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Isolated cleft palate (CPO) is the rarest form of oral clefting. The incidence of CPO

varies substantially by geography from 1.3 to 25.3 per 10,000 live births, with the

highest rates in British Columbia, Canada and the lowest rates in Nigeria, Africa.

Stratified by ethnicity/race, the highest rates of CPO are observed in non-Hispanic

Whites and the lowest in Africans; nevertheless, rates of CPO are consistently higher

in females compared to males. Approximately fifty percent of cases born with cleft

palate occur as part of a known genetic syndrome or with another malformation

(e.g., congenital heart defects) and the other half occur as solitary defects, referred to

often as non-syndromic clefts. The etiology of CPO is multifactorial involving genetic

and environmental risk factors. Several animal models have yielded insight into the

molecular pathways responsible for proper closure of the palate, including the BMP,

TGF-β, and SHH signaling pathways. In terms of environmental exposures, only maternal

tobacco smoke has been found to be strongly associated with CPO. Some studies

have suggested that maternal glucocorticoid exposure may also be important. Clearly,

there is a need for larger epidemiologic studies to further investigate both genetic and

environmental risk factors and gene-environment interactions. In terms of treatment,

there is a need for long-term comprehensive care including surgical, dental and speech

pathology. Overall, five main themes emerge as critical in advancing research: (1)

monitoring of the occurrence of CPO (capacity building); (2) detailed phenotyping of the

severity (biology); (3) understanding of the genetic and environmental risk factors (primary

prevention); (4) access to early detection andmultidisciplinary treatment (clinical services);

and (5) understanding predictors of recurrence and possible interventions among families

with a child with CPO (secondary prevention).
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INTRODUCTION

Isolated cleft palate (CPO) is the least common form of oral
clefting (approximately 33% of all oral clefts), affecting 1 to 25 per
10,000 newborns worldwide. Because of the rarity of CPO and its
distinct embryologic origins and recurrence risks from cleft lip
with or without cleft palate (CL/P), most studies either exclude
CPO or conflate these cases with CL/P due to hypothesized
common genetic and epidemiologic risks, although no studies
to date have had sufficient power to evaluate these hypotheses.
Thus, our knowledge about whether the risk factors for CPO do
indeed differ from those of CL/P remains incomplete. Although
much remains to be confirmed in human studies, there is a wealth
of information from animal models on the molecular biological
pathways necessary for complete closure of the primary and
secondary palate during embryogenesis. In this article, we
summarize the results of epidemiologic population-based studies
and animal models to present a comprehensive review of the
anatomy and classification, descriptive epidemiology, molecular
biology, risk factors, treatment, and outcomes for children born
with a cleft palate.

ANATOMY, EMBRYOLOGY, AND
CLASSIFICATION

Anatomy
The human palate (Figure 1) consists of a bony hard palate and
fibromuscular soft palate. The hard palate is further divided into
primary and secondary portions. The primary palate lies anterior
to the incisive foramen, and the secondary palate lies posterior
separating the nasal passage from the pharynx (Wexler, 1997;
Friedman et al., 2010).

The soft palate, or velum, is a fibromuscular shelf forming
a sling posterior to the hard palate and consisting of five
pairs of muscles: the palatoglossus, palatopharyngeus, levator
veli palatini, tensor veli palatine, and musculus uvulae. The
palatoglossus and palatopharyngeus muscles are superficial on
the oral side and help draw the soft palate downward and lateral
pharyngeal walls inward. Deep within these muscles are the
musculus uvulae, which pull the uvula forward and upwards.
The tensor veli palatini tenses and depresses the soft palate while
opening the Eustachian tube. The levator veli palatini, the largest
muscle in the group, elevates the soft palate and secondarily
opens the Eustachian tube (Wexler, 1997).

Embryology
Embryonic development of the palate occurs between the 4th
and 12th to 13th weeks of life. During that time, the basic
morphology of the face is formed with the fusion of the five
basic facial prominences: the midline frontonasal and the paired
maxillary and mandibular prominences (Afshar et al., 2012).
The medial portion of the frontonasal prominence gives rise
to the primary palate, while the maxillary prominences create
the secondary palate. Each facial prominence consists of neural
crest cells, which are ectodermal-derived cells at the margins of
the neural folds bilaterally and the transitional area between the
neuroectoderm and epidermis, in segmental positions along the

FIGURE 1 | Subtypes and subclinical forms of cleft palate. (A) Normal lip

and palate. (B) Unilateral cleft palate. (C) Bilateral cleft palate. (D) Cleft uvula.

(E) Submucous cleft palate.

neural tube (Afshar et al., 2012). Neural crest cell migration into
the craniofacial and pharyngeal complexes is predetermined by
inductive events between the forebrain, midbrain, and hindbrain,
the timing and extent of which is dependent on a complex pattern
of gene signaling, including Hox, Ssh, Otx, Gsc, Dlx, Msx, Lhx,
and Prrx based on animal studies (Sperber, 2002a; Chai and
Maxson, 2006). Deficiencies in neural crest cell migration or
proliferation are the source of a diverse spectrum of craniofacial
malformations, including cleft palate (Hall, 1999; Eppley et al.,
2005).

The primary palate forms around developing olfactory
placodes with rapid proliferation of lateral epithelium and
underlying mesenchyme, controlled in part by FGF, BMP, SSH,
and retinoic acid (Mossey et al., 2009). Separation of the oral
and nasal cavities occurs with fusion of the frontonasal process
and maxillary processes; fusion requires coordinated growth
between the processes and apoptosis of the epithelium that forms
the transient nasal bridge (fin) between the paired processes
(Mangold et al., 2011). Clefting of the primary palate most
often occurs between the primary and secondary palates at
the incisive foramen that separates the lateral incisors and
canine teeth; initial mesenchymal deficiency, delayed ossification,
decreased premaxilla volume, increased apoptosis, or increased
bone resorption due to a lack of functional forces on the primary

Frontiers in Physiology | www.frontiersin.org 2 March 2016 | Volume 7 | Article 67

http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive


Burg et al. Epidemiology, Etiology, and Treatment of Cleft Palate

palate have been identified as sources of clefting (Siegel et al.,
1985, 1991; Mooney et al., 1992).

Closure and fusion of the secondary palate requires timed
interactions, movements, and apoptosis along the medial
margins of the palatal shelves (Zhou et al., 2013). Secondary
palate fusion occurs from anterior to posterior, beginning at
the incisive foramen and concluding with uvular fusion (Smith
et al., 2012). Starting at week 8, the palatal shelves rotate from
a vertical position surrounding the tongue and elevate into a
horizontal position (Sperber, 2002b). This movement is slightly
delayed in females (Burdi and Faist, 1967). After shelf rotation
and elevation, adhesive contact, seam fusion along the medial
edges, and apoptosis of the epithelium are critical for normal
secondary palatogenesis (Sperber, 2002b). As the secondary
palate closes, the mandibular prominences grow and the tongue
becomes positioned more anteriorly in the oral cavity (Diewert
and Lozanoff, 2002). Clefting of the secondary palate may arise
from failure of the palatal shelves to elevate, adhere or fuse,
which may be due to genetic, mechanical or teratogenic factors
that perturb the stepwise growth, rotation, and fusion of the
prominences (Afshar et al., 2012). Factors that have been shown
to impede palatal shelf contact include delayed shelf rotation
into the horizontal position, small palatal shelf size, deficient
extracellular matrix accumulation, delayed growth of mandibular
prominences, head extension (leading to an increase in the
vertical facial dimension), abnormal craniofacial morphology,
abnormal first arch development, increased tongue obstruction
of shelf movement secondary to mandibular retrognathia, and
amniotic sac rupture leading to severely constricted fetal head
and body posture (Diewert and Lozanoff, 2002; Johnston and
Bronsky, 2002).

Palatal clefts span many degrees of severity and can include
the soft palate, hard palate and alveolus (the bony ridge of
the maxilla or mandible that supports and contains teeth).
The degree of palate clefting is a consequence of the point in
fetal development at which formation was disrupted (Friedman
et al., 2010). Primary palate fusion is usually complete the
during the fourth to 8th week, while the secondary palate starts
forming during the 8th week, with completion by about the
12th week (Marazita and Mooney, 2004; van Aalst et al., 2008).
This difference in timing between the primary and secondary
palate is one reason for considering CL/P and CPO as different
developmental deformities. Additionally, the female palate is
known to close 1 week later than the male palate, increasing the
risk of cleft palate formation, and is a current hypothesis for
the higher frequency of cleft palate in females. Burdi and Silvey
demonstrated this by finding the critical week of palatal closure
to be the 7th week in males and 8th week in females (Burdi and
Silvey, 1969; van Aalst et al., 2008).

Classification
Clefts affecting the palate are grossly classified as unilateral
(incomplete vs. complete), bilateral (incomplete vs. complete),
or submucous. A number of descriptive classifications have been
presented. In 1931, Veau classified clefts into four groups: (1) soft
palate cleft only; (2) cleft of soft and hard palate; (3) unilateral
cleft lip and palate; (4) bilateral cleft lip and palate. However, this

classification does not address primary palate clefts or distinguish
incomplete vs. complete clefts of the lip and palate (Veau, 1931).
Kriens introduced a palindromic classification using the acronym
“LAHSHAL,” describing the bilateral anatomy of the lip (L),
alveolus (A), hard (H), and soft (S) palates from right to left. The
first character is for the patient’s right lip, and the last character is
for the patient’s left lip. The LAHSHAL code indicates complete
cleft with a capital letter and an incomplete cleft with a small
letter. For example, a complete right-sided unilateral cleft lip,
alveolus, hard and soft palate is “LAHS.” This is the system
currently used in the outcomes registry for the American Cleft
Palate and Craniofacial Association.

NON-SYNDROMIC vs. SYNDROMIC CLEFT
PALATE

Cleft palates can be divided into two groups: (1) syndromic CPO
is associated with additional structural abnormalities occurring
outside the region of the cleft (also called “nonisolated” cleft
palate) or with a syndrome with a known genetic etiology, and (2)
non-syndromic CPO is an isolated condition unassociated with
any recognizable anomalies (also known as “isolated” cleft palate;
Mai et al., 2014; Watkins et al., 2014). The proportion of oral
clefts with additional anomalies is more frequent for CPO than
for CL/P (Mossey et al., 2009). About 50% of CPO are associated
with another malformation syndrome, compared with less than
15% of CL/P (Shprintzen et al., 1985). The most commonly
associated anomalies associated with CPO are congenital heart
defects (31.1%), deformations (22.4%), hydrocephaly (11.2%),
urinary tract defects (9.7%), and polydactyly (9.2%; Mossey and
Catilla, 2003).

Originally, non-syndromic CPO was thought to be a distinct
condition with its own genetic etiology, separate from all forms
of syndromic CPO, partially due to the low occurrence of non-
syndromic and syndromic forms of CPO within the same family.
However, recent research has shown both conditions may be
opposite ends of a large spectrum of CPO, largely due to advances
in genome sequencing and recognition of subclinical phenotypes.
For CPO associated with a syndrome with a known genetic cause,
many of these syndromes were thought to have a set group of
physical features when first discovered. As genome sequencing
has become more common in the clinical setting, new cases
of these syndromes are now being diagnosed in patients who
have the genetic marker but do not always display all of the
characteristic features, and may display additional features as
well. In non-syndromic CPO, recent recognition of subclinical
phenotypes, such as bifid uvula and submucous cleft palate, has
led to an increase in the number of affected family members for
some patients, shedding light on possible inheritance patterns
(Reiter et al., 2012; Watkins et al., 2014). In both non-syndromic
and syndromic forms of CPO, the diagnostic criteria have been
reevaluated to include new associated features that were not
initially considered and subclinical forms that were not originally
diagnosed. Recent research has also shown that some genes
responsible for syndromic CPO may also be candidate genes
for non-syndromic CPO, further indicating that these conditions
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may represent different portions of a single spectrum (Stanier and
Moore, 2004).

