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Introduction
In humans and other mammals, the palate acts as a mechanical 
barrier separating the mouth from the nasal cavity, enabling 
simultaneous breathing and food intake. Structurally, the palate 
consists of bony hard palate anteriorly and muscular soft palate 
posteriorly, with the soft palate also functioning as a valve that 
closes off the nasal airway for swallowing and directs airflow 
for sound variation during speech. According to embryological 
origins, the palate is divided into primary and secondary pal-
ates; the primary palate contains the philtrum and the upper 
incisor region of the upper jaw anterior to the incisive foramen, 
and the secondary palate includes the rest of the hard and soft 
palate (Bush and Jiang 2012). The primary palate arises from 
the embryonic frontonasal prominence situated at the rostral 
boundary of the primitive mouth, whereas the secondary palate 
forms from outgrowths from the oral side of the paired maxil-
lary prominences flanking the primitive mouth. The palatal out-
growths expand vertically to become palatal shelves flanking 
the tongue that forms from the oral side of the mandible. 
Subsequently, palatal shelves elevate to the horizontal position 
above the dorsum of the tongue, and they grow toward and fuse 
with each other at the midline (Fig. 1). The palatal shelves also 
fuse anteriorly with the primary palate and nasal septum to form 
the intact roof of the oral cavity. Genetic or environmental fac-
tors that directly interfere with the growth, elevation, or fusion 
of the palatal shelves and those that disrupt the growth or mor-
phogenesis of the surrounding craniofacial structures, such as 

the mandible and tongue, often cause cleft palate, one of the 
most common structural birth defects in humans (Bush and 
Jiang 2012). Extensive human genetic studies have identified 
many gene mutations associated with cleft palate phenotypes 
(reviewed by Dixon et al. 2011). In addition, analyses of labora-
tory mice carrying spontaneous or induced mutations, as well as 
targeted null alleles or tissue-specific gene inactivation, have 
implicated more than 250 genes in cleft palate pathogenesis 
(Bush and Jiang 2012; Lane and Kaartinen 2014; an updated list 
of genotypes associated with cleft palate phenotypes in mice 
can be found by querying the Mammalian Phenotype Browser 
at www.informatics.jax.org/searches/MP_form.shtml). These 
studies have revealed involvement of extensive gene regulatory 
networks consisting of multiple signaling pathways and tran-
scription factors in the control of palatal shelf growth, pattern-
ing, and fusion (recently reviewed by Bush and Jiang 2012; 
Lane and Kaartinen 2014; Lan et al. 2015). Here we discuss 
recent progress in palate development studies, focusing on 
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Abstract
Development of the mammalian secondary palate involves highly dynamic morphogenetic processes, including outgrowth of palatal 
shelves from the oral side of the embryonic maxillary prominences, elevation of the initially vertically oriented palatal shelves to the 
horizontal position above the embryonic tongue, and subsequently adhesion and fusion of the paired palatal shelves at the midline to 
separate the oral cavity from the nasal cavity. Perturbation of any of these processes could cause cleft palate, a common birth defect 
that significantly affects patients’ quality of life even after surgical treatment. In addition to identifying a large number of genes required 
for palate development, recent studies have begun to unravel the extensive cross-regulation of multiple signaling pathways, including 
Sonic hedgehog, bone morphogenetic protein, fibroblast growth factor, transforming growth factor β, and Wnt signaling, and multiple 
transcription factors during palatal shelf growth and patterning. Multiple studies also provide new insights into the gene regulatory 
networks and/or dynamic cellular processes underlying palatal shelf elevation, adhesion, and fusion. Here we summarize major recent 
advances and integrate the genes and molecular pathways with the cellular and morphogenetic processes of palatal shelf growth, 
patterning, elevation, adhesion, and fusion.
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integrating the genes and molecular pathways with cellular and 
morphogenetic mechanisms of palatogenesis.

