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INTRODUCTION

Cleft lip (cheiloschisis) and cleft palate (palatoschisis), 
which can also occur together as cleft lip and palate, are 
variations of a type of clefting congenital deformity caused 
by abnormal facial development during gestation. Cleft lip 
and cleft palate are among the most common congenital 
malformations. Immediately after birth, individuals with 
cleft lip and palate (CLP) have facial deformation, feeding 
problems, and recurrent middle ear infection. Treatment 
requires interventions from multiple disciplines. At the 
age of speech acquisition, speech therapy is often needed 
to correct problems resulting from muscular defects of the 

cleft. As the individual continues to grow, defects in tooth 
development and malocclusion require dental and sometimes 
surgical treatment. The lengthy series of treatments from 
birth to adulthood is a heavy burden for the patient, family, 
and society. Various efforts have been made to understand the 
etiology of CLP so as to predict its occurrence and to prevent 
it. In recent years, advances in genetics and molecular biology 
have begun to reveal the basis of craniofacial development, 
and a number of genes associated with CLP have been 
identified. An increasing number of studies are being done 
on the combined genetic and environmental causes of CLP. 
This article reviews the recently discovered genes involved 
in CLP, and provides an update on the etiological factors 
underlying this common malformation.

Clinically, when CLP appears with other (usually two or 
more) malformations in recognizable patterns, it is classified 
as syndromic CLP (SCLP). If it appears as an isolated defect 
or if syndromes cannot be identified, the term nonsyndromic 
CLP (NSCLP) is used. The number of CLP syndromes is large 
and still growing.
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ABSTRACT
Cleft lip and palate (CLP) are birth defects that affect the upper lip and the 
roof of the mouth. CLP has a multifactorial etiology, comprising both genetic 
and environmental factors. In this review we discuss the recent data on the 
etiology of cleft lip and palate. We conducted a search of the MEDLINE 
database (Entrez PubMed) from January 1986 to December 2010 using 
the key words: ‘cleft lip,’ ‘cleft palate,’ ‘etiology,’ and ‘genetics.’ The etiology 
of CLP seems complex, with genetics playing a major role. Several genes 
causing syndromic CLP have been discovered. Three of them—T-box 
transcription factor-22 (TBX22), poliovirus receptor-like-1 (PVRL1), and 
interferon regulatory factor-6 (IRF6)—are responsible for causing X-linked 
cleft palate, cleft lip/palate–ectodermal dysplasia syndrome, and Van der 
Woude and popliteal pterygium syndromes, respectively; they are also 
implicated in nonsyndromic CLP. The nature and functions of these genes vary 
widely, illustrating the high vulnerability within the craniofacial developmental 
pathways. The etiological complexity of nonsyndromic cleft lip and palate 
is also exemplified by the large number of candidate genes and loci. To 
conclude, although the etiology of nonsyndromic CLP is still largely unknown, 
mutations in candidate genes have been identified in a small proportion of 
cases. Determining the relative risk of CLP on the basis of genetic background 
and environmental influence (including smoking, alcohol use, and dietary 
factors) will be useful for genetic counseling and the development of future 
preventive measures.
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DATA COLLECTION

A search of Online Mendelian Inheritance in Man (OMIM) 
database from January 1986 to December 2010 using the 
key words ‘cleft lip,’ ‘cleft palate,’ ‘etiology,’ and ‘genetics’ 
yielded close to 600 entries.[1] The distinction between NSCLP 
and SCLP, however, is sometimes not clear-cut. In families 
with SCLP, some affected members may present with only 
CLP because of variable expression of the syndrome. On 
the other hand, more than 20% of patients with NSCLP 
were found to have associated congenital malformations in 
one study.[2] Thus, some cases of SCLP and NSCLP might 
share a common etiology.

RECENTLY DISCOVERED GENES CAUSING 
OROFACIAL CLEFT SYNDROMES

T‑box transcription factor‑22

X-linked cleft palate (CPX) is characterized by isolated cleft 
palate and ankyloglossia (tongue-tie). The clinical expression 
of CPX is highly variable. High-arched palate, bifid uvula, or 
ankyloglossia could be the only presenting sign in affected 
males. Female carriers could be asymptomatic or they could 
express the full features of CPX. The syndrome has been 
found in a number of large families, with inheritance being 
in a mendelian X-linked semi-dominant pattern. By using 
genetic linkage analysis, Stanier et al.[3] located the disease 
gene locus to chromosome Xq21.

