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Abstract: Oral clefts are composed of cleft of the lip, cleft of the lip and palate, or cleft of the palate,
and they are associated with a wide range of expression and severity. When cleft of the palate is
associated with cleft of the lip with preservation of the primary palate, it defines an atypical phenotype
called discontinuous cleft. Although this phenotype may represent 5% of clefts of the lip and/or palate
(CLP), it is rarely specifically referred to and its pathophysiology is unknown. We conducted whole
exome sequencing (WES) and apply a candidate gene approach to non-syndromic discontinuous CLP
individuals in order to identify genes and deleterious variants that could underlie this phenotype.
We discovered loss-of-function variants in two out of the seven individuals, implicating FGFR1 and
DLG1 genes, which represents almost one third of this cohort. Whole exome sequencing of clinically
well-defined subgroups of CLP, such as discontinuous cleft, is a relevant approach to study CLP
etiopathogenesis. It could facilitate more accurate clinical, epidemiological and fundamental research,
ultimately resulting in better diagnosis and care of CLP patients. Non-syndromic discontinuous cleft
lip and palate seems to have a strong genetic basis.

Keywords: discontinuous cleft; FGFR1; DLG1; WES (whole exome sequencing)

1. Introduction

Cleft of the lip and/or palate (CLP) are among the most common birth defects, with an approximate
incidence of 1/700 live births and with a wide variability of expression depending on ethnicity, gender
and cleft type. Although CLPs are not associated with an elevated rate of mortality in developed
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countries, they represent a significant lifelong morbidity. This requires multidisciplinary treatment
and care.

CLPs are classified as syndromic and non-syndromic (isolated). The latter is not associated with
additional developmental, structural and/or cognitive anomalies. Syndromic CLPs, which represent
30% of all CLPs, generally follow a Mendelian inheritance with an important variability in expressivity
and incomplete penetrance. The other 70% of CLPs occur as isolated lesions and are considered to
have a complex etiology with both genetic and environmental factors acting in concert.

Given the complex and heterogeneous nature of non-syndromic clefts, different genetic approaches
have been employed successfully to identify chromosomal loci and genes [1]. With rapid improvement
in technology, in particular the development of next-generation sequencing and bioinformatic
algorithms, we now have the ability to interrogate the entire exome or genome in order to identify risk
loci [2]. Whole exome sequencing (WES) has been successfully performed for Mendelian disorders,
and is becoming a useful approach for proving clinical molecular diagnosis [3]. This strategy has also
been applied to identify the causes of complex traits including cleft lip and palate [4,5].

Historically, CLP has been divided into cleft of the lip (CL), CL with cleft of the palate, which are
often co-classified as cleft of the lip with or without cleft palate (CL/P), and cleft of the palate (CP).
This historical broad subdivision is based on a number of epidemiological features of each condition,
and a distinct developmental origin of the primary palate and the secondary palate. Segregation
of CL/P and CP has been exceptionally reported for families with etiologic mutations in specific
genes: P63, MSX1, IRF6, and FGFR1 [1]. Clefts of the lip and palate show a range of phenotypic
expression, and dividing CLP in a simplistic way to CL/P and CP has the potential to lose important
information. Separately analyzing CLs from the rest of the CL/P group in non-syndromic multiplex
families revealed differences in linkage results [6]. It highlights the importance of sub-phenotyping,
and the requirement of carefully stratified cohorts to further understand the genetic heterogeneity
underlying non-syndromic CLP (nsCLP).

One overlooked sub-phenotype within CL/Ps is the so called “discontinuous cleft”, which
associates a discontinuity in clefting of the primary palate and of the secondary palate (Figure 1).
Concerning the description of this CLP, some authors use the term “primary palate” to refer to the
anterior intermaxillary palate, whereas others use it to describe the tissues formed by the fusion
between the maxillary and medial nasal processes: the lip, alveolus and anterior intermaxillary
palate [7]. We use the term discontinuous cleft for any cleft of the primary palate respecting at least
part of the intermaxillary palate associated with any cleft of the secondary palate. This atypical
phenotype has been reported in the literature with diverse terminology, referred to as “separate cleft
of the lip and palate”, “unconnected cleft”, “bridged cleft” and “interrupted cleft” [8,9]. It has been
seldomly separated from other subtypes, and likely, if not specified, included either in the CL or CL/P
group. A recent report on 356 Brazilian individuals with discontinuous cleft estimated that this group
represents 5% of CLP [8]. The pathophysiology behind this subgroup is unknown. In this study,
we conducted WES and apply a candidate gene approach on seven individuals with non-syndromic
discontinuous CLP in order to identify genes and deleterious variants that contribute to this phenotype.
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2. Materials and Methods

2.1. Patient Selection

Clinical data and samples from patients with nsCLP and their family members were collected in
collaboration with the Centre Labiopalatin, Cliniques Universitaires St Luc, Brussels, Belgium and
Amiens-Picardie Hospital, France. Informed consent was signed by each participant prior to conducting
the study, as approved by the institutional review board. For each patient, a standardized questionnaire
was filled in, notably detailing family history and clinical phenotype. The CLP phenotyping was
based on clinical examination by the plastic surgeon while evaluating the infant before surgery and
follow up, and on the questionnaire. Eight patients who met the clinical diagnosis of non-syndromic
discontinuous CLP were selected and included in the study. This comprises 6 sporadic cases and 1
with a familial history of CL/P (Table 1).