MOLECULAR BIOLOGY OF
PALATOGENESIS

Palatal development in mammals is a complex process involving
a network of growth factors, cell-surface receptors, and signaling
molecules. The palatal shelves appear around week 6 during
gestation in humans (Chai and Maxson, 2006). They are
composed of cranial neural crest-derived mesenchymal cells
and mesoderm-derived endothelial cells, which together are
covered by pharyngeal ectoderm-derived epithelial cells (Iwata
et al., 2011; Hill et al., 2015). Normal development of the
palate depends on proper migration, growth, differentiation, and
apoptosis of these cells, and occurs in three major stages: vertical
growth of the shelves down toward the sides of the tongue,
elevation of the palatal shelves to acquire a horizontal position as
the mandible lengthens, and fusion of the palatal shelves to form
the transient midline epithelial seam, which ultimately undergoes
epithelial to mesenchymal transition (Mossey et al., 2009; Sasaki
et al., 2014). Cleft palate can arise due to an error in any of
these stages, which many studies have demonstrated in mouse
models. These defects can be grouped into five categories: failure
of palatal shelf formation, fusion of the palatal shelf with the
tongue or mandible, failure of palatal shelf elevation, failure of
palatal shelves to meet post-elevation, and persistence of the
medial edge epithelium (Chai and Maxson, 2006). However, it
should be noted mouse models are more likely to demonstrate
a cleft palate due to a smaller frontonasal prominence, making
these studies limited in their applicability to humans, as gene
mutations that cause CPO in mice may cause CL/P in humans.

Molecular heterogeneity along the anterior-posterior axis of
the palate has been shown in mouse models, as evidenced by
different gene expression, signaling pathways, and transcription
factors between the anterior hard palate and posterior soft palate
(Zhou et al., 2013). Additionally, specific gene mutations have
been found to only cause clefts in the anterior or posterior
palate. In the anterior palate, the associated genes are Msx1,
Bmp4, and Bmp2 in the bone morphogenetic pathways, Shh
and Spry2 in the sonic hedgehog (Shh) signaling pathway, Fgf10
and Fgf7 in the Fgf signaling pathway, the Shox2 network,
Efnb1 in Ephrin signaling, and the Tgf-β family. The genes
associated with the posterior palate areMeox2, Tbx22, and Barx1.
Loss of function of Shox2 results in an incomplete cleft of the
anterior palate but normal posterior palate development, while
mutations ofMSX1 in humans have been associated with isolated
non-syndromic cleft palate (Smith et al., 2012). Many of these
pathways are interrelated and mediate communication between
the mesenchyme and the epithelium; for example, the BMP and
FGF signaling pathways both utilize Shh signaling in the anterior
palate to regulate palatal growth (Chai and Maxson, 2006).
Msx1 expression in the anterior mesenchyme regulates Bmp4
expression, which regulates Shh expression in the epithelium.
Shh in turn regulates Bmp2 expression in the mesenchyme, and
Bmp2 expression regulatesmesenchymal cell proliferation (Smith

et al., 2012). FGF10 protein is expressed in the anterior palatal
mesenchyme, and upon binding to its receptor FGFR2 in the
palatal epithelium, induces Shh expression, forming a positive
feedback loop (Chai and Maxson, 2006; Zhou et al., 2013). Shh
functions to indirectly induce mesenchymal cell proliferation via
Bmp2, and convergence of the BMP and FGF pathways on Shh
expression in the anterior palatal epithelium controls anterior
palatal outgrowth (Chai and Maxson, 2006).

DESCRIPTIVE EPIDEMIOLOGY

Although the prevalence of CPO is unknown in some parts of the
world, current reported rates for various countries are shown in
Table 1. Prevalence of cleft palate varies greatly between certain
regions. The highest reported rates are in British Columbia (a
province of Canada), Finland, and Malta, with prevalence rates
of 25.31, 14.31, and 14.13 per 10,000 live births, respectively. The
lowest reported rates are in South Africa, Colombia, and Cuba,
with prevalences of 1.93, 1.69, and 1.35 per 10,000 live births,
respectively. In the U.S., the overall CPO prevalence is 5.9 per
10,000 lives births (Mai et al., 2014), and estimated to be 3.18 per
10,000 for non-syndromic CPO (Parker et al., 2010). Even though
most countries calculate the prevalence of CPO from only live
births, combined data from European registries for 1995–1399
reported 2.4% of babies with CPO were stillborn, and 8.1% were
from terminated pregnancies (Mossey et al., 2009). It should be
noted prevalence may be underestimated if using national birth
registry lists, as cleft palates often go undiagnosed in utero or at
birth due to their lack of external visibility (Cooper et al., 2006;
Mossey et al., 2009).

DISPARITIES IN RATES BY SEX AND
RACE/ETHNICITY

Cleft palate is more commonly reported in females than males,
but the exact reasons why are still incompletely understood.
The reported sex ratio of affected males to females by the
World Health Organization is 0.93 (CI 95%: 0.89–0.96) for
non-syndromic CPO (Mossey and Catilla, 2003). Female sex
hormones may play a role in increased clefting for both lips
and palates (Ross and Johnson, 1972; Miura et al., 1990), and
as already noted, the female palate closes 1 week later than that
of males. The suggested inheritance patterns for cleft palate are
autosomal dominant and X-linked recessive. Although it may
seem counterintuitive for an X-linked recessive condition to
appear more often in females, X-chromosome inactivation in
females in uteromay explain the broader spectrum of phenotypes
seen in females (Stanier and Moore, 2004; Jugessur et al., 2012).
Although there is a 50% chance the mutated allele will inactivate
in heterozygous females, leaving them affected less severely or
not at all, females also have twice the risk of inheriting a mutated
X-chromosome (Lidral et al., 2008).

Generally for all oral clefts, there are consistent patterns of
increased risk in Asians whereas the lowest rates are seen in
Africans (Mossey and Catilla, 2003). For CPO specifically, the
highest rates were observed in whites and certain peoples from
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TABLE 1 | Worldwide prevalence rates of cleft palate.

Country Rate per 10,000

(95% CI if available)

References

USA* 5.9 (5.7–6.0) Mai et al., 2014

California 5.81 (5.54–5.98) Saad et al., 2014

Kentucky 5.70 Human Genetics Programme, 2007

Alabama 5.37 Human Genetics Programme, 2007

Colorado 4.83 Human Genetics Programme, 2007

Hawaii 3.94 Human Genetics Programme, 2007

Rhode Island 2.22 Human Genetics Programme, 2007

Canada* 7.02 (6.58–7.47) Mossey and Catilla, 2003

British Columbia 25.31 Mossey and Catilla, 2003

Alberta 8.07 (6.70–9.63) Mossey and Catilla, 2003

Caribbean

Cuba 1.35 (0.95–1.87) Mossey and Catilla, 2003

Central America

Mexico 3.06 (2.46–3.76) Mossey and Catilla, 2003

Guatemala 4.7 Matute et al., 2014

South America

Paraguay 6.83 (3.39–12.23) Mossey and Catilla, 2003

Brazil 4.49 (3.65–5.47) Mossey and Catilla, 2003

Colombia 1.69 (0.16–6.16) Mossey and Catilla, 2003

European Union

Finland 14.31(13.12–15.58) Mossey and Catilla, 2003

Scotland 7.94 (5.95–10.39) Mossey and Catilla, 2003

Malta 14.13 (10.13–19.16) Mossey and Catilla, 2003

Africa

South Africa 1.93 (1.49–2.46) Mossey and Catilla, 2003

Nigeria 0.32 Butali et al., 2014a

South Asia

India 1.7 Mossey and Little, 2009

Nepal 3.5 Singh et al., 2012

East Asia

China 2.36 (1.98–2.78) Mossey and Catilla, 2003

2.6 (2.4–2.7) Cooper et al., 2006

Japan 4.54 (4.02–5.10) Mossey and Catilla, 2003

3.7 (3.2–4.1) Cooper et al., 2006

Australia 6.48 Mossey and Catilla, 2003

New Zealand 6.45 Mossey and Catilla, 2003

*Top 3 highest and lowest rates per available states/provinces are provided.

Canada and Northern European countries, while the lowest rates
were again seen in Africans (Mossey and Catilla, 2003). Within
the U.S., prevalence has been to shown to vary between different
ethnicities, with the highest rates amongst non-Hispanic whites
and American Indians or Alaska Natives and the lowest amongst
non-Hispanic blacks. A national estimate with pooled data from
29 states reported the prevalence for isolated cleft palate as 6.4
per 10,000 live births for non-Hispanic whites, 6.4 for American
Indians or Alaska Natives, 5.6 for Hispanics, 5.6 for Asians or
Pacific Islanders, and 4.4 for non-Hispanic blacks (American
Indian and Alaska Native groups may be skewed due to small
sample size) (Mai et al., 2014). Within the state of California,
different trends were shown, as prevalence rates were reported

TABLE 2 | Association between family history and risk of cleft palate.

Study Population Region RR (95% CI)

Sivertsen et al., 2008 Norway All first-degree relatives 56 (37.2–84.8)

Parents 54 (29.7–98.0)

Siblings 58 (37.2–84.8)

Grosen et al., 2010 Denmark All first-degree relatives 15 (13–17)

Parents 10 (7–14)

All Siblings 16 (13–20)

Offspring 20 (15–26)

as 7.60 per 10,000 live births for non-Hispanic whites, 4.90 for
Asian/Pacific Islanders, 4.79 for Hispanics, 4.12 for non-Hispanic
blacks, and 2.11 for Native Americans (Saad et al., 2014).

The size of the facial processesmay relate to cleft susceptibility,
as size of the frontonasal process contributes to its ability to
contact neighboring processes. Inherently smaller frontonasal
processes, as found in Asians because of the combination of a
smaller, flatter midface with a broader upper face, brachycephalic
head, and elliptical palate, may contribute to their relative higher
rates of clefting (Setó-Salvia and Stanier, 2014). Africans have
broader, larger noses which imply a larger frontonasal process
and larger palate; this may contribute to their lower clefting
frequency (Eppley et al., 2005).

GENETIC RISK FACTORS

CPO has been shown to have a strong genetic component based
on its high recurrence rate in families of affected individuals. In
population studies, the relative risk of recurrence of CPO among
first-degree relatives has been reported to be 56 times greater in
Norway and 15 times greater in Denmark than the risk for the
general population (Sivertsen et al., 2008; Grosen et al., 2010;
Table 2). Twin studies have also shown monozygotic twins are
more likely to both be affected by CPO than dizygotic twins. In
Denmark, research has shown probandwise concordance rates
of 33% for monozygotic twins and 7% for dizygotic. It was also
noted that CPO and CL/P never both appeared in one pair of
twins (Grosen et al., 2011).

Currently, over 400 syndromes are reported to include CPO
(Mossey et al., 2009). Syndromes including CPO that have been
traced to a known gene mutation are listed in Table 3, along with
their associated features. The most common form of syndromic
oral clefts is Van der Woude’s syndrome, which accounts for
2% of all CL/P cases and often presents with lower lip pits
(Kondo et al., 2002; Brito et al., 2012; Leslie and Marazita,
2013). Most syndromes involving oral clefts present as either
predominately CL/P or CPO, but Van der Woude’s commonly
shows both CL/P and CPO (Kondo et al., 2002). Mutations in
IRF6 cause Van der Woude’s, along with popliteal pterygium
(Leslie et al., 2015), and recent research suggests that mutations
surrounding the gene may be involved in non-syndromic cleft
palate (Zucchero et al., 2004; Rahimov et al., 2012; Pegelow
et al., 2014). Another common form of syndromic clefting is
DiGeorge (22q11.2 deletion) syndrome, which presents with
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TABLE 3 | List of syndromes with a cleft palate and attributed genes.