Molecular Regulation of Palatal Shelf 
Growth and Patterning
Palatal shelves are composed of mesenchyme derived mainly 
from cranial neural crest cells covered by a layer of oral epithe-
lium (Bush and Jiang 2012). A series of genetic and explant 
culture studies revealed that Sonic hedgehog (Shh), a secreted 
protein expressed by the early embryonic oral epithelium, is a 
key signal for palatal shelf outgrowth (Jeong et al. 2004; Lan 
and Jiang 2009). Shh signals to palatal mesenchyme through 
the Smoothened transmembrane protein and regulates expres-
sion of fibroblast growth factor 10 (Fgf10) through a positive 
feedback loop to coordinate palatal epithelial and mesenchy-
mal proliferation (Rice et al. 2004; Lan and Jiang 2009). Shh 
signaling is required for activation or maintenance of expres-
sion of several transcription factors, including Foxf1, Foxf2, 
and Osr2, in the palatal mesenchyme (Lan and Jiang 2009). 
Osr2 is an intrinsic regulator of palatal mesenchyme cell pro-
liferation, and its expression in palatal mesenchyme is also 
dependent on function of the Pax9 transcription factor (Lan  
et al. 2004; Zhou et al. 2013). Both Osr2–/– and Pax9–/– embryos 
exhibit cleft palate and significant reduction in Fgf10 expres-
sion in the developing palatal mesenchyme (Lan et al. 2004; 
Zhou et al. 2013), indicating that these transcription factors act 
in a gene regulatory network with Shh and Fgf10 signaling 
pathways (Fig. 2A).

Whereas Fgf10 function is required for maintenance of Shh 
expression in the palatal epithelium (Rice et al. 2004), a closely 
related fibroblast growth factor (FGF) family member, Fgf7, 
inhibits Shh expression in palatal epithelium (Han et al. 2009). 
Dlx5-regulated expression of Fgf7 in the medial side of the 
palatal mesenchyme restricts Shh expression to the lateral pala-
tal epithelium during palatal shelf outgrowth (Han et al. 2009). 
Remarkably, recent genetic and explant culture studies revealed a 
novel Shh-Foxf1/2-Fgf18-Shh molecular circuit critical for pala-
tal shelf outgrowth (Xu et al. 2016). Foxf2–/– mouse embryos 
exhibit impairment in palatal shelf growth accompanied by 

Figure 2.  Molecular regulation of palatal shelf growth and patterning. 
(A) Sonic hedgehog (Shh) is a central node in the signaling networks 
regulating palatal shelf growth and patterning throughout the anterior-
posterior axis. (B, C) Molecular pathways specific for regulating growth 
in the anterior and posterior regions of the palatal shelf, respectively. 
Arrows represent inductive relationships, and blunt arrows indicate 
inhibition. epi, epithelium; mes, mesenchyme.

Figure 1.  Stages of mouse palate development. (A–C) Representative hematoxylin and eosin (HE)–stained coronal sections through the middle of the 
anterior-posterior axis of the developing palatal shelves at E13.5 (A), E14.0 (B), and E14.5 (C). p, palatal shelf; t, tongue. Dashed box in C marks the 
region shown in higher magnification in D. (D, E) Higher magnification views of HE-stained coronal sections through the middle of the palatal shelves 
undergoing fusion at E14.5 (D) and E15.5 (E). Arrows in D point to the epithelial triangles formed from displacement of epithelial cells in the oronasal 
axis during formation of the midline epithelial seam (MES). Arrowhead in D points to the single cell layer MES at the midline. Arrows in E point to 
epithelial islands during MES dissolution. Scale bars: 100 µm.
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ectopic activation of Fgf18 expression in specific subdomains 
of the palatal mesenchyme and loss of Shh expression in cor-
responding domains of palatal epithelium (Xu et al. 2016). 
Moreover, mouse embryos with neural crest–specific inactiva-
tion of both Foxf1 and Foxf2 exhibit only rudimentary palatal 
outgrowths accompanied by ectopic Fgf18 expression through-
out palatal mesenchyme (Xu et al. 2016). Explant culture 
assays show that exogenous Fgf18 protein inhibits Shh expres-
sion in the palatal epithelium (Xu et al. 2016). Thus, Shh sig-
naling orchestrates several subnetworks involving distinct 
FGF ligands and multiple transcription factors in the regulation 
of palatal shelf growth and patterning (Fig. 2A). In addition, 
Shh signaling in the palatal mesenchyme is indirectly modu-
lated by transforming growth factor β (TGFβ) signaling 
through regulation of lipid metabolism (Iwata et al. 2014).

