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Abstract: Background: This study aimed to identify the causative genetic variant in a Chinese family with orofacial 
clefts. Methods: We retrospectively analyzed the clinical information of a family with orofacial clefts. Then, we per-
formed an etiological genetic analysis of the family using whole exome sequencing analysis and Sanger sequencing. 
We created a hybrid code-shifting mutation cell line (293T-462het) and evaluated its impact on cell proliferation, mi-
gration, and apoptosis, as well as E-cadherin and vimentin expression. Results: Whole exome sequencing revealed 
a novel heterozygous variant c.1386del (p.A462Pfs*28) in the interferon regulatory transcription factor 6 (IRF6) 
gene in a family with orofacial clefts. Sanger sequencing further confirmed that this heterozygous variant was the 
genetic cause of orofacial clefts in this family. The c.1386del variant of IRF6 was classified as likely pathogenic. The 
heterozygous mutation IRF6 (c.1386del) enhanced cell proliferation and migration while inhibiting cell apoptosis 
and regulating the expression of E-cadherin and vimentin. Conclusion: This study identified a novel c.1386del mu-
tation in the IRF6 gene and explored how this mutation leads to lip and palate defects. Our results provide a solid 
theoretical foundation for future genetic detection of these orofacial defects.
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Introduction

Orofacial clefts are among the most prevalent 
structural birth defects. The malformations 
during craniofacial development prevent prop-
er tissue fusion of the upper lip, palate, or both 
[1]. The incidence of orofacial clefts varies 
according to geographic factors, ethnicity, and 
socioeconomic status, and the global preva-
lence is approximately 1.244% [2]. In China, the 
prevalence of cleft lip and palate is slightly 
higher (approximately 1.4%) [3]. Recent years 
have seen an increase in the incidence of cleft 
lip and palate across various countries. The 
most common types of orofacial clefts are cleft 
lip with or without cleft palate and isolated cleft 
palate. Non-syndromic orofacial clefts account 
for 70% of patients with cleft lip with or without 
cleft palate, and 50% of those with isolated 
cleft palate. The pathogenic mechanisms of 
non-syndromic orofacial clefts are complex, 
involving both genetic and environmental fac-

tors and their interactions. However, the specif-
ic mechanisms have not been fully elucidated.

Ultrasonography is the routine imaging method 
to detect orofacial clefts. However, due to the 
relatively small facial area of the fetus in the 
first trimester of pregnancy, ultrasound exami-
nation is challenging. With advances in ultraso-
nography and magnetic resonance imaging 
(MRI) technologies, the detection rates of orofa-
cial cleft in the second trimester are gradually 
increasing, but missed diagnoses still occur. 
Children born with orofacial clefts experience 
significant feeding difficulties, speech impair-
ments, recurrent middle ear infections, and 
dental defects [4]. Surgery is the mainstay of 
treatment for facial malformations. Long-term 
multidisciplinary management of orofacial cle- 
fts can pose substantial medical, psychologi-
cal, social, and economic burdens for patients 
and their families [5]. Therefore, elucidating the 
pathogenesis of orofacial clefts is necessary to 
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improve our understanding of the disease and 
facilitate appropriate genetic counseling.

Advances in next-generation sequencing tech-
nologies have enabled the identification of 
genetic causes of orofacial clefts and estab-
lished diagnosis at the molecular level. This 
information provides the basis for future genet-
ic counseling and prenatal diagnosis, allowing 
families to make informed decisions. Based on 
clinical assessment, we performed a whole 
exome sequencing (WES) analysis on a lineage 
of individuals with a history of cleft lip and pal-
ate, including a couple with multiple children 
with cleft lip and palate. Site verification was 
conducted simultaneously. We identified a het-
erozygous frameshift mutation (p.A462Pfs*28) 
in the interferon regulatory transcription factor 
6 (IRF6) gene as the likely causative defect in 
this family. Identification of this variant has not 
been previously reported and thereby expands 
the mutational spectrum of cleft lip and palate. 
We also investigated the influence of this novel 
IRF6 site mutation on cell proliferation, apopto-
sis, and epithelial-mesenchymal cell transfor-
mation (EMT) to explore the mechanism(s) 
through which this mutation leads to orofacial 
clefts. Our findings offer a theoretical basis for 
future genetic detection of cleft lip and palate.