Table 1. Summary of cases.

Patient Gender CLP Familial
History

Discontinuous CLP Description
Gene, Variant and Protein

ChangeCleft of the
Primary Palate

Cleft of the
Secondary Palate

1 F − right labioalveolar submucous FGFR1, c.1809_1810insTC;
p.Glu571Tyrfs*61

2 M − left labioalveolar submucous DLG1, c.832C>T; p.Arg278*
3 M − right labioalveolar submucous
4 M − left labioalveolar submucous
5 M − right labial soft and hard palate
6 M − left labial soft and hard palate
7 M + left labial submucous

CLP, cleft of the lip and/or palate. Symbols: “F”, female; “M”, male; “−“, negative CLP familial history; “+”, positive
CLP familial history.

2.2. Whole Exome Sequencing

DNA was extracted from blood samples using the Wizard®Genomic DNA Purification Kit
(Promega). WES was carried out using 1 µg of genomic DNA per sample. Exomes were captured using
a commercial enrichment kit (Agilent SureSelectXT Human All Exon KitV5) and enriched libraries were
sequenced on an Illumina Hiseq2000. Generated reads were aligned to the human genome build hg19
using Burrows-Wheeler Aligner (BWA) 0.7.15. Data processing and variant calling were performed
with Picard 1.107, Genome Analysis Toolkit 3.3 package (GATK), respectively. The generated variant
files (.vcf) were imported into a database and further analyzed using Highlander 14.10.3, an in-house
bioinformatic framework for variant annotation, filtering, and visualization [10].

We considered rare variants as those with a frequency below 0.5% in public databases: Genome
Aggregation Database (gnomAD) [11], Exome Aggregation Consortium database (ExAC) [12],
1000 Genomes [13] and Genome of the Netherlands (GO-NL [14]) and in our in-house control
database. As “likely pathogenic“ variants, we considered those with a high impact (canonical splice-site
variants and those generating a premature termination codon = PTC (Premature Termination Codon:
out-of-frame indels and nonsense variants), or a moderate impact (non-synonymous), as annotated
by SnpEff 4.1 and a combined annotation dependent depletion (CADD) PHRED score >15. Missense
variants were considered as possibly pathogenic only if predicted to be possibly/probably damaging
in at least three out of seven in silico variant classifiers (Sift, Polyphen, Likelihood Ratio Test (LRT,
Mutation Taster, Mutation Assessor, Functional Analysis through Hidden Markov Models (FATHMM,
DEOGEN (a variant effect predictor that could handle both missense SNVs and in-frame INDELs)).
To maximise the conclusion that a damaging variant will be causal, we focused on a list of 89 genes
implicated in both syndromic and non-syndromic CLP [15], nsCLP candidate genes [16] and a selection
of CLP candidate genes that we gathered from publications [17–25] (Supplementary Table S1).
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For all variants that satisfied our criteria, we performed co-segregation analysis on all the affected
and non-affected family members that were available. Variants were PCR-amplified followed by
sequencing on an ABI 3130XL genetic analyzer (Applied BioSystems, city, country).

3. Results

Using our filters and candidate gene list, we were able to identify three genetic variants that we
consider as causative of the respective phenotype. They are all consistent with a dominant inheritance
with an incomplete penetrance model. They generate premature stop codons in genes that have already
been linked to a human CLP phenotype and/or syndrome.

3.1. Patient F1-3

The proband is the only child of an unrelated Caucasian couple with an unremarkable family
history. She was born at 37 weeks of gestation (WG) with birth weight BW = 3070 g and birth height
BH = 47 cm. She had a right labioalveolar cleft lip associated with a submucous cleft. At 11 years and
3 months of age, she has had no specific follow-up, and thus undetermined reproductive axis and
olfactory clinical status.

We identified a 2 bp insertion (c.1711_1715delinsTACT: NM_023110.2) in the FGFR1 gene.
This variant was not found in her mother, and DNA from the father was not available (Figure 2
F1). This variant leads to a frameshift and a premature termination codon (PTC) at position 571
(p.Glu571Tyrfs*61: NP_075598). This insertion is not known in gnomAD v2.1.1 [11]. The gene is
intolerant for loss of function (LoF) mutations, evidenced by a probability of being Lof intolerant
(pLI) value of one, with four unique predicted truncating alleles out of the 258,000 in the database.
The mutation is localized in the αE helix in the FGFR1 tyrosine kinase domain et al.essential portion
for its catalytic activity. Such a deletion should lead to loss-of-function. Alternatively, this variant may
lead to nonsense mediated mRNA decay (NMD), as predicted by Mutation Taster and frequent for
PTCs, causing haploinsufficiency.