The developing palatal shelves exhibit both morphological 
and molecular heterogeneity along the anterior-posterior (A/P) 
axis, and several pathways operate specifically in the anterior 
and posterior compartments, respectively (reviewed by Bush 
and Jiang 2012; Lan et al. 2015; Fig. 2B, C). The transcription 
factors Meox2 and Tbx22 are restricted to and play important 
roles in the development of the posterior palate (Li and Ding 
2007; Pauws et al. 2009). The transcription factors Msx1 and 
Shox2 are restricted to anterior palatal mesenchyme, and each 
plays a critical role in anterior palatal mesenchyme prolifera-
tion (Zhang et al. 2002; Yu et al. 2005). Msx1 function is 
required for maintenance of Shh expression in the anterior 
palatal epithelium through maintaining Bmp4 expression in the 
anterior palatal mesenchyme (Zhang et al. 2002). A recent 
study showed that canonical Wnt signaling in developing pala-
tal mesenchyme, detected by using the BATGAL transgenic 
reporter, is restricted to the anterior-most region and dependent 
on Gpr177-mediated Wnt secretion by the neural crest–derived 
mesenchyme (Liu et al. 2015). In addition, Wnt5a is preferen-
tially expressed in the anterior palatal mesenchyme and regu-
lates palatal mesenchyme migration and palatal shelf elongation 
(He et al. 2008). A transposable element-derived enhancer has 
been shown to confer Msx1-mediated activation of Wnt5a 

expression in the anterior palatal mesen-
chyme (Nishihara et al. 2016). On the 
other hand, neural crest–specific inactiva-
tion of Ldb1, encoding a cofactor for LIM 
domain-containing transcription factors, 
causes ectopic expression of Wnt5a in the 
posterior palatal mesenchyme (Almaidhan 
et al. 2014), suggesting that some LIM 
domain-containing transcription factors 
are important for palatal shelf growth and 
A/P patterning. Cesario et al. (2015) 
showed that Lhx6 and Lhx8 function 
partly redundantly to regulate maxillary 
arch and palatal mesenchyme prolifera-
tion through repression of expression of 
the cell cycle inhibitor gene Cdkn1c (also 
known as p57Kip2) and of genes encoding 
several FOX family transcription factors, 

including Foxc1, Foxd1, Foxd2, Foxp1, and Foxp2. Given the 
recent discovery of the Shh-Foxf1/2-Fgf18-Shh molecular cir-
cuit in early palate development (Xu et al. 2016), it remains to 
be determined whether Lhx6/8 also modulates the Shh and 
FGF signaling network during palatal shelf growth.

Palatal Shelf Elevation/Reorientation
In a specific time window during palate development, palatal 
shelves change rapidly from vertical orientation to the horizon-
tal position above the developing tongue (Fig. 1A, B). 
Extensive histomorphological analyses in animal models indi-
cate that the mechanism of palatal shelf elevation is heteroge-
neous along the A/P axis, whereby the anterior region simply 
flips up, whereas the middle and posterior regions reorient 
through protruding horizontally from the medial wall and con-
comitantly regressing from the ventral wall (Jin et al. 2010; Yu 
and Ornitz 2011). Recent analyses of expression patterns of 
several molecular markers associated with distinct regions of 
palatal shelf epithelium and mesenchyme, respectively, sup-
port this region-specific remodeling model (Chiquet et al. 
2016; Fig. 3). Specifically, comparison of gene expression pat-
terns in the middle and posterior regions of the palatal shelves 
before and after elevation suggests that the entire lingual por-
tion of the vertical shelves moves close to the midline, whereas 
the mesenchyme at the distal tip of the vertical shelves ends up 
ventrolaterally (Jin et al. 2010; Chiquet et al. 2016). Moreover, 
analyses of cell nucleus–Golgi orientations in serial sections of 
developing mouse palatal shelves spanning palatal shelf 
growth and elevation stages showed that mesenchyme cells in 
the posterior palatal shelf switch their direction by almost 
180°, whereas mesenchyme cells in the anterior region switch 
direction by about 90° at the onset of palatal shelf elevation 
(Brock et al. 2016). Data from combined analyses of distribu-
tion of intracellular actin fibers, extracellular matrix (ECM) 
meshwork, and cellular nuclear elongation suggest that tensile 
stress builds up in the palatal mesenchyme and actin fibers 
align toward the upper medial wall in the middle and posterior 