Braybrook et al.[4] performed extensive mutation analysis 
of candidate genes in the region and found mutations of the 
T-box transcription factor-22 gene (TBX22) in a large Icelandic 
family with CPX and in several smaller families from other 
countries. Animal experiments showed that expression of 
TBX22 was highly restricted to the palatal shelves just before 
their elevation to adopt a horizontal position, and at the base of 
the tongue corresponding to the frenulum. Both of these 
expression patterns closely matched the clinical presentation 
of CPX. Involvement of TBX22 in NSCLP has recently been 
indicated from a genome-wide sibling-pair analyses in which 
the chromosome Xcen-q region, where TBX22 is located, 
showed promising multipoint logarithm of odds (LOD) 
scores.[5] Mutation analysis of TBX22 in these patients could 
reveal whether the gene is involved in NSCLP as well.

Poliovirus receptor‑like‑1

Cleft lip/palate ectodermal dysplasia syndrome (CLPED) is 
characterized by cleft lip with or without cleft palate, hidrotic 
ectodermal dysplasia, syndactyly and, occasionally, mental 
retardation. Two other syndromes—the Zlotogora-Ogur 
syndrome and Margarita Island ectodermal dysplasia—are also 
classified as CLPED. The inheritance of CLPED appears to be 
autosomal recessive. Using positional cloning, Suzuki et al.[6] 
identified mutations of the poliovirus receptor-like-1 gene 

(PVRL1) in CLPED families from Margarita Island, Israel, 
and Brazil.

The protein product of PVRL1 was initially identified as 
poliovirus receptor-related protein (PRR). Takahashi et al.[7] 
confirmed the function of PRR as a cell adhesion molecule, 
and they renamed it nectin-1. All three PVRL1 mutations 
found in families with CLPED resulted in truncations in 
nectin-1, thereby destroying the nectin-afadin-ponsin (NAP)–
dependent cell-adhesion system. In animal experiments, 
PVRL1 was expressed at the medial edge epithelium of the 
palatal shelves and the skin surface epithelium—locations 
that corresponded to the clinical phenotypes of CLPED.[6] 
Interestingly, heterozygous mutation of PVRL1 (W185X) 
was associated with NSCLP in northern Venezuela.[8] Thus, 
a certain proportion of NSCLP cases can be explained by 
PVRL1 mutations.

Interferon regulatory factor‑6

Van der Woude syndrome (VDWS) is the most common form 
of SCLP and accounts for 2% of all CLP cases.[9] This syndrome 
is characterized by cleft lip with or without cleft palate, 
isolated cleft palate, pits or mucous cysts on the lower lip, and 
hypodontia. Popliteal pterygium syndrome (PPS) includes all 
the features of VDWS plus popliteal pterygium, syngnathia, 
distinct toe/nail abnormality, syndactyly, and genitourinary 
malformations. Owing to their clinical similarities, VDWS 
and PPS were thought to be allelic, i.e., caused by different 
mutations of the same gene.[10] Clinical expressions of 
VDWS and PPS are also highly variable; for example, some 
family members of patients with VDWS present only with 
Hypodontia, and in PPS, popliteal pterygium is not always 
present.

In 1990, the genetic locus for VDWS was localized to 
chromosome 1.[11] Through linkage and chromosomal analysis, 
the critical area for VDWS was gradually narrowed to 
1q32-q41. In 1999, PPS was also linked to the same region.[12] 
In 2002, Kondo et al.[13] described a pair of monozygotic 
twins discordant for VDWS whose parents did not have the 
disorder. The VDWS in the affected twin was thought to arise 
from somatic mutation. Sequence analysis revealed a point 
mutation in the interferon regulatory factor-6 gene (IRF6), 
which is located within the VDWS critical region. Additional 
mutations of IRF6 were found in 45 unrelated families with 
VDWS as well as in 13 families with PPS, thereby confirming 
a common genetic etiology for both syndromes. In animal 
experiments, IRF6 was expressed in tissues affected by both 
VDWS and PPS.[13] The phenotypic heterogeneity of VDWS 
and PPS was shown to be due to different types of IRF6 
mutation. In most cases of VDWS, IRF6 mutations produced 
a nonfunctional protein and haploinsufficiency. The IRF6 
mutations, however, were missense mutations that affected 
the DNA-binding domain and caused a dominant-negative 
effect, which resulted in severe phenotypes. A partial or 
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modifying role of IRF6 in NSCLP has been demonstrated in 
a study applying the transmission disequilibrium test, in which 
specific parental alleles at the VDWS locus were preferentially 
transmitted to the individuals with NSCLP.[14]