Methods and materials

Subjects and clinical information

The family with cleft lip and palate described  
in this paper was from Jinan City, Shan- 
dong Province, China. Clinical information and 
peripheral blood samples were obtained from 
the recruited family members. Written inform- 
ed consent was obtained from all participa- 
ting family members, and the study was 
approved by the Medical Ethics Committee of 
Jinan Maternal and Child Health Hospital 
(2021-1-047).

Whole exome sequencing

The proband and his wife each provided 2 mL 
of peripheral blood for analysis. Fetal samples 
(IV7) were collected from amniotic fluid during 
invasive prenatal diagnosis. DNA was extracted 
using a standard phenol-chloroform protocol. 
WES was performed in the proband and his 
wife using the Illumina NovaSeq 6000 system, 
with an average sequencing depth of 200X, as 
previously described [6]. Following bioinformat-

ics analysis, the variant’s pathogenicity was 
evaluated according to the American Academy 
of Medical Genetics and Genomics (ACMG) 
guidelines [7].

Knock-out plasmid design and construction

Deletion of thymine (T) (c.1386del) at position 
1386 of the target gene IRF6 resulted in a 
frameshift mutation and substitution of pro- 
line (p.A462P) for alanine at position 462 of  
the protein amino acid sequence. The pXC9-
IRF6-A462P-knock-out (KO) plasmid was de- 
signed and synthesized as follows: 1) BsmBI 
was used to digest the pXC9 plasmid to obtain 
a vector fragment; 2) three pairs of small guide 
RNAs (sgRNA) targeting the mutation site were 
designed, namely sgRNA-1 (forward: ACCCCA 
GACATCAAGGATAA; reverse: TTATCCTTGATGTC- 
TGGGGT), sgRNA-2 (forward: TCCTTCAAACCC- 
AGGAGAGC; reverse: GCTCTCCTGGGTTTGAAG- 
GA), and sgRNA-3 (forward: TACTGGGGAGGC- 
AGGGCAGG; reverse: CCTGCCCTGCCTCCCCAG- 
TA); 3) denaturation and annealing processes 
were performed to obtain sgRNA double-
stranded DNA fragments; 4) T4 DNA ligase  
was used to connect the three pairs of 
fragments; and 5) the constructed plasmid was 
transformed and subsequently extracted for 
sequence analysis.

Donor plasmid design and construction

The homologous recombinant pUC19-donor 
plasmid was designed and synthesized to tar-
get the predicted sgRNA KO site; the expected 
KO target fragment was 224 bp in length. To 
more efficiently clone the A462P mutant frag-
ment into the cell genome, 200-bp upstream 
and downstream homology arm sequences 
were added to the two sides of the A462P 
mutant fragment. A segment of sgRNA was 
added on both sides of the upstream and down-
stream homology arms to enhance expression 
efficiency of the homologous recombinant 
sequence. The final fragment (676 bp in length) 
was synthesized by Anhui General Biological 
Co. Ltd.; the pUC19 plasmid was digested with 
EcoRI and KpnI; and the homologous recombi-
nant sequence was then ligated with T4 DNA 
ligase, transformed, digested, and sequenced.

Construction of mutant cell lines

HEK-293T cells were purchased from the 
Shanghai Institute of Cell Biology of the Chinese 
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Academy of Sciences (Shanghai, China). For 
construction of heterozygous frameshift mu- 
tant cell lines, 1 × 106 cells in the log phase 
were inoculated into 6-well plates, after which 
2 mL of Dulbecco’s Modified Eagle Medium 
(DMEM; Gibco, Carlsbad, CA, USA) containing 
10% fetal bovine serum (FBS) Gibco was added. 
The cultures were grown at 37°C in an incuba-
tor supplied with 5% carbon dioxide (CO2) 
(Thermo Fisher, Waltham, MA, USA). Trans- 
fection was performed when the cell conflu-
ence reached 90%. For transfection, 2 μg of 
pXC9-IRF6-A462P-KO plasmids (KO-1, KO-2, 
and KO-3) and 2 μg of pUC19-donor plasmid 
were added to 100 μL of Opti-MEM reduced 
serum medium. After thorough mixing, 8 μL of 
Turbofect (Thermo Fisher) was added. The mix-
ture was left undisturbed for 20 minutes, after 
which DMEM with 10% FBS was added. pLVSO2 
plasmid was used as a positive control and 
transfected after 1 h.