3.2. Patient F2-3

The index case is the first child of two of an unrelated Caucasian couple with no familial history
of cleft, born after an uneventful pregnancy. Prenatal diagnosis of right cleft of the lip and alveolus
was confirmed at birth. He was born at 39 WG, an Apgar score of 2/7, with the following birth
parameters: weight = 3680 g; height = 53 cm; head circumference = 34.5cm. Neonatal cranial, renal
and cardiac ultrasounds were normal. Diagnosis of a submucous cleft palate was secondarily made.
Apart from frequent upper airway infections, clinical examination at two years of age noted normal
growth and development and confirmed the isolated nature of his cleft. Parents’ clinical examination
was unremarkable.

A heterozygous nucleotide change (c.832C>T: NM_004087) in exon 10 of the DLG1 gene was
identified in the proband, and segregation analysis showed that the mother was a carrier (Figure 2;
F2). This nonsense variant was predicted to cause premature termination of protein synthesis at
codon 278 (p.Arg278*: NP_004078) in the first of the three PDZ ( post synaptic disc-large zona)
domains. The variant is not present in gnomAD v2.1.1 [11]. The gene is intolerant for LoF mutations
as evidenced by a pLI value of 0.99. By deleting most of the functional domains of DLG1—PDZ
domains, a src-homology 3 (SH3) domain, a band 4.1 domain, and a guanylate kinase homolog (GUK)
domain—this variant likely represents loss-of-function. Alternatively, this variant may lead to NMD,
as predicted by Mutation Taster (probability: 1), still causing haploinsufficiency.
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Figure 2. Pedigrees of discontinuous CLP patients. Family number and gene marked above the
pedigree (F-#-gene). Gender symbol with a central dot indicates carriers. Variant given underneath
each carrier/affected. Clinically studied individuals have a horizontal bar over the top. The CLP
phenotype is described in detail.

4. Discussion

Phenotypic classification of CLP into three subgroups, defined as CL, CL with CP, and CP, fails to
capture discontinuous CLP because “complete” CLP and “discontinuous” CLP cannot be distinguished.
As discontinuous CLP is likely included in either the CL or CL/P group, non-syndromic CLP genes
have not been specifically implicated in discontinuous CLP. This WES study is the first dedicated to
non-syndromic discontinuous CLP. Deleterious mutations were found in two out of seven patients,
implicating the FGFR1 and DLG1 genes (Table 1). FGF signaling plays an essential role in palatal
development. Missense and nonsense mutations in the FGF gene family, including FGFR1, have been
noted in a small but significant number of nsCLP cases. Loss-of-function (LoF) mutations in FGFR1
cause familial and sporadic Kallman syndrome (KS) and normosmic idiopathic hypogonadotropic
hypogonadism. The main KS features are anosmia and hypogonadotrophic hypogonadism, and 5% to
10% of these patients have a cleft [26,27]. Missense and nonsense FGFR1 mutations have also been
identified in nsCLP patients [28]. For example et al.p.R609X non-sense mutation co-segregated in a
family with either KS and CLP or isolated CLP [28]. Patient F1-3 has non-syndromic discontinuous
CLP. Following the discovery of this FGFR1-likely pathogenic variant, a clinical evaluation focusing on
potential hypogonadotrophic hypogonadism and hypo/anosmia has been proposed.

Meta-analysis of GWAS (genome-wide association study) data and a replication study identified
the 3q29 chromosomal locus as a cleft-susceptibility locus, with DLG1 as a candidate gene for
nsCL/P [29]. DLG1 encodes a membrane-associated guanylate kinase protein (MAGUK), a scaffolding
protein that is involved in apical–basal cell polarity, cell–cell adhesion and regulation of cellular
proliferation. DLG1 null mutant mice die soon after birth and exhibit major congenital birth defects
with craniofacial dysmorphogenesis including cleft palate [30]. DLG1 is expressed in mesenchymal
and epithelial cells throughout the palate, and protein–protein interactions involving the C-terminal
domains seem to be essential for the normal function within craniofacial and palatal morphogenesis.
It is suggested that loss of DLG1 may affect craniofacial development through Wnt/Planar Cell Polarity
Signaling (Wnt/PCP) signalling [31]. Individuals with a 3q29 interstitial microdeletion syndrome,
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including the DLG1 gene, have orofacial cleft in 4% to 9% of cases [32]. Moreover, an oral cleft was
reported in a patient with a frame shift mutation (c.338_339insTATGTAATTCATAACAATAATAAAT:
NM_001098424, p.(E113Dfs*3) in Geno2MP Genotype to Mendelian Phenotype [33]. The variant in
patient F2-3 is associated with incomplete penetrance, as his mother is an unaffected carrier.

In the sole reported large cohort of 356 syndromic and non-syndromic discontinuous CLP, four
patients were clinically diagnosed as having Van der Woude syndrome (VWS) and one as having
popliteal pterygium syndrome (PPS) [8]. Since 70% of VWS syndrome and 97% of PPS have an IRF6
mutation [34], and taking into account that IRF6 has been implicated in nsCL/P and nsCP [35,36], IRF6
is a good candidate gene for discontinuous cleft. Yet, a direct targeted IRF6 gene sequencing study of
four individuals with discontinuous cleft was negative [9]. We did not find any IRF6 mutations either.