CANDIDATE GENES OR LOCI FOR 
NONSYNDROMIC CLEFT LIP AND PALATE

Transforming growth factor‑alpha

In 1989, Ardinger et al.[15] showed in a case–control study that 
transforming growth factor-alpha (TGFA) was associated with 
NSCLP. A number of follow-up studies in different populations 
provided mixed results. Machida et al.[16] sequenced the TGFA 
gene in a group of NSCLP patients and found five mutations 
that could be etiological to orofacial clefts. The combined 
effect of TGFA mutation and environmental influence in 
NSCLP has been analyzed by several groups of researchers. 
The rare TGFA variant (TaqI C2 allele) and maternal smoking 
together could increase the risk of cleft palate by 6–8 times[17] 
and that of cleft lip with or without cleft palate by 2 times.[18] 
If multivitamins are not consumed during the first trimester 
of pregnancy and the baby is carrying the TGFA TaqI C2 
allele, the relative risk for cleft lip with or without cleft palate 
increased by 3–8 times.[19]

Drosophila msx homeobox homolog‑1

Mice lacking a functional Drosophila msx homeobox 
homolog-1 (MSX1) gene develop a cleft of the secondary 
palate and tooth agenesis.[20] In humans, MSX1 mutation 
was first shown to cause an autosomal dominant form of 
tooth agenesis.[21] Subsequently, van den Boogaard et al.[22] 
described a family with a common pattern of tooth agenesis 
and concomitant presence of cleft lip with or without cleft 
palate; direct sequencing of MSX1 revealed a disease-causing 
mutation. Recently, a large-scale sequence analysis of 
MSX1 performed on 917 CLP patients identified mutations 
in 16 patients with cleft lip with or without cleft palate, or 
cleft palate alone, providing evidence that this gene could 
be involved in both forms of cleft.[23] The authors estimated 
that MSX1 mutations contributed to 2% of all NSCLP cases. 
A recent study showed that the combined genetic background 
of rare variants of TGFA and MSX1 could increase the risk of 
cleft palate by up to 9.7 times, demonstrating the significance 
of gene–gene interaction in the etiology of NSCLP.[24]

5,10‑Methylenetetrahydrofolate reductase

The association between folic acid deficiency and 
neural tube defects has been well established. 5,10 
Methylenetetrahydrofolate reductase (MTHFR) is the 
enzyme responsible for catalyzing the conversion of 
5,10-methylenetetrahydrofolate into 5-methyltetrahydrofolate 
in the folate metabolism pathway. The MTHFR C677T 
single-nucleotide polymorphism (SNP) is thermally labile and 

considered a risk factor for neural tube defects.[25] In NSCLP, 
the MTHFR C677T genotype in the mother conferred a risk 
of CLP in offspring that was increased by 4.6 times.[26] In 
periconceptional folic acid deficiency, the MTHFR thermally 
labile variant could lead to a risk of CLP that was increased 
by 10 times.[27]

Transforming growth factor‑beta‑3

Mice lacking a functional gene encoding transforming 
growth factor-beta-3 (TGFB3) displayed cleft palate because 
of defective adhesion of opposing palatal shelves.[28] In 
humans, TGFB3 was associated with NSCLP in different 
populations.[24,29] A newly discovered SNP of TGFB3 
(IVS5+104 A>G) increased the risk of CLP by up to 16 times 
in a Korean population.[30]