Syndrome Other associated features Prevalence Gene(s)

Abruzzo-Erickson† Coloboma, hypospadias, deafness, short stature, radial synostosis 4 cases reported‡ TBX22

Andersen§ Periodic paralysis, micrognathia, low-set ears, dental abnormalities, widely

spaced eyes

100 cases reported KCNJ2

Apert* Craniosynostosis, syndactyly, sunken face, beaked nose, hearing loss 1/65,000–88,000 FGFR2

Bamforth-Lazarus* Thyroid agenesis, choanal atresia 8 cases reported‡ FOXE1

CHARGE* Coloboma, heart defect, choanal atresia, retarded growth and

development, genital, and ear abnormalities (CP minor characteristic)

1/8500–10,000 CHD7

Cornelia de Lange* Slow growth, intellectual disability, skeletal abnormalities, low-set ears,

small and widely spaced teeth, small, and upturned nose

1/45,000–62,500‡ NIPBL, SMC1A,

SMC3

Craniofrontonasal§ Hypertelorism, brachycephaly, downslanting palpebral fissures, clefting of

nasal tip

Unknown EFNB1

Crouzon* Craniosynostosis, wide-set bulging eyes, shallow eye sockets,

strabismus, beaked nose, underdeveloped upper jaw (CP minor

characteristic)

0.9/100,000‡ FGFR2

Desmosterolosis§ Brain abnormalities, delayed speech and motor skills, muscle spasticity,

arthrogryposis, short stature, micrognathia

10 cases reported DHCR24

Diastrophic dysplasia§ Short stature, short arms and legs, early osteoarthritis, contractures,

clubfoot, hitchhiker thumbs, swelling of external ears

1/100,000 SLC26A2

DiGeorge* Heart abnormalities, breathing problems, kidney abnormalities, hearing

loss, short stature, developmental delays

1/4000 TBX1, COMT

Hereditary lymphedema-distichiasis§ Limb lymphedema, distichiasis, astigmatism, varicose veins, ptosis, heart

abnormalities

Unknown FOXC2

Kabuki§ Arched eyebrows, long palpebral fissures w/everted lower lids, flat

broadened nose, protruding earlobes, microcephaly, scoliosis, short fifth

fingers, fetal finger pads

1/32,000 KMT2D, KDM6A

Kallmann—Type 1, Type 2§ Hypogonadotropic hypogonaidism, lack of secondary sex characteristics,

anosmia, unilateral renal agenesis, hearing loss

1/10,000–86,000 KAL1 (Type 1),

FGFR1 (Type 2)

Larsen syndrome; atelosteogenesis§ Clubfoot, hip/knee/elbow dislocations, extra bones in wrists/ankles, blunt

and spatulate tips of fingers, scoliosis, frontal bossing, midface

hypoplasia, wide-set eyes, hearing loss

1/100,000 FLNB

Lethal and Escobar multiple

pterygium*

Pterygium, arthrogryposis, scoliosis, downslanting palpebral fissures,

epicanthal folds, small jaw, low-set ears

Unknown CHRNG

Loeys-Dietz, Types 1–4* Craniosynostosis, scoliosis, pectus excavatum/carinatum, clubfoot,

hypertelorism (bifid uvula and/or CP)

<1/1,000,000‡ TGFBR1, TGFBR2,

SMAD3, TGFB2

Miller* Malar hypoplasia, micrognathia, ectropion, lower eyelid coloboma,

microtia (CP ± CL)

30 cases reported DHODH

Oculofaciocardiodental* Microphthalmia, broad nasal tip, atrial/ventricular septal defect,

radiculomegaly

<1/1,000,000 BCOR

“Oro-facial-digital”§ Cleft tongue, broad flat nasal bridge, hypertelorism, syndactyly, (CP ± CL) 1/50,000–250,000 OFD1

Otopalatodigital Spectrum Disorders*: Hearing loss from ossicle malformations, skeletal abnormalities, prominent

brow ridges

FLNA

Type 1 Hypertelorism, downward-slanting eyes, small flat nose, Spatulate

fingertips

<1/100,000

Type 2 Hypertelorism, downward-slanting eyes, broad flat nose, micrognathia,

camptodactyly

<1/100,000

Frontometaphyseal dysplasia Joint contractures, bowed limbs, scoliosis, hypertelorism,

downward-slanting eyes, micrognathia

Few dozen cases

reported

Melnick-Needles Short stature, scoliosis, partial dislocation of joints,bowed limbs,

micrognathia, excess hair on forehead

<100 cases

reported

Pierre Robin Sequence* Micrognathia, glossoptosis, failure to thrive 1/8500–14,000 SOX9

PRS w/Campomelic dysplasia Bowing of leg bones, clubfoot, dislocated hips, ambiguous genitalia, small

chin, prominent eyes, flat face, glossoptosis, micrognathia,

laryngotracheomalacia

1/40,000–200,000 SOX9

PRS w/Stickler, Types 1–5 Flattened facial appearance, high myopia, abnormal vitreous, glaucoma,

cataracts, retinal detachment, hearing loss, hypermobile joints,

early-onset arthritis, scoliosis/kyphosis, platyspondyly

1/7500–9000 COL2A1, COL11A1,

COL11A2, COL9A1,

COL9A2

(Continued)
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TABLE 3 | Continued

Syndrome Other associated features Prevalence Gene(s)

Popliteal pterygium§ Pits near center of lower lip, missing teeth, webs of skin on backs of

knees, syndactyly, abnormal genitals (CP +/- CL)

1/300,000 IRF6

Saethre-Chotzen* Craniosynostosis, ptosis, hypertelorism, broad nasal bridge, facial

asymmetry, microtia

1/25,000–50,000 TWIST1

Smith-Lemli-Opitz§ Microcephaly, hypotonia, syndactyly, polydactyly 1/20,000–60,000 DHCR7

Snyder-Robinson† Delayed development, hypotonia, scoliosis/kyphosis, prominent lower lip 10 cases reported SMS

Treacher Collins* Micrognathia, downward-slanting eyes, lower eyelid coloboma, microtia 1/50,000 TCOF1, POLR1C,

POLR1D

Van der Woude§ Pits near center of lower lip, small mounds of tissue on lower lip (CP ± CL) 1/35,000–100,000 IRF6

X-linked cleft palate* ±Complete or partial ankyloglossia Unknown TBX22

X-linked intellectual disability:

Siderius type† Long face, sloping forehead, broad nasal bridge, upslanting palpebral

fissures, low-set ears, large hands

Few cases reported PHF8

Renpenning† Developmental delay, short stature, upslanting palpebral fissures,

shortened philtrum

60 cases reported PQBP1

All syndrome genes, associated features, and prevalences from Genetics Home Reference by the NIH unless otherwise specified (http://ghr.nlm.nih.gov/).

*Syndromes listed in Leslie and Marazita (2013).
§ Syndromes listed in Dixon et al. (2011).

†Syndromes listed in Genetics Home Reference by the NIH.

‡ Prevalence from Orphanet (http://www.orpha.net).

heart and kidney abnormalities, hearing loss, and developmental
delays (Burnside, 2015). DiGeorge patients may exhibit varying
severities of cleft palate, including a type known as Pierre
Robin Sequence (PRS), which presents with micrognathia and
a malpositioned tongue, resulting in a distinctive U-shaped cleft
palate (Brito et al., 2012). PRS is associated with mutations in a
number of genes, including SOX9 (Benko et al., 2009). Although
PRS is considered non-syndromic when it presents alone, it is
considered syndromic when it appears as a feature of other
syndromes, such as DiGeorge syndrome, Stickler syndrome, or
Campomelic dysplasia. These are among the major syndromes
associated with palatal clefting; many forms of syndromic cleft
palate have a prevalence of less than 1 out of 100,000, with only a
handful of cases reported in the literature for some. Additionally,
some conditions are caused primarily by de novo mutations
and lack any family history, in contrast to non-syndromic cleft
palate, which has a strong recurrence risk among affected families
(Rahimov et al., 2012; Setó-Salvia and Stanier, 2014).

Although many genome wide association studies (GWAS)
and linkage studies have been done on non-syndromic oral
clefts, most of them have focused on CL/P, identifying several
genes with common variants. Studies that have compared non-
syndromic CL/P with non-syndromic CPO found no association
betweenCPO and the candidate genes for CL/P, providing further
evidence that these two malformations have separate genetic
etiologies (Böhmer et al., 2013). At the time of writing, there
has been only one linkage study and two GWAS done solely on
non-syndromic CPO, although many GWAS, linkage, and other
association studies have been done on non-syndromic oral clefts
as a whole, which include CPO. The results from some of these
various studies are listed in Table 4.

The sole linkage study focusing exclusively on non-syndromic
CPO was performed using the DNA of 24 Finnish families, and
involved scanning all of chromosomes 2 and 4 and a candidate

TABLE 4 | Genetic risk factors for cleft palate.

Study Country SNP/nearby gene(s)

(chromosome)

OR (95% CI) or

p-value

LINKAGE STUDIES

Koillinen et al.,

2005

Finland 1p34 p = 0.069

2p24-p25 p = 0.016

12q21 p < 0.05

ASSOCIATION STUDIES

Pan et al., 2013 China rs742071 (1p36) 0.85 (0.36–2.03)

rs7590268 (2p21) 2.05 (1.07–3.91)

rs7632427 (3p11.1) 1.00 (0.61–1.64)

rs12543318 (8q21.3) 1.02 (0.68–1.52)

rs8001641 (13q31.1) 1.52 (0.95–2.43)

rs1873147 (15q22.2) 0.41 (0.20–0.86)

Butali et al., 2014b Africa c.493C > G (20q12) Not listed

Nikopensius et al.,

2010

Estonia rs17389541

(1q32.3-q41)

1.726 (1.263–2.358)

Latvia rs1793949 (12q13.11) 1.659 (1.235–2.229)

Lithuania rs11653738 (17q21) 1.518 (1.123–2.053)

Carter et al., 2010 Ireland rs3769817 (2q33.1) 1.45 (1.06–1.99)

rs2166975 (2p13.3) p = 0.041

Ghassibe-Sabbagh

et al., 2011

Europe, USA

Philippines

rs3827730 (1p32.3) p = 0.0003

region in 1p34 in both affected and unaffected family members,
along with a genome-wide scan of nine of the families with larger
pedigrees (Koillinen et al., 2005). Although no significant linkage
was found for any gene, the results showed suggestive linkage for
the loci 1p34, 2p24-p25, and 12q21, warranting further research
on these areas as candidate regions for cleft palate. Although
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the study found no mutations in IRF6, the gene responsible for
Van der Woude’s syndrome, more recent research has shown
that some genes responsible for syndromes involving cleft palate
may also be candidate genes for non-syndromic cleft palate, with
the most substantial evidence for the genes IRF6 and TBX22
(Marçano et al., 2004; Stanier and Moore, 2004; Zucchero et al.,
2004; Nikopensius et al., 2010; Rahimov et al., 2012; Pegelow
et al., 2014). In both of the GWAS on non-syndromic cleft palate,
no single SNP was significant when considered alone (Beaty et al.,
2011; Wu et al., 2014).

MATERNAL AND PATERNAL RISK
FACTORS

Although the risk factors for CL/P have been extensively
researched through epidemiologic and experimental studies, few
studies have focused exclusively on CPO. It is largely assumed
that the risk factors for CPO are the same as for CL/P. These
major risk factors include maternal exposure to tobacco smoke,
alcohol, and corticosteroids; folic acid deficiency; zinc deficiency;
and maternal grief. More recent research has differentiated
between CPO and CL/P when analyzing their risk factors, and
the odds ratios for CPO from some of these studies are listed in
Table 5.

Maternal exposure to tobacco smoke has been reported
as the strongest risk factor for CPO. The most commonly
reported odds ratio from one meta-analysis is 1.22, but a more
recent study found an odds ratio of 1.38, with both studies
comparing any tobacco smoke exposure against none at all (Little
et al., 2004; Butali et al., 2013a). However, these values may
be underestimated as most studies only assess active maternal
tobacco use and not passive smoke exposure or paternal smoking
(Mossey et al., 2009). This has been further evidenced by a meta-
analysis on passive smoking which found an odds ratio of 2.11 for
non-syndromic CPO (Sabbagh et al., 2015).