Figure 3.  Schematic representation of patterns of expression of several extracellular matrix 
molecules in the mid-posterior region of the palatal shelves before and after palatal shelf 
elevation. (A, B) The lateral and medial sides of the vertically oriented palatal shelf before 
elevation (A) correspond to the oral and nasal sides of the horizontally oriented palatal shelf (B) 
after elevation. Arrows in A indicate alignment of F-actin fibers toward the medial wall prior to 
shelf elevation. No actin fiber is depicted in B because the palatal mesenchyme cells in already 
elevated palatal shelves have less organized actin network (Chiquet et al. 2016).
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regions of the palatal shelves prior to elevation (Chiquet et al. 
2016; Fig. 3). These data validate the decades-old hypothesis 
that palatal shelf elevation is driven by an “internal force” 
(reviewed by Ferguson 1988).

Several hypotheses have been put forward to explain the 
mechanism generating the forces for palatal shelf elevation. 
One prevailing hypothesis is that hyaluronic acid (HA), an 
extracellular glycosaminoglycan that is capable of binding a 
large amount of water, accumulates at higher levels in specific 
regions of the palatal mesenchyme and generates osmotic pres-
sure to drive medial-ward remodeling movement of the palatal 
shelf (Brinkley and Morris-Wiman 1987; reviewed by Ferguson 
1988). Direct detection of HA using biotin-labeled HA-binding 
peptides has confirmed differential distribution of HA in the 
developing palatal mesenchyme (Lan et al. 2016). Moreover, 
mouse embryos deficient in the Golgi-associated protein 
Golgb1 exhibit failure of palatal shelf elevation accompanied 
by a significant reduction in accumulation of HA in palatal mes-
enchyme (Lan et al. 2016). However, whether HA or other gly-
cosaminoglycans are involved in generating the force for palatal 
shelf elevation remains to be proven. On the other hand, a recent 
study showed that F-actin stress fibers align with nuclear orien-
tation of palatal mesenchyme cells between the distal tip and 
the newly forming medial wall protrusion in the middle and 
posterior regions of the elevating shelf, which led to the hypoth-
esis that palatal shelf reorientation in the middle and posterior 
regions is driven by actin-based cell contraction, whereas dif-
ferences in ECM composition and stiffness within the palatal 
shelf contribute to reshaping of the tissues (Chiquet et al. 2016). 
Further studies are needed to elucidate whether and how actin-
based cell contraction is involved in generating the forces for 
palatal shelf elevation/reorientation.

In addition to HA, several other ECM components are dif-
ferentially expressed in developing palatal tissues. Tenascin-C 
is preferentially expressed in the medial half of middle and 
posterior regions but throughout the anterior part of palatal 
mesenchyme prior to shelf elevation, whereas tenascin-W 
expression is restricted to the nasomedial region of the palatal 
mesenchyme (Chiquet et al. 2016). Foxf2–/– mutant mice 
exhibit failure of palatal shelf elevation accompanied by sig-
nificantly reduced expression of several ECM components, 
including tenascin-C and fibronectin, and reduced expression 
of an ECM receptor integrin-β1 (Nik et al. 2016).