As discontinuous CLP shows considerable variability in terms of affected anatomical structures as
reported both in the literature [8] and in our study (Table 1), an even more detailed subgrouping needs
to be considered to enable more detailed study of this specific phenotype.

Facial development is a complex multistep process that requires fine spatio-temporal coordination
of the expression of numerous genes. Embryonic development of the primary and secondary palate can
be subdivided into an early (four to seven weeks of gestation) and late period (seven to twelve weeks
of gestation), with different exposures to genes and environmental factors. The anterior palate which
extends posteriorly to the incisive foramen or clinically to the incisive papilla, derived from the medial
nasal processes, fuses posteriorly with the secondary palate derived from the maxillary processes [7].
Based on epidemiological data and differences in embryological origins, CL/P and CP have historically
been considered as distinct entities. Nevertheless, CL/P and CP can segregate in the same family, with
etiologic mutations in genes such as FGFR1, IRF6, MSX1 and P63 [1], and epidemiologic data suggest
that cleft lip only may have unique etiologic features [37]. Moreover et al.example of BMP1a preferential
expression in the primary palate and anterior secondary palate during palatal outgrowth [23] reflects
similarities with a spatio-temporal restricted expression pattern, although of different embryological
origins. Interestingly, GREM1, which encodes a secreted antagonist of BMP4, is expressed in the
developing lip and soft palate, but not in the hard palate. Variations in the non-coding region near the
GREM1 gene show a highly significant association with discontinuous cleft [24]. Specific mechanisms
underlying the occurrence of discontinuous cleft have yet to be explained.

To date, few WES studies have been performed to search for rare coding variants in nsCLP
individuals. Moreover, they were mostly applied to familial cases, in which genetic factors are more
likely to be prevalent [4,5,38–43]. Exome sequencing of 46 nsCLP families unraveled mutations in genes
mutated in syndromic forms of CLP in five families (10%), including nsCP families [5]. In the current
study et al.selection of individuals was exclusively made on the rare discontinuous CLP phenotype,
whether familial or not. Following a candidate gene approach et al.likely pathogenic variant pick-up
rate was high, as truncating variants were found in two genes implicated in nsCLP in two sporadic
cases. WES study of homogeneously phenotyped individuals has been one of the keys for identifying
genes in rare Mendelian disorders, including syndromic CLP genes [2,44]. Our findings call for
accurate phenotyping and stratification in complex disorders, such as nsCLP, and a meticulous clinical
evaluation has to be proposed prior to genetic studies (either targeted NGS or WES). WES should be
used as the technique of choice as it allows us to identify associated strong mutations for 1/3 of patients.
It would also allow further larger analyses in increasing cohorts.

Empiric recurrence risk and the gender ratio are different between non-syndromic CL/P and CP.
Substantial evidence is accumulating on rare variants contributing to nsCLP and finding a mutation in
a Mendelian CLP disorder can consistently enhance the recurrence risk of nsCLP. Familial studies have
been proven to be an effective strategy to identify rare variants and medical screening of such patients
has been proposed [5,38,45,46]. Similarly, considering the results in this study, screening patients with
discontinuous cleft should be taken into consideration in genetic counseling.
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5. Conclusions

Whole exome sequencing of clinically well-defined subgroups of CLP, such as discontinuous
cleft, is a relevant approach to study CLP etiopathogenesis. It could facilitate more accurate clinical,
epidemiological and fundamental research, ultimately resulting in better diagnosis and care of CLP
patients. Non-syndromic discontinuous cleft lip and palate seems to have a strong genetic basis.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/10/10/833/s1,
Table S1: List of 89 studied genes.

Author Contributions: Conceptualization, B.D. (Bénédicte Demeer) and M.V.; methodology, B.D. (Bénédicte
Demeer), N.R. and M.V.; software, R.H.; validation, B.D. (Bénédicte Demeer), N.R. and M.V.; resources,
B.D. (Bénédicte Demeer), N.R., C.G., S.D., G.F., B.D. (Bernard Devauchelle) and B.B.; data curation, B.D.
(Bénédicte Demeer); writing—original draft preparation, B.D. (Bénédicte Demeer); writing—review and editing,
N.R. and M.V.; supervision, M.V.; project administration, M.V.; funding acquisition, B.D. (Bernard Devauchelle)
and M.V. All authors have seen and approved the final manuscript.

Funding: These studies were partially supported by funding from the Belgian Science Policy Office Interuniversity
Attraction Poles (BELSPO-IAP) program through the project IAP P7/43-BeMGI; BridgeIris RBC/2013-PFS-EH-11;
the Fonds de la Recherche Scientifique - FNRS; CdR: J.0080.16) (all to M.V.). We also acknowledge the support
of la Communauté française de Wallonie-Bruxelles, la Lotterie Nationale, Belgium and la région Hauts de
France, France.

