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Cellular and Molecular Mechanisms of Cleft Palate Development

Anita S. Deshpande, MD ; Steven L. Goudy, MD

Abstract: Cleft lip and palate are common craniofacial deformities. The etiology underlying these deformities is complex
and multifactorial and they can occur as part of one of many chromosomal syndromes, Mendelian single gene disorders, terato-
genic effects, and as yet uncharacterized syndromes. Our paper will provide an overview of the multiple genes and molecular
pathways that have been implicated in palatal fusion. We believe that understanding the molecular mechanisms of cleft forma-
tion can help clinicians anticipate which patients may have difficulties healing and in the future allow them to make surgical
and medical treatment decisions based on genetic information.
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INTRODUCTION
Cleft lip and cleft palate are common congenital

deformities resulting from failure of the facial processes to
grow or fuse appropriately during early embryologic devel-
opment (fourth through 12th weeks of gestation). The inci-
dence of cleft lip and palate (CLP) varies based on race,
with a review article analyzing incidence rate of CLP
within livebirths, stillbirths, and abortions finding the fol-
lowing data: Asian and American Indian populations have
the highest incidence with 0.79 to 4.04 per 1000, Cauca-
sian populations have an intermediate incidence with 0.91
to 2.69 per 1000, and African populations have the lowest
incidence at 0.18 to 1.67 per 1000.1 The etiology of CLP is
multifactorial and complex and includes both genetic and
environmental factors. Orofacial clefting can be classified
as nonsyndromic, or found as an isolated defect, which
occurs in about 85% of cleft lip with or without cleft palate
and about 45% of cleft palate alone.2 Syndromic clefting
can be further subdivided as occurring in over 150 chromo-
somal syndromes, such as van der Woude syndrome, and
velocardiofacial syndrome3,4; over 300 Mendelian single
gene disorders; effects of teratogens, such as alcohol,
tobacco smoke, antiepileptic drugs, and organic solvents5;
and as yet uncategorized syndromes.

CLP are classified by laterality and completeness,
with this classification scheme based on embryologic
development. Cleft lips can be unilateral or bilateral;
complete, in which the cleft involves the entire thickness
of the upper lip and in which the alveolar ridge is often

cleft as well; or incomplete, in which there is a variable
continuous segment across the cleft. A Simonart band is a
band of lip tissue bridging the cleft region (Fig. 1). Cleft
palates are also described as being unilateral or bilateral
and as complete or incomplete (Fig. 2). However, they are
also further classified based on the location of the cleft
with respect to the incisive foramen, with clefts of the pri-
mary palate occurring anterior to the incisive foramen
and those of the secondary palate occurring posterior.
Cleft of the soft palate alone may also occur.

FACIAL DEVELOPMENT
The development of the human face takes place

between the fourth and 10th weeks of gestation by rapid
delamination and migration of the cranial neural crest
cells (CNC) from the neural placode. Migration and prolif-
eration of the CNC leads to growth and fusion of paired
maxillary prominences growing from the lateral sides
towards the midline to join the frontonasal prominence,
which descends in the midline from the forebrain, and
concomitant development of paired mandibular promi-
nences. Helms et al. have published a thorough review of
the molecular mechanisms involved in neural crest
migration.6 A pair of thickened ectodermal nasal placodes
develop on either side of the frontonasal prominence.
When these invaginate to form nasal pits during the fifth
week of development, the frontonasal prominence
becomes divided into the medial and lateral nasal pro-
cesses. The medial nasal processes fuse to create the phil-
trum, medial upper lip, nasal tip, columella, and primary
palate, and the lateral nasal processes fuse to create the
lateral aspect of the nose. The maxillary processes give
rise to the cheeks and lateral upper lip. Palatogenesis
occurs during weeks five through 12 of development. The
primary palate, which includes the central maxillary
alveolar arch with the four incisor teeth and the hard pal-
ate anterior to the incisive foramen, develops first from
the rapid expansion of the frontonasal prominence and
fusion of the medial nasal prominences. The secondary
palate then develops from the fusion of the palatine
shelves which elongate adjacent to the tongue, and as the
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mandible grows, the tongue descends in the oral cavity
allowing the palate shelves to elongate and elevate above
the tongue (Fig. 3).

