Critical Reviews in Oral Biology & Medicine

Journal of Dental Research

2019, Vol. 98(9) 959967

© International & American Associations
for Dental Research 2019

Article reuse guidelines:
sagepub.com/journals-permissions

DOI: 10.1177/0022034519851786
journals.sagepub.com/home/jdr

Regulatory Mechanisms of Soft Palate
Development and Malformations

J. Li', G. Rodriguez', X. Han', E. Jane¢kova', S. Kahng', B. Song',
and Y. Chai'

Abstract

Orofacial clefting is the most common congenital craniofacial malformation, appearing in approximately | in 700 live births. Orofacial
clefting includes several distinct anatomic malformations affecting the upper lip and hard and soft palate. The etiology of orofacial
clefting is multifactorial, including genetic or environmental factors or their combination. A large body of work has focused on the
molecular etiology of cleft lip and clefts of the hard palate, but study of the underlying etiology of soft palate clefts is an emerging field.
Recent advances in the understanding of soft palate development suggest that it may be regulated by distinct pathways from those
implicated in hard palate development. Soft palate clefting leads to muscle misorientation and oropharyngeal deficiency and adversely
affects speech, swallowing, breathing, and hearing. Hence, there is an important need to investigate the regulatory mechanisms of
soft palate development. Significantly, the anatomy, function, and development of soft palatal muscles are similar in humans and mice,
rendering the mouse an excellent model for investigating molecular and cellular mechanisms of soft palate clefts. Cranial neural crest—
derived cells provide important regulatory cues to guide myogenic progenitors to differentiate into muscles in the soft palate. Signals
from the palatal epithelium also play key roles via tissue-tissue interactions mediated by Tgf-f3, Wnt, Fgf, and Hh signaling molecules.
Additionally, mutations in transcription factors, such as DIx5, Tbx/, and Tbx22, have been associated with soft palate clefting in humans
and mice, suggesting that they play important regulatory roles during soft palate development. Finally, we highlight the importance of
distinguishing specific types of soft palate defects in patients and developing relevant animal models for each of these types to improve
our understanding of the regulatory mechanism of soft palate development. This knowledge will provide a foundation for improving
treatment for patients in the future.
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Introduction Soft Palate Function and Anatomy

Cleft palate is one of the most common craniofacial deformi-
ties in humans and affects crucial physiologic functions,
including feeding, swallowing, speech, hearing, middle ear
ventilation, and respiration (Goudy et al. 2006; Cooper-Brown
et al. 2008). The soft palate is a key component of the oropha-
ryngeal complex in mammals, comprising an array of muscles
capable of subtle movements, and performs critical functions
during swallowing, respiration, and speech (Lieberman 2011).
Previous studies identified a large number of signaling path-
ways that regulate hard palate development (Chai and Maxson
2006; Bush and Jiang 2012). Recent studies suggested that the
regulatory mechanism of soft palate development is distinct
from that of the hard palate. Hence, there is an important need
for a better understanding of the molecular and cellular regula-
tory mechanism of soft palate development. Here we review
the current state of knowledge of soft palate morphogenesis,
focusing on tissue-tissue interactions on the molecular level
that guide the formation of a functional soft palate. We high-
light how well-defined animal models with specific soft palate
clefts that mimic similar conditions in humans can help us gain
a better understanding of the regulatory mechanism of soft pal-
ate morphogenesis.

The fleshy soft palate forms approximately the posterior one-
third of the roof of the mouth and connects to the bony hard
palate to provide physical separation between the oral and
nasal cavities (Chai and Maxson 2006). In humans, at the pos-
terior free margin of the soft palate, a conical muscular projec-
tion known as the uvula is found at the midline. Unlike the hard
palate, the soft palate is mobile and serves as a valve to direct
oropharyngeal “traffic” (Keith 1920). The oropharynx is the
middle section of the pharynx at the back of the oral cavity
between the soft palate and epiglottis, continuous above with
the nasopharynx and below with the laryngopharynx (Drake
et al. 2005). It serves as the common channel for swallowing
and respiration. During food chewing, depression of the soft
palate helps close the oropharyngeal isthmus, the gate between
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Figure I. Four stages of deglutition (swallowing). (A) During food chewing, depression of the soft palate (dark blue) helps close the oropharyngeal
isthmus, the gate between the oral cavity and oropharynx. (B) During swallowing, the soft palate is elevated and touches the posterior pharyngeal wall.
At this point, the oropharyngeal isthmus is open. (C) The soft palate stops the breath “traffic” and directs food into the laryngopharynx. (D) Finally,

the food enters into esophagus (modified from Lieberman 201 I).
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activities—breathing and eating, as well as
speech and many more.
Movement of the soft palate is facilitated