Acknowledgments: We are grateful to all the family members for their invaluable contributions. The authors
thank National Lottery, Belgium and the Foundation against Cancer (2010-101), Belgium for their support to
the Genomics Platform of University of Louvain and de Duve Institute, as well as the Fonds de la Recherche
Scientifique - FNRS Eguipment Grant U.N035.17 for the «Big data analysis cluster for NGS at UCL». We also
thank la Biobanque de Picardie -BB-0033-00017- and the Facing Faces Institute.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Dixon, M.J.; Marazita, M.L.; Beaty, T.H.; Murray, J.C. Cleft lip and palate: Understanding genetic and
environmental influences. Nat. Rev. Genet. 2011, 12, 167–178. [CrossRef] [PubMed]

2. Ng, S.B.; Buckingham, K.J.; Lee, C.; Bigham, A.W.; Tabor, H.K.; Dent, K.M.; Huff, C.D.; Shannon, P.T.;
Jabs, E.W.; Nickerson, D.A.; et al. Exome sequencing identifies the cause of a mendelian disorder. Nat. Genet.
2010, 42, 30–35. [CrossRef] [PubMed]

3. Gilissen, C.; Hoischen, A.; Brunner, H.G.; Veltman, J.A. Unlocking mendelian disease using exome sequencing.
Genome Biol. 2011, 12, 228. [CrossRef] [PubMed]

4. Bureau, A.; Parker, M.M.; Ruczinski, I.; Taub, M.A.; Marazita, M.L.; Murray, J.C.; Mangold, E.; Noethen, M.M.;
Ludwig, K.U.; Hetmanski, J.B.; et al. Whole exome sequencing of distant relatives in multiplex families
implicates rare variants in candidate genes for oral clefts. Genetics 2014, 197, 1039–1044. [CrossRef] [PubMed]

5. Basha, M.; Demeer, B.; Revencu, N.; Helaers, R.; Theys, S.; Bou Saba, S.; Boute, O.; Devauchelle, B.;
Francois, G.; Bayet, B.; et al. Whole exome sequencing identifies mutations in 10% of patients with familial
non-syndromic cleft lip and/or palate in genes mutated in well-known syndromes. J. Med. Genet. 2018, 55,
449–458. [CrossRef]

6. Neiswanger, K.; Walker, K.; Klotz, C.M.; Cooper, M.E.; Bardi, K.M.; Brandon, C.A.; Weinberg, S.M.; Vieira, A.R.;
Martin, R.A.; Czeizel, A.E.; et al. Whorl patterns on the lower lip are associated with nonsyndromic cleft lip
with or without cleft palate. Am. J. Med. Genet. A 2009, 149, 2673–2679. [CrossRef]

7. Jiang, R.; Bush, J.O.; Lidral, A.C. Development of the upper lip: Morphogenetic and molecular mechanisms.
Dev. Dyn. 2006, 235, 1152–1166. [CrossRef]

8. Alvarez, C.W.; Guion-Almeida, M.L.; Richieri-Costa, A. Clinical and genetic study on 356 brazilian patients with
a distinct phenotype of cleft lip and palate without alveolar ridge involvement. J. Cranio-Maxillofac. Surg. 2014, 42,
1952–1957. [CrossRef]

9. Cuddapah, S.R.; Kominek, S.; Grant, J.H., 3rd; Robin, N.H. Irf6 sequencing in interrupted clefting. Cleft Palate
Craniofac. J. 2016, 53, 373–376. [CrossRef]

10. Highlander. Available online: http://sites.uclouvain.be/highlander/ (accessed on 23 May 2019).
11. Genome Aggregation Database (gnomAD). Available online: http://gnomad.broadinstitute.org/ (accessed on

23 May 2019).

http://www.mdpi.com/2073-4425/10/10/833/s1
http://dx.doi.org/10.1038/nrg2933
http://www.ncbi.nlm.nih.gov/pubmed/21331089
http://dx.doi.org/10.1038/ng.499
http://www.ncbi.nlm.nih.gov/pubmed/19915526
http://dx.doi.org/10.1186/gb-2011-12-9-228
http://www.ncbi.nlm.nih.gov/pubmed/21920049
http://dx.doi.org/10.1534/genetics.114.165225
http://www.ncbi.nlm.nih.gov/pubmed/24793288
http://dx.doi.org/10.1136/jmedgenet-2017-105110
http://dx.doi.org/10.1002/ajmg.a.33089
http://dx.doi.org/10.1002/dvdy.20646
http://dx.doi.org/10.1016/j.jcms.2014.08.007
http://dx.doi.org/10.1597/14-204
http://sites.uclouvain.be/highlander/
http://gnomad.broadinstitute.org/