Next, 1 μg/mL puromycin was added to each 
well to screen for positive clones. After conti- 
nuous 10-day screening, single clones were 
picked, and the DNA of single clones was ampli-
fied using polymerase chain reaction (PCR). The 
PCR amplification products were identified by 
sequencing, and positive clones were select- 
ed for expansion. The forward and reverse 
primer sequences for PCR amplification of 
A462P were TGAACAGGTCATTCCAGTAGTG and 
TCACAATTACTGGGGAGGC, respectively. PCR 
was performed as follows: denaturation at 
94°C for 20 s, annealing at 60°C for 20 s, and 
extension at 72°C for 30 s for a total of 30 
cycles. The amplified fragment was 238 bp in 
length.

Cell proliferation assay

After stable culture for 48 days, cell prolife- 
ration ability was assessed using the Cell 
Counting Kit-8 (CCK-8) assay. The cells were 
inoculated into a 96-well plate at 8000 cells/
well and cultured for 24, 48, and 72 h. Next,  
10 μL of CCK-8 solution (Shanghai Beyotime 
Biotechnology, Shanghai, China) was added to 
each well at each time point, and the culture 
plate was incubated for 2 h at 37°C in an incu-
bator supplied with 5% CO2. Absorbance at 450 
nm was measured using a microplate reader 
(Thermo Fisher). Statistical values were calcu-
lated, and a growth curve was constructed.

Transwell migration assay

The cells were starved for 12 h in a serum-free 
medium in a transwell chamber placed in a 
24-well plate. The cells were inoculated into the 
chamber at 5 × 104 cells/well. Next, 500 μL of 
complete medium was added to the lower 
chamber. The culture plate was incubated for 
24 h at 37°C in an incubator supplied with 5% 
CO2. After this, the cells were washed twice 
with phosphate-buffered saline (PBS) and then 
fixed with 4% paraformaldehyde for 20 min. 
Next, the cells were washed twice with PBS and 
stained with 0.1% crystal violet (Guangzhou 
Saiguo Biotech, Guangzhou, Guangdong, China) 
for 15 min. Non-migrating cells in the upper 
chamber were gently removed with a medical 
cotton swab. The chamber membrane was cut 
using a blade, placed on a glass slide, and cov-
ered with neutral resin. The stained cells were 
visualized and counted under a microscope.

Flow cytometry apoptosis assay

Cells were separated by trypsinization when 
they were approximately 70% full. The cells 
were collected, washed once with PBS, and 
then washed with 1 × Binding Buffer before 
being resuspended in this buffer. The number 
of cells in each sample was counted, 100 μL of 
1 × Binding Buffer was added, and the number 
of cells in each tube was adjusted to 1 × 106. 
Five μL of Annexin V-allophycocyanin (V-APC; 
Multisciences [Lianke] Biotech, Hangzhou, Zhe- 
jiang, China) and 10 μL of 7-aminoactinomycin 
D (7-AAD; Multisciences [Lianke] Biotech) were 
added, after which the mixtures were vortexed, 
mixed, and stored at room temperature in the 
dark for 15 min. Next, 485 μL of pre-cooled 1 × 
Binding Buffer was added, followed by resus-
pension and further mixing. The samples were 
subsequently loaded into the flow cytometer 
(ACEA Biosciences, San Diego, CA, USA) for 
detection, and NovoExpress software was used 
to analyze the data.