Although folic acid deficiency has been found to cause cleft
palate in animal models, including a protective effect of folic acid
supplements against trans-retinoic acid-induced cleft palate in
mouse models (Yao et al., 2011), data on folate use and risk of
cleft palate in humans have been inconclusive. Several clinical
studies on maternal use of folate and risk of CPO showed no
significant association between the two (Johnson and Little, 2008;
Little et al., 2008; Li et al., 2012; Butali et al., 2013a), with one
study reporting an odds ratio of 0.95 with folic acid use (Johnson
and Little, 2008). However, these inconsistencies may partially
be due to differences in methods of ascertainment for folic acid
intake, as folic acid is available through dietary folate, folic acid
supplements, or multivitamins with folic acid (Li et al., 2012).
Some studies differentiate between these different forms while
others do not, which may cause inconsistencies in the data if the
dose of folic acid varies greatly between women. Additionally,
even though there has been a reported decrease in oral clefts in
North America since the mandatory fortification of grains with
folic acid in the late 1990’s (Parker et al., 2010; Saad et al., 2014),
this decline is seen only in CL/P, while CPO rates have remained
fairly constant (Johnson and Little, 2008).

Clinical studies on maternal alcohol consumption as a risk
factor for CPO have been inconsistent as well (Meyer et al.,
2003; Chevrier et al., 2005; Bille et al., 2007; Romitti et al., 2007),
even though it has been shown in animal models to have a
disruptive effect on neural crest cells, which contribute to lip and
palate development (Bell et al., 2014). In one meta-analysis which
stratified by the amount of alcohol consumption, the odds ratios
only slightly varied, with 0.94 for binge drinking and 1.05 for
any alcohol exposure (Bell et al., 2014). However, this seemingly
low odds ratio and discrepancies between studies may be due
to underreporting of alcohol use by mothers, as most people
tend to underestimate how much they drink or overestimate the
volume of “one drink.” More thorough studies still need to be
done to establish maternal alcohol use as a risk factor for CPO,
but obtaining accurate data may be difficult due to this recall bias.

Zinc is crucial to normal fetal development, especially in the
central nervous system, and maternal deficiency has been shown
to cause cleft palate in animal models (Hurley and Swenerton,
1966; Warkany and Petering, 1972; Quinn et al., 1990; Mossey
et al., 2009). Although maternal zinc deficiency has been shown
as a risk factor for oral clefts in human studies, data is still limited
for CPO as most studies have analyzed CL/P (Krapels et al.,
2004; Shah and Sachdev, 2006; Hozyasz et al., 2009); only two
studies have examined CPO and maternal plasma zinc levels. In
the Philippines, women with plasma zinc levels of 9.0–9.8 and
9.9–10.9µmol/L had odds ratios of 0.65 and 0.27, respectively,
and 94% of mothers of children with CPO were found to have
low plasma zinc levels (defined as < 11.0µmol/L) (Tamura et al.,
2005). In Utah, for non-syndromic CPO, mothers with plasma
zinc levels of 9.3–10.4 and 10.4–11.6µmol/L had odds ratios of
0.75 and 0.78, respectively; for CPOwithmalformations, mothers
with plasma zinc levels of 9.3–10.4 and 10.4–11.6µmol/L had
odds ratios of 1.03 and 1.20, respectively (Munger et al., 2009).
When directly comparing the two studies, the odds ratios were
not as significant in Utah as in the Philippines; however, maternal
plasma zinc levels overall were higher in Utah, suggesting that
maternal zinc deficiency may not be a strong risk factor unless
it is severely compromised (Munger et al., 2009). Even though
maternal zinc deficiency has been correlated with CPO in animal
studies and with CL/P in humans, more clinical research is still
needed to determine if low maternal zinc levels are a risk factor
for CPO.

Other risk factors significant for CPO are corticosteroid use
and bereavement in the antenatal period. In one study on
oral nonsystemic corticosteroid use, syndromic CPO and any
corticosteroid use had an odds ratio of 1.68, with an even higher
odds ratio of 3.38 for dermatologic corticosteroids (Skuladottir
et al., 2014). For non-syndromic CPO, all corticosteroid use had
an odds ratio of 1.30, with dermatologic corticosteroids having an
odds ratio of 2.64 (Skuladottir et al., 2014). For both syndromic
and non-syndromic CPO, these odds ratios are more significant
than those of smoking, folic acid deficiency, andmaternal alcohol
use. In a study on bereavement during the antenatal period
(defined as the death of a close relative), an odds ratio of 1.34 was
found for non-syndromic CPO; when male and female offspring
were calculated separately, the odds ratios were 1.83 and 0.91,
respectively; and when stress was due to the death of a child,
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TABLE 5 | Maternal risks factors associated with cleft palate.

Risk factor Study Country Categories OR (95% CI)

Smoking Little et al., 2004 Various Smoking vs. none 1.22 (1.1–1.35)

Leite et al., 2014 Denmark Smoking vs. none 1.09 (0.88–1.35)

Butali et al., 2013a Europe Smoking vs. none 1.38 (1.04–1.83)

Sabbagh et al., 2015 Various Passive smoking exposure vs. none 2.11 (1.23–3.62)

Supplements Butali et al., 2013a Europe Folic acid use vs. none 1.18 (0.89–1.57)

Johnson and Little, 2008 Europe, North America,

South America,

Australia, Asia

Any supplement use vs. none 0.88 (0.76–1.01)

Multivitamins vs. none 0.88 (0.74–1.04)

Folic acid supplements vs. none 0.95 (0.79–1.14)

Preconceptionally start vs. none 0.70 (0.51–0.98)

After 4th month of gestation vs. none 0.99 (0.71–1.38)

Alcohol Bell et al., 2014 USA, Australia, Europe,

India, Brazil, Japan,

Canada

Any alcohol use vs. no/low alcohol use 1.05 (0.92–1.21)

Alcohol use during 1st trimester vs. no/low alcohol 1.05 (0.90–1.23)

Alcohol use during pregnancy vs. no/low alcohol 1.06 (0.75–1.48)

Binge drinking vs. no/low alcohol (1st trimester) 0.94 (0.74–1.21)

Romitti et al., 2007 USA 1–4 drinks/mo vs. none 1.3 (1.0–1.9)

5–15 drinks/mo vs. none 1.1 (0.8–1.7)

16–30 drinks/mo vs. none 1.1 (0.6–1.8)

>30 drinks/mo vs. none 1.1 (0.6–2.2)

Diabetes mellitus Correa et al., 2008 USA Pregestational DM vs. none 1.80 (0.67–4.87)

Gestational DM vs. none 1.54 (1.01–2.37)

Bánhidy et al., 2010 Hungary DM Type 1 vs. none 2.2 (0.7–6.8)

DM Type 2 vs. none 0.4 (0.1–3.2)

Gestational DM vs. none 0.3 (0.0–2.0)

Obesity Stott-Miller et al., 2010 Washington Non-syndromic CP:

Overweight vs. normal weight 0.92 (0.69–1.22)

Obese vs. normal weight 1.21 (0.85–1.72)

All types of CP:

Overweight vs. normal weight 0.84 (0.66–1.08)

Obese vs. normal weight 1.04 (0.76–1.42)

Block et al., 2013 Florida Pre-pregnancy BMI: underweight vs. normal 1.27 (0.91–1.77)

Pre-pregnancy BMI: Overweight vs. normal 0.97 (0.79–1.20)

Pre-pregnancy BMI: Obese vs. normal 1.32 (1.07–1.62)

Stothard et al., 2009 Various Obese vs. recommended BMI 1.23 (1.08–1.47)

Overweight vs. recommended BMI 1.02 (0.86–1.20)

Izedonmwen et al., 2015 Various Obese vs. normal weight 1.14 (0.95–1.37)

Overweight vs. normal weight 0.89 (0.75–1.06)

Nonsystemic

corticosteroid use

Skuladottir et al., 2014 Norway Syndromic CP:

All CST vs. none 1.68 (0.71–3.98)

Dermatologic CST use vs. none 3.38 (0.87–13.09)

Non-dermatologic CST use vs. none 1.08 (0.34–3.40)

Non-syndromic CP:

Any type of CST use vs. none 1.30 (0.42–4.05)

Dermatologic CST use vs. none 2.64 (0.49–14.31)

Non-dermatologic CST use vs. none 0.83 (0.18–3.91)

(Continued)
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TABLE 5 | Continued

Risk factor Study Country Categories OR (95% CI)

Bereavement in

antenatal period

Ingstrup et al., 2013 Denmark Bereavement vs. none 1.34 (0.87–2.04)

All types of bereavement vs. none 0.91 (0.45–1.82)

Sudden death vs. none 1.69 (0.63–4.51)

Death of a child vs. none 2.36 (1.09–4.92)

Environmental

conditions

Chung et al., 2013 China (Hong Kong) Sunshine at conception vs. none P = 0.30

Sunshine at 4 weeks vs. none P = 0.072

Sunshine at 8 weeks vs. none P = 0.009

NOx at conception vs. none P = 0.506

NOx at 4 weeks vs. none P = 0.794

NOx at 8 weeks vs. none P = 0.343

NO at conception vs. none P = 0.127

NO at 4 weeks vs. none P = 0.795

NO at 8 weeks vs. none P = 0.085

Organic solvents Desrosiers et al., 2012 USA Chlorinated vs. none 0.83 (0.50–1.38)

Stoddard vs. none 1.45 (0.72–2.87)

Aromatic vs. none 1.03 (0.49–2.20)

Zinc (plasma

levels)

Munger et al., 2009 Utah Isolated CP:

9.3–10.4 vs. ≤9.2µmol/L 0.75 (0.36–1.57)

10.4–11.6 vs. ≤9.2µmol/L 0.78 (0.39–1.54)

≥11.7 vs. ≤9.2µmol/L 0.93 (0.47–1.84)

CP with Malformations:

9.3–10.4 vs. ≤ 9.2µmol/L 1.03 (0.44–2.40)

10.4–11.6 vs. ≤9.2µmol/L 1.20 (0.55–2.65)

≥11.7 vs. ≤9.2µmol/L 0.67 (0.27–1.67)

Tamura et al., 2005 Philippines 9.0–9.8 ≤ 8.9µmol/L 0.65 (0.16–2.68)

9.9–10.9 ≤ 8.9µmol/L 0.27 (0.05–1.45)

≥ 11.0 ≤ 8.9µmol/L 0.07 (0.01–0.73)

the odds ratio was 2.36 (Ingstrup et al., 2013). This correlation
of bereavement during the antenatal period and increased risk
of oral clefts is thought to be due to the fact that stress causes
increased levels of cortisol, which is a corticosteroid. Although
more research is needed in this area, maternal exposure to
corticosteroids of endogenous or iatrogenic origin alike has been
shown to be a potential risk factor for CPO.

More recently, obesity and diabetes mellitus have been
recognized as risk factors for cleft palate. Animal studies have
shown that pregnant mice fed high-fat diets have a higher rate
of offspring with cleft palates (Kappen, 2013). In a large case-
control study of mothers who had pregestational (PGDM) or
gestational diabetes mellitus (GDM) and children with birth
defects, odds ratios of 1.80 and 1.54 were found for mothers
of children with CPO who had PGDM or GDM, respectively
(Correa et al., 2008). A similar study from Hungary found odds
ratios of 2.2, 0.4, and 0.3 for mothers with DM Type 1, DM
Type 2, and GDM, respectively (Bánhidy et al., 2010). Other
research has also found an increased risk of CPO in children
of women who had a pre-pregnancy body mass index of 30
or higher (Mandal et al., 2011; Block et al., 2013). A case-
control study on mothers who were obese pre-pregnancy found
an odds ratio of 1.21 for non-syndromic CPO and 1.04 for all
forms of CPO (Stott-Miller et al., 2010). A systematic review

and meta-analysis by Stothard et al. found an odds ratios of 1.23
for pre-pregnancy obesity and all forms of CPO, and a similar
study by Izedonmwen et al. found an odds ratio of 1.14 (Stothard
et al., 2009; Izedonmwen et al., 2015). Although the mechanism
by which obesity may contribute to cleft palate is still unknown,
it is hypothesized it may be due to nutritional deficiencies or
to alterations in glycemic control, similar to those experienced
by diabetic mothers (Izedonmwen et al., 2015). One study has
shown changes in lipid metabolism in mice with aberrant TGF-
β signaling contribute to cleft palate formation, indicating a
potential mechanistic link between diabetes mellitus and cleft
palate (Iwata et al., 2014). Even though clinical studies have been
fairly consistent in their findings for diabetes mellitus and obesity
as risk factors for CPO, more research is still needed on the
pathophysiology of this process.

