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Abstract: Although the aetiology of non-syndromic orofacial clefts (nsOFCs) is usually multifactorial,
syndromic OFCs (syOFCs) are often caused by single mutations in known genes. Some syndromes,
e.g., Van der Woude syndrome (VWS1; VWS2) and X-linked cleft palate with or without ankyloglossia
(CPX), show only minor clinical signs in addition to OFC and are sometimes difficult to differentiate
from nsOFCs. We recruited 34 Slovenian multi-case families with apparent nsOFCs (isolated OFCs or
OFCs with minor additional facial signs). First, we examined IRF6, GRHL3, and TBX22 by Sanger or
whole exome sequencing to identify VWS and CPX families. Next, we examined 72 additional nsOFC
genes in the remaining families. Variant validation and co-segregation analysis were performed for
each identified variant using Sanger sequencing, real-time quantitative PCR and microarray-based
comparative genomic hybridization. We identified six disease-causing variants (three novel) in
IRF6, GRHL3, and TBX22 in 21% of families with apparent nsOFCs, suggesting that our sequencing
approach is useful for distinguishing syOFCs from nsOFCs. The novel variants, a frameshift variant
in exon 7 of IRF6, a splice-altering variant in GRHL3, and a deletion of the coding exons of TBX22,
indicate VWS1, VWS2, and CPX, respectively. We also identified five rare variants in nsOFC genes in
families without VWS or CPX, but they could not be conclusively linked to nsOFC.

Keywords: genetics; family study; non-syndromic orofacial cleft; Van der Woude syndrome; X-linked
cleft palate with or without ankyloglossia; IRF6; GRHL3; TBX22; whole exome sequencing

1. Introduction

Orofacial clefts (OFCs), characterised by the incomplete fusion of certain facial or oral
structures, are the most common congenital craniofacial anomalies with global widely
varying incidence rates by race and ethnicity. In Slovenia, the average incidence of OFCs is
around 1/600 live births (period from 1993 to 2012), which is comparable to other European
populations where it ranges from 1,/500 to 1/1000 [1,2].

OFCs affect various parts of the oral cavity and face (i.e., palate, alveolus, lip, nose)
and, accordingly, are often classified into the following groups: cleft lip; cleft lip and
alveolus; cleft lip, alveolus, and palate (CLP); and cleft palate (CP). CP is further divided
into complete CP (i.e., hard and soft), soft CP, submucous CP, and bifid uvula. Historically,
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due to common developmental mechanisms and epidemiological aspects, cleft lip, cleft lip
and alveolus, and CLP have often been grouped and studied together as cleft lip with or
without cleft palate (CL/P) [3]. However, CP is supposed to have a separate aetiology, but
with some overlap [3,4]. Typically, CL/P affects one side (unilateral) or both sides (bilateral)
of the lip, alveolus, and/or palate, and appears in varying degrees of severity.

Most OFCs (approximately 70%) are isolated or non-syndromic (nsOFCs) and occur
without other structural and/or functional abnormalities, whereas the remaining 30%
of OFCs occur as part of various syndromes (syOFCs), caused by single-gene mutations
(i.e., Mendelian inheritance), chromosomal aberrations, or teratogenic factors [5,6]. Most
common syOFCs include 22q11.2 deletion syndrome (i.e., DiGeorge or velocardiofacial
syndrome), Van der Woude syndrome (VWS), and Pierre Robin sequence (PRS) [7]. Many
syndromes in which clefting is a major feature have clearly noticeable phenotypes and are
easily diagnosed. Nevertheless, there are some syndromes (e.g., X-linked cleft palate with
or without ankyloglossia (CPX), PRS, and VWS) where the clinical signs, apart from OFC,
are minor or sometimes even unrecognizable, making some syOFCs difficult to distinguish
from nsOFCs.

Van der Woude syndrome is one of the most common forms of syOFCs, representing
2% of all OFC cases [8]. The genetic cause can be identified in 75% of VWS cases, with
mutations in IRF6 (VWS1; MIM#119300) in approximately 70% of cases and mutations in
GRHL3 (VWS2; MIM#606713) in the remaining 5% of cases [9,10]. This autosomal dominant
syndrome is inherited with high penetrance but variable phenotypic expression [11]. In
addition to OFC, VWS is characterized by congenital lower lip pits and in some cases
hypodontia [12]. Interestingly, CP and CL/P may both occur in a single VWS family, which
is rare in families with nsOFCs [13]. Further, whereas the lip pit phenotype in VWS patients
varies from a single, barely visible elevation/depression to pronounced bilateral lower lip
pits, 15% of patients lack lip pits altogether [11,12]. Interestingly, deleterious variants in
IRF6 and GRHL3 were also found in nsOFCs [14,15] in addition to VWS.

X-linked cleft palate with or without ankyloglossia (MIM#303400) is a rare disorder
with a semidominant X-linked inheritance of mutations in TBX22 [16]. It is characterised
by a CP phenotype that is most often present in males and ranges from a high-arched
palate, bifid uvula, submucous CP, soft CP, to complete CP [17,18]. The main characteristic
that divides CPX from nsOFCs is ankyloglossia that is frequently but not always present
in affected males and also in female carriers [18]. Family history or pedigree size are
sometimes not informative enough to predict the X-linked mode of inheritance, and the
diagnosis of CPX may be overlooked [16,19].

Unlike most syOFCs that have a known genetic cause, the aetiology of nsOFCs is
complex, since nsOFCs are considered multifactorial disorders that develop due to in-
teractions between genetic and intrauterine environmental factors. Approximately 20%
of nsOFC patients come from multi-case families [20]. Individuals with nsOFCs have a
significantly increased risk of recurrence in their first-degree relatives (parents, siblings,
and offspring) [21]. Moreover, phenotype concordance is 40-60% in monozygotic twins,
whereas it is only 3-5% in dizygotic twins, suggesting a significant genetic component in
the aetiology of nsOFCs [22,23]. The identification of genetic risk factors for nsOFCs is
challenging. To date, many approaches have been used to find candidate regions or genes
associated with nsOFCs: cytogenetic studies, linkage analyses, candidate gene association
studies (i.e., family- and population-based studies), direct sequencing studies of candidate
genes, genome-wide association studies, and studies on animal models [24]. Moreover, in
recent years, next-generation sequencing methods, in particular whole exome sequencing
(WES), have been increasingly used to determine the genetics of nsOFCs [25,26].