Reverse transcription-quantitative polymerase 
chain reaction

Total RNA was extracted from cells using Trizol 
reagent (Bioteke Corporation, Beijing, China), 
and the concentration and purity of RNA sam-
ples were determined. RNA was reverse tran-
scribed following the instructions provided by 
the manufacturer of the reverse transcription 



Orofacial cleft in a family with a novel IRF6 mutation

2901 Am J Transl Res 2024;16(7):2898-2909

(RT) kit (Thermo Fisher). The SYBR Green qPCR 
Detection Kit (Thermo Fisher) was used for 
quantitative PCR (qPCR) analysis using the syn-
thesized cDNA template. RT-qPCR was per-
formed as follows: pre-denaturation at 95°C for 
5 min, followed by 40 cycles of denaturation at 
95°C for 30 s, annealing at 60°C for 30 s, and 
extension at 72°C for 15 s. The PCR products 
were quantified using the relative quantitative 
2-ΔΔCT method. The primer sequences were as 
follows: β-actin: forward, TGGCACCAGCACAAT- 
GAA, reverse, CTAAGTCATAGTCCGCCTAGAAGCA; 
IRF6, forward, GTCATTCCAGTAGTGGCTCGG, re- 
verse, TTACTGGGGAGGCAGGGCAG; E-cadherin: 
forward, CGTCCTGGGCA GAGTGAATTT, reverse, 
GTCCCAGGCGTAGACCAAGA; and vimentin: for-
ward, TGACCT TGAACGCAAAGTGGA, reverse, 
CAGAGAGGTCAGCAAACTTGGA.

Statistical methods

Data were analyzed using SPSS 22.0 software. 
All values were expressed as mean ± standard 
deviation. Pairwise comparisons were conduct-
ed using independent samples t-test, with 
0.01<P<0.05 indicating a statistically differ-
ence; P<0.01 indicating a significant differ-
ence; and P<0.001 indicating a very significant 
difference.

Results

Clinical features of the family

The proband (III3), aged 32 years, had an orofa-
cial cleft. He and his 26-year-old wife (III4) had 

a family history of orofacial cleft. Their currently 
living daughter (IV2) was born with the disease 
(Figure 1A), and they previously had two unex-
plained embryonic discontinuations and two 
labor inductions because of an orofacial cleft. 
The proband’s elder brother (III1) and mother 
(II2) also had an orofacial cleft. At the time of 
this study, the gestational age of the couple’s 
fetus (IV7) was 13 weeks. The couple had 
received genetic counseling at the Prenatal 
Diagnosis Center of Jinan Maternity and Child 
Health Hospital. Amniocentesis was performed 
to extract amniotic fluid from the fetus for WES. 
The family pedigree is shown in Figure 1B. 
Physical examination revealed no abnormali-
ties in other organ systems.

Identification of the pathogenic genetic variant

To identify the causative variant of this family, 
we conducted WES of the proband (III3) and his 
wife (III4). This bioinformatics analysis revealed 
a novel heterozygous variant c.1386del (p.
A462Pfs*28, hg19, NM_006147) within the 
IRF6 gene in the proband. This mutation was 
not found in control populations, including  
the Exome Sequencing Project (ESP), 1000 
Genomes Project, and Exome Aggregation 
Consortium (ExAC) databases. WES of the cou-
ple’s fetus (IV7) revealed no evidence of the 
IRF6 mutation, and the couple chose to contin-
ue the pregnancy.

Sanger sequencing was performed to detect 
the IRF6 variant among the pedigree members, 