- Le _ Ve by its 5 muscles: the tensor veli palatini

0] HPP L@@ o Aponeurosis (TVP), levator veli palatini (LVP), palato-

g PLP MU Tongue glossus (PLG), palatopharyngeus (PLP), and

T PLG musculus uvulae (MU; Fig. 2). Of these,
PLP

only the MU is uniquely described in
humans. Muscles in the soft palate are bilat-
eral, and their fibers interlace at the midline
with their partners. All soft palate muscles
e are innervated by the vagus nerve via the
Lvp _ pharyngeal plexus except for TVP, which is
Aponeurosis innervated by the mandibular branch of the
trigeminal nerve (Drake et al. 2005).

The TVP and LVP originate from the soft
palate and attach to the base of the skull,
whereas the PLG and PLP ascend into the
soft palate from the tongue and pharynx,

Figure 2. Comparison of soft palate anatomy in humans and mice. Schematic drawings
depicting frontal views of the composition and orientation of the soft palate muscles: humans
(A) and mice (B). Schematic drawings depicting side views of the composition and orientation
of the soft palate muscles: humans (C) and mice (D). Note the tensor veli palatini (TVP) with
tendon wrapping around the hamulus of the medial pterygoid palate (HPP). Note also the
musculus uvulae (MU), which is present only in humans and is highlighted in panel A by the box
with the red dashed line. LVP, levator veli palatini; PLG, palatoglossus; PLP, palatopharyngeus;
PP, pterygoid palate. The drawings in panels A to D are based on a human anatomy textbook
and 3-dimensional reconstruction of mouse soft palate muscles (Drake et al. 2005; Grimaldi

etal. 2015).

the oral cavity and oropharynx, which stops the ordinary swal-
lowing traffic to allow airflow for breathing (Fig. 1A). During
swallowing, the soft palate is elevated, and the oropharyngeal
isthmus is opened, which stops the breath traffic and directs
food into the laryngopharynx (Fig. 1B-D; Lieberman 2011).
Therefore, the soft palate is a key player in our most essential

respectively (Drake et al. 2005). These 4
muscles attach to the palatine aponeurosis,
which connects the soft palate to the poste-
rior border of the hard palate. This fan-like
structure is formed by fibrous horizontal
parts of the bilateral TVPs blending along
the midline. In the soft palate, the TVP
extends laterally and is continuous with the
small tendon of the TVP, looping 90° around
the hamulus at the inferior border of the
medial pterygoid plate and superiorly connecting with the ver-
tical, muscular part of the TVP, which attaches to the pterygoid
plate and laterally attaches to the membranous part of the pha-
ryngotympanic tube and the sphenoid bone. The LVP origi-
nates from the cartilage of the pharyngotympanic tube and the
petrous part of the temporal bone, from which it directly
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descends and inserts into the palatine aponeurosis. The PLG
attaches to the inferior surface of the palatine aponeurosis and
inserts into the lateral surface of the tongue. The PLP origi-
nates from the superior surface of the palatine aponeurosis and
descends into the pharyngeal wall (Drake et al. 2005). The
bilateral PLGs and PLPs underlie the palatoglossal arches and
palatopharyngeal arches, respectively. The palatoglossal arches
define the lateral margins of the oropharyngeal isthmus. The
MU originates from the posterior margin of the hard palate and
inserts into the connective tissue of the uvula (Drake et al.
2005; Fig. 2A, C).

The functions of soft palatal muscles are defined by their
individual courses. The LVP is a strong elevator muscle that
aids in closure of the oropharyngeal-nasopharyngeal commu-
nication. Both the PLG and the PLP help close the oropharyn-
geal isthmus during chewing by depressing the soft palate and
moving the palatoglossal and palatopharyngeal arches toward
the midline. They also assist in elevating the back of the tongue
and the pharynx during swallowing. The TVP is responsible
for tensing the soft palate, which helps the other muscles work
more effectively and achieve a proper seal between the posterior
border of the soft palate and the pharyngeal wall (Drake et al.
2005). The TVP also helps open the pharyngotympanic tube
during swallowing and yawning to achieve air pressure balance
between the middle ear cavity and external ear canal (Drake
et al. 2005). Together, these muscles work to accomplish criti-
cal physiologic functions of the oropharyngeal complex.