It is a widely accepted hypothesis that complex diseases such as nsOFCs arise from
the accumulation of disease-causing variants with relatively high population frequencies
(minor allele frequency (MAF) > 5%) [27,28]; however, studies that used different genetic
approaches to confirm this hypothesis (i.e., association studies), have explained only a
small fraction of heritability of nsOFCs [28,29]. On the other hand, some studies have
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successfully used WES to identify rare deleterious variants in multi-case families with
nsOFCs [30-36].

In this study, we present the first comprehensive analysis of genetic risk factors
for OFCs in the Slovenian population alongside our aim to establish the best diagnostic
approach to distinguish between nsOFCs and syOFCs in a cohort of phenotypes resembling
nsOFCs and to evaluate a diagnostic gene panel for nsOFCs. A total of 34 Slovenian
families with multiple cases of apparent nsOFCs (isolated OFCs or OFCs with minor
additional facial signs) were included in the study. Our stepwise diagnostic approach
initially examined only three genes implicated in VWS and CPX (i.e., IRF6, GRHL3, and
TBX22) using WES and Sanger sequencing. To further determine genetic risk factors for
OFCs in Slovenian multi-case families, we later examined 72 additional genes using WES.

Utilizing a two-step diagnostic approach enabled us to differentiate between syOFC
cases and nsOFC cases. However, the gene panel was not as informative in families with
nsOFCs. We were able to identify the genetic cause of OFCs in 21% of families as we
discovered three novel genetic variants causing VWS1, VWS2, and CPX.

2. Results
2.1. Sequence Analysis of IRF6, GRHL3, and TBX22 to Identify Families with Syndromic Forms of
Orofacial Clefts

We examined two genes implicated in VWS, IRF6 and GRHL3, and the gene implicated
in CPX, TBX22, in 34 multi-case families with apparent nsOFCs (isolated OFCs or OFCs
with minor additional facial signs). We identified causal variants confirming VWS in
6 families and CPX in 1 family.

2.1.1. One Novel and Three Previously Described Variants in IRF6 Confirm VWS1
Diagnosis in Five Families

In total, 7 of the 34 multi-case families with apparent nsOFCs had at least one member
with lip pits, suggesting the diagnosis of VWS. We detected one novel and three previously
described heterozygous disease-causing variants in IRF6 (Table 1, and Figures 1 and S1) in
5 of the 7 families with suspected VWS. One frameshift, one missense, and two nonsense
variants were located in different exons of IRF6 (3, 6, 7, or 9). To the best of our knowledge,
the novel variant, a frameshift variant in exon 7, has not yet been described in the literature,
in HGMD Professional 2022.2, or in the ClinVar database. No disease-causing variants in
IRF6 were identified in families with nsOFCs. IRF6 is intolerant for loss-of-function (LoF)
variants (pLI = 1) and shows a degree of intolerance to missense variants (Z = 2.74) as
indicated by gnomAD.

Table 1. IRF6 and GRHL3 variants that confirm the diagnosis of Van der Woude syndrome in
six families.

Genor.mc Variant Amino Acid Variant ACMG Published
Location Exon Ref>Alt b
Name ? Change Type Class Reference
(hg19)
IRF6
c.134G>A . . .
F-1 Chr1:209,974,625 3 C>T 5121434229 p-Arg45GIn missense likely pathogenic [37]
F-2 Chr1:209,965,659 6 G>A c.622C>T p-GIn208* nonsense pathogenic [38]
F-3 Chr1:209,964,212 7 AC>A c.687delG p-Lys229Asnfs*13  frameshift likely pathogenic  novel variant
. ¢.1234C>T . . ) »
F-4,F-5 Chr1:209,961,935 9 G>A 51553247595 p-Argdl2 nonsense pathogenic [4,9,38-43]
GRHL3
F-6 Chr1:24,669,262 10 G>T c.1285G>T p-Gly429Cys splice-site VUS novel variant

F-no., the family identifier; Ref>Alt, reference and alternative allele, where reference allele is listed first. * The
position of the nucleotide change, determined based on the canonical transcript of IRF6 (NM_006147.4) or GRHL3
(NM_198173.3), and ‘rsID’ number if available. P The position of amino acid change, determined based on the
canonical protein IRF6 (NP_006138.1) or GRHL3 (NP_937816.1).
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Figure 1. Pedigrees of the five Van der Woude syndrome families (F-1 to F-5) with IRF6 mutations.
The proband is marked with an arrowhead. Genotype is given underneath each genetically tested
individual. Roman numerals stand for the generations, while Arabic numerals stand for the individual
members of the family. OFC, orofacial cleft; CLP, cleft lip, alveolus and palate; CP, cleft palate.
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IRF6:c.134G>A (p.Arg45GIn)

A missense variant in exon 3 of the IRF6 (NM_006147.4:¢.134G>A; rs121434229) was
identified in the proband of family 1 (F-1) (Table 1). The substitution was previously de-
tected once in a heterozygous state in gnomAD v2.1.1 (1/251,482 alleles), specifically in one
African/African American female. In silico deleteriousness tools for missense substitutions
unanimously supported a deleterious effect of the variant on the gene product. The variant
is classified as likely pathogenic (PP2, PP3, PP5, PM1, PM2) by ACMG guidelines.

The proband of family 1 is female (F-1; IV-1) with a complete CP and two indistinct
lower lip pits, but no other detectable congenital abnormalities. She is the second child
in the family, and her older male sibling (F-1; IV-2) is unaffected. The proband’s mother
(F-1; I1I-2) was also born with CP and two lower lip pits. The mother’s cousin (F-1; III-5)
apparently had CP and died at the age of 1. Other family members were reportedly
unaffected although they were not clinically assessed by a medical professional. Co-
segregation analysis has shown that the variant is present in all three examined subjects of
the family, the proband, affected mother, and unaffected male sibling (Figure 1).

IRF6:c.622C>T (p.GIln208*)

In the proband of family 2 (F-2), we detected a nonsense variant in exon 6 of the IRF6
(NM_006147 4:c.622C>T) (Table 1). The presence of this variant results in a premature ter-
mination codon. It is not present in gnomAD v2.1.1 and is expected to be a loss-of-function
variant. It may also activate nonsense-mediated RNA decay (NMD), resulting in haploin-
sufficiency. The variant is classified as pathogenic (PVS1, PP5, PM2) by ACMG guidelines.

