Received: 19 October 2018

Revised: 3 February 2019

Accepted: 16 April 2019

DOI: 10.1002/mgg3.714

ORIGINAL ARTICLE

Molecular Geneti fc Medid
olecular Genetics & Genomic WILEY

Three GLI2 mutations combined potentially underlie
non-syndromic cleft lip with or without cleft palate in a Chinese

pedigree

Peiqi Meng1

| Huaxiang Zhao' | Wenbin Huang' | Yunfan Zhang' | Wenjie Zhong' |

Menggi Zhang' | Peizeng Jia' | Zhibo Zhou® | Gulibaha Maimaitili’ | Feng Chen' |

Jieni Zhang' | Jiuxiang Lin'

1Department of Orthodontics, Peking
University School and Hospital of
Stomatology, Beijing, PR China

2Department of Oral and Maxillofacial
Surgery, Peking University School and
Hospital of Stomatology, Beijing, PR China

3Department of Stomatology, The Fifth
Affiliated Hospital of Xinjiang Medical
University, Urumgqi, PR China

Correspondence

Jieni Zhang and Jiuxiang Lin, Department
of Orthodontics, Peking University
School and Hospital of Stomatology, 22
Zhongguancun South Avenue, Haidian
District, Beijing 100081, PR China.
Emails: sd88383511@126.com (J. Z) and
jxlin@pku.edu.cn (J. L)

Funding information

Beijing Municipal Natural Science
Foundation, Grant/Award Number:
7182184; National Natural Science
Foundation of China, Grant/Award
Number: 81870747 and 81860194; Fund
for Fostering Young Scholars of Peking
University Health Science Center, Grant/
Award Number: BMU2018PY025.

Abstract

Background: Nonsyndromic cleft lip with or without cleft palate (NSCL/P) is the
most common craniofacial birth defect. Its etiology is complex and it has a lifelong
influence on affected individuals. Despite many studies, the pathogenic gene alleles
are not completely clear. Here, we recruited a Chinese NSCL/P family and explored
the candidate causative variants in this pedigree.

Methods: We performed whole-exome sequencing on two patients and two un-
affected subjects of this family. Variants were screened based on bioinformatics
analysis to identify the potential etiological alleles. Species conservation analysis,
mutation function prediction, and homology protein modeling were also performed
to preliminarily evaluate the influence of the mutations.

Results: We identified three rare mutations that are located on a single chroma-
tid (c.2684C > T_p.Ala895Val, c.4350G > T_p.GIn1450His, and c.4622C > A_p.
Ser1541Tyr) in GLI2 as candidate causative variants. All of these three mutations
were predicted to be deleterious, and they affect amino acids that are conserved in
many species. The mutation ¢.2684C > T was predicted to affect the structure of the
GLI2 protein.

Conclusion: Our results further demonstrate that GLI2 variants play a role in the
pathogenesis of NSCL/P, and the three rare missense mutations combined are prob-

ably the potential disease-causing variants in this family.
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1 | INTRODUCTION
Cleft lip with or without cleft palate is a common birth de-
fect found in more than 300 recognizable syndromes, but
more often it is observed as an isolated birth defect (~70%)
(Calzolari et al., 2007) called non-syndromic cleft lip with
or without cleft palate (NSCL/P). NSCL/P has been reported
to affect 1 in 500 to 1 in 2,500 newborns depending on geo-
graphical origins and ethnic groups. In general, East Asian
and Native American populations have the highest rates, fol-
lowed by Caucasians, with African populations exhibiting
the lowest rates (Stanier & Moore, 2004). Since the defect
causes not only significant facial anomalies but also speech
and feeding difficulties, malnutrition, infections, and psy-
chiatric effects, and requires complex, multi-disciplinary in-
terventions including surgery, orthodontic dentistry, speech
therapy, and psychological treatment, it has lifelong implica-
tions for affected individuals and imposes a substantial bur-
den on families and society (Wehby & Cassell, 2010).

NSCL/P is an etiologically heterogeneous birth defect,
where both genetic and environmental factors contribute to
disease risk (Dixon, Marazita, Beaty, & Murray, 2011). With
the development of genomic technologies, the utilization of
genome-wide association studies (GWAS), candidate genes,
and animal models have led to a deeper insight into the eti-
ology of NSCL/P (Dixon et al., 2011). Especially GWAS,
which have been widely applied in recent years, have iden-
tified quite a few novel loci that are significantly associated
with NSCL/P (Beaty et al., 2010; Birnbaum et al., 2009;
Ludwig et al., 2012; Mangold et al., 2010; Sun et al., 2015;
Yu et al., 2017). However, GWAS usually investigate variants
with high allele frequencies (usually > 0.05) (Birnbaum et
al., 2009), whereas some variants that are rare in the popu-
lation are also pathogenic for NSCL/P, leading to difficulties
in determining the association between NSCL/P and variants
with low allele frequencies (Vieira, 2008). Furthermore, it
has been estimated that only about 25%-30% of the variance
in risk for NSCL/P can be attributed to the common vari-
ants identified by GWAS (Ludwig et al., 2017). In addition,
a recent large-scale genome-wide analysis has shown that 26
identified loci collectively account for 10.94% of the herita-
bility for NSCL/P in the Chinese population (Yu et al., 2017).
Together, these analyses suggest that the genetic factors ac-
counting for NSCL/P have not been fully characterized, espe-
cially in the Chinese population.