The mouse soft palate has similar tissue components to
those of humans; therefore, it is an ideal model for investiga-
tion of the molecular and cellular regulatory mechanisms of
soft palate morphogenesis. Specifically, the mouse soft palate
includes the TVP, LVP, PLG, and PLP muscles. Except for the
MU, which is absent in mice, the anatomic features and orien-
tation of soft palate muscles in mice are homologous to those
of humans (Fig. 2B, D). Thus, considering these features and
its amenability to genetic engineering, the mouse provides an
excellent model for investigating soft palate development and
defects (Grimaldi et al. 2015).

Soft Palate Development

Soft palate development occurs in the broader context of pala-
togenesis, which includes formation of the primary and sec-
ondary palate. The primary palate is a small portion of the adult
hard palate (anterior to the incisive foramen) and is formed
through posterior expansion of the frontonasal prominence.
The secondary palate constitutes the majority of the hard palate
(between the incisive foramen and posterior border of the pala-
tine bone) and the soft palate (posterior to the posterior border
of the palatine bone) and is formed through fusion of paired
palatal shelves that derive from medial outgrowths of the max-
illary prominence. Disruptions to secondary palate development
can result in clefting of the hard and soft palate (Yu et al. 2017).

In humans, primordia of the secondary palate initiate early
in the sixth week of embryonic development as bilateral out-
growths from the internal aspects of the maxillary prominences

to form palatal shelves. Subsequently, the palatal shelves grow
inferomedially on either side of the tongue. During the seventh
and eighth weeks, the palatal shelves reorient and elevate to
their horizontal positions above the dorsum of the tongue as the
jaw grows and tongue descends. The palatal shelves complete
fusion with the degradation of the medial edge epithelial seam
in an anterior-posterior (A-P) direction by the 12th week
(Moore and Persaud 2008; Danescu et al. 2015). Soft palate
muscles emerge sequentially during the sixth to ninth weeks,
with the TVP appearing first and MU last. By the 16th or 17th
week, development of the soft palate muscles is complete
(Cohen et al. 1993). Despite the aforementioned A-P direction-
ality, fusion of the soft palate is independent from that of the
hard palate. In rare cases in humans and mice, the soft palate
remains intact despite a cleft of the hard palate (Yu et al. 2005).
A recent study demonstrated that there is a difference between
the maturation processes in the hard and soft palate, which may
correlate with differential gene expression patterns during
human palate development. The soft palate fusion process
appears to be conserved across mammals (Danescu et al. 2015).

Compared with human palatogenesis, which spans approxi-
mately 11 weeks, mouse palatogenesis is normally completed
in about 8 days. Secondary palate development begins with
formation of paired palatal shelves on embryonic day 11.5
(E11.5), followed by their vertical growth flanking the tongue
from E12.5 to E13.5 and elevation to horizontal between E14
and E14.5. Fusion of the palatal shelves starts at E14.5 in an
A-P sequence, with hard palate fusion completed by E16.5
(Chai and Maxson 2006; Xu et al. 2006; Iwata et al. 2011).
Based on our histologic analysis, only the TVP and LVP
regions of the soft palate fuse by E16.5, whereas other soft
palatal muscles continue developing until the newborn stage
(Grimaldi et al. 2015). Similar to humans, TVP development
initiates the earliest, followed by PLG, LVP, and PLP (Grimaldi
et al. 2015). Thus, mouse palatogenesis is directly comparable
to human palatogenesis, though highly accelerated, making the
mouse an excellent model for investigating the regulatory
mechanism of palatogenesis.