Genes 2019, 10, 833 8 of 9

12. Exome Aggregation Consortium (ExAC). Available online: http://exac.broadinstitute.org/ (accessed on
23 May 2019).

13. 1000 Genomes. Available online: http://www.1000genomes.org/ (accessed on 23 May 2019).
14. Genome of the Netherlands (GoNL). Available online: http://www.nlgenome.nl/ (accessed on 23 May 2019).
15. Stanier, P.; Moore, G.E. Genetics of cleft lip and palate: Syndromic genes contribute to the incidence of

non-syndromic clefts. Hum. Mol. Genet. 2004, 13 (Suppl. 1), R73–R81. [CrossRef]
16. Leslie, E.J.; Murray, J.C. Evaluating rare coding variants as contributing causes to non-syndromic cleft lip

and palate. Clin. Genet. 2013, 84, 496–500. [CrossRef] [PubMed]
17. Jugessur, A.; Farlie, P.G.; Kilpatrick, N. The genetics of isolated orofacial clefts: From genotypes to

subphenotypes. Oral Dis. 2009, 15, 437–453. [CrossRef] [PubMed]
18. Kousa, Y.A.; Mansour, T.A.; Seada, H.; Matoo, S.; Schutte, B.C. Shared molecular networks in orofacial and

neural tube development. Birth Defects Res. 2017, 109, 169–179. [CrossRef] [PubMed]
19. Conte, F.; Oti, M.; Dixon, J.; Carels, C.E.; Rubini, M.; Zhou, H. Systematic analysis of copy number variants of

a large cohort of orofacial cleft patients identifies candidate genes for orofacial clefts. Hum. Genet. 2016, 135,
41–59. [CrossRef] [PubMed]

20. Lough, K.J.; Byrd, K.M.; Spitzer, D.C.; Williams, S.E. Closing the gap: Mouse models to study adhesion in
secondary palatogenesis. J. Dent. Res. 2017, 96, 1210–1220. [CrossRef] [PubMed]

21. Leslie, E.J.; Mansilla, M.A.; Biggs, L.C.; Schuette, K.; Bullard, S.; Cooper, M.; Dunnwald, M.; Lidral, A.C.;
Marazita, M.L.; Beaty, T.H.; et al. Expression and mutation analyses implicate arhgap29 as the etiologic gene
for the cleft lip with or without cleft palate locus identified by genome-wide association on chromosome
1p22. Birth Defects Res. A Clin. Mol. Teratol. 2012, 94, 934–942. [CrossRef]

22. Peyrard-Janvid, M.; Leslie, E.J.; Kousa, Y.A.; Smith, T.L.; Dunnwald, M.; Magnusson, M.; Lentz, B.A.;
Unneberg, P.; Fransson, I.; Koillinen, H.K.; et al. Dominant mutations in grhl3 cause van der woude
syndrome and disrupt oral periderm development. Am. J. Hum. Genet. 2014, 94, 23–32. [CrossRef]

23. Baek, J.A.; Lan, Y.; Liu, H.; Maltby, K.M.; Mishina, Y.; Jiang, R. Bmpr1a signaling plays critical roles in palatal
shelf growth and palatal bone formation. Dev. Biol. 2011, 350, 520–531. [CrossRef]

24. Ludwig, K.U.; Ahmed, S.T.; Bohmer, A.C.; Sangani, N.B.; Varghese, S.; Klamt, J.; Schuenke, H.; Gultepe, P.;
Hofmann, A.; Rubini, M.; et al. Meta-analysis reveals genome-wide significance at 15q13 for nonsyndromic
clefting of both the lip and the palate, and functional analyses implicate grem1 as a plausible causative gene.
PLoS Genet. 2016, 12, e1005914. [CrossRef]

25. Jugessur, A.; Shi, M.; Gjessing, H.K.; Lie, R.T.; Wilcox, A.J.; Weinberg, C.R.; Christensen, K.; Boyles, A.L.;
Daack-Hirsch, S.; Trung, T.N.; et al. Genetic determinants of facial clefting: Analysis of 357 candidate genes
using two national cleft studies from scandinavia. PLoS ONE 2009, 4, e5385. [CrossRef]

26. Dode, C.; Levilliers, J.; Dupont, J.M.; De Paepe, A.; Le Du, N.; Soussi-Yanicostas, N.; Coimbra, R.S.;
Delmaghani, S.; Compain-Nouaille, S.; Baverel, F.; et al. Loss-of-function mutations in fgfr1 cause autosomal
dominant kallmann syndrome. Nat. Genet. 2003, 33, 463–465. [CrossRef] [PubMed]

27. Pitteloud, N.; Acierno, J.S., Jr.; Meysing, A.; Eliseenkova, A.V.; Ma, J.; Ibrahimi, O.A.; Metzger, D.L.; Hayes, F.J.;
Dwyer, A.A.; Hughes, V.A.; et al. Mutations in fibroblast growth factor receptor 1 cause both kallmann
syndrome and normosmic idiopathic hypogonadotropic hypogonadism. Proc. Natl. Acad. Sci. USA 2006,
103, 6281–6286. [CrossRef] [PubMed]

28. Riley, B.M.; Mansilla, M.A.; Ma, J.; Daack-Hirsch, S.; Maher, B.S.; Raffensperger, L.M.; Russo, E.T.; Vieira, A.R.;
Dode, C.; Mohammadi, M.; et al. Impaired fgf signaling contributes to cleft lip and palate. Proc. Natl. Acad.
Sci. USA 2007, 104, 4512–4517. [CrossRef] [PubMed]