GLI2 is a member of the GLI family zinc finger proteins,
which are the only known transcriptional effectors of the
sonic hedgehog (SHH) signaling pathway, one of the key reg-
ulatory networks involved in animal development that is con-
served from flies to humans (Jiang & Hui, 2008). The GLI2
protein is vital for embryogenesis (Ding et al., 1998; Mo et
al., 1997; Motoyama et al., 1998). A great many of its tar-
get genes are regulators of cell determination, specification,

proliferation, and death, as well as of stem cell renewal and
differentiation. Misregulation of the GLI2 (OMIM: 165230)
gene could therefore lead to unfavorable developmental and
pathological consequences (Hui & Angers, 2011). Mutations
in GLI2 have been identified in patients with orofacial cleft
(Bertolacini, Ribeirobicudo, Petrin, Richiericosta, & Murray,
2012; Mo et al., 1997; Simioni, Araujo, Monlleo, Maurer-
Morelli, & Gil-Da-Silva-Lopes, 2015; Vieira et al., 2005),
holoprosencephaly (Bear et al., 2014; Kevelam et al., 2012),
and pituitary anomalies (Roessler et al., 2003, 2005). Some
variants of GLI2 have been detected in patients who present
with cleft lip/palate by Sanger sequencing and are not in unre-
lated controls without orofacial cleft (Simioni et al., 2015). In
a case report, a holoprosencephaly patient with bilateral cleft
lip and palate was found to carry a submicroscopic heterozy-
gous deletion of the GLI2 gene (Kevelam et al., 2012). In ad-
dition, mutant mice deficient for GLI2 exhibit severe skeletal
abnormalities, including cleft palate (Mo et al., 1997).

Here, we used whole exome sequencing (WES) to identify
the underlying potential cause of NSCL/P in a Chinese ped-
igree with hereditary NSCL/P to further expand the genetic
pathogenic spectrum and our knowledge of the genetic mech-
anisms of NSCL/P.

2 | MATERIALS AND METHODS

2.1 | Ethical compliance

This study was approved by the Ethics Committee of the
Peking University School and Hospital of Stomatology
(PKUSSIRB-201520012) and was conducted according to
the Declaration of Helsinki principles. Understanding and
written informed consent was obtained from the subjects
themselves or from their guardians.

22 |

A Hui Chinese family from Urumgqi, Xinjiang with NSCL/P
of unknown etiology was recruited at Peking University
School and Hospital of Stomatology. We also recruited an in-
dependent cohort of 31 NSCL/P-unaffected subjects to verify
the allele frequency. All of the subjects were interviewed and
clinically assessed by at least two experienced oral and max-
illofacial surgeons. Full clinical checkups were completed
to identify any further anomalies such as congenital heart
disease, cyclopism, polydactyly, and so on, which would
suggest an underlying syndrome. Additional demographic
information was obtained through a detailed questionnaire,
including gender, age, nationality, and maternal exposure
history of smoking, drinking, medicine, radiation, poisons,
and chemicals during the first trimester of pregnancy.

We collected 2—4 ml peripheral blood samples from each
accessible participant. The buccal swabs from the maternal

Human subjects
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grandparents of the proband were carefully acquired and re-
served in TIANGEN Sample Preservation Buffer (Tiangen,
Beijing, China). Genomic DNA was extracted using the
QIAamp DNA Blood Mini Kit (Qiagen, Hilden, Germany)
or TIANGEN Hi-Swab DNA Kit (Tiangen, Beijing, China)
according to the manufacturer's instructions. The quality and
quantity of the DNA samples were assessed using a NanoDrop
8000 (Thermo Scientific, Waltham, MA) and agarose gel
electrophoresis.