The proband of family 2 is female (F-2; I1I-3), an only child born with bilateral CLP,
two lower lip pits, and dental anomalies, including several missing teeth (hypodontia).
The proband’s mother (F-2; II-3) was also born with bilateral CLP, two lower lip pits, and
hypodontia. A co-segregation analysis revealed the mother as the affected carrier of the
variant. Other family members were reportedly healthy, and the ones available for analysis
(F-2; I-1, 1I-2, 11-4, 11I-1) did not carry the variant (Figure 1).

IRF6:c.687delG (p.Lys229Asnfs*13)

In the proband of family 3 (F-3), we identified a novel 1 bp deletion in exon 7 of the
IRF6 (NM_006147 4:c.687delG) (Table 1). This frameshift variant disrupts the reading frame
of the sequence and leads to a premature termination codon, which results in the protein
product being truncated. This loss-of-function variant may also activate nonsense-mediated
RNA decay (NMD), resulting in haploinsufficiency. The variant is not present in gnomAD
v2.1.1 and has not been reported before. It is classified as likely pathogenic (PVS1, PM2)
using ACMG guidelines.

The proband of family 3 is male (F-3; III-1), an only child born with complete CP,
two lower lip pits, and hypodontia (aplasia of several teeth). The proband’s mother (F-3;
1I-2) was also born with CP and lower lip pits, and the maternal grandmother (F-3; 1-2)
had CP, but they were not available for further phenotyping. Other family members were
reportedly unaffected. Only the proband’s mother was available for co-segregation analysis,
and she was found to be the variant carrier (Figure 1).

IRF6:c.1234C>T (p.Arg412¥)

In the probands of families 4 (F-4) and 5 (F-5), we identified a nonsense variant in
the exon 9 of the IRF6 (NM_006147.4:¢.1234C>T; rs1553247595) (Table 1). It leads to the
formation of a premature termination codon and is not present in gnomAD v2.1.1. The
variant has been shown to reduce IRF6 activity by promoting its degradation on the protein
level [44]. Therefore, it is classified as pathogenic (PVS1, PP5, PM2) by ACMG guidelines.

The proband of family 4 is male (F-4; 1II-1), an only child born with unilateral CLP
and two lower lip pits. His father (F-4; II-1) has bilateral CLP and lip pits. The proband’s
mother (F-4; II-2) and other family members were reportedly unaffected. In addition to
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the proband, the variant was detected in the affected father, but not the unaffected mother
(Figure 1).

The proband of family 5 is also a male (F-5; IV-1) and an only child. He has soft CP and
two lower lip pits. His father (F-5; III-1) was born with unilateral CLP and two lower lip
pits, and the father’s sister (F-5; I1I-4), mother (F-5; II-2) and aunt (F-5; 1I-4) all have lower
lip pits, whereas the proband’s mother (F-5; III-2) is unaffected. Other family members
were also reportedly unaffected. The variant was identified in the affected father, whereas
samples from other affected members of his family were not available for the analysis
(Figure 1).

2.1.2. A Novel Variant in GRHL3 Suggests VWS2 Diagnosis in One Family

The remaining 2 of the 7 families with suspected VWS did not have disease-causing
variants in IRF6 and no causal variants in GRHL3. Interestingly, we identified a splice-
altering variant in a family without suspected syOFC. GRHL3 is intolerant for LoF variants
(pLI = 0.99) and shows a small degree of intolerance to missense variants (Z = 1.42) as
indicated by gnomAD.

GRHL3:c.1285G>T (p.Gly429Cys)

In the proband of family 6 (F-6), we identified a novel donor splice site variant located
at the position of the last nucleotide of exon 10 in GRHL3 (NM_198173.3:c.1285G>T) (Table 1,
Figures 2 and S1). This variant is not present in gnomAD v2.1.1, is not listed in dbSNP154,
and has not yet been reported in association with VWS. In silico splice site prediction tools
unanimously supported a deleterious effect of the variant. Moreover, it is predicted to be
deleterious by MutationTester and CADD (score of 35). The tools’ results indicate that the
variant most probably affects splicing and is classified as a variant of uncertain significance
(VUS) (PM2, PP3) by ACMG guidelines.

B
F-6
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1
I

complete CP, asymmetric
lower lip and hypodontia

¢.1285G>T
I
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o x5

-
0

complete CP
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Figure 2. Pedigree of family 6 (F-6) with cleft palate, subtle Van der Woude syndrome sign, and
mutation in GRHL3 (A); two affected individuals (F-6; II-1 and III-2) of the family showing an
asymmetric lower lip without lip pits (B). The proband is marked with an arrowhead. Genotype
is given underneath each genetically tested individual. Roman numerals stand for the generations,
while Arabic numerals stand for the individual members of the family. CP, cleft palate.

The proband of family 6 is female (F-6; III-2), an only child with complete CP. Her
father was also born with complete CP (F-6; II-1). Initially, the possibility of VWS was
ruled out since they lack lower lip pits. However, a subsequent examination showed an
asymmetric lower lip in both the affected father and daughter (Figure 2B), which may subtly
indicate the presence of VWS. In addition, the father presents with hypodontia. Other
family members were reportedly unaffected. Only the proband’s parents were available for
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the co-segregation analysis, and the variant was confirmed in the sample of the affected
father, but not the unaffected mother (F-6; 1I-2) (Figure 2A).

2.1.3. A Novel TBX22 Deletion Reveals a Family with CPX

With the further analysis of the WES data (i.e., computing copy number variations
(CNVs)) in families with suspected nsOFC, we have discovered the deletion of TBX22 on
the X-chromosome in the proband of family 7 (F-7). Using the Twist Human Core Exome
Plus Kit (Twist Bioscience, San Francisco, USA), we covered only the coding exons of
TBX22 gene (exons 2-9) and established that the deletion is located in the region with the
inner start-stop coordinates chrX:g.79,277,769-79,286,610 (hg19) and spans at least 8.8 kb,
affecting the entire gene. We did not detect any deletions of the coding regions of adjacent
genes or other coding exons on the proband’s X chromosome. Using microarray-based com-
parative genomic hybridization (array CGH) analysis on the same DNA sample, we further
confirmed a hemizygous deletion of 9.91 kb (arr[GRCh37] Xq21.1(79,277,377_79,287,288)x0)
encompassing exons 2-9 of the TBX22 gene (Figure 52). This analysis showed that the
non-coding exon 1 of TBX22 is intact and also revealed the first signal 3.8 kb downstream
of the TBX22 gene, limiting the size of the deletion and confirming that it does not include
other genetic material. The identified deletion, encompassing only TBX22, has not been
reported before and is classified as pathogenic by ACMG standards.