Several transcription factors, including Osr2 and Pax9, are 
differentially expressed along the medial-lateral axis of palatal 
mesenchyme prior to palatal shelf elevation (Lan et al. 2004; 
Zhou et al. 2013). Both Osr2–/– and Pax9–/– embryos exhibit 
defects in palatal shelf elevation in addition to impaired palatal 
mesenchyme proliferation (Lan et al. 2004; Zhou et al. 2013). 
Ldb1–/– embryos exhibit reduction in expression of both Osr2 
and Pax9 in the palatal mesenchyme and failure of palatal shelf 
elevation (Almaidhan et al. 2014). These data indicate that 
molecular control of palatal shelf elevation is intimately linked 
to the regulation of palatal shelf growth and patterning.

Palatal shelf elevation defects have been consistently observed 
in mouse embryos deficient in one of several components of the 

Wnt–planar cell polarity (PCP) pathway (He et al. 2008; Yu  
et al. 2010; Yang et al. 2014). Both Wnt5a and its receptor, 
Ror2, are required for anterior-ward directional migration of 
palatal mesenchyme cells during palatal shelf growth (He et al. 
2008). Wnt5a–/– and Ror2–/– mice exhibit failure of palatal shelf 
elevation (He et al. 2008). Ror2 forms coreceptor complexes 
with specific frizzled proteins such as Fzd2. About 50% of 
Fzd2–/– mice and all Fzd1–/–Fzd2–/– mutant mice exhibit cleft 
palate (Yu et al. 2010). More recently, Yang et al. (2014) 
showed that mice deficient in Pricke1, another component of 
the PCP pathway, exhibit cleft palate and defect in palatal shelf 
elevation. Neural crest–specific inactivation of Gpr177, which 
impairs Wnt secretion in the palatal mesenchyme, also dis-
rupted palatal shelf elevation (Liu et al. 2015).

Intracellular signaling of the PCP pathway is mediated by 
small GTPases Rac1, RhoA, and Cdc42 (reviewed by Sedgwick 
and D’Souza-Schorey 2016). A recent study showed that Rac1 
protein levels are regionally differentially regulated in palatal 
mesenchyme prior to palatal shelf elevation and that overex-
pression of Rac1 in embryonic maxillary explant cultures dis-
rupted palatal shelf elevation (Tang et al. 2015). Altogether, 
these data indicate that Wnt-PCP pathway-directed morphoge-
netic movements of the palatal mesenchyme are critical for 
palatal shelf elevation.

Palatal Shelf Adhesion and Fusion

Proper Periderm Differentiation and Maintenance 
Are Key to Preventing Pathological Adhesion of 
Palatal Shelves to Other Oral Structures

Prior to elevation, palatal shelves inhabit the space between the 
embryonic tongue and oral side of the mandible. Mice lacking 
each of Jag2, Fgf10, Irf6, and Grhl3 gene function exhibit cleft 
palate and aberrant adhesion or fusion of palatal shelves to man-
dible and/or tongue (Alappat et al. 2005; Casey et al. 2006; 
Ingraham et al. 2006; Richardson et al. 2006; Peyrard-Janvid et 
al. 2014). Analyses of these as well as Irf6/Jag2 and Irf6/p63 
compound mutants have revealed a molecular network involv-
ing Jag2/Notch and Fgf10/Fgfr2 signaling, as well as the Irf6, 
∆Np63, and Grhl3 transcription factors in driving differentiation 
of the periderm, a monolayer of flattened epithelial cells cover-
ing the external and internal surfaces of the developing embryo 
(reviewed by Lan et al. 2015; Kousa and Schutte 2016). The 
central player in this molecular network is Irf6, whose loss of 
function has been associated with both syndromic and nonsyn-
dromic cleft palate in humans (reviewed by Kousa and Schutte 
2016). Following initial oral epithelial stratification, ∆Np63 
activates expression of Irf6, which in turn downregulates ∆Np63 
protein levels in the suprabasal cell layer by promoting protea-
some-mediated degradation to induce p21-mediated cell cycle 
exit (Richardson et al. 2009, 2014; Moretti et al. 2010; reviewed 
by Lan et al. 2015). Direct genetic ablation of periderm cells 
caused aberrant oral epithelial adhesions, indicating that the 
periderm acts as a nonsticking barrier to prevent pathological 
epithelial adhesion (Richardson et al. 2014).
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Molecular Regulation of Palatal Shelf Adhesion