2.3 | Whole exome sequencing

DNA libraries with enrichment of exonic sequences were
constructed for the proband, as well as the elder sister and
parents of the proband. High-throughput sequencing of the
libraries was performed, and raw sequencing reads were gen-
erated using the BGISEQ-500 platform (BGI Inc., Beijing,
China) (Zhao, Zhang, et al., 2018; Zhao, Zhong, et al., 2018).
Adapter sequences, low-quality sequences, and undetected
bases were excluded. The remaining reads for each sample
were mapped to the human reference genome (GRCh37/
hg19) using Burrows-Wheeler Aligner software. Variant dis-
covery analysis was performed using the Genome Analysis
Toolkit (GATK) according to the guidelines provided (https
:/[software.broadinstitute.org/gatk/). Repeat reads were re-
moved using Picard Tools (http://broadinstitute.github.io/
picard/). Local realignment and base quality recalibration
were conducted using the GATK. Sequencing depth, target
coverage, and capture specificity were calculated based on
the alignment. Subsequently, single nucleotide polymor-
phisms (SNPs) and insertions/deletions (InDels) were de-
tected and screened using HaplotypeCaller (GATK v3.3.0).
SnpEff (http://snpeff.sourceforge.net/SnpEff_manual.html)
was then used to perform annotation and prediction.

2.4 | Screening of candidate causal variants

After annotation, a screening process was performed to iden-
tify the candidate gene mutations. First, we excluded vari-
ants with a minor allele frequency (MAF) > 0.5% in the 1000
Genome Project database (http://www.1000genomes.org/)
as well as variants in non-coding DNA sequences, includ-
ing the 3'-UTR, 5'-UTR, downstream, upstream, intergenic,
intron, synonymous, stop-retained, and noncoding exon
variants. Next, a Mendelian inheritance model was used to
narrow down the candidates. Only heterozygous variants
present in all individuals with cleft and not present in any
individuals without cleft were retained. Then, the MAF of
each retained variant was verified in several public data-
bases by handwork, including Ensembl (http://asia.ensem
bl.org/index.html), ExAC (http://exac.broadinstitute.org),
and NCBI dbSNP (https://www.ncbi.nlm.nih.gov/snp/), and
those with high frequency were screened out. In addition,
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since we used the allele positions to select variants that ac-
cord with the dominant inheritance model, we checked and
excluded variants with the same allele positions but with
inconsistent variant forms in subjects D1 and D2, such as
c.859A > G (NM_001146181.2) in D1 and c.859A > AGC
(NM_001146181.2) in D2. Finally, the literature was re-
viewed for candidate variants with potential significant rela-
tionships to the phenotype and possible deleterious effects on
craniofacial structures.

2.5 | Confirmation by Sanger sequencing

We performed Sanger sequencing for validation of three po-
tential causal variants on the family members. For the novel
GLI2 (NM_005270.4) mutation we identified, which has not
been reported in the databases, we further performed Sanger
sequencing for validation of the MAF on 31 unaffected Chinese
subjects. Polymerase chain reaction (PCR) primers were de-
signed (forward: 5'-AAGCAGCCACCCACCCTTGT-3'; re-
verse: 5'-AATGTCAGCCGTGAAGAAGC-3’) using Primer
Premier 5.0. The reaction mixture in a 50-pl volume was made
using 0.5 pl TaKaRa LA Tag (5 U/pl), 25 pl 2 x GC Buffer
I, 8 pl ANTP Mixture (2.5 mM each), 1 pl DNA template
(80 ng/pl), 1 pl forward primer (10 mM), 1 pl reverse primer
(10 mM), and 13.5 pl ddH2O. Since the PCR target sequence
is GC-rich, we applied hot-start PCR and touch-down PCR.
The reaction procedures were as follows: 95°C for 15 min,
the first 15 cycles of 95°C for 1 min, 70-56°C for 30 s, and
72°C for 3 min, and the last 16 cycles of 95°C for 1 min,
58°C for 30 s, and 72°C for 3 min. The Sanger sequencing
data were analyzed using Chromas v1.0.0.1 software.

2.6 |

The PCR procedure was repeated for DNA samples of sub-
jects D1 and D2, as well as the father of D2. PCR products
were purified by gel extraction using an AxyPrep DNA Gel
Extraction Kit (Axygen, CA) after agarose gel electropho-
resis. Then, the 2,831-bp DNA target sequence was ligated
to a TOPO TA vector (MeiS, Beijing, PRC) for 1 hr at
room temperature. Next, the products were transformed into
Escherichia coli competent cells. The bacteria were plated
on ampicillin-containing Luria-Bertani (LB) solid medium.
After incubating at 37°C for 14 hr, monoclonal colonies were
selected. Sanger sequencing was performed on the cloned
DNA sequences to identify the arrangement of the alleles of
the three variants on the chromatid.