The proband of family 7 is male (F-7; IV-2), born with complete CP (Figure 3). His
brother (F-7; IV-3), father (F-7; III-3), and mother (F-7; 1lI-4) are apparently unaffected.
The OFC is inherited through the maternal side. The mother’s grandfather was born with
bifid uvula (F-7; I-1), her father (F-7; II-1) with soft CP, and her uncle (F-7; 1I-3) with an
unknown kind of CP. The mother’s two sisters (F-7; I1I-2, I1I-6) each have one son with soft
CP (F-7; IV-1, IV-4). The family history was reassessed after genetic testing. Ankyloglossia
was identified in the proband (F-7; IV-2), his unaffected brother (F-7; IV-3), his mother
(F-7; 111-4), one of his unaffected aunts (F-7; III-2), both affected cousins (F-7; IV-1, IV-4),
his affected grandfather (F-7; II-1), and his affected great-grandfather (F-7; I-1). In some
cases, ankyloglossia was corrected immediately after birth or later in life and not recorded
in the medical records. Moreover, the family also reported that the proband’s affected
cousins (F-7; IV-1, IV-4) had hypotonia. Other family members are reportedly unaffected.
The hemizygous loss of all coding exons of TBX22 detected by WES and array CGH in
the proband (F-7; IV-2) was confirmed by real-time quantitative PCR (qQPCR). His mother
(F-7; 11I-4) was found to be a carrier, and the variant was also confirmed in his affected
cousin (F-7; IV-1) and aunt (F-7; III-2). Other samples were not available for the analysis.
The qPCR results are reported in Table S1. The loss of TBX22 in this family suggest the
diagnosis of X-linked cleft palate with or without ankyloglossia. The X-linked inheritance
mode does not match with the proband’s great-grandfather’s (F-7; I-1) phenotype. There is
no evidence of a consanguinity between his great-grandparents and no history of OFC in
his great-grandmother’s (F-7; I-2) family.
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Figure 3. Pedigree of family 7 (F-7) with X-linked cleft palate with or without ankyloglossia and
deletion of TBX22. The proband is marked with an arrowhead. Genotype is given underneath each
genetically tested individual. Roman numerals stand for the generations, while Arabic numerals
stand for the individual members of the family. OFC, orofacial cleft; CP, cleft palate.

2.2. Sequence Analysis of Additional 72 Genes in the Families with Apparent Non-Syndromic
Orofacial Clefts

Further genetic risk factors for OFCs in Slovenia were determined by examining
72 additional genes in multi-case families lacking disease-causing variants in IRF6, GRHL3,
or TBX22 or with no VWS or CPX diagnosis (n = 27). Thus, we identified 14 rare variants
that fit our inclusion criteria:

e five rare variants with inconclusive involvement in OFCs (Table S2);
e nine rare variants that were excluded after co-segregation analysis (Table S3).

The involvement of five rare variants in nsOFCs could not be conclusively deter-
mined based on the results of in silico prediction tools, co-segregation analysis, and
the literature (Table S2). In the proband of one family with nsOFC, we identified in-
frame insertion in FGFR1 (NM_023110.3:¢.396_398dup) and a missense variant in JAG2
(NM_002226.5:¢.3004A>G) in another. Both variants co-segregate with the disease phe-
notype but are also present in the unaffected siblings of the probands, suggesting that
the variant is either not causal or that its penetrance is reduced. In addition, c.3004A>G
(JAG2) was not predicted to be damaging by the majority of in silico tools used, although
it was predicted uncertain by Franklin’s aggregated prediction. The variant in TBX22
(NM_001109878.2:c.1489G>A) segregates with the disease phenotype in the family but
occurs at the end of last exon (exon 9) and is predicted to be benign by the majority of in
silico tools (uncertain by Franklin’s aggregated prediction). A co-segregation analysis failed
to yield an informative result for the variant in DLGI (NM_001366207.1:c.2048-22_2048-
4del) due to the absence of the sample from the affected sibling, whereas the unaffected
mother does not carry the variant. Finally, the variant in BMP4 (NM_001202.6:¢.272C>G) is
unanimously predicted to be deleterious by in silico tools and co-segregates with disease
phenotypes in the family, but in the ClinVar database, researchers provided conflicting
interpretations of pathogenicity, ranging from uncertain significance to likely benign. We
also report nine rare variants that were studied for their involvement in OFCs in our cohort
but were excluded after co-segregation analysis because they did not segregate with the
OFC phenotype (Table S3).
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3. Discussion

The present study employed genetic analysis to examine 34 Slovenian families with
multiple cases of apparent nsOFCs (isolated OFCs or OFCs with minor additional facial
signs) to identify rare disease-causing variants and found 6 deleterious variants in 7 families,
3 of which were novel.

All variants were found in three genes, IRF6, GRHL3, and TBX22, which are involved
in the known syndromes, VWS and CPX. In addition, we discovered five rare variants
in probands with nsOFCs, where their involvement in the disease could not be conclu-
sively determined.

In five of seven families with suspected VWS (71.4%), we found four heterozygous
variants in IRF6 that are classified as pathogenic or likely pathogenic according to ACMG
guidelines. The figure is consistent with previous studies in which IRF6 variants were
detected in approximately 67% of VWS cases [9,45]. In addition, we discovered a heterozy-
gous likely causal splice-altering variant in GRHL3 in one family with suspected nsOFC,
which is classified as VUS according to ACMG guidelines. On subsequent examination of
the family, we recognized atypical but identifiable signs of VWS.