Although the hard and soft palates share some common fea-
tures and physiologic functions, soft palate development has
several unique characteristics. Specifically, cranial neural crest
(CNC)—derived mesenchymal cells in the soft palate direct the
migration of mesoderm-derived myogenic progenitors into the
soft palate in a lateral-to-medial direction following palatal
fusion and regulate myogenesis in the soft palate through tissue-
tissue interactions (Grimaldi et al. 2015; Fig. 3A-R). For
example, CNC-derived mesenchymal cells populate the pri-
mordia of palatal shelves in the LVP region very early, while
myogenic progenitors are undetectable in the soft palate until
E13.5 in the mouse (Fig. 3G-H). As development proceeds,
proliferation of CNC-derived mesenchymal cells promotes
outgrowth and extension of the palatal shelves toward the mid-
line. In parallel, myogenic progenitors grow medially follow-
ing the guidance of CNC-derived mesenchymal cells from
E13.5to E15.5 (Fig. 3G-L; Grimaldi et al. 2015). Additionally,
A-P axis heterogeneity plays different roles in the hard and soft
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Figure 3. Myogenesis of the TVP (tensor veli palatini), LVP (levator veli palatini), PLG (palatoglossus), and PLP (palatopharyngeus) during mouse soft
palate development from embryonic day 13.5 (E13.5) to EI5.5. (A, C, E, G, I, K, M, O, Q) RNAscope data show the expression of Myod! during
the development of different muscles in the soft palate at EI3.5, EI4.5, and EI5.5. Each muscle primordium is outlined by a dotted line of a color
corresponding to the same muscle in the schematic drawings shown below each RNAscope image. (B, D, F, H, }, L, N, P, R) Schematic drawings are
based on the expression profile of Myod! (+) myogenic cells in the primordium of each muscle in the soft palate. P, palate; PS, palatal shelf; T, tongue.
The lateral views of the mouse head at the top of the figure show the locations of the sections (Grimaldi et al. 2015).
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Figure 4. Comparison of soft palate malformations in humans and mice depicting normal palate (A, E), cleft soft palate (B, F; arrows), and
submucous cleft palate (C, G; arrowheads) in humans and mice, respectively. (D) Bifid uvula in human is indicated by arrow with dotted line (Xu et al.

2006; Allori et al. 2017).

palate mesenchyme. In the hard palate mesenchyme, several
genes show differential expression and regulation along the
A-P axis, as evidenced by induction of Msx/ and cell prolifera-
tion mediated by Bmp4 exclusively in the anterior region; con-
versely, Fgf8 specifically induces Pax9 only in the posterior
region (Hilliard et al. 2005). In contrast, differential A-P gene
expression in the soft palate mesenchyme controls muscle
development through tissue-tissue interaction. For example,
DIx5 is expressed in the CNC-derived mesenchyme of the
LVP, PLP, and PLG regions. Loss of DIx5 in the CNC-derived
mesenchyme results in defects of the LVP, PLP, and PLG
(Lieberman 2011; Sugii et al. 2017).

Soft Palate Defects in Patients and
Potential Improvement in Treatment
Outcome for Patients

The prevalence of isolated cleft palate is about 6.35 per 10,000
live births, and the prevalence of cleft lip with or without cleft
palate is about 10.63 per 10,000 live births (Parker et al. 2010).
Approximately 30% of cleft lip and/or palate (CL/P) cases
occur with mendelian syndromes, whereas the other 70% are
nonsyndromic (Dixon et al. 2011). Genetic or environmental
factors or their combination can cause CL/P. Soft palate mal-
formations may appear alone or with cleft hard palate. Thus, it
is crucial to investigate the molecular and cellular regulatory
mechanisms of soft palate defects in the broader context of
CL/P. The Veau classification of cleft palate includes

the following: 1) class I, incomplete cleft palate involving soft
palate only; 2) class II, complete cleft of the secondary palate;
3) class 111, a complete unilateral cleft including lip and palate;
and 4) class IV, complete bilateral cleft (Allori et al. 2017).
Within class I, soft palate clefts can be further classified as 1)
clefts of the soft palate, 2) submucous cleft palate, or 3) bifid
uvula (Fig. 4).