Cloning of the PCR target sequence

2.7 | Conservation analysis, functional
prediction, and homology modeling

Evolutionary conservative analysis of the mutation posi-
tions was conducted using UniProt (http://www.uniprot.org/)
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FIGURE 1 (a)Pedigree diagram
of a Chinese family with NSCL/P. Filled
symbols indicate the patients, while blank

and ClustalX V2.1. To predict the potential functional ef-
fects of the identified variants, in silico tools such as SIFT
(Ng & Henikoff, 2003) (http://sift.jcvi.org/), PROVEAN
(Choi & Chan, 2015) (http://provean.jcvi.org/index.php),
PolyPhen-2 (Adzhubei et al., 2010) (http://genetics.bwh.
harvard.edu/pph2/), and MutationAssessor (Reva, Antipin,
& Sander, 2011) (http://mutationassessor.org/r3/) were ap-
plied. Additionally, the website-based domain prediction
tool SMART (Simple Modular Architecture Research Tool)
(http://smart.embl-heidelberg.de) was used to predict do-
mains for GLI2 (Letunic & Bork, 2018; Letunic, Doerks, &
Bork, 2015).

To obtain more insight into the effects of the mutations
on the molecular structure of GLI2, we created a homology
model. The sequence of GLI2 was downloaded from NCBI
(www.ncbi.nlm.nih.gov/protein). SWISS-MODEL (https://
www.swissmodel.expasy.org/) was used for the molecular
simulation (Biasini et al., 2014). Template 5ijm.1.A was used
to create the model for residues 590-1116, which covers mu-
tation site M1. Unfortunately, there are no templates coving
the mutation sites M2 or M3 in the SWISS-MODEL data-
base. PyMOL software was used for visualization.

3 | RESULTS
3.1 | Phenotypic descriptions of the NSCL/P
pedigree

We recruited a three-generation Hui Chinese family with
NSCL/P (Figure 1a). The male proband (D1) presented with
left cleft lip and cleft palate, while his mother (D2) exhib-
ited left cleft lip only (Figure 1b). Both patients received a
detailed general physical examination, including eyes and
vision, external ear morphology and hearing, cranio-skeletal
development, long bone morphology, neuromuscular and

symbols indicate unaffected members. The

black arrow indicates the proband (D1).
The symbol with an oblique line indicates
early death. (b) Photographs of D1 and D2
presenting their phenotypes. Unfortunately,
photographs showing their palates were not
accessible. The yellow arrow of subject D2
indicates the scar from left cleft lip repair

motor system function, cardiovascular system function, and
external genital system morphology, to eliminate the pos-
sibility of systemic malformation. Therefore, these two pa-
tients were diagnosed with NSCL/P.

The father (C2) and two elder sisters of the proband D1
were not affected with cleft lip/palate. One of the elder sis-
ters died from unknown causes in infancy. The grandfather,
grandmother, as well as uncles, and aunts from both the
paternal and maternal sides to whom we had no access for
physical examinations claimed to be not affected with cleft
lip/palate through telephone. The photographs of the father
and mother of D2 taken by themselves and mailed to us were
presented in Supporting Information Figure S1a.

During the pregnancy, D2 was not exposed to diseases,
smoking, alcohol, radioactivity, or chemical teratogens, and

there was no supplementation with folic acid, iron, or vitamin
B6.

3.2 | Three rare GLI2 mutations identified
by WES and variation screening

We performed WES on the two patients (D1 and D2) as
well as two unaffected family members (C1 and C2) in this
NSCL/P hereditary family. These samples yielded 21.55 Gb
data of mappable targeted exome sequences on average, with
a mean sequencing depth of 229.03-fold. In total, 97.63% of
the exonic regions were covered at least 20-fold, indicating
high sequencing quality (Table 1).

After mapping the sequences to the human GRCh37/hg19
reference genome, we identified 124,813 single nucleotide
variants and indels in D1, 124,365 in D2, 118,331 in C1, and
119,723 in C2. On average, there were 68,348 heterozygous
variants and 53,460 homozygous variants (Table 2). Both the
quantity and quality of the sequencing met the requirements
for further analysis.
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Variation screening flowchart Number of variants FIGURE 2 Flowchart outlining the
D1 D2 c1 c2 screening process of the causative variants
f ) ( N1 Y ( ) ) (left) and the number of remaining variants
Total variants 124,813 124,365 118,331 119,723 . .
after each corresponding step (right)
Include low-frequency variants (MAF < 0.5%) 16,316 16,231 15,255 15,463
\ 7 7 \ 7
1 C T T 1
Include variants in the coding DNA sequence 1,935 1,882 1,896 1,893
J

!