Other genes and loci

The special AT-rich sequence-binding protein-2 gene (SATB2) 
located at chromosome 2q32-33 was disturbed in two unrelated 
patients with cleft palate.[31] Involvement of this gene in 
palatogenesis was confirmed by expression analysis. Although 
an initial search for SATB2 mutations in 70 patients with cleft 
palate was negative, the gene could still be responsible for other 
CLP cases. Markers from chromosome 4q21 have been linked 
to familial NSCLP.[32] The acyl-coenzyme A desaturase-4 gene 
(ACOD4) from chromosome 4q21 was recently found 
disrupted in a family with cleft lip.[33] Mutation analysis of 
ACOD4 in families with 4q-linked CLP or other patients 
with CLP might reveal more mutations. Yoshiura et al.[34] 
reported a family with CLP in three generations; all affected 
members had a balanced translocation at chromosome 19q13. 
Breakpoint cloning revealed a novel gene that was termed 
‘cleft lip and palate–associated transmembrane protein-1’ 
(CLPTM1). Eight rare variants of CLPTM1 were found in 
74 patients with NSCLP, but none was significantly associated 
with cleft lip or palate. The authors concluded that CLPTM1 
was not a major contributor to CLP. On the other hand, the 
same region of chromosome 19q13 has been implicated in 
NSCLP through linkage[35] and transmission disequilibrium 
studies.[36] Thus, CLPTM1 or other genes in this locus could 
still be associated with NSCLP. Chromosome 6p23 has been 
indicated to be involved in NSCLP by linkage studies.[5,37] 
Chromosomal aberrations involving 6p23 in patients with 
CLP have also been reported.[38] It is therefore likely that an 
as yet unidentified CLP gene exists at chromosome 6p23. 
A summary of the genes and loci implicated in NSCLP, along 
with chromosomal locations and other available evidence, is 
presented in Table 1.

In addition to the genes and loci mentioned above, a number 
of other candidate genes have also demonstrated linkage to 
cleft lip and palate, but the reports have been contradictory. 
These other genes include the proto-oncogenes BCL3 (B-cell 
lymphoma 3) on chromosome 19q13.1-q13.2 and SKI 
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(sarcoma viral oncogene homolog) on chromosome 1q22-q24, 
as well as the retinoic acid receptor–alpha (RARA) gene on 
chromosome 17q21.[39–41] More recent genome-wide linkage 
studies in families with multiple cases of NSCLP indicate 
that no single major cleft lip and palate locus exists and a 
multifactorial model is the most likely explanation of the 
genetic component of this disorder.[42–47] A role for these 
candidate genes therefore remains to be firmly established, 
but it is not unreasonable to suggest that these genes together 
and/or individually might have a modifying or additive role 
in the etiology of NSCLP.

ENVIRONMENTAL FACTORS

Smoking

The relationship between maternal smoking and CLP is not 
strong, but it is significant. Several studies have consistently 
yielded a relative risk of about 1.3–1.5.[48] When maternal 
smoking was considered together with a positive genetic 
background, the combined effect was more significant. 
Furthermore, van Rooij et al.[49] found that a maternal 
glutathione s-transferase (GSTT1) genotype, when combined 
with smoking, could significantly increase the risk of CLP 
(odds ratio=4.9). Beaty et al.[50] reported that maternal smoking 
and infant MSX1 genotypes acted together to increase the risk 
for CLP by 7.16 times.

Alcohol use

Heavy maternal drinking, apart from causing fetal alcohol 
syndrome, also increases the risk of CLP. Munger et al.[51] 
showed that maternal drinking increased the risk for CLP 
by 1.5–4.7 times in a dose-dependent manner. The results 
were supported by Shaw and Lammer[52] who showed that 
mothers who consumed more than five drinks per occasion 

had 3.4 times increased risk of delivering an infant with 
CLP. Low-level alcohol consumption, however, did not seem 
to increase the risk of orofacial clefts.[53] The link between 
alcohol consumption and genotypes on the risk of CLP has 
yet to be demonstrated.

Use of folic acid and multivitamins

Shaw et al.[54] reported that if vitamin supplements namely 
folic acid and cobalamins were not taken during early 
pregnancy the risk for CLP could be tripled. Folic acid 
deficiency with a pre-existing TGFA TaqI C2 genotype was 
also found to increase the risk of CLP.[55] In addition, defective 
maternal vitamin-dependent homocysteine metabolism 
is a risk factor for CLP in the offspring. In a case–control 
study, mothers of patients with CLP had significantly higher 
homocysteine level, lower level of whole-blood vitamin B6, 
and higher rate of hyperhomocysteinemia.[56] The role of 
folic acid supplementation in the prevention of CLP has been 
investigated in several studies. It seems that low-dose folic 
acid supplementation by fortification of cereal grain products 
cannot protect against CLP.[57] Only a very high dose of 
supplementary folic acid (10 mg/day) could reduce the risk 
of CLP significantly (65% reduction was observed).[58]