After elevation, the palatal shelves grow toward and make con-
tact with each other at the midline. Whereas an intact periderm 
layer is key to preventing aberrant oral epithelial adhesions, the 
periderm covering the medial edge of palatal shelves must be 
removed to initiate palatal shelf fusion. Although multiple 
studies have detected death of the periderm cells during palatal 
fusion (reviewed by Nawshad 2008), the molecular mecha-
nism controlling periderm removal during palatal fusion is still 
not completely understood. Extensive genetic and explant cul-
ture studies have revealed an essential role for Tgfβ3 signaling 
in this process (reviewed by Bush and Jiang 2012; Lan et al. 
2015). Tgfβ3 expression is specifically activated in medial 
edge epithelial (MEE) cells and the overlying periderm cells 
prior to palatal shelf elevation (Lane et al. 2014). Mice lacking 
Tgfβ3 exhibit failure of palatal fusion (Kaartinen et al. 1995; 
Proetzel et al. 1995). Even when placed in direct contact in 
explant culture, Tgfβ3–/– mutant palatal shelves adhere poorly 
(Kaartinen et al. 1997). Recent studies show that Tgfβ3–/– 
embryos exhibit persistent periderm cells covering the palatal 
shelves (Hu et al. 2015). Intracellularly, Tgfβ signaling acti-
vates Smad2 and/or Smad3, which partners with Smad4 to 
activate expression of downstream target genes. Tgfβ signaling 
also activates Tgfβ-activated kinase 1 (Tak1) independently of 
the Smad pathway, leading to activation of the p38 MAPK 
pathway, and both pathways act redundantly to drive palatal 
fusion (Xu et al. 2008; reviewed by Bush and Jiang 2012). In 
addition, Lane et al. (2015) recently demonstrated that Trim33, 
a chromatin reader, partners with Smad2 and acts partly redun-
dantly with Smad4 to mediate Tgfβ3 signaling during palate 
fusion. Remarkably, expression of the critical periderm differ-
entiation factor Irf6 is activated in the basal layer of the MEE 
cells, in addition to the periderm, prior to palatal shelf fusion 
(Iwata et al. 2013). Whereas Tgfbr2fl/fl;K14-Cre mutant 
embryos exhibit failure of palatal fusion accompanied by sig-
nificantly diminished MEE expression of Irf6, transgenic 
expression of Irf6 in basal epithelial cells was able to rescue 

palatal fusion in Tgfbr2fl/fl;K14-Cre embryos 
(Iwata et al. 2013). Similar to its function 
during periderm differentiation, Irf6 expres-
sion causes downregulation of ∆Np63 and an 
increase in p21 expression in MEE cells, 
which likely contributes to cell cycle exit and 
subsequent degeneration of the MEE (Iwata 
et al. 2013; Fig. 4A). In addition, Tgfβ3 is 
required for downregulation of Jag2 in the 
MEE and inhibition of Notch signaling partly 
rescued fusion between paired Tgfβ3–/– pala-
tal shelves in explant culture (Jin et al. 2014). 
Since Jag2-Notch signaling is required for 
maintenance of oral periderm integrity 
(Casey et al. 2006), the downregulation of 
Jag2 in the MEE is likely an important part 
of the mechanism mediating Tgfβ3-
dependent disruption of the periderm for 
palatal shelf adhesion.