In different forms of soft palate malformation, muscles are
disrupted to different extents. Several properties of the relevant
muscles must be considered to achieve effective repair. Each
soft palate muscle normally has only 1 skeletal insertion,
whereas in patients with cleft soft palate or submucous cleft
palate, the muscles may have anomalous attachment with 2
skeletal insertions into the posterior border of the hard palate.
For example, the LVP may fail to form a transverse muscular
sling, limiting the muscles to isometric contractions and pre-
venting normal soft palatal function (Monroy et al. 2012; Von
den Hoff et al. 2018). Moreover, the muscles’ fiber content is
abnormal in patients with cleft soft palate. In typically devel-
oped individuals, slow- and fast-twitch fibers are present in
similar numbers; in individuals with clefts, fast-twitch fibers
predominate (Lindman et al. 2001; Hanes et al. 2007). Fast-
twitch fibers tire more easily and have a higher activation
threshold, whereas slow-twitch fibers are slow to fatigue, with
a low activation threshold. As a result, soft palate muscles in
cleft patients may fatigue during speech, contributing to velo-
pharyngeal dysfunction (Tachimura et al. 2004; Hanes et al.
2007). Furthermore, fast-twitch fibers are more prone to being
damaged during contraction (Macpherson et al. 1997; Rader et al.
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Figure 5. Schematic drawing depicting the mechanism of tissue-tissue
interactions between ectoderm-derived palatal epithelial cells, cranial
neural crest (CNC)—derived palatal mesenchymal cells, and mesoderm-
derived myogenic cells during soft palate development. Signals from the
palatal epithelium, such as Tgf-B, regulate Whnt signaling in the CNC-
derived palatal mesenchyme, which in turn controls myogenesis (lwata
et al. 2014). Other epithelial signals, such as Bmp, Shh, and Tbx|, are
also highlighted here. Transcription factors, such as DIx5, in CNC-
derived cells regulate specific downstream target genes, such as Fgfl0,
to control myogenesis (Sugii et al. 2017). Transcription factors Mn| and
Tbx22 have been shown to play specific roles in regulating posterior
palate development (Liu et al. 2008).

2008). Finally, muscles in patients with clefts have reduced
blood supply and atrophy due to disorganization at the margin
of'the cleft and reduced function (Cohen et al. 1994). Currently,
surgical intervention is the most common treatment for patients
with soft palate malformation. The surgeon dissects the abnor-
mal attachments of the muscles and reconstructs them to seal
the cleft in an attempt to restore normal function. However,
due to the difficulty of reconstructing the abnormal muscula-
ture, 10% to 30% of patients still suffer postoperatively from
malfunctions of the soft palate, such as articulation disorders
(Marrinan et al. 1998; Von den Hoff et al. 2018). The reduced
number and function of satellite cells (the primary muscle stem
cells) in cleft soft palate muscles pose a challenge for muscle
regeneration (Mozdziak et al. 2001; Von den Hoff et al. 2018).
Surgical procedures also often induce fibrosis, which hampers
functional muscle regeneration (Von den Hoff et al. 2018).
Clearly, development of new regenerative strategies is nec-
essary to fully restore physiologic functions of the soft palate,
increase muscle mass, and prevent fibrosis and fistulae. To
regenerate muscle, the significance of tissue-tissue interactions
during soft palate development suggests that it will be critical
to construct a CNC-like niche to support muscle repair/regen-
eration. Biological or synthetic scaffolds with directional pores
can encourage myofibers to grow in correct alignment.
Extrinsic growth factors like those provided by surrounding
CNC cells (CNCCs) can promote myogenic precursors to

migrate, proliferate, and differentiate properly along the prede-
signed instructive path within the scaffold (Iwata et al. 2014;
Sugii et al. 2017; Von den Hoff et al. 2018). Currently, a few
biological and synthetic scaffolds are available for muscle
regeneration. There is a need for biomedically engineered scaf-
folds, which can be synthesized by 3-dimensional bioprinting/
curing or electrospinning (Jana et al. 2013; Takeda et al. 2016;
Costantini et al. 2017). To prevent muscle fibrosis after sur-
gery, options could be adopted from discoveries concerning
fibrosis in other organs, including the lung, kidney, and liver.
These options include delivering small molecules, decorin, and
microRNAs to prevent fibroblast formation (Yan et al. 2009;
Nanthakumar et al. 2015; Lesizza et al. 2017). Several small
molecules are available for clinical use, and other promising
tools are at preclinical or clinical trial stages. MicroRNAs are
a promising therapeutic tool used in cancer treatment (Catela
et al. 2017). Recent studies have also suggested microRNAs
for treating cleft palate patients (Schoen et al. 2018).