Steroids

Corticosteroids form the first-line drugs for the management 
of a variety of conditions in women of childbearing age. 
The clefting role of corticosteroid in animal models is well 
known.[59] CLP is induced in the progeny of pregnant mice 
that are given glucocorticoids. The incidence, however, 
varies among inbred strains and also with the dose given and 
the stage of gestation when the drug is given. Diewert and 
Pratt[60] found that cortisone not only affected the content of 
extracellular matrix (ECM) and the number of palatal shelf cells 

Table 1: Candidate genes or loci implicated in the etiology of nonsyndromic cleft lip and palate, and the available 
evidence
Chromosome Gene* Evidence

Mutation identified Linkage Linkage disequilibrium Association
1p36 MTHFR  
1q32 IRF6 
2p13 TGFA  
2q32 SATB2 
4p26 MSX1   
4q21 ACOD4 
6p23 -   
11q23 PVRL1  
14q24 TGFB3  
19q13 CLPTM1   
Xq12 TBX22  
*MTHFR - 5,10-methylenetetrahydrofolate reductase, IRF6 - Interferon regulatory factor-6., TGFA - Transforming growth factor-alpha, SATB2 - Special AT-rich 
sequence-binding protein-2, MSX1 - Drosophila msh homeobox homolog-1, ACOD4 - Acyl-coenzyme A desaturase-4, PVRL1 - Poliovirus receptor like-1m, 
TGFB3 - Transforming growth factor beta-3, CLPTM1 - Cleft lip and palate–associated transmembrane protein-1, TBX22 - T-box transcription factor-22
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in A/J mice but that shelf elevation was delayed and only half 
of the cortisone-treated palates achieved complete horizontal 
positioning of the shelves in all regions of the palate. Melnick 
et al.[61] studied the teratological effects on lip morphogenesis 
after the administration of triamcinolone hexacetonide on the 
eighth day of gestation. The frequency of CLP in treated A/J 
mice was found to be more than three times greater than the 
spontaneous frequency in untreated controls. Affected A/J 
embryos showed a severe reduction in the size of the lateral 
nasal processes. Gasser et al.[62] examined strains of mice for 
susceptibility to cortisone-induced CLP and confirmed the role 
of genes linked to H-2 on chromosome 17. Later, the same 
group[63] refined the chromosome region carrying the cleft palate 
susceptibility-1 (Cps-1) gene. Juriloff and Mah[64] mapped a 
major CL(P)-causing gene to mouse chromosome 11 in a region 
having linkage homology with human 17q21 through 24.

Studies have investigated the association between maternal 
corticosteroid use during the periconceptional period 
(1 month before conception to 3 months after conception) 
and the delivery of infants with selected congenital anomalies. 
Carmichael and Shaw[65] found an increased risk of NSCLP. 
A Spanish case–control study by Rodriguez-Pinilla and 
Martınez-Frıas found an association between maternal 
systemic use of glucocorticoids and the birth of an infant 
with CLP, based on five exposed patients, one of which had 
multiple malformations and may have been a trisomy 13.[66] 
Park-Wyllie et al.[67] have also demonstrated that although 
prednisone does not represent a major teratogenic risk in 
human beings at therapeutic doses, it does increase the risk of 
oral cleft by 3.4-fold, which is consistent with the findings of 
existing animal studies. A retrospective study by Pradat et al. 
found a positive association between systemic corticoids use 
and the occurrence of cleft lip with or without cleft palate.[68] 
Similarly, as has been reported in a previous study, Carmichael 
et al. in a recent population-based case–control investigation 
observed a moderately increased risk of CLP in the offspring 
of women who used corticosteroids during early pregnancy.[69]