Figure 1. Photograph of the daughter (IV2) of the proband and pedigree of the interferon regulatory transcription 
factor 6 (IRF6) gene variant in the family. A: The little girl had a cleft lip and palate, and a lower lip depression can 
still be seen after surgical treatment (as indicated by the red box). B: Family diagram showing individuals with or 
without cleft lip and palate. Family members I1, II2, II3, III1, III3, III4, III6, IV2, and IV7 all underwent testing, whereas 
II4, II5, and II6 refused testing for personal reasons. Note: I, II, III, and IV represent the generations. Squares repre-
sent males, large circles represent females, solid black symbols indicate affected patients, the arrow indicates the 
proband, ‘?’ represents family members who did not undergo gene sequencing, small circles indicate abortions, 
triangles indicate labor inductions, and the diamond indicates the current fetus.
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including I1, II2, II3, III1, III3, III4, III6, IV2, IV7, 
and IV6. This sequencing revealed that the vari-
ant was inherited from the proband’s affected 
mother (II2). Additionally, the proband’s affect-
ed older brother (III1) and his daughter (IV2) 
were also identified as mutant c.1386del carri-
ers (Figure 2). This mutation was not found in 
population databases (ACMG criteria: PM2) 
and was identified as a frameshift mutation in 
the last exon. The mutation was predicted to 
not cause nonsense-mediated mRNA decay, 
but potentially change the length of the protein 
(PVS1-moderate). The IRF6 mutation carriers 
(II2, III3, III1, and IV2) exhibited orofacial clefts 
that corresponded to a single genetic disorder 
(PP1+PP4). Following the ACMG guidelines, the 
c.1386del (p.A462Pfs*28) variant was classi-
fied as “likely pathogenic” (PM2+PVS1-mode- 
rate+PP1+PP4) [5]. Based on these findings, we 
deduced that the c.1386del (p.A462Pfs*28) 
IRF6 variant was responsible for the pathogen-
esis of this family’s orofacial clefts.

The IRF6 (c.1386del) variant promoted cell 
proliferation and migration and inhibited cell 
apoptosis

To explore the effects of the IRF6 (c.1386del) 
variant on cell function, we performed CCK-8, 
transwell migration, and flow cytometry apo- 
ptosis assays on wild-type (293T-WT) and 
mutant (293T-462het) cells. The CCK-8 assay 
revealed that cell viability was significantly 
higher in 293T-462het cells than that in 293T-
WT cells at 48 h (P<0.05) and 72 h (P<0.01) 
after transfection (Figure 3). In the trans- 
well assay, the number of 293T-WT cells was 
22.667±2.082, whereas the 293T-462het cells 
was 46.000±3.606, indicating that the IRF6 
(c.1386del) variant significantly promoted cell 
migration (P<0.001; Figure 4). The evaluation 
of cell apoptosis rates, conducted via Annexin 
V-APC and 7-AAD dual-stained flow cytometry, 
revealed a significant reduction in 293T-462het 
cells (4.670±0.061%) compared to 293T-WT 
cells (7.253±0.248%) (P<0.01; Figure 5).

Mutant IRF6 (c.1386del) regulated the expres-
sion of E-cadherin and vimentin 

The effects of mutant IRF6 (c.1386del) on 
expression of E-cadherin and vimentin at the 
mRNA level were evaluated using RT-qPCR. The 
results revealed that expression of both IRF6 
and E-cadherin was lower in 293T-462het cells 

than in 293T-WT cells, whereas expression of 
vimentin was significantly higher in 293T-462het 
cells than in 293T-WT cells (Figure 6).

Discussion

In the current study, we used WES data and 
subsequent Sanger sequencing verification to 
detect a heterozygous mutation c.1386del (p.
A462Pfs*28) within the IRF6 gene in a family 
with cleft lip and palate. The affected family 
members (II2, III1, III3, and IV2) exhibited vary-
ing degrees of cleft lip and palate, and each 
carried the heterozygous mutation c.1386del 
(p.A462Pfs*28). This variant was not present 
in databases from control populations (ESP,  
the 1000 Genomes Project, and ExAC) and has 
not been previously reported in the literature. 
Based on ACMG guidelines, the c.1386del  
variant in IRF6 was classified as “likely patho-
genic,” meeting the criteria of PM2+PVS1-
moderate+PP1+PP4. As this mutation has not 
been reported, our results expand the known 
mutation spectrum of IRF6 in cleft lip and pal-
ate and provide a theoretical basis for future 
genetic detection of orofacial clefts.