Any interruption of mandibular elongation
(as occurs in Pierre Robin sequence, Stickler syndrome,
and Treacher Collins syndrome) can lead to profound
tongue-based airway obstruction and cleft palate. The

palatine shelves fuse with the primary palate and the pri-
mary and secondary palates fuse with the nasal septum.
Fusion of the palate occurs from an anterior to posterior
direction beginning at the incisive foramen and occurs
from weeks eight through 12 of gestation, concluding with
uvular fusion. The point during development during
which fusion is interrupted determines the degree of cleft-
ing noted clinically.7,8

MOLECULAR GENETICS
More than 300 genes have been implicated in palatal

fusion in human and experimental animal models. Single
gene mutations can lead to clefting. Examples including
Stickler syndrome, which is associated with pathogenic
variants in one of six genes (COL2A1, COL11A1,
COL11A2, COL9A1, COL9A2, or COL9A3) 9 or Treacher
Collins syndrome, which is associated with a mutation in
one of three genes TCOF1 (which encodes the protein
Treacle, responsible for ribosome production10), POLR1C,
or POLR1D.11 However, the etiology of clefting is still
poorly known with multiple molecular pathways associ-
ated with cleft lip and palate. The most commonly stud-
ied molecular pathways include those involved with
extracellular signaling factors, transcription factors, and
cell adhesion molecules12 (Fig. 4). Though there are many
molecules with known or suspected association with CLP,
we will aim to provide a review of those pathways most
commonly implicated (Table I).

TGF-β and BMP Pathways
The Transforming Growth Factor β (TGFβ) super-

family is comprised of the transforming growth factor
beta family, as well as other families, including bone mor-
phogenetic proteins (BMPs), growth and differentiation
factors (GDFs), activins (ACTs), and inhibins (INHs). The
TGFβ family is comprised of three isoforms, TGF-β1,
TGF-β2, and TGF-β3, which are signaling molecules
important for the mediation of many events in normal
growth and development.13,14 These growth factors are
secreted by cells and the factors are bound by adjacent
receptors, that then signal intracellularly through cyto-
plasmic proteins belonging to the Smad family.15 Recep-
tors TgfβR1 and TgfβR2 phosphorylate SMADs 2/3.16 This
complex is then transported to the nucleus, where tran-
scriptional changes are induced.

Fig. 1. A child with bilateral cleft lip.

Fig. 2. Intraoral view of cleft palate

Fig. 3. Palatal growth and fusion. Palatal shelves (PS), grow down the sides of the tongue (T), elevate, contact each other and the nasal sep-
tum (NS) and eventually fuse. (From Lane J, Kaartinen V. Signaling networks in palate development. Wiley Interdiscip Rev Syst Biol Med
2014;6:11.)
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TgfβR3 binds all three Tgfβ ligands as well as BMP2.
The loss of TgfβR3 results in arrested palatal shelf eleva-
tion and elongation and interfered and also led to atypical
expression of both TGFβ and BMP signaling pathways
within the palatal shelves.17 Loeys-Dietz syndrome,
which includes craniosyostosis, cleft palate, and hyperte-
lorism is associated with mutations in genes encoding
TGF-β receptors 1and 2 (TGFBR1 and TGFBR2), as well
as TGF-β2.18 As TGFβ1 and 2 have been shown to have
an effect on inducing chondrogensis and osteogenesis,
knowledge of these genetic mutations in a patient with a
cleft may aid in surgical planning and in anticipation of
possible complications following repair.19

Tgfβ3, which is expressed in medial edge epithelial
cells, is involved in multiple cellular processes including
epithelial-to-mesenchymal transformation as well as pro-
grammed cell death of the palate medial edge epithelium.

Mice lacking Tgfβ3 have been shown to exhibit lung agen-
esis and cleft palate due to impaired adhesion of medial
edge epithelia and elimination of midline epithelial
seam.20 Conditional deletion of Tgfβ3 from the medial
edge epithelium alone was associated with cleft palate
formation, and correction of this using in vitro techniques
reversed the cleft palate phenotype.