IRF6, the first gene of interest, has 9 exons, 7 of which are coding (exons 3-9) [46], and
they encode a protein with a highly conserved N-terminal DNA-binding domain (helix-
turn-helix) (exons 3 and 4) and the less conserved C-terminal protein-binding domain
called SMIR (exons 7 and 8) [4,47]. Researchers have identified numerous IRF6 variants
associated with VWS, allowing them to examine their distribution among coding exons [9]
and to define the IRF6 domains in which variants are most likely to affect IRF6 function [48].
De Lima et al. showed that deleterious variants in IRF6 occur significantly more frequently
in exons 3, 4, 7, and 9. In addition, they observed frameshift and nonsense variants (protein
truncating variants) in all IRF6 exons of the VWS families, whereas missense variants
and in-frame indels are significantly overrepresented in the exons encoding conserved
DNA-binding or SMIR domain [9]. Leslie et al. further demonstrated that syndromic
features arise from rare variants in the coding sequence of IRF6 (particularly the DNA-
binding domain), because these variants are very rare in controls [48]. The high frequency
of protein-truncating variants in VWS [9] and data from functional studies [44] suggest that
the cause of VWS is most likely haploinsufficiency of IRF6.

In our cohort of VWS families, there were four IRF6 variants. The missense variant
c.134G>A (rs121434229), located in the DNA-binding domain (exon 3), was identified in the
affected mother and daughter with complete CP and lower lip pits, and in the unaffected
son (F-1). The in silico tools unanimously supported a deleterious effect of the variant,
although we noted incomplete penetrance. The variant was previously described in a
Japanese VWS family where one patient had CL and lip pits, whereas the father and uncle
only had lip pits [37]. These data suggest that this variant is associated with phenotypic
variability. A nonsense variant c.622C>T in IRF6 (exon 6) was found in both affected
individuals in one family (F-2), the mother and daughter with bilateral CLP, lower lip
pits, and hypodontia. This loss-of-function variant was previously identified in a male
Honduran VWS patient with unknown family history who had unilateral CL/P and two
lower lip pits [38]. We also identified a novel variant c.687delG, a frameshift deletion located
in the SMIR domain (exon 7) of IRF6, which is not present in gnomAD v2.1.1. This loss-of-
function variant was confirmed in both mother and son with complete CP and lower lip pits
(F-3). Lastly, we identified another nonsense variant (in exon 9) ¢.1234C>T (rs1553247595) in
two families. This loss-of-function variant is located within a CpG dinucleotide and could
result from a cytosine methylation/deamination process [9,49]. Phenotypic variability was
observed in both families. In the first family (F-4), the phenotype ranges from bilateral
CLP and lip pits in the father to unilateral CLP and lip pits in the son, and in the second
family (EF-5), the father presents with unilateral CLP and lip pits and the son with soft CP
and lip pits. The variant is one of the five most common variants in VWS [9], having been
identified previously in numerous VWS families with variable phenotypic expressions from
Brazil, China, Honduras, northern Europe, Pakistan, and Singapore [4,9,38-43]. Observed
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phenotypic variability and incomplete penetrance are common features of VWS and may
be due to stochastic effects and/or genetic modifiers.

In contrast to VWS1, which arises from rare protein-altering IRF6 variants [4], nsOFCs
are significantly associated with common IRF6 variants in European populations [14,50].
Lately, scientists focused on rare deleterious variants in numerous genes that might explain
some heritability of complex nsOFC aetiology [13,25,26,30-36,45,51]. In the study by
Leslie et al. [13], more than 1500 nsOFC families were screened for variants in IRF6, and
the literature on similar studies was reviewed to determine that rare IRF6 variants occur
in less than 0.5% of probands with nsOFCs. Even though we included only families with
multiple cases of nsOFCs, it is not surprising that we were unsuccessful in finding rare
IRF6 variants in our small cohort. This further supports the thesis that rare coding variants
are unlikely to play a major role in nsOFCs [13].

Another gene of interest, GRHL3, has 10 protein-coding transcripts that differ in both
length and exon number. The Ensembl canonical transcript has 16 coding exons [46,52].
GRHL3 encodes a protein with transactivation (exons 2-3), DNA-binding (exons 6-10),
and dimerization (exons 13-16) domains (according to the GRHL3 protein NP_937816.1).
In vivo studies suggest that proteins encoded by mutated GRHL3 cause VWS through a
cell-autonomous dominant-negative effect [10]. According to HGMD, variants in GRHL3
(missense/nonsense variants, splicing substitutions, and small indels) cause either VWS2,
non-syndromic cleft palate, or spina bifida. In one of the families with suspected nsOFC
(F-6), we identified a novel splice site variant ¢.1285G>T in exon 10 of GRHL3 (within
the DNA-binding domain). The variant is predicted to alter the donor splice site and is
not present in gnomAD v2.1.1. It was detected in both affected individuals, father and
daughter, both presenting with complete CP. Subsequent examination revealed a somewhat
asymmetric lower lip with elevations in both and hypodontia in the father. The daughter
was too young to have permanent teeth and was not available for dental anomaly examina-
tion with dental imaging techniques. Other phenotypes that were present in addition to
OFC suggested the diagnosis of VWS2 in this family. Two studies identified deleterious
variants in close proximity to ¢.1285G>T. In a patient with non-syndromic cleft palate
Eshete et al. [51] identified a dominant-negative missense/splice-site variant c.1282A>C
(GRHL3), which is three nucleotides upstream of our variant. The presence of lip pits and
dental anomalies was not referenced. In addition, Mangold et al. [15] reported a donor
splice-altering variant ¢.1285+2delT (GRHL3), located only two nucleotides downstream of
the variant reported herein in a nsOFC family with a phenotype highly similar to the one
observed in two affected individuals from the present study (F-6). Two half-sisters had a
complete CP and a slightly asymmetric lower lip with elevation on the left side resembling
lower lip pits, which could be interpreted as a subtle VWS sign. Hypodontia or dental
abnormalities were not indicated [15].

Because of incomplete penetrance and variable phenotypic expression in VWS, the phe-
notype can mimic nsOFC. A family with VWS may exhibit barely visible lip pits/anomalies,
dental abnormalities, or even no phenotypic abnormalities. Families are usually recruited
for genetic studies based on the phenotype of the proband, so VWS may be overlooked if
the proband does not display typical signs of VWS. This was demonstrated in a study by
Leslie et al., when an a posteriori review of cases with suspected nsOFCs and deleterious
IRF6 variants revealed lip pits in many of the families [13]. Individuals with VWS2 (causal
variants in GRHL3) are more likely to have CP and less likely to have CL/P and lip pits
compared to individuals with VWSI (causal variants in IRF6) [10], making the VWS2
phenotype even more similar to nsOFC. Furthermore, although nsOFCs are traditionally
described as isolated anomalies without the presence of other malformations, patients
with nsOFCs often have subphenotypes, such as dental anomalies [53], suggesting that
the distinction between syOFCs and nsOFCs is imprecise. Based on this, it is questionable
whether individuals with isolated clefts and IRF6 or GRHL3 variants really have nsOFCs.
Nevertheless, Mangold et al. [15] have shown that deleterious GRHL3 variants are more
common in families with multiple CP cases, even if non-syndromic, and are inherited in an
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autosomal dominant manner, a fact not to be overlooked in genetic counselling. Individuals
with non-syndromic CP and a GRHL3 variant have a higher recurrence risk for CP with
possible VWS signs in their offspring.