Include heterozygous variants present
in all the individuals with cleft

747

|

Exclude variants present in any
individuals without cleft

|

Exclude variants with inconsistent
variation forms in subject D1 and D2

14 (see Supporting Information Table 1)

|

[ Select variants with potential deleterious effect on
craniofacial development through literature review

GLI2 (NM_005270.4:p.GIn1450His/c.4350G>T)

GLI2 (NM_005270.4:p.Ala895Valic.2684C>T)
GLI2 (NM_005270.4:p.Ser1541Tyric.4622C>A)

Subsequently, we applied a screening process to iden-
tify the candidate variants (Figure 2). Variants with MAF
> 0.5% in the 1,000 Genomes database were filtered out,
leaving 16,316, 16,231, 15,255, and 15,463 variants in sub-
jects D1, D2, C1, and C2, respectively. Next, we focused
on variants that were more likely to be pathogenic, such as
nonsynonymous variants, splice acceptor-site or donor-site
mutations, as well as frameshift insertions or deletions,
resulting in 1,935, 1,882, 1,896, and 1,893 variants in DI,
D2, C1, and C2 separately. Given that the family probably
showed a dominant inheritance model, we selected hetero-
zygous variants shared by D1 and D2, and 747 variants were
found. In addition, variants that were present in healthy indi-
viduals C1 or C2 were excluded, leading to 199 variants left.
Then, we excluded variants with MAF > 0.5% in Ensembl,
ExAC, and NCBI dbSNP databases or with inconsistent
variation forms in subject D1 and D2, and only 14 variants
were retained (Supporting Information Table S1). Finally,
we reviewed previously reported genes with known roles in
craniofacial development or the pathogenesis of cleft lip/
palate. Eventually we identified three missense mutations
M1: ¢.2684C > T, M2: ¢.4350G > T, and M3: ¢c.4622C > A
in GLI2 (NM_005270.4), predicting p.Ala895Val, p.Gln-
1450His, and p.Ser1541Tyr respectively as candidate patho-
genic factors in the family. Among the three mutations, M1:
¢.2684C > T (NM_005270.4) is novel and has not been re-
ported in any database previously, while M2: ¢.4350G > T
(NM_005270.4) and M3: c.4622C > A (NM_005270.4)
have already been reported to be very rare with MAFs of
0.4%0 and 0.6%o in the 1,000 Genomes database, respec-
tively (Table 3).

3.3 | Verification of the GLI2 mutations by
Sanger sequencing

Sanger sequencing performed on the independent healthy
Chinese cohort did not detect any ¢.2684C > T variant (Table
3, Supporting Information Figure S2), roughly excluding the
possibility of high frequency for the mutation M1. We also
validated the three GLI2 mutations in both patients (D1 and
D2) and unaffected subjects (C1 and C2) of the family by
Sanger sequencing (Figure 3). Both patients were heterozy-
gous for all of the three mutant alleles, while C1 and C2 had
the wild-type (WT) alleles, which agreed with the WES re-
sults and the autosomal dominant inheritance pattern. In ad-
dition, the father of the subject D2 was heterozygous for all
of the three mutant alleles, while the mother of the subject
D2 had the wild-type alleles (Supporting Information Figure
S1b).

3.4 | Identification of the allele
arrangements on the chromatid by
DNA cloning

To identify whether these three GLI2 mutations are located
on the same chromatid, we cloned the DNA sequences con-
taining the three loci in subjects D1, D2, and the father of
D2, all of whom have heterozygous genotypes for all three
loci. Among eight monoclonal colonies selected for DI,
three clones exhibited WT alleles in all of the three loci (M 1:
C, M2: G, M3: C) and five clones showed mutant alleles
in all of the three loci (M1: T, M2: T, M3: A), a consistent
result indicating that in the genome of patient D1, the three
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TABLE 3 Allele frequencies of the three mutations in various populations reported in different databases and in our Chinese cohort

Our cohort of 31 unaf-
fected Han Chinese

subjects

1,000 genomes
European

1,000 genomes

American

1,000 ge-

nomes Asian
populations

1,000 ge-

Amino acid

Coding sequence posi-
tion of the variant®

ExAC

populations

populations

nomes all

Type

substitution”

Variant No.

/

missense

p-Ala895Val

c.2684C > T

Ml

NP

0.00147

0
0

0.00200

0.00040
0.00060

missense

p-Gln1450His
p-Ser1541Tyr

c.4350G > T

M2

NP

0.00300

missense

c.4622C > A

M3

“The coding sequence position within the GLI2 transcript, NM_005270.4.