Molecular and Cellular Regulatory
Mechanisms of Soft Palate Development

Major signaling pathways, such as Shh, Fgf, Tgf-B, and Wnt,
are involved in regulating growth of the palatal shelves through
epithelial-mesenchymal interaction. Specifically, our previous
studies demonstrated that specific loss of Tgf-f3 signaling in the
palatal epithelium results in cleft soft palate with reduced pro-
liferation of palatal mesenchymal cells (Iwata et al. 2014).
Failure of soft palate development in this case is partly caused
by disrupted Wnt signaling in the mesenchyme because activa-
tion of Wnt signaling can partially rescue the proliferative
defect in Tgfbr2 mutant palatal mesenchyme (Iwata et al.
2014). Our findings suggest that Tgf-f3 signaling in palatal epi-
thelial cells is specifically required for proper activation of
Wnat signaling in the soft palate mesenchyme through tissue-
tissue interactions (Fig. 5; Iwata et al. 2014). Other members of
the Tgf-f family have also been shown to control soft palate
development. Constitutive activation of Bmp signaling via
Acvrl leads to submucous cleft palate, highlighting the impor-
tance of balanced Bmp/Tgf-p signaling in regulating soft pal-
ate development. In the Acvr/ mutant model, there is altered
cell proliferation and impaired cell death in the medial edge
epithelium, which might interfere with muscle development in
the soft palate (Noda et al. 2016). Epithelium-derived Wnt and
Shh signaling and transcription factor Tbx1 also play impor-
tant roles in regulating soft palate morphogenesis via epithe-
lial-mesenchymal interactions. Specifically, downregulation of
Shh signaling is required in the medial edge epithelial cells
during palatal fusion, whereas constitutive activation of
Hedgehog signaling leads to a dysfunctional p63/Irf6 regula-
tory loop and soft palate cleft (He et al. 2011; Funato et al.
2012; Li et al. 2018).

Normal myogenesis is a prerequisite for movement of the
soft palate in support of its crucial physiologic functions.
Previous studies demonstrated that initiation of myogenesis in
vertebrate heads is independent of CNCCs, but migration,
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patterning, and differentiation of head muscle precursors are
regulated by CNCCs (Rinon et al. 2007). CNCCs first migrate
into the primordia of the palate, tongue, mandible, and eye,
among other structures in the head, then form a scaffold to
guide migration and positioning of myogenic progenitors; ulti-
mately, they promote proliferation and differentiation of cra-
nial muscle precursors through cell-cell interactions (Rinon et
al. 2007; Hosokawa et al. 2010; Bohnsack et al. 2011; Parada
et al. 2012; Han et al. 2014; Tzahor 2015). Differentiated myo-
genic cells fuse to form myofibers, which are attached to skel-
etal elements through CNC-derived tendons in a precisely
coordinated manner (Chai and Maxson 2006; Han et al. 2012;
Tzahor 2015). Ablation of CNCCs leads to abnormalities in
differentiation and myofiber organization in the head muscles
(Rinon et al. 2007). The tight linkage between CNCCs and cra-
nial muscle precursors indicates crosstalk between the 2 popu-
lations via cell-cell interactions.

In the soft palate region, we showed that CNCCs populate
the palatal mesenchyme prior to myogenic progenitors migrating
into the soft palate (Grimaldi et al. 2015). These myogenic pro-
genitors derive from the pharyngeal mesoderm (Michailovici
et al. 2015). Later on, the CNC-derived aponeurosis forms at
the level of the TVP (Oka et al. 2012). The tendons and con-
nective tissue surrounding the muscle fibers are derived from
CNCCs in the soft palate (Grimaldi et al. 2015). Functional
studies showed that, for example, DIx5-positive cells represent
a subset of CNCCs that are adjacent to muscle progenitors in
the PLG, LVP, and PLP regions. Loss of DIx5 leads to a trun-
cated soft palate with missing PLG, LVP, and PLP, due at least
in part to decreased secretion of Fgfl0 from surrounding
CNCCs. Significantly, activation of Fgf10 signaling leads to a
rescue of CNCC proliferation and myogenic cell differentia-
tion in DIx5”" samples, suggesting that a DIx5-Fgf10 signaling
cascade plays a crucial role in regulating CNC and myogenic
cell-cell interaction to control muscle development in the soft
palate (Sugii et al. 2017). Other studies showed that transcrip-
tion factors Min1 and Tbx22 play crucial roles in regulating soft
palate development. Specifically, Mnl and Tbx22 are
expressed in the CNC-derived posterior palatal mesenchyme.
Mnl1 is required for posterior palatal shelf outgrowth, and loss
of Mn1 leads to cleft palate (Liu et al. 2008). Significantly, loss
of Mn1 results in downregulation of 7hx22 in the palatal mes-
enchyme. Loss of Thx22 results in submucous cleft palate and
ankyloglossia in mice, which are similar to the phenotypes of
patients with 7TBX22 mutation (Pauws et al. 2009). Interestingly,
the submucous cleft palate in 7hx22 mutant mice is likely due
to a defect in the posterior palatine bone, suggesting that
defects in hard palate bone formation can have a significant
impact on soft palate muscle development. This is likely due to
the fact that the CNC-derived aponeurosis, which connects the
muscles in the soft palate to the posterior hard palate, may be
compromised in 7bx22 mutant mice. CNC-derived cells not
only regulate soft palate muscle development (Fig. 5) but also
serve as an interface to connect these muscles to the posterior
hard palate for them to perform their physiologic functions.