The following gene of interest, TBX22, has 9 exons, 8 of which are coding (exons
2-9) [46], and they encode a transcription factor with conserved T-box DNA-binding
domain [16]. According to HGMD, missense, nonsense, splicing, and regulatory variants
as well as small indels have been associated with CPX. Due to the location of TBX22 on
the X-chromosome, deleterious variants lead to a complete loss of function in males [16],
which was also demonstrated in functional studies [54,55]. Although loss-of-function
variants show high penetrance in males (CP in 96% and ankyloglossia in 79% of cases),
haploinsufficient females usually show a milder phenotype (ankyloglossia only or no
phenotype) [19]. In this study, we present a family (F-7) with a history of CP in males
suggestive of an X-linked mode of inheritance, but the pattern did not match completely
because the proband’s great-grandfather had bifid uvula and two sons with CP. We would
like to emphasize the importance of using WES as a diagnostic tool, as without performing
WES, we would not be able to detect CNVs in this family, so the deletion of TBX22 would
be missed. After analysing the data from WES and identifying the loss of all coding exons
of TBX22 in the proband with complete CP, we re-evaluated the family history and found
ankyloglossia in individuals of all generations of the family, including putatively unaffected
females. We validated the TBX22 deletion by gPCR and confirmed the variant in two males
(proband and one of his affected cousins) and their mothers with ankyloglossia and without
CP. Samples from other family members were not available for the analysis. The phenotype
of the family corresponds to the diagnosis of CPX. There is no evidence of a consanguine
marriage between proband’s great-grandparents, possibly making the great-grandfather’s
phenotype the result of different genetic or environmental factors. Interestingly, the great-
grandfather also had ankyloglossia, a characteristic of CPX, indicating that there is also the
probability that paternal heterodisomy of sex chromosomes occurred in his sons [56,57].
Marcano et al. [19] similarly identified a missense variant in TBX22 in a family in which
both the proband and his father had CP, but later, ankyloglossia was found in the proband’s
mother and his maternal uncle, indicating that CPX was inherited from the mother and not
from the father.

To complement the above findings, we examined WES data for 72 additional genes
in the families without disease-causing variants in IRF6, GRHL3, or TBX22 or without the
diagnosis of VWS or CPX. We identified five rare variants, whose involvement in nsOFCs
could not be clearly determined based on the available data, and nine rare variants that
were excluded after the co-segregation analysis. Reporting these variants is important
because it provides other researchers or clinicians with the knowledge that the specific
variant has already been identified in an OFC case and helps them to include or exclude
that variant as potentially causative in their cases. It also improves the classification of
variants according to ACMG standards. The reason for being unsuccessful in finding
any disease-causing variants in nsOFC cases might lie in our study design. Although
we included all available Slovenian multi-case families, the number of families studied
is small. Moreover, we screened a relatively small gene panel. Genes were selected
through a systematic review of the genetic markers obtained from population case—control
studies of nsOFCs [50]. Although we focused on screening genes implicated in nsOFCs in
populations of European ancestry, some other studies have successfully screened nsOFC
families using a broader range of candidate genes (more than 500) implicated in each
form of OFCs (syOFCs and nsOFCs) and ethnicity [31,34]. This suggests that we may be
successful in identifying monogenic causes in Slovenian nsOFC families if we expand the
gene panel. In addition, selected genes were obtained from association studies examining
disease-causing variants with relatively high population frequencies. The present study
focused only on monogenic causes of nsOFCs, despite the fact that nsOFCs are commonly
considered multifactorial disorders. We sought to reduce the impact of interactions between
genetic and environmental factors in our cohort by including only families with multiple



Int. J. Mol. Sci. 2023, 24, 4262

12 0of 19

affected cases. Nevertheless, there is a likelihood that selected genes are involved in the
complex aetiology in these families through the polygenic inheritance of variants with
higher population frequencies.

4. Materials and Methods
4.1. Subject Recruitment

We recruited families with multiple cases of apparent nsOFCs (phenotypes resembling
nsOFCs), that is, OFC families without or with additional minor facial clinical signs. In some
families, additional facial signs were present in only some members. Our cohort mainly
included multi-case families with nsOFCs but also multi-case families with suspected VWS
and PRS. Exclusion criteria included single-case families, families where the subjects had
OFC in combination with defects of other organ systems (e.g., congenital heart defects), or
with previously confirmed chromosomal abnormalities.

The majority of the probands and their affected and non-affected family members were
recruited from September 2019 to February 2021 at the Department of Maxillofacial and
Oral Surgery, University Medical Centre Ljubljana in Ljubljana, Slovenia. The probands’
mothers were asked to fill in the questionnaire in order to determine the family history
and evaluate their medical conditions or exposure to environmental risk factors during
pregnancy. The diagnosis of OFC was based on a thorough clinical examination and
assessment of the diagnostic data from medical records by a maxillofacial surgeon (A.E.).

Overall, we included 34 families with two or more members affected with apparent
nsOFCs, where 24 families had members with nsOFCs, three families had at least one
member with signs of PRS, and seven families had at least one member with lip pits,
suggesting the diagnosis of VWS. As all the cases of OFCs in Slovenia are treated in one
tertiary centre (Department of Maxillofacial and Oral Surgery, University Medical Centre
Ljubljana), we included all of the available multi-case families from Slovenia. All probands
and their family members were of European descent.