29. Mostowska, A.; Gaczkowska, A.; Zukowski, K.; Ludwig, K.U.; Hozyasz, K.K.; Wojcicki, P.; Mangold, E.;
Bohmer, A.C.; Heilmann-Heimbach, S.; Knapp, M.; et al. Common variants in dlg1 locus are associated with
non-syndromic cleft lip with or without cleft palate. Clin. Genet. 2018, 93, 784–793. [CrossRef] [PubMed]

30. Caruana, G.; Bernstein, A. Craniofacial dysmorphogenesis including cleft palate in mice with an insertional
mutation in the discs large gene. Mol. Cell. Biol. 2001, 21, 1475–1483. [CrossRef] [PubMed]

31. Rivera, C.; Simonson, S.J.; Yamben, I.F.; Shatadal, S.; Nguyen, M.M.; Beurg, M.; Lambert, P.F.; Griep, A.E.
Requirement for dlgh-1 in planar cell polarity and skeletogenesis during vertebrate development. PLoS ONE
2013, 8, e54410. [CrossRef]

http://exac.broadinstitute.org/
http://www.1000genomes.org/
http://www.nlgenome.nl/
http://dx.doi.org/10.1093/hmg/ddh052
http://dx.doi.org/10.1111/cge.12018
http://www.ncbi.nlm.nih.gov/pubmed/22978696
http://dx.doi.org/10.1111/j.1601-0825.2009.01577.x
http://www.ncbi.nlm.nih.gov/pubmed/19583827
http://dx.doi.org/10.1002/bdra.23598
http://www.ncbi.nlm.nih.gov/pubmed/27933721
http://dx.doi.org/10.1007/s00439-015-1606-x
http://www.ncbi.nlm.nih.gov/pubmed/26561393
http://dx.doi.org/10.1177/0022034517726284
http://www.ncbi.nlm.nih.gov/pubmed/28817360
http://dx.doi.org/10.1002/bdra.23076
http://dx.doi.org/10.1016/j.ajhg.2013.11.009
http://dx.doi.org/10.1016/j.ydbio.2010.12.028
http://dx.doi.org/10.1371/journal.pgen.1005914
http://dx.doi.org/10.1371/journal.pone.0005385
http://dx.doi.org/10.1038/ng1122
http://www.ncbi.nlm.nih.gov/pubmed/12627230
http://dx.doi.org/10.1073/pnas.0600962103
http://www.ncbi.nlm.nih.gov/pubmed/16606836
http://dx.doi.org/10.1073/pnas.0607956104
http://www.ncbi.nlm.nih.gov/pubmed/17360555
http://dx.doi.org/10.1111/cge.13141
http://www.ncbi.nlm.nih.gov/pubmed/28926086
http://dx.doi.org/10.1128/MCB.21.5.1475-1483.2001
http://www.ncbi.nlm.nih.gov/pubmed/11238884
http://dx.doi.org/10.1371/journal.pone.0054410


Genes 2019, 10, 833 9 of 9

32. Willatt, L.; Cox, J.; Barber, J.; Cabanas, E.D.; Collins, A.; Donnai, D.; FitzPatrick, D.R.; Maher, E.; Martin, H.;
Parnau, J.; et al. 3q29 microdeletion syndrome: Clinical and molecular characterization of a new syndrome.
Am. J. Hum. Genet. 2005, 77, 154–160. [CrossRef]

33. Genotype to Mendelian Phenotype (Geno2MP). Available online: https://geno2mp.gs.washington.edu
(accessed on 23 May 2019).

34. De Lima, R.L.; Hoper, S.A.; Ghassibe, M.; Cooper, M.E.; Rorick, N.K.; Kondo, S.; Katz, L.; Marazita, M.L.;
Compton, J.; Bale, S.; et al. Prevalence and nonrandom distribution of exonic mutations in interferon
regulatory factor 6 in 307 families with van der woude syndrome and 37 families with popliteal pterygium
syndrome. Genet. Med. 2009, 11, 241–247. [CrossRef]

35. Ghassibe, M.; Bayet, B.; Revencu, N.; Verellen-Dumoulin, C.; Gillerot, Y.; Vanwijck, R.; Vikkula, M. Interferon
regulatory factor-6: A gene predisposing to isolated cleft lip with or without cleft palate in the belgian
population. Eur. J. Hum. Genet. 2005, 13, 1239–1242. [CrossRef]

36. Desmyter, L.; Ghassibe, M.; Revencu, N.; Boute, O.; Lees, M.; Francois, G.; Verellen-Dumoulin, C.; Sznajer, Y.;
Moncla, A.; Benateau, H.; et al. Irf6 screening of syndromic and a priori non-syndromic cleft lip and palate
patients: Identification of a new type of minor vws sign. Mol. Syndromol. 2010, 1, 67–74. [CrossRef]