Mutant mouse studies indicate that the Snail family tran-
scription factors play a crucial role in the initiation of palatal 
shelf adhesion. Whereas Snai1–/– embryos die during early 
embryogenesis and Snai2–/– mice exhibit incomplete pene-
trance of cleft palate, Snai1+/–Snai2–/– compound mutant 
embryos exhibit persistence of palatal periderm cells and lack 
of palatal fusion (Murray et al. 2007). Although expression of 
Tgfβ3 in the MEE was unaffected in Snai1+/–Snai2–/– embryos 
(Murray et al. 2007), exogenous Tgfβ3 induced Snai1 messen-
ger RNA (RNA) expression in cultured primary MEE cells via 
a Smad-independent pathway (Jalali et al. 2012). Recently, Ke 
et al. (2015) showed that Irf6 positively regulated Snai2 
expression in MEE cells and that Snai2 knockdown delayed 
palatal fusion in explant cultures. In addition, Serrano et al. 
(2015) showed that experimental activation of ephrin reverse 
signaling increased MEE expression of Snai1 in palatal explant 
cultures and partly rescued palatal shelf fusion in the presence 
of Tgfβ3 function-blocking antibodies, suggesting that ephrin 
reverse signaling might act synergistically with Tgfβ3 signal-
ing to control palatal fusion. Snai1 is a transcriptional repressor 
of E-cadherin expression and a crucial regulator of epithelial-
mesenchymal transition (EMT) during development and can-
cer pathogenesis (reviewed by de Herreros and Baulida 2012). 
It is possible that Snai1 and Snai2 contribute to periderm des-
quamation by acting downstream of Tgfβ3 signaling to loosen 
MEE and periderm cell adhesion through downregulation of 
E-cadherin (Fig. 4A).

Tgfβ3 and Irf6 are also required for the activation of 
MMP13 expression in the palatal MEE (Richardson et al. 
2009; Lane et al. 2015), which might contribute to periderm 
desquamation by breaking down the basement membrane (Fig. 
4A). In addition, Mima et al. (2013) recently showed that 
expression of carcinoembryonic antigen-related cell adhesion 
molecule 1 (CEACAM1) is specifically upregulated in the 
MEE periderm cells prior to palatal fusion, and Ceacam1–/– 
mutant mouse embryos exhibit delay in completion of palatal 
fusion. Expression of Tgfβ3 in palatal MEE is unaffected in 
Ceacam1–/– embryos (Mima et al. 2013), but whether CEACAM1 

Figure 4.  Molecular and cellular mechanisms of palatal adhesion and fusion. (A) Tgfβ3 
signaling acts through multiple intracellular pathways and transcription factors in the medial 
edge epithelial (MEE) and overlying periderm to induce cell cycle exit, disrupt epithelial 
adhesion, and break down extracellular matrix (ECM). (B) Rho-kinase (ROCK)- and myosin 
light-chain kinase (MLCK)-activated nonmuscle myosin II (NMII)–mediated actomyosin 
contractility drives MEE cell intercalation, displacement, and extrusion during midline 
epithelial seam formation and breakdown. epi, epithelium; mes, mesenchyme.
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acts downstream of Tgfβ3 to regulate periderm desquamation 
and/or palatal shelf adhesion requires further investigation. In 
addition, whether the molecular processes leading to desqua-
mation also trigger apoptosis and what other molecules are 
involved in Tgfβ3-induced periderm cell apoptosis remain to 
be resolved.

Formation and Dissolution of the Midline 
Epithelial Seam

Upon adhesion of palatal shelves at the midline, the interven-
ing MEE cells quickly converge to form the midline epithelial 
seam (MES) (Fig. 1D), which is subsequently removed to 
complete palatal fusion (Fig. 1E). Using genetic lineage label-
ing and live imaging of MEE cells in palatal explant cultures, 
Kim et al. (2015) showed that the initially multilayered inter-
shelf epithelial cells converge toward the midline by cell inter-
calation and concurrent orthogonal cell displacement in the 
oronasal axis. The converging epithelial cells form rosettes, 
and cells in the center of rosettes are extruded by multicellular 
actin cable-mediated contraction (Kim et al. 2015). Through a 
combination of tissue-specific genetic inactivation and phar-
macological inhibition assays, Kim et al. (2015) further dem-
onstrated that Rho kinase (ROCK)-mediated and myosin 
light-chain kinase (MLCK)-mediated activation of contractil-
ity of nonmuscle myosin II, involving Myh9 and Myh10, is 
crucial for MES formation and progression through normal 
palatal fusion.