Paternal risk factors for CPO have not been thoroughly
researched, with the majority of studies focusing on advanced
paternal age (Green et al., 2010; Bell et al., 2014; Ma et al., 2015).
In a large study on congenital malformations in Poland, an odds
ratio of 1.11 was found with increasing paternal age every 5 years
(Materna-Kiryluk et al., 2009), and a meta-analysis on parental
age and oral clefts found a 58% higher probability of CPO in
children of fathers 40 years and older (Herkrath et al., 2012).
Krapels et al. performed one of the largest questionnaire studies
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to date on several paternal risk factors, finding odd ratios of
1.5 for smoking, 1.8 for alcohol use, 0.6 for coffee use, 0.5 for
medication use, and 0.2 for allergies (Krapels et al., 2006). Besides
older paternal age, it is still unclear if paternal factors increase the
risk of cleft palate formation.

GENE-ENVIRONMENT (GXE)
INTERACTIONS

Several study designs have been implemented to examine the
possible role of interactions of environmental teratogens with
genetic mutations on cleft palate formation. Skare et al. analyzed
case-parent trios against control-parent trios, using known
candidate genes for cleft palate, and found a potential interaction
between TBX4 (chromosome 17q21-q22) and dietary folate
(Skare et al., 2012). A meta-analysis was performed by Zeiger
et al. on oral clefts and maternal smoking, which found an odds
ratio of 1.95 for the transforming growth factor alpha (TGFA)
TaqI C2 allele and CPO (Zeiger et al., 2005).

To date, only two GWAS have analyzed gene mutations
and environmental interactions for non-syndromic CPO. Beaty
et al. analyzed a gene’s risk based on maternal exposure to
three common environmental risk factors, using an international
consortium of 550 case-parent trios (Beaty et al., 2011). Although
no single SNP was significant when considered without maternal
exposure, certain SNPs in several loci showed a strong association
with CPOwhenGxE interactions withmaternal smoking, alcohol
use, and vitamin use were included. For maternal smoking,
several SNPs reached genome-wide significance in the genes
MLLT3 and SMC2, both on chromosome 9, and OBSCN on
chromosome 1q42.13. For maternal alcohol use, SNPs were
found to reach genome-wide significance in the genes TBK1
on chromosome 12q14.2 and ZNF236 on chromosome 18q22-
q23. SNPs in genes BAALC on chromosome 8q22.3 and ACOXL
on chromosome 2q13 were found to have a greater protective
effect with maternal vitamin use. Wu et al. performed a similar
GWAS stratifying trios into Asian and European ancestry (Wu
et al., 2014). Several SNPs in the genes SLC2A9 andWDR1, both
on chromosome 4p16.1, in the Asian trios approached genome-
wide significance when maternal environmental tobacco smoke
exposure was considered. The most significant SNPs included
rs3733585 and rs12508991 in SLC2A9 (p = 2.26 × 10−7 and
2.26 × 10−7) and s6820756 and rs7699512 in WDR1 (p =

1.79×10−7 and 1.98×10−7, respectively). Although chromosome
4p16.1 has been implicated as an additional contributor to non-
syndromic CL/P, the candidate genes found on chromosomes
1, 2, 8, 9, 12, and 18 are all distinct from those found in
GWAS of non-syndromic CL/P (Beaty et al., 2010; Butali et al.,
2013b), further suggesting that CL/P and CPO are separate
malformations.

MORBIDITY AND MORTALITY

Children born with oral clefts have been shown to have higher
mortality rates, especially in the presence of other birth defects
(Vallino-Napoli et al., 2006; Carlson et al., 2013). Kang et al.

found a 15 times greater risk of mortality in CPO patients when
compared to the general population, and a 10 times greater risk
when compared to other types of clefts (Kang et al., 2012). A
14-year study of Dutch patients found an infant mortality rate
(IMR) of 2.45% for all CPO, with the most common cause of
death for all oral clefts being congenital malformations of the
heart (40.6%; van Nunen et al., 2014). Congenital heart defects
commonly present with oral clefts, and are reported to occur in
1.3 to 27% of affected individuals, although the mechanism is still
unknown (Setó-Salvia and Stanier, 2014).

Epidemiological studies have assessed the relationship
between cancer and clefts. Bille et al. found an increased risk
of breast cancer and primary brain cancer in females with
cleft palate (Bille et al., 2005), while Lima et al. found breast,
colorectal, stomach, prostate, and uterine cancers to be the most
common among those with oral clefts (Lima et al., 2013). Recent
research has also shown differences in cerebellar morphology
in patients with oral clefts. DeVolder et al. found that males
with cleft palate had regional changes in the cerebellum but not
reductions in volume, while females with cleft palate had reduced
cerebellum volumes (DeVolder et al., 2013).

TREATMENT

Multidisciplinary care is needed to provide comprehensive
treatment for CPO beginning at birth and spanning until
adulthood. Care for children born with these defects includes
plastic surgery, nursing, maxillofacial surgery, otolaryngology,
speech therapy, audiology, psychological counseling, genetic
testing and counseling, dentistry, and orthodontics. While each
cleft center has developed its own team approach and sequence of
care, typical management involves the following, described here
briefly.

Surgical Treatment and Complications
Unlike the artistic nature of the cleft lip repair, the cleft palate
repair is very functional in nature. The goal of the surgery
certainly includes closure of the defect, but mostly focuses on
quality of speech (Agrawal, 2009). Multiple different methods
of repair have been demonstrated and improved throughout the
years, focusing on either lengthening of the palate, alignment of
the muscle or both (Strong and Buckmiller, 2001). Soft palate
repair techniquesmay be used in isolation or combined with hard
palate procedures, as necessary. Most surgeons today perform
either some modification of an intravelar veloplasty, vs. a two-
flap palatoplasty with double opposing z-plasty to achieve levator
muscular repositioning (Sitzman and Marcus, 2014). Overall, the
goals of palate repair are separating the oral and nasal cavity
and creating a competent velopharyngeal valve for swallowing
and speech, while preserving midface growth and development
of functional occlusion (Friedman et al., 2010).

The timing of repair is also debated, and has ranged from
shortly after birth to as late as 6 years of life. Much of the
controversy against the early repair centers on inhibition of facial
growth, in contrast to the late repair, which is met with significant
restrictions in clear speech. Today, most cleft surgeons focus
on the type of repair to be performed in a period somewhere
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between 9 and 18 months of age. The palate repair technique and
timing chosen by each surgeon is heavily reliant on their training,
comfort and preference given the lack of long-term evidence
of efficacy and outcomes. A 2007 survey of 306 American
cleft surgeons showed that 96% perform one-stage repairs and
85% perform palate surgery when the patient is between 6
and 12 months of age. Evidence suggests that children do not
benefit from palate repair after age seven, as significant speech
abilities have already developed and changing the anatomy at this
stage may hinder speech progress. Early interventions such as
nasoalveolar molding, presurgical orthopedics, external taping,
and gingivoperiosteoplasty are newer advances that aim to
minimize the number of surgeries needed and optimize surgical
results by repositioning bony and soft tissue structures prior to
an infant’s first palate surgery (Hopper et al., 2006).

Immediate complications of cleft palate repair are bleeding,
respiratory obstruction, infection, and dehiscence. Bleeding and
respiratory obstruction happen immediately after surgery, and
while rare require re-intubation and may be life-threatening
(Hopper et al., 2006). Palatal (oronasal) fistulas may also form,
ranging from asymptomatic holes to large communications
between the oral and nasal cavities that cause speech problems,
nasal regurgitation and hygiene difficulties. If symptomatic,
fistulas may be surgically corrected with local mucosal flaps
(Katzel et al., 2009). Factors that affect fistula formation include
the anatomy of the cleft (primary palate clefts have higher fistula
rates), the type of repair, and the experience level of the surgeon
(Hopper et al., 2006).

Long-Term Treatment
Even though repairing the cleft palate itself may be a one-time
operation, treating the resulting dental and speech problems,
along with the associated psychological implications, is a long-
term effort usually not fully completed until the late teenage
years (Setó-Salvia and Stanier, 2014). Much of the debate
regarding long-term outcomes of cleft repairs is centered on
speech development and growth of the mid-face. Inadequate
repair of the palatal muscles or inadequate length of the soft
palate after palatoplasty may result in a structural defect or
physiologic dysfunction of the velopharyngeal valve, resulting
in the most common speech deficiency after cleft palate
repair: velopharyngeal insufficiency (VPI). The inability to
completely separate the oral and nasal cavities during speech
leads to hypernasality, nasal emission, imprecise consonant
pronunciation, decreased vocal loudness, and speaking in short
phrases (Hopper et al., 2006). In a study on the health-related
quality of life (HRQL) of children with oral clefts, researchers
found that HRQL decreased as severity of speech problems
increased, and older children with CPO had lower HRQL than

those with CL/P (Damiano et al., 2007). Monitoring for early
VPI can be done through speech therapy and nasopharyngoscopy
both before and after palate surgery (Chen and Kane, 2012).
Surgical options for improving VPI are a pharyngeal flap or
sphincter pharyngoplasty.

Decreased maxillary width and crossbite may be treated with
orthodontic expansion combined with bone grafting. Midface
hypoplasia (restricted growth of the mid-face) often results in an

Angle Class III occlusion (underbite) and may be treated with a
distraction device and eventual surgery to advance the midface
(LeFort I maxillary orthognathic advancement) (Hopper et al.,
2006).

FUTURE DIRECTIONS FOR RESEARCH

Five main themes emerge as critical in advancing research in
CPO: (1) monitoring of the occurrence of CPO across different
parts of world to assess prevalence and availability of health
care services (capacity building); (2) detailed phenotyping of
the severity of CPO in relation to timing in embryogenesis and
potential genetic/environmental factors that can impair closure
(biology); (3) understanding of the genetic and environmental
risk factors for CPO and their interaction (primary prevention);
(4) access to early detection and multidisciplinary treatment of
children with CPO from birth into adulthood (clinical services);
and (5) understanding predictors of recurrence and possible
interventions to lower risk among mothers of reproductive age
(secondary prevention). In all five areas, it will be important
to distinguish between CPO and CL/P in order to address
potential differences, which will present challenges given the
rarity and less obvious nature of CPO. This will necessitate
large consortium efforts globally to attain a large enough sample
size to evaluate CPO-specific genetic and environmental risk
factors, multidisciplinary approaches to treatment and predictors
of future recurrence in parents with at least one affected
child.

AUTHOR CONTRIBUTIONS

MB acquired references and data and contributed to paper
design, drafting, revising and final approval of the manuscript,
ensuring accuracy and integrity of the paper. YC and WM
contributed to paper design and critical revisions and final
approval of the manuscript, ensuring accuracy and integrity of
the paper. CY acquired references and data and contributed to
drafting and final approval of the manuscript, ensuring accuracy
and integrity of the paper. JF conceived paper idea and design
and contributed to drafting, revising and final approval of the
manuscript, ensuring accuracy and integrity of the paper.

REFERENCES

Afshar, M., Brugmann, S. A., and Helms, J. A. (2012). “Embryology of the

craniofacial complex,” in Plastic Surgery, ed P. Neligan (Seattle, WA: Elsevier),

503–516.

Agrawal, K. (2009). Cleft palate repair and variations. Indian J. Plast. Surg.

42(Suppl.), S102–S109. doi: 10.4103/0970-0358.57197

Bánhidy, F., Acs, N., Puhó, E. H., and Czeizel, A. E. (2010). Congenital

abnormalities in the offspring of pregnant women with type 1, type 2

and gestational diabetes mellitus: a population-based case-control study.

Congenit. Anom. (Kyoto). 50, 115–121. doi: 10.1111/j.1741-4520.2010.