Altogether, the initial analysis included the selection of 39 affected subjects (22 males,
17 females) drawn from 34 families; one affected subject in the case of 29 families, and two
affected siblings/cousins in the case of five families. Apart from lip pits, seven subjects
from seven families with presumably VWS had bilateral CLP (n = 1), unilateral CLP (n = 2),
complete CP (n = 3), or soft CP (1 = 1). The remaining 32 subjects from 27 families had
bilateral CL/P (n = 6), unilateral CL/P (n = 13), complete CP (1 = 7), soft CP (n = 3), or
PRS (n = 3). We recruited between 1 and 7 affected and non-affected family members per
multi-case family, depending on their family history and willingness to cooperate.

All the subjects or their parents/legal guardians (for subjects under 15 years) signed
the informed consent form. The study protocols were approved by the National Medical
Ethics Committee of the Republic of Slovenia (0120-211/2019/3).

4.2. DNA Extraction and Genetic Testing

EDTA blood (venous/capillary) samples or buccal swab samples were collected,
and genomic DNA was extracted using three different commercial kits: FlexiGene DNA
kit (Qiagen, Hilden, Germany), QIAamp DNA Mini kit (Qiagen, Hilden, Germany), or
MasterPure complete DNA and RNA purification kit (Epicentre (Illumina), Madison, WI,
USA), according to the manufacturers’ instructions.

The Multiplex ligation-dependent probe amplification (MLPA) assay was performed
on samples of all the probands using the SALSA MLPA Probemix P245-B1 Microdeletion
Syndromes-1A (MRC-Holland, Amsterdam, The Netherlands), according to the manufac-
turer’s instructions. The kit tested for the presence of deletions/duplications in various
chromosomal regions involved in selected microdeletion and microduplication syndromes,
including the 22q11.2 region, but no aberrations were detected.
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4.2.1. Two-Step Sequence Analysis

The first step of the sequence analysis comprised screening the probands for disease-
causing variants in the three genes known to be implicated in VWS and CPX: IRF6, GRHL3,
and TBX22.

In seven affected subjects from six families, Sanger sequencing was used to analyse
the three genes due to the lack of high-quality DNA. First, protein-coding exons and flank-
ing intronic regions were amplified by PCR using a HOT FIREPol® DNA Polymerase kit
(Solis BioDyne, Tartu, Estonia) and in-house primer pairs designed using Primer3 (v4.1.0)
software (Table 54) [58]. The PCRs were performed according to the manufacturer’s instruc-
tions. The PCR products and primers were subsequently sent to McLab (San Francisco, CA,
USA) for Sanger sequencing. Sufficient high-quality DNA was available for the remainder
of the affected subjects (n = 32), so IRF6, GRHL3, and TBX22 were analysed in these samples
by WES.

In the second step of the sequence analysis, the WES data of the subjects lacking
disease-causing variants in the three selected genes were further filtered for variants in
72 additional genes (Table S5). The selection criteria for nominating candidate genes were
based on information from an extensive systematic review in which we compiled data from
84 population-based case—control studies and investigated genetic risk factors for nsOFCs in
populations of European ancestry. A meta-analysis was performed for repeatedly reported
genetic variants from 43 of these studies. The genetic variants from 84 studies that were
not included in the meta-analysis were only reviewed [50]. We selected all genes that
were included in the meta-analysis (statistically significant and not significant) because
these genes were most frequently studied in populations of European ancestry. Candidate
genes were also selected based on variants that were not included in the meta-analysis
but were significantly associated with nsOFCs in one of the 84 studies. A few studies
investigated rare variants by sequencing the coding regions of specific genes. Because it is
more difficult to demonstrate a statistically significant association with the abnormality for
rare variants, we also included genes that were studied in this way. On the other hand, we
did not consider genetic variants located in non-coding regions or variants for which the
corresponding gene was not mentioned in the studies.

4.2.2. Whole Exome Sequencing and Data Analysis

WES was carried out at the CeGaT GmbH (Tiibingen, Germany) using the Twist
Human Core Exome Plus Kit (Twist Bioscience, San Francisco, CA, USA). The paired-
end sequencing (2 x 100 bp reads) was performed on a NovaSeq 6000 (Illumina, San
Diego, CA, USA). After sequencing, reads were demultiplexed (Illumina bcl2fastq 2.20)
and adapters were trimmed (Skewer 0.2.2) [59]. The generated reads were aligned to
the human reference genome (hg19-cegat) using a Burrows-Wheeler Aligner (BWA-mem
version 0.7.17-cegat) [60]. Reads at the target regions were locally realigned using ABRA
(version 2.18) to improve indel detection [61]. A CeGaT proprietary tool was used to
discard duplicated reads and reads that aligned with identical mapping scores to more
than one locus. The achieved average coverage was >107x. The variants were detected and
annotated using an additional CeGaT proprietary software. The annotation was performed
using various public databases (Ensembl (v100) [46], RefSeq Curated (20200723) [62], CCDS
(r22) [63], GnomAD (2.1.1 (exonic), 3.1 (genomic)) [52], dbSNP154 [64], Gencode 34 [65]).
The CNVs were also computed using CeGaT internally developed method. The method
compares the expected number of reads on the target loci (coverage in a number of CeGaT
reference samples) with the observed number (coverage in the tested samples) [66].

The resulting variants were analysed in the affected subjects of each family indepen-
dently. We have only considered rare variants with a MAF <0.01 in gnomAD and/or
dbSNP154, of which we have only examined LoF variants (e.g., nonsense, nonstop, initia-
tion codon, essential /canonical splice site variants, frameshift indels, and single-exon or
multi-exon deletions), microduplications, splice-region variants, missense single nucleotide
variants (SNVs), and in-frame indels. Other variants were discarded. Tools provided by
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The Ensembl Variant Effect Predictor (VEP) [67] and Franklin (Genoox) [68] platform were
used to predict the consequences of each variant in silico. Missense SNVs were suspected to
be protein-altering if predicted to be deleterious/damaging by at least three in silico delete-
riousness/conservation prediction tools (SIFT [69], PolyPhen-2 [70], MutationAssessor [71],
MutationTaster [72], FATHMM [73], CADD [74], MetalLR [75], REVEL [76] or GERP++ [77])
or predicted “deleterious” /“uncertain” by Franklin’s aggregated prediction. The potential
of splice-region SNVs to alter splicing was predicted by using splice site prediction tools
(MaxEntScan [78], dbscSNV Ada [79], and SpliceAl [80]), MutationTester, and CADD. All
the variants that met the inclusion criteria were visually inspected by Integrative Genomics
Viewer (IGV) [81] to confirm them as “true” variants.