®Amino acid substitution is for the GLI2 protein, NP_005261.2.
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mutations of GLI2 are located on a single chromatid. In D2,
there were four clones with WT alleles in all three loci (M1:
C, M2: G, M3: C) and four clones with mutant alleles in all
three loci (M1: T, M2: T, M3: A). This indicates that in the
genome of patient D2, the three GLI2 mutations are also lo-
cated on a single chromatid. In the father of D2, five clones
presented WT alleles in all three loci (M1: C, M2: G, M3:
C) and three clones showed mutant alleles in all three loci
M1: T, M2: T, M3: A), indicating that the three mutations
of GLI2 are also located on a single chromatid in the genome
of the father of D2. It suggests that all of the three mutant
alleles of the GLI2 gene were delivered from the father of
the subject D2 to the subject D2, and then passed down to
the subject D1. (Figure 4a,b, Supporting Information Figure
S3).

3.5 | Potential deleterious effects of the three
GLI2 mutations

A multiple sequence alignment of GLI2 showed that the
residues Ala895, GIn1450, and Ser1541 are evolutionarily
conserved in all of the species compared, including Homo sa-
piens, Pan troglodytes, Macaca mulatta, Papio Anubis, Sus
scrofa, Mus musculus, Oryctolagus cuniculus, Bos Taurus,
and Cavia porcellus (Figure 5a).

Moreover, several computational algorithms predicted
that all three mutations could cause disease. The SIFT
scores (deleterious score < 0.05) were 0.02, 0.00, and 0.01
for the mutations M1 (c.2684C > T_p.Ala895Val), M2
(c.4350G > T_p.GInl1450His), and M3 (c.4622C > A_p.
Ser1541Tyr), respectively. The PROVEAN scores (delete-
rious score < —2.5) were —3.43, —3.42, and —3.42 for the
mutations M1, M2, and M3, respectively. The PolyPhen-2
scores (deleterious score > 0.909) were 0911, 0.972, and
0.998 for the mutations M1, M2, and M3, respectively. The
MutationAssessor scores (deleterious score > 1.9) were 2.58,
2.54, and 3.015 for the mutations M1, M2, and M3, respec-
tively (Figure 5b). All of the three missense mutations were
predicted to be potentially deleterious.

In the GLI2 protein, the mutation M1 (p.Ala895Val) af-
fects an amino acid located in the phosphorylation cluster
and around acetylation sites and sumoylation sites, which
are located in the C-terminal to DNA-binding domain that
comprises five tandem C2H2 zinc-fingers. The mutations M2
(p-GIn1450His) and M3 (p.Ser1541Tyr) lie in the C-terminal
activation domain of the GLI2 protein (Figure 5c). This fur-
ther suggests that the three mutations of GLI2 are likely to
impact the function of the protein.

Moreover, a homology model for GLI2 revealed differ-
ences in the structures between the WT and the mutant-M1
proteins (Figure 5d). By changing alanine 895 to valine,
the hydrophobicity distribution differed between the mu-
tant-M1 and the WT proteins at C-terminal. The surface
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Subject
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D1
D1: c.2684C>T, het D1: c.4622C>A, het
€c6CG6G G C G C C G ACTCCTCCC
D2
D2: c.2684C>T, het
CG6CG6GCAGCCA
C1 A
C1: Wild Type C1: Wild Type
€CG6CG6G6GCAGCCA G ACTCCTCCC
C2
C2: Wild Type C2: Wild Type C2: Wild Type
FIGURE 3 Sanger sequencing validations of the three potential causative mutations in subjects D1, D2, C1, and C2 of the family. All three

mutations in D1 and D2 are heterozygous, while C1 and C2 are the wild type. Red arrows indicate the positions of the causative mutations

hydrophobicity was increased and wider in the mutant-
M1 model compared to the WT model. The effect of the

Ala895Val substitution on the local structure of GLI2 may form or repressor form.

affect the protein's phosphorylation, which plays an import-
ant role in its transformation from the full-length to active
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FIGURE 4

(a) Schematic indicating the arrangements of the three GLI2 missense mutations on the two chromatids of the homologous

chromosome in subjects D1, D2, C1, and C2. The short horizontal lines indicate the sites of the alleles. The red lines and the alleles shown in red

font indicate the mutant, while the black lines and the alleles shown in black font indicate the wild type. (b) Table showing the number of clones

for each type of allele arrangement on the chromatid in D1 and D2. Since the alleles are complementary on each site, both of the two types of

chromatid support the hypothesis that the three mutant alleles are located on a single chromatid

4 | DISCUSSION

In this study, we performed WES in a Chinese family with
inherited NSCL/P. After screening and Sanger sequencing,
three missense mutations in the GLI2 gene were identified
as possibly etiological variants for the family. Among the
three mutations, ¢.2684C > T is novel, while ¢.4350G > T
and ¢.4622C > A have been deposited in databases (1,000
Genomes, Ensembl, ExXAC, and NCBI dbSNP) and have
already been reported to be rare variants. We demonstrated
that the three mutant alleles are located on a single chroma-
tid, giving rise to a mutant protein with replaced amino acids
in all three sites. The three sites, with valine (Val), histidine
(His), and tyrosine (Tyr) replacing alanine (Ala), glutamine
(Gln), and serine (Ser) at the 895th, 1450th, and 154 1th resi-
dues, respectively, are all conserved in a multiple sequence
alignment of multiple species. In addition, homology models
and in silico predictions indicated that these mutations may
alter the normal structure and function of the protein and are
therefore potential causes of the phenotype in this family.