00275.x

Beaty, T. H., Murray, J. C., Marazita, M. L., Munger, R. G., Ruczinski, I.,

Hetmanski, J. B., et al. (2010). A genome-wide association study of cleft lip with

Frontiers in Physiology | www.frontiersin.org 12 March 2016 | Volume 7 | Article 67

http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive


Burg et al. Epidemiology, Etiology, and Treatment of Cleft Palate

and without cleft palate identifies risk variants near MAFB and ABCA4. Nat.

Genet. 42, 525–529. doi: 10.1038/ng.580

Beaty, T. H., Ruczinski, I., Murray, J. C., Marazita, M. L., Munger, R. G.,

Hetmanski, J. B., et al. (2011). Evidence for gene-environment interaction

in a genome wide study of nonsyndromic cleft palate. Genet. Epidemiol. 35,

469–478. doi: 10.1002/gepi.20595

Bell, J. C., Raynes-Greenow, C., Turner, R. M., Bower, C., Nassar, N., and O’Leary,

C. M. (2014). Maternal alcohol consumption during pregnancy and the risk

of orofacial clefts in infants: a systematic review and meta-analysis. Paediatr.

Perinat. Epidemiol. 28, 322–332. doi: 10.1111/ppe.12131

Benko, S., Fantes, J. A., Amiel, J., Kleinjan, D. J., Thomas, S., Ramsay, J.,

et al. (2009). Highly conserved non-coding elements on either side of

SOX9 associated with Pierre Robin sequence. Nat. Genet. 41, 359–364. doi:

10.1038/ng.329

Bille, C., Olsen, J., Vach, W., Knudsen, V. K., Olsen, S. F., Rasmussen, K.,

et al. (2007). Oral clefts and life style factors–a case-cohort study based on

prospective Danish data. Eur. J. Epidemiol. 22, 173–181. doi: 10.1007/s10654-

006-9099-5

Bille, C., Winther, J. F., Bautz, A., Murray, J. C., Olsen, J., and Christensen, K.

(2005). Cancer risk in persons with oral cleft–a population-based study of 8,093

cases. Am. J. Epidemiol. 161, 1047–1055. doi: 10.1093/aje/kwi132

Block, S. R., Watkins, S. M., Salemi, J. L., Rutkowski, R., Tanner, J. P., Correia, J. A.,

et al. (2013). Maternal pre-pregnancy bodymass index and risk of selected birth

defects: evidence of a dose-response relationship. Paediatr. Perinat. Epidemiol.

27, 521–531. doi: 10.1111/ppe.12084

Böhmer, A. C., Mangold, E., Tessmann, P., Mossey, P. A., Steegers-Theunissen, R.

P., Lindemans, J., et al. (2013). Analysis of susceptibility loci for nonsyndromic

orofacial clefting in a European trio sample. Am. J. Med. Genet. A 161A,

2545–2549. doi: 10.1002/ajmg.a.36141

Brito, L. A., Meira, J. G., Kobayashi, G. S., and Passos-Bueno, M. R. (2012).

Genetics and management of the patient with orofacial cleft. Plast. Surg. Int.

2012:782821. doi: 10.1155/2012/782821

Burdi, A. R., and Faist, K. (1967). Morphogenesis of the palate in normal human

embryos with special emphasis on mechanisms involved. Am. J. Anat. 120,

149–160. doi: 10.1002/aja.1001200112

Burdi, A. R., and Silvey, R. G. (1969). Sexual differences in closure of the human

palatal shelves. Cleft Palate J. 6, 1–7.

Burnside, R. D. (2015). 22q11.21 deletion syndromes: a review of proximal, central,

and distal deletions and their associated features. Cytogenet. Genome Res. 146,

89–99. doi: 10.1159/000438708

Butali, A., Adeyemo, W. L., Mossey, P. A., Olasoji, H. O., Onah, I. I., Adebola, A.,

et al. (2014a). Prevalence of orofacial clefts in Nigeria. Cleft Palate Craniofac. J.

51, 320–325. doi: 10.1597/12-135

Butali, A., Little, J., Chevrier, C., Cordier, S., Steegers-Theunissen, R., Jugessur,

A., et al. (2013a). Folic acid supplementation use and the MTHFR C677T

polymorphism in orofacial clefts etiology: an individual participant data

pooled-analysis. Birth Defects Res. A Clin. Mol. Teratol. 97, 509–514. doi:

10.1002/bdra.23133

Butali, A., Mossey, P., Adeyemo, W., Eshete, M., Gaines, L., Braimah, R.,

et al. (2014b). Rare functional variants in genome-wide association identified

candidate genes for nonsyndromic clefts in the African population. Am. J. Med.

Genet. A 164A, 2567–2571. doi: 10.1002/ajmg.a.36691

Butali, A., Suzuki, S., Cooper, M. E., Mansilla, A. M., Cuenco, K., Leslie, E. J.,

et al. (2013b). Replication of genome wide association identified candidate

genes confirm the role of common and rare variants in PAX7 and VAX1 in

the etiology of nonsyndromic CL(P). Am. J. Med. Genet. A 161A, 965–972. doi:

10.1002/ajmg.a.35749

Carlson, L., Hatcher, K. W., and Vander Burg, R. (2013). Elevated infant

mortality rates among oral cleft and isolated oral cleft cases: a meta-analysis

of studies from 1943 to 2010. Cleft Palate Craniofac. J. 50, 2–12. doi: 10.1597/

11-087

Carter, T. C., Molloy, A. M., Pangilinan, F., Troendle, J. F., Kirke, P. N., Conley,

M. R., et al. (2010). Testing reported associations of genetic risk factors for oral

clefts in a large Irish study population. Birth Defects Res. A Clin. Mol. Teratol.

88, 84–93. doi: 10.1002/bdra.20639

Chai, Y., and Maxson, R. E. Jr. (2006). Recent advances in craniofacial

morphogenesis. Dev. Dyn. 235, 2353–2375. doi: 10.1002/dvdy.20833

Chen, P. K. T. N. M., and Kane, A. (2012). “Repair of unilateral cleft lip,” inNeligan

& Losee, Plastic Surgery, 3rd Edn., ed P. Neligan (Seattle, WA: Elsevier Health

Sciences), 517–549.

Chevrier, C., Perret, C., Bahuau, M., Nelva, A., Herman, C., Francannet, C., et al.

(2005). Interaction between the ADH1C polymorphism and maternal alcohol

intake in the risk of nonsyndromic oral clefts: an evaluation of the contribution

of child and maternal genotypes. Birth Defects Res. A Clin. Mol. Teratol. 73,

114–122. doi: 10.1002/bdra.20103

Chung, M. K., Lao, T. T., Ting, Y. H., Leung, T. Y., Lau, T. K., and Wong, T.

W. (2013). Environmental factors in the first trimester and risk of oral-facial

clefts in the offspring. Reprod. Sci. 20, 797–803. doi: 10.1177/19337191124

66311

Cooper, M. E., Ratay, J. S., and Marazita, M. L. (2006). Asian oral-facial cleft birth

prevalence. Cleft Palate Craniofac. J. 43, 580–589. doi: 10.1597/05-167

Correa, A., Gilboa, S. M., Besser, L. M., Botto, L. D., Moore, C. A., Hobbs, C. A.,

et al. (2008). Diabetes mellitus and birth defects. Am. J. Obstet. Gynecol. 199,

237.e1-9. doi: 10.1016/j.ajog.2008.06.028

Damiano, P. C., Tyler, M. C., Romitti, P. A., Momany, E. T., Jones, M. P.,

Canady, J. W., et al. (2007). Health-related quality of life among preadolescent

children with oral clefts: the mother’s perspective. Pediatrics 120, e283–e290.

doi: 10.1542/peds.2006-2091

Desrosiers, T. A., Lawson, C. C., Meyer, R. E., Richardson, D. B., Daniels,

J. L., Waters, M. A., et al. (2012). Maternal occupational exposure to

organic solvents during early pregnancy and risks of neural tube defects and

orofacial clefts. Occup. Environ. Med. 69, 493–499. doi: 10.1136/oemed-2011-

100245

DeVolder, I., Richman, L., Conrad, A. L., Magnotta, V., and Nopoulos, P. (2013).

Abnormal cerebellar structure is dependent on phenotype of isolated cleft

of the lip and/or palate. Cerebellum 12, 236–244. doi: 10.1007/s12311-012-

0418-y

Diewert, V. M., and Lozanoff, S. (2002). “Animal models of facial clefting:

experimental, congenital, and transgenic,” in Understanding Craniofacial

Anomalies : The Etiopathogenesis of Craniosynostoses and Facial Clefting, eds

M. P. Mooney and M. I. Siegel (New York, NY: Wiley-Liss), 251–272.

Dixon, M. J., Marazita, M. L., Beaty, T. H., and Murray, J. C. (2011). Cleft lip and

palate: understanding genetic and environmental influences. Nat. Rev. Genet.

12, 167–178. doi: 10.1038/nrg2933

Eppley, B. L., van Aalst, J. A., Robey, A., Havlik, R. J., and Sadove, A. M. (2005).

The spectrum of orofacial clefting. Plast. Reconstr. Surg. 115, 101e–114e. doi:

10.1097/01.PRS.0000164494.45986.91

Friedman, O., Wang, T. D., and Milczuk, H. A. (2010). “Cleft lip and palate,” in

Cummings Otolaryngology: Head & Neck Surgery, 5th Edn., eds P. W. Flint,

B. H. Haughey, V. J. Lund, J. K. Niparko, M. A. Richardson, K. T. Robbins,

and J. R. Thomas (Philadelphia, PA: Mosby Elsevier), 2659–2675.

Ghassibe-Sabbagh, M., Desmyter, L., Langenberg, T., Claes, F., Boute, O., Bayet,

B., et al. (2011). FAF1, a gene that is disrupted in cleft palate and has

conserved function in zebrafish. Am. J. Hum. Genet. 88, 150–161. doi:

10.1016/j.ajhg.2011.01.003

Green, R. F., Devine, O., Crider, K. S., Olney, R. S., Archer, N., Olshan, A.

F., et al. (2010). Association of paternal age and risk for major congenital

anomalies from the National Birth Defects Prevention Study, 1997 to 2004.

Ann. Epidemiol. 20, 241–249. doi: 10.1016/j.annepidem.2009.10.009

Grosen, D., Bille, C., Petersen, I., Skytthe, A., Hjelmborg, J., Pedersen, J. K.,

et al. (2011). Risk of oral clefts in twins. Epidemiology 22, 313–319. doi:

10.1097/EDE.0b013e3182125f9c

Grosen, D., Chevrier, C., Skytthe, A., Bille, C., Mølsted, K., Sivertsen, A., et al.

(2010). A cohort study of recurrence patterns among more than 54,000

relatives of oral cleft cases in Denmark: support for the multifactorial threshold

model of inheritance. J. Med. Genet. 47, 162–168. doi: 10.1136/jmg.2009.

069385

Hall, B. K. (1999). The Neural Crest in Development and Evolution. New York, NY:

Springer.

Herkrath, A. P., Herkrath, F. J., Rebelo, M. A., and Vettore, M. V. (2012). Parental

age as a risk factor for non-syndromic oral clefts: a meta-analysis. J. Dent. 40,

3–14. doi: 10.1016/j.jdent.2011.10.002

Hill, C. R., Jacobs, B. H., Brown, C. B., Barnett, J. V., and Goudy, S. L. (2015).

Type III transforming growth factor beta receptor regulates vascular and

Frontiers in Physiology | www.frontiersin.org 13 March 2016 | Volume 7 | Article 67

http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive


Burg et al. Epidemiology, Etiology, and Treatment of Cleft Palate

osteoblast development during palatogenesis. Dev. Dyn. 244, 122–133. doi:

10.1002/dvdy.24225

Hopper, R., Cutting, C., and Grayson, B. (2006). “Cleft lip and palate,” in Grabb

and Smith’s Plastic Surgery, eds C. Thorne, S. P. Bartlett, R. W. Beasley, S. J.

Aston, G. C. Gurtner, and S. L. Spear (Philadelphia, PA: Lippincott Williams &

Wilkins), 173–199.

Hozyasz, K. K., Kaczmarczyk, M., Dudzik, J., Bulska, E., Dudkiewicz, Z., and

Szymanski, M. (2009). Relation between the concentration of zinc in maternal

whole blood and the risk of an infant being born with an orofacial cleft. Br. J.