The regulatory mechanism of cell-cell interactions between
CNC-derived cells and myogenic cells is well conserved among

other craniofacial muscles. TGF-f3 family members have critical
functions in this regard. For instance, deletion of A/k5 in CNC-
derived mesenchyme affects the formation of multiple craniofa-
cial muscles, with dramatically reduced total mass in the tongue,
eye, and masticatory muscles (Han et al. 2014). Bmp4 and Fgf
ligands (Fgf4 and Fgf6), which are targets of Alk5-mediated
TGEF-p signaling in CNCCs, regulate proliferation and differen-
tiation of myogenic progenitors, respectively (Han et al. 2014).
Loss of Tgfbr2 in CNCCs results in microglossia with disorga-
nized, scant muscle cells (Hosokawa et al. 2010). Microglossia
in Tgfbr2 mutant mice results from a significant decrease in
myogenic cell proliferation, which in turn is due to downregula-
tion of Fgf10 expression. The reduced number of tongue muscle
cells in 7Tgfbr2 mice can be rescued by adding Fgf10, which is
expressed only by CNCCs; this suggests a non—cell autonomous
mechanism (Hosokawa et al. 2010). Additionally, Bmp signal-
ing represses skeletal muscle differentiation in the head.
Myogenic differentiation of cranial paraxial mesoderm initiates
upon secretion of Bmp inhibitors, including Noggin and Gremlin
from CNCCs (Tzahor et al. 2003). Independent of their role in
jaw identity determination, DIx5/6 plays an important role in
regulating masticatory and facial muscle development by
repressing Bmp7 and Wnt5a expression, highlighting their role
in mediating cell-cell interaction (Heude et al. 2010).
Collectively, these findings underscore that better understanding
the regulatory mechanism mediated by CNC-derived and myo-
genic cell-cell interaction will have broad implications for our
understanding of craniofacial morphogenesis.

Mouse models have been widely used to investigate the eti-
ology of CL/P (Chai and Maxson 2006; Bush and Jiang 2012),
leading to better understanding of molecular and cellular
mechanisms and providing valuable knowledge to improve
genetic screening for diagnostics and evaluation of recurrence
risks (Dixon et al. 2011). However, soft palate malformation—
related mouse models are currently limited in number.
Genome-wide association studies have shown that mutations
to genes in the TGF-B pathway, including TGFp2, TGFp3,
SMAD3, TGFfRI, and TGFfR2, cause syndromic cleft palate
and bifid uvula as part of the autosomal dominant Loeys-Dietz
syndrome (Loeys et al. 2005). Significantly, Tgfbri and Tgfbr2
mutant mice also exhibit cleft palate, suggesting that Tgf-f sig-
naling pathway is crucial in regulating palatogenesis (Han
et al. 2014; Iwata et al. 2014). Recent studies on patients with
nonsyndromic orofacial clefts have revealed that differential
DNA methylation, epigenetic regulator mutations, and low-
frequency genetic variants in noncoding regions may contrib-
ute to cleft palate (Alvizi et al. 2017; Shaffer et al. 2019). It is
crucial to develop relevant animal models to test how epigen-
etic factors may control palate development. Furthermore, it
will be crucial to integrate the impact of environmental factors
into our model of palatogenesis in our effort to gain a better
understanding of the etiology of soft palate defects. Finally, a
better connection between animal models with specific types
of soft palate defects and patients who have similar genotypes/
phenotypes will advance our understanding of the regulatory
mechanisms of soft palate development and provide a founda-
tion for improving treatment for these patients in the future.
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