SHH, FGF10, BMP, AND MSX1
The Sonic hedgehog (Shh) gene is part of the Hedge-

hog gene family, which encode proteins important for
cell–cell interaction and has is required for palate and
frontonasal development.21 Shh is a downstream target of
Fibroblast Growth Factor 10 (Fgf10) and its receptor
Fgfr2b, signaling during palate development. Shh has
been found to be predominantly expressed at sites of
epithelia-mesenchymal interactions and is critically
important for the induction of facial primordia, particu-
larly the frontonasal process. Loss of Shh is associated
with midline facial defects including holoprosencephaly
as well as cleft palate formation, and it is also expressed
in the medial edge epithelium.22

Epithelially expressed Shh has been shown to
directly signal to the mesenchyme to regular palate out-
growth, with Shh signaling regulating Bmp2, Bmp4,
Msx1, and Fgf10 expression in adjacent palatal mesen-
chyme. Conversely, inactivation of smoothened (Smo), a
protein involved in the hedgehog signaling pathway, in
palatal mesenchyme affected palatal epithelial cell prolif-
eration.23 Bone morphogenic protein 4 (Bmp4) is
expressed within the palatal shelf mesenchyme and epi-
thelium, in similar or neighboring areas in which Shh is
expressed.22 BMP mutations have also been associated
with cleft palate; for example, BMPR1B mutation causes
Pierre Robin sequence.24

Fibroblast growth factor receptors have been associ-
ated with multiple forms of syndromic craniosynostosis

Fig. 4. A. Signalling pathways involved in palatal epithelial differenti-
ation include Fgf10, Irf6, and Tbx1 pathways. Mutations of genes
involved in these pathways can lead to clefting. B. Signalling cas-
cade involved in loss of the medial edge epithelium. (From Lane J,
Kaartinen V. Signaling networks in palate development. Wiley Inter-
discip Rev Syst Biol Med 2014;6:13.)

TABLE I.
Common Clefting Syndromes With Their Associated Genetic Mutations and Clinical Features

Syndrome Associated Gene or Genetic Pathway Clinical features

Loeys-Dietz Syndrome TGFRβ1, TGFβR2, TGF-β2 Craniosyostosis, cleft palate, and
hypertelorism

Pierre Robin Sequence BMPR1B Micrognathia, glossoptosis, and cleft palate

Apert Syndrome (FGF2 mutation) FGF2 Flat forehead, retracted midface, cleft palate,
and hypertelorism, learning disability, poor

joint mobility, and severe symmetric
syndactyly of fingers and toes

Crouzon Syndrome FGF2, FGF3 Flat forehead, midface hypoplasia, and cleft
palate, normal intelligence, normal hands

and feet

Van der Woude Syndrome IRF6 Cleft lip and palate with lip pits

DiGeorge/Velocardiofacial Syndrome TBX1 Cleft palate, congenital cardiac and renal
abnormalities, neonatal hypocalcemia,
micrognathia, low set ears, telecanthus

Stickler Syndrome COL2A1, COL11A1, COL11A2, COL9A1,
COL9A2, or COL9A3

Cleft palate, bifid uvula, flat midface, hearing
loss, retinal detachments, cataracts

Treacher Collins Syndrome TCOF1, POLR1C or POLR1D Cleft palate, conductive hearing loss,
coloboma, micrognathia, microtia

Online Mendelian Inheritance in Man, OMIM (https://omim.org/).
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which include cleft palate as a feature, including Apert
syndrome (FGF2) and Crouzon syndrome (FGF2,
FGF3).25–27 Apert syndrome is characterized by craniofa-
cial malformations, including flat forehead, retracted mid-
face, cleft palate, and hypertelorism, learning disability,
poor joint mobility, and severe symmetric syndactyly of
fingers and toes, which is the distinguishing feature of
Apert syndrome from the other FGFR2-related syn-
dromes. Crouzon syndrome also presents with flat fore-
head, midface hypoplasia, and cleft palate, but is
associated with less severe facial deformity when com-
pared to Apert syndrome and normal intelligence, hands,
and feet.28,29