Oral Maxillofac. Surg. 47, 466–469. doi: 10.1016/j.bjoms.2009.06.005

Human Genetics Programme (2007). Typical Orofacial Clefts- Cumulative Data by

Register. World Health Organization. Available online at: http://www.who.int/

genomics/anomalies/cumulative_data/en/ (Accessed February 27, 2015).

Hurley, L. S., and Swenerton, H. (1966). Congenital malformations resulting

from zinc deficiency in rats. Proc. Soc. Exp. Biol. Med. 123, 692–696. doi:

10.3181/00379727-123-31578

Ingstrup, K. G., Liang, H., Olsen, J., Nohr, E. A., Bech, B. H., Wu, C. S., et al. (2013).

Maternal bereavement in the antenatal period and oral cleft in the offspring.

Hum. Reprod. 28, 1092–1099. doi: 10.1093/humrep/des434

Iwata, J., Parada, C., and Chai, Y. (2011). The mechanism of TGF-beta signaling

during palate development. Oral Dis. 17, 733–744. doi: 10.1111/j.1601-

0825.2011.01806.x

Iwata, J., Suzuki, A., Pelikan, R. C., Ho, T. V., Sanchez-Lara, P. A., and

Chai, Y. (2014). Modulation of lipid metabolic defects rescues cleft palate

in Tgfbr2 mutant mice. Hum. Mol. Genet. 23, 182–193. doi: 10.1093/hmg/

ddt410

Izedonmwen, O. M., Cunningham, C., and Macfarlane, T. V. (2015). What

is the risk of having offspring with cleft lip/palate in pre-maternal

obese/overweight women when compared to pre-maternal normal weight

women? A systematic review and meta-analysis. J. Oral Maxillofac. Res. 6:e1.

doi: 10.5037/jomr.2015.6101

Johnson, C. Y., and Little, J. (2008). Folate intake, markers of folate status and

oral clefts: is the evidence converging? Int. J. Epidemiol. 37, 1041–1058. doi:

10.1093/ije/dyn098

Johnston,M. C., and Bronsky, P. T. (2002). “Craniofacial embryogenesis: abnormal

developmental mechanisms,” in Understanding Craniofacial Anomalies : The

Etiopathogenesis of Craniosynostoses and Facial Clefting, eds M. P. Mooney and

M. I. Siegel (New York, NY: Wiley-Liss), 61–124.

Jugessur, A., Skare, Ø., Lie, R. T., Wilcox, A. J., Christensen, K., Christiansen,

L., et al. (2012). X-linked genes and risk of orofacial clefts: evidence from

two population-based studies in Scandinavia. PLoS ONE 7:e39240. doi:

10.1371/journal.pone.0039240

Kang, S. L., Narayanan, C. S., and Kelsall, W. (2012). Mortality among infants

born with orofacial clefts in a single cleft network. Cleft Palate Craniofac. J. 49,

508–511. doi: 10.1597/10-179

Kappen, C. (2013). Modeling anterior development in mice: diet as modulator of

risk for neural tube defects. Am. J. Med. Genet. C Semin. Med. Genet. 163C,

333–356. doi: 10.1002/ajmg.c.31380

Katzel, E. B., Basile, P., Koltz, P. F., Marcus, J. R., and Girotto, J. A. (2009). Current

surgical practices in cleft care: cleft palate repair techniques and postoperative

care. Plast. Reconstr. Surg. 124, 899–906. doi: 10.1097/PRS.0b013e3181b

03824

Koillinen, H., Lahermo, P., Rautio, J., Hukki, J., Peyrard-Janvid, M., and

Kere, J. (2005). A genome-wide scan of non-syndromic cleft palate only

(CPO) in Finnish multiplex families. J. Med. Genet. 42, 177–184. doi:

10.1136/jmg.2004.019646

Kondo, S., Schutte, B. C., Richardson, R. J., Bjork, B. C., Knight, A. S.,Watanabe, Y.,

et al. (2002). Mutations in IRF6 cause Van der Woude and popliteal pterygium

syndromes. Nat. Genet. 32, 285–289. doi: 10.1038/ng985

Krapels, I. P., Rooij, I. A., Wevers, R. A., Zielhuis, G. A., Spauwen, P. H., Brussel,

W., et al. (2004). Myo-inositol, glucose and zinc status as risk factors for non-

syndromic cleft lip with or without cleft palate in offspring: a case-control study.

BJOG 111, 661–668. doi: 10.1111/j.1471-0528.2004.00171.x

Krapels, I. P., Zielhuis, G. A., Vroom, F., de Jong-van den Berg, L. T., Kuijpers-

Jagtman, A. M., van der Molen, A. B., et al. (2006). Periconceptional health

and lifestyle factors of both parents affect the risk of live-born children with

orofacial clefts. Birth Defects Res. A Clin. Mol. Teratol. 76, 613–620. doi:

10.1002/bdra.20285

Leite, M., Albieri, V., Kjaer, S. K., and Jensen, A. (2014). Maternal smoking

in pregnancy and risk for congenital malformations: results of a Danish

register-based cohort study. Acta Obstet. Gynecol. Scand. 93, 825–834. doi:

10.1111/aogs.12433

Leslie, E. J., and Marazita, M. L. (2013). Genetics of cleft lip and cleft palate. Am. J.

Med. Genet. C Semin. Med. Genet. 163C, 246–258. doi: 10.1002/ajmg.c.31381

Leslie, E. J., O’Sullivan, J., Cunningham, M. L., Singh, A., Goudy, S. L.,

Ababneh, F., et al. (2015). Expanding the genetic and phenotypic spectrum

of popliteal pterygium disorders. Am. J. Med. Genet. A 167A, 545–552. doi:

10.1002/ajmg.a.36896

Li, S., Chao, A., Li, Z., Moore, C. A., Liu, Y., Zhu, J., et al. (2012). Folic acid

use and nonsyndromic orofacial clefts in China: a prospective cohort study.

Epidemiology 23, 423–432. doi: 10.1097/EDE.0b013e31824d0349

Lidral, A. C., Moreno, L. M., and Bullard, S. A. (2008). Genetic factors and

orofacial clefting. Semin. Orthod. 14, 103–114. doi: 10.1053/j.sodo.2008.

02.002

Lima, L. S., Silverio Mde, O., Swerts, M. S., Aquino, S. N., Martelli, D. R., and

Martelli-Junior, H. (2013). Frequency of cancer in first-degree relatives of

patients with cleft lip and/or palate in the Brazilian population. Braz. Dent. J.

24, 200–203. doi: 10.1590/0103-6440201302191

Little, J., Cardy, A., and Munger, R. G. (2004). Tobacco smoking and oral clefts: a

meta-analysis. Bull. World Health Organ. 82, 213–218.

Little, J., Gilmour, M., Mossey, P. A., Fitzpatrick, D., Cardy, A., Clayton-Smith, J.,

et al. (2008). Folate and clefts of the lip and palate–a U.K.-based case-control

study: Part I: Dietary and supplemental folate. Cleft Palate Craniofac. J. 45,

420–427. doi: 10.1597/06-150.1

Ma, J., Huang, Y. Q., Yao, C., Ma, S. Q., Meng, T., Ma, M., et al. (2015). Parental

health and social support in the first trimester of pregnancy and the risk of

oral clefts: a questionnaire-based, case-control study. Plast. Reconstr. Surg. 135,

212–218. doi: 10.1097/PRS.0000000000000778

Mai, C. T., Cassell, C. H., Meyer, R. E., Isenburg, J., Canfield, M. A., Rickard, R.,

et al. (2014). Birth defects data from population-based birth defects surveillance

programs in the United States, 2007 to 2011: highlighting orofacial clefts.

Birth Defects Res. A Clin. Mol. Teratol. 100, 895–904. doi: 10.1002/bdra.

23329

Mandal, D., Manda, S., Rakshi, A., Dey, R. P., Biswas, S. C., and Banerjee, A. (2011).

Maternal obesity and pregnancy outcome: a prospective analysis. J. Assoc.

Physicians India 59, 486–489.

Mangold, E., Ludwig, K. U., and Nöthen, M. M. (2011). Breakthroughs in

the genetics of orofacial clefting. Trends Mol. Med. 17, 725–733. doi:

10.1016/j.molmed.2011.07.007

Marazita, M. L., and Mooney, M. P. (2004). Current concepts in the embryology

and genetics of cleft lip and cleft palate. Clin. Plast. Surg. 31, 125–140. doi:

10.1016/S0094-1298(03)00138-X

Marçano, A. C., Doudney, K., Braybrook, C., Squires, R., Patton, M. A., Lees, M.

M., et al. (2004). TBX22 mutations are a frequent cause of cleft palate. J. Med.

Genet. 41, 68–74. doi: 10.1136/jmg.2003.010868

Materna-Kiryluk, A., Wisniewska, K., Badura-Stronka, M., Mejnartowicz, J.,

Wieckowska, B., Balcar-Boron, A., et al. (2009). Parental age as a risk factor

for isolated congenital malformations in a Polish population. Paediatr. Perinat.

Epidemiol. 23, 29–40. doi: 10.1111/j.1365-3016.2008.00979.x

Matute, J., Lydick, E. A., Torres, O. A., Owen, K. K., and Jacobsen, K. H. (2014).

Prevalence of cleft lip and cleft palate in rural North-Central Guatemala. Cleft

Palate Craniofac. J. 52, 377–380. doi: 10.1597/13-347

Meyer, K. A., Werler, M. M., Hayes, C., and Mitchell, A. A. (2003). Low maternal

alcohol consumption during pregnancy and oral clefts in offspring: the slone

birth defects study. Birth Defects Res. A Clin. Mol. Teratol. 67, 509–514. doi:

10.1002/bdra.10057

Miura, S., Natsume, N., and Horiuchi, R. (1990). Experimental study on cleft lip

and palate. Preventive effects of estradiol on cleft lip and/or palate in A/J mice.

J. Jpn. Cleft Palate Assoc. 15, 122–131.

Mooney, M. P., Siegel, M. I., Kimes, K. R., Todhunter, J., and Janosky, J. (1992).

Multivariate analysis of second trimester midfacial morphology in normal and

cleft lip and palate human fetal specimens. Am. J. Phys. Anthropol. 88, 203–209.

doi: 10.1002/ajpa.1330880208

Mossey, P., and Little, J. (2009). Addressing the challenges of cleft lip and palate

research in India. Indian J. Plast. Surg. 42(Suppl.), S9–S18. doi: 10.4103/0970-

0358.57182

Frontiers in Physiology | www.frontiersin.org 14 March 2016 | Volume 7 | Article 67

http://www.who.int/genomics/anomalies/cumulative_data/en/
http://www.who.int/genomics/anomalies/cumulative_data/en/
http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive


Burg et al. Epidemiology, Etiology, and Treatment of Cleft Palate

Mossey, P. A., and Catilla, E. E. (2003). Global Registry and Database on

Craniofacial Anomalies: Report of a WHO Registry Meeting on Craniofacial

Anomalies. Geneva: World Health Organization.

Mossey, P. A., Little, J., Munger, R. G., Dixon, M. J., and Shaw, W. C. (2009). Cleft

lip and palate. Lancet 374, 1773–1785. doi: 10.1016/S0140-6736(09)60695-4

Munger, R. G., Tamura, T., Johnston, K. E., Feldkamp, M. L., Pfister, R., and Carey,

J. C. (2009). Plasma zinc concentrations of mothers and the risk of oral clefts in

their children in Utah. Birth Defects Res. A Clin. Mol. Teratol. 85, 151–155. doi:

10.1002/bdra.20516

Nikopensius, T., Jagomägi, T., Krjutskov, K., Tammekivi, V., Saag, M., Prane, I.,

et al. (2010). Genetic variants in COL2A1, COL11A2, and IRF6 contribute

risk to nonsyndromic cleft palate. Birth Defects Res. A Clin. Mol. Teratol. 88,

748–756. doi: 10.1002/bdra.20700

Pan, Y., Han, Y., Zhang, H., Zhou, L., Li, D., Cai, Q., et al. (2013). Association

and cumulative effects of GWAS-identified genetic variants for nonsyndromic

orofacial clefts in a Chinese population. Environ. Mol. Mutagen. 54, 261–267.

doi: 10.1002/em.21773

Parker, S. E., Mai, C. T., Canfield, M. A., Rickard, R., Wang, Y., Meyer, R. E., et al.