Anticonvulsants

Anticonvulsants (phenytoin/hydantoin, oxazolidinones, and 
valproic acid) are associated with a clearly demonstrated 
increased risk for congenital defects.[70] All three therapeutic 
classes are liable to produce CLP, although inconsistently, as 
part of severe and significantly overlapping embryopathies. It is 
also worth noting that a significant increase in benzodiazepine 
use was detected in mothers of infants with cleft palate alone, 
and a nonsignificant increase was found in mothers of CLP 
infants.[71] Safra and Oakley[72] reported the association of CLP 
with first trimester exposure to diazepam. In a further study, 
Czeizel et al.[73] addressed the question of benzodiazepine 
teratogenicity as a whole. Although diazepam at high doses 
is a weak teratogen in susceptible mice, its interference with 
fetal face development is probably modest or nonexistent. It is 
well known that women with epilepsy have an increased risk 

of having offspring with orofacial clefts. This risk has been 
attributed mostly to the teratogenic effects of antiepileptic 
drugs, but other risk factors have also been suggested, 
including epilepsy per se or some underlying genetic defects 
associated with epilepsy.[74]

COMMON OROFACIAL CLEFT LIP AND PALATE 
SYNDROMES AND THEIR UNDERLYING GENETIC 
BASIS

Apert syndrome

Wilkie et al. identified one of two mutations in exon 7 of the 
FGFR2 gene – S252W or P253R – in all 40 unrelated patients 
with Apert syndrome in their series. The findings confirmed 
that Apert syndrome is allelic with Crouzon syndrome. In 
a patient with Apert syndrome, Oldridge et al. identified a 
non-canonical mutation in exon 7 of the FGFR2 gene. In a 
series of 260 cases of Apert syndrome, Oldridge et al. found 
that 172 carried the S252W mutations and 85 had the P253R 
mutation, indicating that the molecular mechanism of Apert 
syndrome is exquisitely specific. Lajeunie et al. also identified 
the S252W and P253R mutations in 23 (64%) and 12 (33%) 
of 36 Apert syndrome patients, respectively. One affected 
fetus had the S252F mutation. Moloney et al. found that 74 
of 118 patients with Apert syndrome had the FGFR2 S252W 
mutation and 44 had the P253R mutation.[75–79]

Crouzon syndrome

Rollnick[80] described 21 affected brothers born to normal, 
unrelated parents and proposed germinal mosaicism as the 
explanation for the manifestation of Crouzon syndrome. 
Kreiborg and Cohen[81] suggested germinal mosaicism as the 
basis for Crouzon syndrome in two affected siblings with 
the same mother but different fathers. The mother and both 
fathers were completely normal. Meyers et al.[82] reported 
that the two patients with Crouzon syndrome in this kindred 
had different mutations: One had Crouzon syndrome caused 
by an FGFR2 ser347-to-cys mutation, whereas the other 
patient had Crouzon syndrome with acanthosis nigricans 
due to an FGFR3 ala391-to-glu mutation. In a large kindred 
with Crouzon craniofacial dysostosis, Preston et al.[85] found 
linkage between CFD1 and three loci (DlOSI90, DlOS209, and 
DI0S216 markers) that span a 13-cM region on chromosome 
109. Preston et al. noted that a newly available and highly 
informative marker, DlOS587, located 7 cM distal to DlOS209, 
increased the linkage between CFD 1 and D10S209. Two of the 
genetic marker loci to which the CFD 1 locus is tightly linked 
are within l0q25-q26. The developmental gene PAX2 maps to 
l0q25 and is therefore an attractive candidate gene. Reardon 
et al.[79] demonstrated mutations in the FGFR2 gene in 9 of 
20 patients with Crouzon syndrome. Because linkage studies 
showed no evidence of genetic heterogeneity, the authors 
concluded that mutations in parts of the FGFR2 gene other 
than in the B exon were responsible for the remaining cases.
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Hemifacial microsomia

Keegan et al.[83] performed a retrospective analysis of eight 
patients with Hemifacial microsomia (HFM)-expanded 
spectrum and anal anomalies to determine whether this subset 
had Townes-Brocks syndrome (TBS). Two patients had 
major phenotypic findings of TBS. Sequencing of the SALL1 
(SAL-like 1) gene in four of the eight patients revealed one with 
a C-to-T transition resulting in a nonsense mutation arg276 to 
a mutation hotspot. Keegan et al.[83] suggested that patients 
with overlapping features of both Townes-Brocks syndrome 
and hemifacial microsomia–expanded spectrum should be 
screened for SALL1 mutations. Kelberrnan et al.[84,85] performed 
a genome-wide search for linkage in two families with features 
of hemifacial microsomia. In one family, the data were highly 
suggestive of linkage to a region of approximately 10.7 cM 
on chromosome 14q32, between microsatellite markers 
D14S987 and D14S65. Linkage to this region was included in 
the second family, suggesting genetic heterogeneity. Based on 
mapping, mouse expression, and phenotype data, Kelberman 
et al. considered the goosecoid (GSC) gene to be an excellent 
candidate gene for hemifacial microsomia.[88,89]