Franklin (Genoox) platform [68] was also used to classify variants based on the ACMG
guidelines [82]. In accordance with these criteria, the variants were classified into five
groups as benign, likely benign, variant of uncertain significance (VUS), likely pathogenic,
and pathogenic. Our analysis focused only on variants that were classified as VUS, likely
pathogenic, and pathogenic [82]. Lastly, we reviewed the literature, HGMD Professional
2022.2 (Qiagen, Hilden, Germany), ClinVar database [83], and DECIPHER v11.12 [84] to
identify known disease-causing variants.

4.2.3. Variant Validation and Co-Segregation Analysis

All the putative variants found in the probands were validated, and co-segregation
analysis was also performed on their available affected and non-affected family members.
The SNVs/indels and CNVs were confirmed using Sanger sequencing and qPCR, respec-
tively. To further confirm the presence of CNVs and more precisely determine their location
and size, we also performed array CGH on the proband.

DNA sequences with the SNVs or indels were amplified by PCR using HOT FIREPol®
DNA Polymerase kit (Solis BioDyne, Tartu, Estonia) and in-house primer pairs designed
using Primer3 (v4.1.0) (Table S6). The reactions were performed according to the manufac-
turer’s instructions. PCR products and primers were later sent to McLab (San Francisco,
USA) for Sanger sequencing.

The qPCR was used to confirm CNVs, i.e., the deletion of all the coding exons of
TBX22. We modified the method described by Weksberg et al. [85]. Reactions were
performed with HOT FIREPol® EvaGreen® qPCR Supermix (Solis BioDyne, Tartu, Estonia)
and in-house primer pairs designed using Primer3 (v4.1.0). Designed primer pairs targeted
eight coding exons of TBX22 (exons 2-9) and two exons of the two selected reference
genes, G6PD (exon 3) and IRF6 (exon 5). We chose G6PD because it is a commonly used
X-linked housekeeping gene [85] and IRF6 because primer pair was available. Primer-
BLAST (NCBI) [86] was used to ensure the primers were specific for the target sequences.
We optimized the concentration and annealing temperature for each primer pair, which
are listed in Table S7 along with the genomic targets, amplicon sizes, and optimized
conditions. The qPCR was performed according to the manufacturers’ instructions using
the LightCycler® 480 Real-Time PCR System (Roche, Basel, Switzerland), and the resulting
data were analysed with LightCycler® 480 software release 1.5.1.62 SP3 (Roche, Basel,
Switzerland). Melting curve analysis was performed to confirm the specificity of each
amplification. Due to the location of TBX22 on the X chromosome and the associated
difference in allele numbers between the sexes, male (n = 3) and female (n = 4) genomic
control DNA samples were included in the analysis. In addition, two separate standard
curves were generated for all gPCR reactions using twofold dilution series of a male and a
female control DNA sample. Reactions were performed in triplicate and PCR-grade water
was used as a blank.

Instructions by Weksberg et al. [85] were followed for data analysis and calculation
of the fold change in copy number (AKCt) for each sample. The average Ct values of the
target region (TBX22 exons) for each control and test sample were normalized using the
average Ct values of the reference gene (G6PD or IRF6) and slope values derived from
standard curves. To control for variability between sexes as a result of different allele
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numbers, we employed the equation of Weksberg et al. [85] for male and female (control
and test) samples separately. The fold change in copy number (AKCt; copy number of each
TBX22 exon) was then determined by comparing the normalized data of the control and test
samples (male-male and female—female). AKCt values of 0 = 0.35 indicate no copy number
change or no genetic abnormality (in males and females), whereas —1 4 0.35 indicates a
loss of one allelic copy (the deletion of the TBX22 exon) in females, who normally carry
two copies. In the male samples, the loss of a single allelic copy of each TBX22 exon was
detected when no qPCR product was present or the Ct value was similar to the blank Ct
value (i.e., no peak was generated in the melting curve analysis). The quality of the DNA
from these samples was verified by the presence of a qPCR product when reference genes
were amplified.

In addition, array CGH was performed on the sample from the proband with the
TBX22 deletion to localise the identified CNV and its size. Array CGH analysis was
performed using a commercial oligonucleotide array (Agilent 180K Baylor Oligo, Agilent
Technologies, Santa Clara, CA, USA) and a sex-matched human reference DNA sample
(Agilent Technologies, Santa Clara, CA, USA). Data were analysed using Cytogenomics
5.1.2.1 Software (Agilent Technologies, Santa Clara, CA, USA).

5. Conclusions

The present comprehensive genetic study is the first study investigating Slovenian
families with multiple cases of OFCs. Its main outcome is the identification of novel genetic
variants in known OFC genes and their potential application as a diagnostic approach to
distinguish between nsOFCs and syOFCs. The sequencing of known OFC genes is clearly
a powerful tool to make or improve a diagnosis. We recruited families with apparent
nsOFCs (i.e., OFC families without or with additional minor facial signs). Using WES
and Sanger sequencing, we screened the selected 75 genes and identified six disease-
causing variants in 7 of 34 families (20.6%). These variants were located in 3 genes, IRF6,
GRHL3, and TBX22. With the identification of four disease-causing SNVs in IRF6, one
of which was novel, we confirmed the VWS1 diagnosis in five families with OFC and
lip pits. Interestingly, we also identified two syndromic forms of OFCs in our cohort
of suspected nsOFCs. A novel splice-altering SNV in GRHL3 identified a family with
VWS2, and the novel CNV, the deletion of TBX22 coding exons, revealed a familial CPX.
Although we also identified and analysed many rare variants in probands with nsOFCs, the
involvement of nine SNVs/indels was excluded after co-segregation analysis, whereas the
results for five SN'Vs/indels are inconclusive. Our sequencing approach and gene selection
were successful in identifying syOFC families with monogenic inheritance patterns in a
cohort of apparent nsOFCs, suggesting that WES is useful for diagnostic purposes in OFC
families with minor additional clinical signs and multiple cases. Our results show that the
sequencing of IRF6, GRHL3, and TBX22 has a high diagnostic yield. This is particularly
important in cases where the phenotype is complex and difficult to characterize clinically.
However, our approach was unsuccessful in identifying the monogenic cause of nsOFCs.
Additional approaches that consider multifactorial aetiology should be used to identify the
complete genetic aetiology of nsOFCs.
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