Whereas many cells extruded during MES formation were 
undergoing apoptosis, apoptotic cells were frequently detected 
outside of the multicellular rosettes as well (Kim et al. 2015). 
Tgfβ3 signaling and Irf6 function are critical for induction of 
MEE apoptosis and dissolution of the MES (Richardson et al. 
2009; Iwata et al. 2013; Lane et al. 2015). Irf6 acts to down-
regulate ∆Np63 to induce p21-mediated cell cycle exit in the 
MEE (Iwata et al. 2013). Recently, Noda et al. (2016) showed 
that ectopic activation of ACVR1-mediated bone morphoge-
netic protein (BMP) signaling in palatal epithelium caused 
MEE persistence and subsequently submucous cleft palate 
through upregulating ∆Np63 in the MEE, indicating that 
downregulation of ∆Np63 is an important part of the molecular 
mechanism of palatal fusion. In addition, Tgfβ3 signaling 
affects expression of other cell cycle regulators, such as p16, in 
MEE cells (Lane et al. 2015). However, current understanding 
of the cellular and molecular processes from Tgfβ3-induced 
cell cycle arrest to MEE apoptosis is incomplete. Earlier stud-
ies of palatal fusion suggested that EMT is also an important 
mechanism for MES disintegration (reviewed by Nawshad 
2008). Although several genetic lineage studies have con-
cluded that MEE cells do not contribute to the postfusion mes-
enchyme cells that are maintained in the secondary palate 
(reviewed by Bush and Jiang 2012), the requirement for Snai1 
and Snai2, known transcriptional regulators of EMT, in palatal 
fusion and the findings that Tgfβ3 induces expression of Snai1 
and downregulation of E-cadherin in cultured MEE cells (Jalali 
et al. 2012) suggest that Snai1/2-mediated downregulation of 

E-cadherin contributes to disruption of MEE integrity. In addi-
tion, Kim et al. (2015) demonstrate that both apoptotic and 
crowding-induced live-cell extrusion occur during MES for-
mation and breakdown. Taken together, combinatorial actions 
of Tgfβ3-Irf6 induced cell cycle arrest, Snai1/2-mediated dis-
ruption of epithelial adhesion, MMP13-mediated ECM break-
down, and actomyosin contractility-driven cell displacement 
and extrusion together lead to killing and/or apoptosis of the MEE 
cells to remove the MES and achieve palatal fusion (Fig. 4).

Concluding Remarks
A large number of genes and molecular pathways required for 
palatogenesis have been identified. In addition, recent studies 
have begun to unravel the extensive crosstalk of various sig-
naling pathways and gene regulatory subnetworks and to inte-
grate molecular mechanisms with cellular processes and cell 
behavior during palatal shelf growth, patterning, and fusion 
(Lane and Kaartinen 2014; Kim et al. 2015; Lan et al. 2015; 
Brock et al. 2016). The abundance of signaling molecules and 
transcription factors in and the heterogeneity and dynamics of 
cellular and molecular processes across the developing palatal 
shelves provide an outstanding paradigm for genetic regulation 
of mammalian organogenesis. Whereas creative combination 
of live imaging techniques with detailed genetic studies has 
provided unprecedented insight into the cellular mechanisms 
of palatal fusion (Kim et al. 2015), direct measurement of cell 
behavior during palatal shelf growth and elevation requires 
new technological advances since palatal explants under cur-
rent culturing conditions do not fully recapitulate in vivo 
growth patterns (Brock et al. 2016). In addition, major gaps 
remain in the molecular mechanisms of cleft palate palatogen-
esis, particularly regarding the roles of and mechanisms 
involving microRNAs, various environmental factors, and 
gene-environment interactions (Seelan et al. 2012). As increas-
ingly high-throughput molecular and biochemical studies, 
coupled with unprecedented ability to directly dissect the in 
vivo functions of genes, proteins, RNAs, and other factors, are 
rapidly improving our knowledge of the molecular networks 
underlying palate development, it is essential to integrate the 
molecular processes with cellular and tissue morphogenetic 
processes to gain comprehensive understanding of the geno-
type-phenotype functional relationships to develop effective 
prevention strategies for cleft palate disorders.
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