As a genetically complex disease, NSCL/P may have mul-
tiple genetic models. We considered all of the possible modes
of inheritance for this family, including dominant, recessive,
and co-dominant models. Based on the family pedigree in-
formation in this study, an autosomal dominant Mendelian
inheritance model was considered the best fit, because in this
family, only the mother (D2) and the son (D1) are affected
with NSCL/P, while the others are not. We firstly inferred
that the three GLI2 mutations were de novo in patient D2.
However, when we tried our best to get DNA samples of
the parents of D2, we found that the father of D2, who had
claimed to be not affected with cleft, had mutant alleles in all
of the three loci of the GLI2 gene. It suggested that the three

mutations were delivered from the father of D2 to the subject
D2, and then to the subject D1, and the effects of the three
mutations might be incompletely penetrant, as reported in
some previous genetic studies of clefting (Basha et al., 2018;
Cox et al., 2018; Eshete et al., 2018). Besides, we noticed that
the phenotypes of the two NSCL/P affected patients are not
fully identical in this family. The mother (D2) manifests cleft
lip only, while the son (D1) presents cleft lip with cleft palate,
exhibiting variable expressivity. We had considered that there
might be specific variants contributing to the phenotype of
cleft palate in the son. Nevertheless, after screening, we did
not find any cleft-related rare variants that were present in D1
and not present in subjects D2, C1, or C2 (data not shown).
The reasons leading to reduced penetrance and variable
expressivity could be various. One of the possibilities is sub-
clinical phenotypes of the lip and palate (Dixon et al., 2011;
Leslie, 2012), including microform clefts (also known as
congenital healed cleft lip), defects of the orbicularis oris
muscle (Neiswanger et al., 2007; Weinberg et al., 2008),
bifid uvula, and submucous cleft palates. Other associated
subclinical features which could also be present in “unaf-
fected” relatives include craniofacial measures (Weinberg,
Mabher, & Marazita, 2006), dental anomalies (tooth agene-
sis, microdontia, and supernumerary teeth) (Vieira, Mchenry,
Daackhirsch, Murray, & Marazita, 2008), brain structural
differences (Nopoulos, Richman, Murray, & Canady, 2002),
and lip prints (Scott et al., 2005). Another commonly used
hypothesis to explain phenotypic variability is genetic mod-
ifiers, which could affect the phenotypic expression of the
other genes. The existence of modifier genes has already
been demonstrated in mouse models, as it was common to
find phenotypic differences between different inbred strains
(Cormier et al., 1997; MacPhee et al., 1995). Recently, it was
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FIGURE 5 (a) Multiple sequence alignment showing evolutionary conservation of the three residues in GLI2. All of the three amino acids

are highly conserved among vertebrates. (b) The predicted impact scores of the three mutations using four in silico functional prediction tools,
SIFT, PROVEAN, PolyPhen-2, and MutationAssessor. (c) Schematic representation of domains in the GLI2 protein. Various protein domains and
modification sites of GLI2 are depicted. Red arrows indicate the sites of the three mutations found in this study. (d) Homology models of the wild
type (WT) (yellow), mutant (MUT) (blue), and merged. The differences between the WT and the MUT are shown in red

also illustrated with an example in which an individual is het-
erozygous for both a regulatory variant and a pathogenic cod-
ing variant. The two possible haplotype configurations would

result in either decreased penetrance of the coding variant, if
it was on the lower-expressed haplotype, or increased pene-
trance of the coding variant, if it was on the higher-expressed
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haplotype (Castel et al., 2018). Alternatively, affected indi-
viduals with variable expressivity and unaffected individuals
in this pedigree may share the same genetic risk factors but be
differentially exposed to environmental factors, such as ma-
ternal nutritional deficiency during the periconceptional pe-
riod, leading to clefts in the presence of risk alleles (Houston,
2012).