Pierre Robin syndrome

Houdayer et al. described the association of Pierre Robin 
sequence with deletion 2q32.3-q33.2. They refined the deletion 
interval by molecular analysis and found that it mapped to a 
chromosome region previously shown to have a nonrandom 
association with cleft palate.[90]

Treacher Collins syndrome

Treacher Collins syndrome (TCS) is an autosomal dominant 
disorder with variable expression. Intrafamilial variation is 
wide. There seems to be a significant increase in affected 
offspring from affected females and a decrease in affected 
offspring from affected males. Splendore et al. found that 2 
of 28 families with TCS did not show apparent pathogenic 
mutation in the TCOFI gene (Treacher Collins–Franceschetti 
syndrome 1). They suggested the possibility of a different 
mechanism leading to TCS or genetic heterogeneity for this 
condition. Wise et al. postulated that the disorder resulted 
from defects in a nucleolar trafficking protein that is critically 
required during human craniofacial development. Marsh et al. 
suggested that the disorder results from aberrant expression of 
a nucleolar protein. They observed that mutations in the TCOFI 
gene (606847) cause truncated proteins to be mislocalized 
within the cell. Balestrazzi et al., described TCS in a girl with 
a de novo balanced translocation involving chromosome 5. 
The level of hexosaminidase B was decreased; the HEXB 
locus is thought to be at 5q 13. The possibility that the TCS 
locus is on 5q was raised by these findings. Am et al. described 
a mild but entirely typical case of TCS in association with 
a small interstitial deletion of 3p: 46, XY, del (3) (p23p24.
l2). By the time Am et al. reported this case, the TCS locus 

in familial cases had been assigned to 5q31.3. Jabs et al. 
observed a patient with severe manifestations of TCS and a 
de novo chromosomal deletion in region 4pI5.32-pI4.[91–97]

The complexity and heterogeneity of CLP as shown by its 
extensive involvement in craniofacial syndromes and the 
number of anticipated candidate genes could be anticipated from 
the long developmental duration of the primary and secondary 
palates. Disruption of the coordinated migration and fusion of 
various facial processes by genetic, environmental, or combined 
factors at any time point could lead to CLP. Genes such as those 
encoding transcription factors (e.g., TBX22, MSX1), growth 
factors (e.g., TGFA, TGFB3), and adhesion molecules (e.g., 
PVRL1) have all been implicated in the etiology of CLP. In the 
search for the genes causing SCLP, current methods of positional 
cloning or positional candidate approaches could be applied to 
families or patients. With the completion of the sequencing of 
the human genome, gene discovery has been accelerated by the 
availability of target sequences. Close collaboration between 
clinicians and scientists is still essential, as illustrated by the 
example of VDWS.

The future search for genes in NSCLP will not be 
straightforward. Mutations in SCLP genes or other candidate 
genes so far could only be found in a handful of NSCLP 
cases or families. Promising NSCLP gene candidates, such 
as MSX1, were expected to cause up to 2% of NSCLP cases.[23] 
The proportion was remarkably similar to that of VDWS in all 
CLP cases. Therefore, MSX1 mutations may represent a new 
syndrome, which has variable penetrance for the CLP and 
tooth agenesis phenotypes.

Instead of directly searching for disease-causing mutations 
in NSCLP, studies exploring the relative risk imparted by 
candidate genes and gene–environment interactions are 
becoming popular approaches for several reasons. Firstly, the 
amount of sequence data, such as SNPs, on candidate genes 
is constantly increasing. These sequence data not only allow 
more CLP-associated mutations to be identified but also allow 
functional correlation to be attributed to some of these subtle 
variations. Secondly, high-throughput genotyping such as 
DNA microarray analyses is now more readily available, and 
a large number of candidate genes and SNPs can now be tested 
simultaneously. In the near future, the relative contribution 
from these candidate CLP genes could be integrated into a 
genetic test for estimating the weighted risk of CLP. Such data 
could provide additional information on prospective parents 
in genetic counseling, which will allow preventive measures, 
including dietary supplementation and lifestyle modifications, 
to be prescribed accordingly.
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