37. Grosen, D.; Chevrier, C.; Skytthe, A.; Bille, C.; Molsted, K.; Sivertsen, A.; Murray, J.C.; Christensen, K. 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. 2010, 47, 162–168. [CrossRef] [PubMed]

38. Liu, H.; Busch, T.; Eliason, S.; Anand, D.; Bullard, S.; Gowans, L.J.J.; Nidey, N.; Petrin, A.;
Augustine-Akpan, E.A.; Saadi, I.; et al. Exome sequencing provides additional evidence for the involvement
of arhgap29 in mendelian orofacial clefting and extends the phenotypic spectrum to isolated cleft palate.
Birth Defects Res. 2017, 109, 27–37. [CrossRef] [PubMed]

39. Pengelly, R.J.; Arias, L.; Martinez, J.; Upstill-Goddard, R.; Seaby, E.G.; Gibson, J.; Ennis, S.; Collins, A.;
Briceno, I. Deleterious coding variants in multi-case families with non-syndromic cleft lip and/or palate
phenotypes. Sci. Rep. 2016, 6, 30457. [CrossRef] [PubMed]

40. Aylward, A.; Cai, Y.; Lee, A.; Blue, E.; Rabinowitz, D.; Haddad, J., Jr.; University of Washington Center for
Mendelian Genomics. Using whole exome sequencing to identify candidate genes with rare variants in
nonsyndromic cleft lip and palate. Genet. Epidemiol. 2016, 40, 432–441. [CrossRef]

41. Hoebel, A.K.; Drichel, D.; van de Vorst, M.; Bohmer, A.C.; Sivalingam, S.; Ishorst, N.; Klamt, J.; Golz, L.;
Alblas, M.; Maaser, A.; et al. Candidate genes for nonsyndromic cleft palate detected by exome sequencing.
J. Dent. Res. 2017, 96, 1314–1321. [CrossRef]

42. Holzinger, E.R.; Li, Q.; Parker, M.M.; Hetmanski, J.B.; Marazita, M.L.; Mangold, E.; Ludwig, K.U.; Taub, M.A.;
Begum, F.; Murray, J.C.; et al. Analysis of sequence data to identify potential risk variants for oral clefts in
multiplex families. Mol. Genet. Genom. Med. 2017, 5, 570–579. [CrossRef]

43. Cox, L.L.; Cox, T.C.; Moreno Uribe, L.M.; Zhu, Y.; Richter, C.T.; Nidey, N.; Standley, J.M.; Deng, M.; Blue, E.;
Chong, J.X.; et al. Mutations in the epithelial cadherin-p120-catenin complex cause mendelian non-syndromic
cleft lip with or without cleft palate. Am. J. Hum. Genet. 2018, 102, 1143–1157. [CrossRef]

44. Ng, S.B.; Bigham, A.W.; Buckingham, K.J.; Hannibal, M.C.; McMillin, M.J.; Gildersleeve, H.I.; Beck, A.E.;
Tabor, H.K.; Cooper, G.M.; Mefford, H.C.; et al. Exome sequencing identifies mll2 mutations as a cause of
kabuki syndrome. Nat. Genet. 2010, 42, 790–793. [CrossRef]

45. Leslie, E.J.; Koboldt, D.C.; Kang, C.J.; Ma, L.; Hecht, J.T.; Wehby, G.L.; Christensen, K.; Czeizel, A.E.;
Deleyiannis, F.W.; Fulton, R.S.; et al. Irf6 mutation screening in non-syndromic orofacial clefting: Analysis of
1521 families. Clin. Genet. 2016, 90, 28–34. [CrossRef]

46. Demeer, B.; Revencu, N.; Helaers, R.; Devauchelle, B.; Francois, G.; Bayet, B.; Vikkula, M. Unmasking familial
cpx by wes and identification of novel clinical signs. Am. J. Med. Genet. A 2018, 176, 2661–2667. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1086/431653
https://geno2mp.gs.washington.edu
http://dx.doi.org/10.1097/GIM.0b013e318197a49a
http://dx.doi.org/10.1038/sj.ejhg.5201486
http://dx.doi.org/10.1159/000313786
http://dx.doi.org/10.1136/jmg.2009.069385
http://www.ncbi.nlm.nih.gov/pubmed/19752161
http://dx.doi.org/10.1002/bdra.23596
http://www.ncbi.nlm.nih.gov/pubmed/28029220
http://dx.doi.org/10.1038/srep30457
http://www.ncbi.nlm.nih.gov/pubmed/27456059
http://dx.doi.org/10.1002/gepi.21972
http://dx.doi.org/10.1177/0022034517722761
http://dx.doi.org/10.1002/mgg3.320
http://dx.doi.org/10.1016/j.ajhg.2018.04.009
http://dx.doi.org/10.1038/ng.646
http://dx.doi.org/10.1111/cge.12675
http://dx.doi.org/10.1002/ajmg.a.40630
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Patient Selection 
	Whole Exome Sequencing 

	Results 
	Patient F1-3 
	Patient F2-3 

	Discussion 
	Conclusions 
	References