The Msx1 homeobox gene is also expressed in the
facial promorida and is required for the expression of
Bmp2 and Bmp4 in palatal mesenchyme and Shh in
medial edge epithelium.30 Msx1 regulates outgrowth of
the maxillary prominances.31 Msx1-deficicient mice dem-
onstrate complete cleft of the secondary palate along with
abnormal maxillary development and absent alveolar pro-
cess.32 In addition, Msx1 has been found to regulate
angiogenesis in the developing face; abnormal angiogene-
sis has been hypothesized to lead to foreshortened maxil-
lary prominances in Msx1 null mice as a result of
decreased oxygen and nutrient delivery.31

IRF6
Interferon regulatory factor 6 (IRF6) belongs to a

family of nine transcription factors that bind to specific
DNA sequences and regulate gene expression. Van der
Woude syndrome (VWS) is an autosomal dominant syn-
drome that is the most common syndromic form of cleft
lip or palate. A set of monozygotic twins who were discon-
cordant for VWS led to the identification of a nonsense
mutation in IRF6. IRF6 mutations were then identified
in 45 additional unrelated families affected with VWS.
Expression analysis then identified high levels of Irf6
mRNA along the medial edge of the fusing palate. Mice
lacking Irf6 had multiple anomalies in epithelial develop-
ment with sygnathia and fused esophageal mucosa,
highlighting the importance of transcriptional regulation
of the epithlium during cleft lip and palate formation.
Similar to TGF-β3, Irf6 is also expressed along the medial
edge of the palate, and IRF6 may be involved in the TGF-
β signaling pathway.33 Patients with VWS have been
shown to be at increased risk for wound complications fol-
lowing cleft repair, suggesting that suggesting that IRF6
plays a role in wound healing.34

PDGF
Platelet-derived growth factor (PDGF) and its recep-

tors PDGFRα and PDGFRβ have been shown to be crucial
for cell proliferation, survival, and migration.35 Pdgfc and
Pdgfa, which encode PDGF ligands, are expressed in pal-
atal shelf epithelium. PDGFRα, which encodes the recep-
tor, is expressed in mesenchyme.36 PDGFRα mutant mice
demonstrated defects in neural crest derivatives contrib-
uting to the frontonasal process and subsequently leading
to cleft palate.37 Both Pdgfc and Pdgfa mutant mice

developed clefting, subepidermal blistering, spina bifida,
and other skeletal and vascular defects. Pdgfc null mice
displayed failure of palatal shelf elevation, with hypoplas-
tic palatal shelves and improper fusion. Pdgfa null mice
displayed a severe cleft palate phenotype.

TBX1
The T-box transcription factor TBX1 is a mediator

of developmental abnormalities and has been shown to
be essential for normal palatal elongation and eleva-
tion.38 Mutations have been associated with DiGeorge
and Velocardiofacial Syndromes phenotypes in mice.39,40

TBX1 null mouse embryos all exhibited cleft palate, with
shortened palatal shelves that were unable to elongate
and elevate, as well as increased tongue musculature
height. Fifty percent of TBX1 null mice demonstrated
palatal-oral fusions, which tethered the posterior palate.
This suggests that TBX1 may also be responsible for
maintenance of epithelial integrity in the posterior
palate.38

VEGFA
Vascular endothelial growth factor A, a growth factor

involved in angiogenesis and ossification has also been
shown to be essential for palatal development. Deletion of
VEGFa in cranial neural crest cells caused cleft palate in
mice, associated with reduced palatal shelf width and
with palatal shelves failing to elongate and elevate above
the tongue. These mice also displayed abnormal vascular
development and less ossification of the maxillary and
palatine bones.41

CONCLUSION
Cleft lip and palate are common craniofacial defor-

mities resulting from improper growth or fusion of the
facial processes during embryologic development. Their
etiology is complex and multifactorial. They can occur as
part of one of many chromosomal syndromes, Mendelian
single gene disorders, teratogenic effects, and as yet
uncharacterized syndromes. Multiple genes and molecu-
lar pathways have been implicated in palatal fusion in
human and animal studies and additional research to fur-
ther elucidate the etiology of clefting is ongoing. Under-
standing the molecular mechanisms of cleft formation
will help the clinician anticipate which patients may have
difficulties healing, such as those with mutations in
Irf6,42,43 BMP4,44 or the TGF-β family,45 and in the
future hopefully make surgical and medical treatment
decisions based on genetic information.
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