acts as a template for mandibular
bone development. MC develops posteriorly to anteriorly.
It forms anterior to the symphysis of the mandible and the
most posterior part gives rise to the malleus and incus. MC
is primarily derived from cranial NCC [4]. Initiated by mes-
enchymal condensation, pre-chondroblasts differentiate into
chondrocytes that later undergo hypertrophy.

Mandibular bone formation occurs via intramembranous
ossification around MC, initiated by early vascularization
rather than endochondral ossification (Fig. 7). Hypertrophic
chondrocytes in MC are degraded by chondroclasts and
replaced by intramembranous bone (Fig. 8). Some limited
endochondral ossification has been described for the forma-
tion of the mental ossicles, restricted to the most anterior

early late

° trabecular bone
hypertrophic

=4
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Safranin O

medial

Picrosirius red

Safranin O

posterior

Picrosirius red

Fig.8 Cartilage and intramembranous bone formation throughout
mandibular development. Paraffin histology demonstrating mandibu-
lar development via intramembranous bone formation throughout
mouse development, from embryonic day 12 post-conception (E12)
to postnatal day O (P0O). As Meckel’s cartilage (deep orange on Safra-

region. This view has been challenged recently following
the observation that newly forming bone surrounding the
MC expresses both type I and II collagen, suggestive of (lim-
ited) endochondral ossification [49]. A common mandibular
defect is micrognathia/retrognathia, which is often associ-
ated with Pierre Robin sequence (PRS). PRS describes a
developmental sequence of retrognathia, glossoptosis, and
airway obstruction. The underlying palatal defect is com-
monly attributed to abnormal MC development and associ-
ated lack of genioglossus muscle support [50]. The various
underlying cellular/molecular defects leading to abnor-
mal MC development may explain why some children fail to
recover from micrognathia when treated with non-invasive
techniques and require surgical intervention such as distrac-
tion osteogenesis to stimulate mandibular growth [51].
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nin O stain, indicated by white dotted lines and arrows) is degraded,
bone forms in the surrounding space (red stain on Picrosirius red
stain, indicated by black arrows). Note that the stage of intramembra-
nous bone formation differs along the length of the mandible, with
the medial mandible ossifying sooner than the posterior aspect

Neural Crest for Tissue Regeneration

Tissue regeneration is a fast-evolving aspect of craniofa-
cial research with strong emphasis on stem cell biology.
The craniofacial complex is home to a number of stem
cell niches thought to be involved in continuous tissue
homeostasis and repair [52]. Most emphasis is on NC-
derived mesenchymal stem cells (MSCs) that are able to
form bone, cartilage, and mesenchymal tissue. Classi-
cally, MSCs have to fulfill three main criteria: they must
adhere to plastic plates in vitro, express a specific subset
of surface markers, and be able to differentiate into osteo-
cytes, chondrocytes, and adipocytes (Fig. 9) [52]. MSCs
are present in calvaria, maxillary and mandibular bones,
and tooth-supporting tissue. Stem cell niches have been
described for the periosteum, craniofacial bone marrow,
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Fig. 9 Differentiation of mesenchymal stem cells. Gene names listed
in italics representing activity of signaling molecules, transcription
factors, and structural proteins at each stage of the differentiation
pathway for bone and cartilage. Red text references genes encoding

TMIJ, sutures, and periodontium. It is important to note
that the niche in which craniofacial stem cells reside
is expected to be different from those of other MSCs,
such as in long bones. While stem cell-based regenera-
tive therapies are often generalized to stem cells overall,
craniofacial stem cell niches are located in specialized
environments supporting very specific roles for tissue
homeostasis/repair. It is thus critical to recognize that stem
cells isolated for craniofacial repair from various locations
will likely display some biological differences reflective
of those environments.

A current application of regenerative stem cell therapy is
temporomandibular joint (TMJ) cartilage engineering [53].
Regeneration of worn cartilage has been demonstrated using
primary cells from the TMJ disc, articular chondrocytes, or
costal chondrocytes. MSCs isolated from the synovium or
synovial fluid of the TMJ are also promising new sources
for regeneration. However, intrinsic cellular differences in

for signaling molecules, blue text references genes encoding for tran-
scription factors, and green text references genes encoding for struc-
tural proteins

differentiation/proliferation capacity and variable success
indicate a poorly understood cellular heterogeneity. This is
likely a reflection of the intricate fine regulation of stem cell
niches, similarly to the intricate regulation of the develop-
ment of the various craniofacial structures described earlier.

Regeneration of craniofacial bone using NC stem cells
generally requires support from a scaffold on which the
cells can differentiate [54]. Scaffolds can be polymeric,
ceramic, metallic, or composed of composite materials. Each
has specific benefits and disadvantages and must be opti-
mized to suit their intended task. Ceramic scaffolds mimic
hydroxyapatite found in bone, improving osteoblast adher-
ence and proliferation, but lack the natural tissue-derived
quality of a polymeric scaffold. Stem cells reside in niches
in vivo, but in vitro are typically expanded on plastic sur-
faces. The advent of single-cell RNA sequencing has painted
a much more complex picture of stem and progenitor cell
populations. It is likely that the current criteria used do not
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allow accurate identification of stem cells. Thus, although
NC is a multipotent embryonic cell lineage, it is reasonable
to assume that the various adult stem cell niches identified
in NC-derived tissues will display differences that affect
stem cell properties, potential, and behavior. Identification
of properties of stemness in craniofacial stem cells must
be an important future direction. The paracrine function
and secretome of stem cells are also not yet understood,
nor is the influence of underlying support tissues for niche
maintenance.

In closing, experimental embryology using state-of-the-
art -omics approaches has been instrumental for casting
light upon the intricate relationships and complexities of
craniofacial development. NC as a multi-potent cell source
takes center stage in craniofacial development. Knowledge
of which genes affect various biologic processes has ena-
bled rescue of craniofacial malformations associated with
Treacher Collins syndrome by targeting the process, rather
than the gene, in an experimental setting. Despite consid-
erable advances, we have yet to uncover how reiterated
employment of only a few signaling systems is interpreted
within a spatiotemporal context to ensure appropriate, pre-
cise development of the coordinated craniofacial complex.
However, the strong link between genetics, distinct biologi-
cal processes, and craniofacial morphology has been made
evident by recent advances in systematic 3D morphometric
image analysis able to assist with syndrome diagnosis [55]

The use of NC-derived stem cells for tissue repair holds
great promise. Realization of their potential, however,
requires a more profound understanding of the intricacies
of cell communication and cell differentiation that underlie
the complexities of NC-derived tissues. Further advances in
this direction will ultimately enable innovative and success-
ful application of NC-derived stem cells in clinical settings.
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