(2010). Updated National Birth Prevalence estimates for selected birth defects

in the United States, 2004-2006. Birth Defects Res. A Clin. Mol. Teratol. 88,

1008–1016. doi: 10.1002/bdra.20735

Pegelow, M., Koillinen, H., Magnusson, M., Fransson, I., Unneberg, P., Kere, J.,

et al. (2014). Association and mutation analyses of the IRF6 gene in families

with nonsyndromic and syndromic cleft lip and/or cleft palate. Cleft Palate

Craniofac. J. 51, 49–55. doi: 10.1597/11-220

Quinn, P. B., Cremin, F. M., O’Sullivan, V. R., Hewedi, F. M., and Bond,

R. J. (1990). The influence of dietary folate supplementation on the

incidence of teratogenesis in zinc-deficient rats. Br. J. Nutr. 64, 233–243. doi:

10.1079/BJN19900025

Rahimov, F., Jugessur, A., and Murray, J. C. (2012). Genetics of nonsyndromic

orofacial clefts. Cleft Palate Craniofac. J. 49, 73–91. doi: 10.1597/10-178

Reiter, R., Brosch, S., Lüdeke,M., Fischbein, E., Haase, S., Pickhard, A., et al. (2012).

Genetic and environmental risk factors for submucous cleft palate. Eur. J. Oral

Sci. 120, 97–103. doi: 10.1111/j.1600-0722.2012.00948.x

Romitti, P. A., Sun, L., Honein, M. A., Reefhuis, J., Correa, A., and Rasmussen, S.

A. (2007). Maternal periconceptional alcohol consumption and risk of orofacial

clefts. Am. J. Epidemiol. 166, 775–785. doi: 10.1093/aje/kwm146

Ross, R. B., and Johnson, M. C. (1972). Cleft Lip and Palate. Baltimore, MD:

Williams &Wilkins.

Saad, A. N., Parina, R. P., Tokin, C., Chang, D. C., and Gosman, A. (2014).

Incidence of oral clefts among different ethnicities in the state of California.

Ann. Plast Surg. 72(Suppl. 1), S81–S83. doi: 10.1097/SAP.00000000000

00164

Sabbagh, H. J., Hassan, M. H., Innes, N. P., Elkodary, H. M., Little, J., and Mossey,

P. A. (2015). Passive smoking in the etiology of non-syndromic orofacial

clefts: a systematic review and meta-analysis. PLoS ONE 10:e0116963. doi:

10.1371/journal.pone.0116963

Sasaki, Y., Taya, Y., Saito, K., Fujita, K., Aoba, T., and Fujiwara, T. (2014).

Molecular contribution to cleft palate production in cleft lip mice. Congenit.

Anom. (Kyoto). 54, 94–99. doi: 10.1111/cga.12038

Setó-Salvia, N., and Stanier, P. (2014). Genetics of cleft lip and/or cleft palate:

association with other common anomalies. Eur. J. Med. Genet. 57, 381–393.

doi: 10.1016/j.ejmg.2014.04.003

Shah, D., and Sachdev, H. P. (2006). Zinc deficiency in pregnancy and fetal

outcome. Nutr. Rev. 64, 15–30. doi: 10.1111/j.1753-4887.2006.tb00169.x

Shprintzen, R. J., Siegel-Sadewitz, V. L., Amato, J., and Goldberg, R. B. (1985).

Anomalies associated with cleft lip, cleft palate, or both. Am. J. Med. Genet.

20, 585–595. doi: 10.1002/ajmg.1320200404

Siegel, M. I., Mooney, M. P., Kimes, K. R., and Gest, T. R. (1985). Traction, prenatal

development, and the labioseptopremaxillary region. Plast. Reconstr. Surg. 76,

25–28. doi: 10.1097/00006534-198507000-00004

Siegel, M. I., Mooney,M. P., Kimes, K. R., and Todhunter, J. (1991). Developmental

correlates of midfacial components in a normal and cleft lip and palate human

fetal sample. Cleft Palate Craniofac. J. 28, 408–412.

Singh, V. P., Sagtani, R., and Sagtani, A. (2012). Prevalence of cleft lip and cleft

palate in a tertiary hospital in Eastern Nepal.Mymensingh Med. J. 21, 151–154.

Sitzman, T. J., and Marcus, J. R. (2014). Cleft lip and palate: current surgical

management. Clin. Plast Surg. 41, 11–12. doi: 10.1016/j.cps.2014.02.001

Sivertsen, A., Wilcox, A. J., Skjaerven, R., Vindenes, H. A., Abyholm, F., Harville,

E., et al. (2008). Familial risk of oral clefts by morphological type and severity:

population based cohort study of first degree relatives. BMJ 336, 432–434. doi:

10.1136/bmj.39458.563611.AE

Skare, O., Jugessur, A., Lie, R. T., Wilcox, A. J., Murray, J. C., Lunde, A.,

et al. (2012). Application of a novel hybrid study design to explore gene-

environment interactions in orofacial clefts. Ann. Hum. Genet. 76, 221–236.

doi: 10.1111/j.1469-1809.2012.00707.x

Skuladottir, H., Wilcox, A., McConnaughey, R., Vindenes, H., and Lie, R. T.

(2014). First-trimester nonsystemic corticosteroid use and the risk of oral

clefts in Norway. Ann. Epidemiol. 24, 635–640. doi: 10.1016/j.annepidem.2014.

06.005

Smith, T. M., Lozanoff, S., Iyyanar, P. P., and Nazarali, A. J. (2012).

Molecular signaling along the anterior-posterior axis of early

palate development. Front. Physiol. 3:488. doi: 10.3389/fphys.2012.

00488

Sperber, G. H. (2002a). “Formation of the primary palate,” in Cleft Lip and

Palate: From Origin to Treatment, ed D. F. Wyszynski (New York, NY: Oxford

University Press), 5–13.

Sperber, G. H. (2002b). “Palatogenesis: closure of the secondary palate,” in Cleft

Lip and Palate: From Origin to Treatment, ed D. F. Wyszynski (New York, NY:

Oxford University Press), 14–24.

Stanier, P., and Moore, G. E. (2004). Genetics of cleft lip and palate: syndromic

genes contribute to the incidence of non-syndromic clefts. Hum. Mol. Genet.

13 Spec. No 1, R73–R81. doi: 10.1093/hmg/ddh052

Stothard, K. J., Tennant, P. W., Bell, R., and Rankin, J. (2009). Maternal overweight

and obesity and the risk of congenital anomalies: a systematic review and

meta-analysis. JAMA 301, 636–650. doi: 10.1001/jama.2009.113

Stott-Miller, M., Heike, C. L., Kratz, M., and Starr, J. R. (2010). Increased risk

of orofacial clefts associated with maternal obesity: case-control study and

Monte Carlo-based bias analysis. Paediatr. Perinat. Epidemiol. 24, 502–512. doi:

10.1111/j.1365-3016.2010.01142.x

Strong, E. B., and Buckmiller, L. M. (2001). Management of the cleft palate. Facial

Plast Surg. Clin. North Am. 9, 15–25.

Tamura, T., Munger, R. G., Corcoran, C., Bacayao, J. Y., Nepomuceno, B.,

and Solon, F. (2005). Plasma zinc concentrations of mothers and the

risk of nonsyndromic oral clefts in their children: a case-control study in

the Philippines. Birth Defects Res. A Clin. Mol. Teratol. 73, 612–616. doi:

10.1002/bdra.20179

Vallino-Napoli, L. D., Riley, M. M., and Halliday, J. L. (2006). An epidemiologic

study of orofacial clefts with other birth defects in Victoria, Australia. Cleft

Palate Craniofac. J. 43, 571–576. doi: 10.1597/05-123

van Aalst, J. A., Kolappa, K. K., and Sadove, M. (2008). MOC-PSSM CME

article: nonsyndromic cleft palate. Plast. Reconstr. Surg. 121, 1–14. doi:

10.1097/01.prs.0000294706.05898.f3

van Nunen, D. P., van den Boogaard, M. J., Don Griot, J. P., Rüttermann, M., van

der Veken, L. T., and Breugem, C. C. (2014). Elevated infant mortality rate

among dutch oral cleft cases: a retrospective analysis from 1997 to 2011. Front.

Surg. 1:48. doi: 10.3389/fsurg.2014.00048

Veau, V. (1931). Division Palatine. Paris: Masson.

Warkany, J., and Petering, H. G. (1972). Congenital malformations of the central

nervous system in rats produced by maternal zinc deficiency. Teratology 5,

319–334. doi: 10.1002/tera.1420050307

Watkins, S. E., Meyer, R. E., Strauss, R. P., and Aylsworth, A. S. (2014).

Classification, epidemiology, and genetics of orofacial clefts. Clin. Plast. Surg.

41, 149–163. doi: 10.1016/j.cps.2013.12.003

Wexler, A. (1997). “Anatomy of the head and neck,” in Fundamentals of

Maxillofacial Surgery, ed J. W. Ferraro (New York, NY: Springer New York),

53–113.

Wu, T., Schwender, H., Ruczinski, I., Murray, J. C., Marazita, M. L.,

Munger, R. G., et al. (2014). Evidence of gene-environment interaction

for two genes on chromosome 4 and environmental tobacco smoke in

controlling the risk of nonsyndromic cleft palate. PLoS ONE 9:e88088. doi:

10.1371/journal.pone.0088088

Yao, Z., Chen, D., Wang, A., Ding, X., Liu, Z., Ling, L., et al. (2011). Folic acid

rescue of ATRA-induced cleft palate by restoring the TGF-beta signal and

inhibiting apoptosis. J. Oral Pathol. Med. 40, 433–439. doi: 10.1111/j.1600-

0714.2010.00994.x

Frontiers in Physiology | www.frontiersin.org 15 March 2016 | Volume 7 | Article 67

http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive


Burg et al. Epidemiology, Etiology, and Treatment of Cleft Palate

Zeiger, J. S., Beaty, T. H., and Liang, K. Y. (2005). Oral clefts, maternal smoking,

and TGFA: a meta-analysis of gene-environment interaction. Cleft Palate

Craniofac. J. 42, 58–63. doi: 10.1597/02-128.1

Zhou, J., Gao, Y., Lan, Y., Jia, S., and Jiang, R. (2013). Pax9 regulates a molecular

network involving Bmp4, Fgf10, Shh signaling and the Osr2 transcription

factor to control palate morphogenesis. Development 140, 4709–4718. doi:

10.1242/dev.099028

Zucchero, T. M., Cooper, M. E., Maher, B. S., Daack-Hirsch, S., Nepomuceno, B.,

Ribeiro, L., et al. (2004). Interferon regulatory factor 6 (IRF6) gene variants

and the risk of isolated cleft lip or palate. N. Engl. J. Med. 351, 769–780. doi:

10.1056/NEJMoa032909

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2016 Burg, Chai, Yao, Magee and Figueiredo. This is an open-access

article distributed under the terms of the Creative Commons Attribution License

(CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) or licensor are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Physiology | www.frontiersin.org 16 March 2016 | Volume 7 | Article 67

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

	Epidemiology, Etiology, and Treatment of Isolated Cleft Palate
	Introduction
	Anatomy, Embryology, and Classification
	Anatomy
	Embryology
	Classification

	Non-Syndromic vs. Syndromic Cleft Palate
	Molecular Biology of Palatogenesis
	Descriptive Epidemiology
	Disparities in Rates by Sex and Race/Ethnicity
	Genetic Risk Factors
	Maternal and Paternal Risk Factors
	Gene-Environment (GxE) Interactions
	Morbidity and Mortality
	Treatment
	Surgical Treatment and Complications
	Long-Term Treatment

	Future Directions for Research
	Author Contributions
	References