Our study identified three missense mutations in the GLI2
coding sequence of the NSCL/P affected mother and son,
which are possibly disease-causing variants for the family.
Consistent with this, there is evidence from animal models
demonstrating a critical role for GLI2 in skeletal develop-
ment. Gli2 mutant mice exhibit severe skeletal abnormali-
ties, including cleft palate (Mo et al., 1997). In a sequence
screening of NSCL/P patients, the variants p.Ser1555Pro and
p-Ala268Val of GLI2 were found in patients presenting with
primary features of cleft lip (Bertolacini et al., 2012). Vieira
et al. performed direct sequencing of 184 cases with NSCL/P
and linkage disequilibrium studies in 501 family triads af-
fected with cleft, identifying p.Ser1213Tyr in GLI2 as poten-
tially etiologic for NSCL/P (Vieira et al., 2005). Moreover,
variants of GLI2 have already been shown to play a pivotal
role in the etiology of holoprosencephaly or holoprosenceph-
aly-like phenotype, of which one of the characteristic facial
features are cleft lip/palate (Bear et al., 2014).

In vertebrates, GLI2 is a dedicated transcription factor
involved in intracellular signal transduction regulated by
the SHH signaling pathway. GLI2 protein includes a DNA-
binding domain comprising five C2H2 zinc-fingers, an N-
terminal transcriptional repressor domain, and a C-terminal
activation domain (Briscoe & Thérond, 2013). In addition,
a region C-terminal to the DNA-binding domain contains
clusters of phosphorylation sites that are essential for the pro-
teolytic processing that removes the C-terminal region of the
protein to yield a transcriptional repressor (GLI2R).

In the absence of a signal, GLI2 is sequentially phos-
phorylated by protein kinase A, casein kinase I, and glyco-
gen synthase kinase 3, which promotes the ubiquitylation
of GLI2. This leads to the proteolytic cleavage, and the C-
terminal activation domain is removed to generate the re-
pressor form (GLI2R). The truncated protein, which retains
its DNA-binding domain, then translocates to the nucleus
to repress target gene expression (Hui & Angers, 2011).
In the presence of SHH ligand, the binding of SHH to a
receptor complex that consists of PTCH1 (another gene
known to be involved in NSCL/P) releases the inhibition of
Smoothened (SMO) (Ayers & Thérond, 2010). The activa-
tion of SMO promotes the formation of the transcriptional
activator (GLI2A) by blocking GLI2 proteolytic process-
ing. In addition, further posttranslational modifications,
including phosphorylation, acetylation, and sumoylation,
also contribute to the generation of GLI2A (Cox, Briscoe,
& Ulloa, 2010). Then, GLI2A translocates to the nucleus
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and replaces GLI2R on target genes to activate transcrip-
tion. Since one of the variants identified in this study, M1
(Ala895Val), is located in the phosphorylation cluster near
the acetylation sites and sumoylation sites, it is likely to
interfere with the posttranslational modification, which
plays a critical role in the activation of GLI2. The other
two variants, M2 (GIn1450His) and M3 (Ser1541Tyr), are
in the C-terminal activation domain. Thus, M2 and M3 mu-
tations could disturb the structure and the function of the
transcriptional activator GLI2A. Given that all three mu-
tations might have a negative effect on the activation of
GLI2, they are likely to block or impair the activity of the
SHH signaling pathway, accounting for the pathogenesis of
cleft lip/palate.

Recent studies have shown that the primary cilium, a
microtubule-based organelle that bulges out of the surface
of quiescent cells, has a prominent role in modulating ver-
tebrate SHH signaling (Eggenschwiler & Anderson, 2007).
GLI2 has also been reported to translocate to and accumu-
late at the tips of primary cilia upon pathway activation
(Chen et al., 2009; Kim, Kato, & Beachy, 2009; Wen et al.,
2010). In addition, the levels of GLI2 protein are altered
in many ciliary mutant mice, suggesting that the primary
cilium is crucial for the normal function and proper control
of GLI2 protein processing. However, whether the primary
cilium plays a role in the pathogenesis of NSCL/P in this
family and the nature of that role is still unknown. This
study is merely a preliminary exploration of the potential
causative mutations for the Chinese NSCL/P family. The
exact pathogenic mechanisms of these three GLI2 muta-
tions leading to NSCL/P are not fully understood. Further
demonstrations are needed through animal models and cel-
lular/molecular experiments. Besides, the genetic contribu-
tion rates of these variants also remain to be explored in a
large sporadic population.

In conclusion, we identified three candidate missense
mutations in the coding region of GLI2 by WES in a
Chinese NSCL/P hereditary family. Preliminary stud-
ies such as functional prediction, conservation analy-
sis, and homology modeling suggested that the variants
¢.2684C > T_p.Ala895Val, ¢.4350G > T_p.GIn1450H:is,
and c.4622C > A_p.Ser1541Tyr potentially underlie
NSCL/P in this pedigree. Our results further add to the
increasing evidence that GLI2 variants play a role in the
pathogenesis of NSCL/P.
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