IRF6, a member of interferon regulator fa- 
mily, features a highly conserved DNA-binding 
domain (amino acids 13-113) and a pro- 
tein-binding domain (amino acids 226-394) 
called Smad-interferon regulatory environment 
(SMIR). The IRF6 gene plays an important role 
in the formation of facial structures, including 
the lips, palate, teeth, and tongue. IRF6-related 
diseases include cleft mouth type 6, popliteal 
pterygium syndrome (PPS), and Van der Woude 
syndrome (VWS), which are autosomal domi-
nant diseases. The clinical manifestations of 
PPS are mainly cleft lip and palate, abnormal 
development of the reproductive system, popli-
teal webbing, spinal fissure, clubfoot, and vari-
ous skin, finger, and toe deformities [8]. PPS 
exhibits significant clinical heterogeneity. VWS, 
a typical cleft lip and palate syndrome, is an 
inherited developmental disorder character-
ized by a depression in the lower lip or sinuses, 
cleft lip, or cleft palate [9]. The clinical manifes-
tations of cleft mouth type 6 predominantly 
include nonsyndromic cleft lip and palate [10]. 
In the family described in this report, the affect-
ed members (II2, III1, III3, and IV2) exhibited 
cleft lip and palate, with no other abnormalities 
detected on physical examination. In addition, 
the proband’s wife (III4) had previously given 
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birth to a daughter (IV2) with cleft lip and pal-
ate. The couple had four other conceptions, but 
these pregnancies were terminated prior to 
birth (embryo terminations [IV3 and IV4] and 
labor inductions with cleft lip and palate [IV5 
and IV6]). Fortunately, their current fetus (IV6) 
does not carry the c.1386del (p.A462Pfs*28) 

mutation in IRF6 gene. Overall, discovering this 
new mutation offers a valuable foundation for 
providing genetic counseling and conducting 
additional prenatal diagnoses for families at 
risk.

A previous study of the prevalence and distribu-
tion of IRF6 exon mutations in 307 families 
with VWS syndrome and 37 families with PPS 
syndrome found that the distribution of muta-
tions was not random. Most mutations were 
located in exons 3, 4, 7, and 9 in VWS, and 
exons 3, 4, and 9 were also the most common 
location of mutations in PPS [11]. The muta-
tions causing VWS included stop mutations, 
DNA binding, missense mutations within the 
SMIR and DNA-binding domains, and splicing 
mutations, resulting in haploinsufficiency of the 
IRF6 gene [11]. Most mutations causing PPS 
are missense mutations involving DNA-binding 
domains but not affecting protein-binding activ-
ity or mutations that cause a dominant nega-
tive effect at the recessive splicing site, which 
explains the severity of the phenotype [12]. The 
missense mutations causing VWS are almost 
evenly distributed between the DNA-binding 
and SMIR domains. In contrast, most missense 
mutations responsible for PPS are found in the 

Figure 2. Verification of the interferon regulatory transcription factor 6 (IRF6) gene variant in the family by Sanger 
sequencing.

Figure 3. The heterozygous mutation c.1386del 
(p.A462Pfs*28) within the interferon regulatory tran-
scription factor 6 (IRF6) gene promoted cell prolif-
eration. 293T-WT represents wild-type (control) HEK-
293T cells, and 293T-462het represents HEK-293T 
cells heterozygous for the IFR6 mutation. *P<0.05, 
**P<0.01. OD, optical density.
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DNA-binding domain. These findings suggest 
that missense mutations in the DNA-binding 
domains associated with VWS and PPS have 
different effects on IRF6 function. A possible 
explanation for these genotype-phenotype rela-
tionships is that missense mutations responsi-
ble for VWS lead to total loss of function of the 
mutated IRF6 protein, which affects both DNA- 
and protein-binding, whereas missense muta-
tions responsible for PPS only affect the ability 
of IRF6 to bind to DNA [13]. Few studies have 
reported frameshift mutations of the IRF6 gene 
in IRF6-related genetic diseases. Interestingly, 
the novel c.1386del (p.A462Pfs*28) mutation 
in the IRF6 gene described in this study is a 
frameshift mutation in the last exon (exon 9).

The pathogenesis of cleft lip and palate is a 
complex process involving many cellular pro-

developed severe oral and esophageal adhe-
sions, mirroring the clinical defects observed in 
humans with IRF6 mutations [17].

IRF6 has been reported to play a key role  
in determining the proliferation-differentiation 
switch of keratinocytes. Mice carrying IRF6 
mutations fail to undergo late-stage differentia-
tion, resulting in epidermal hyperplasia. This 
hyperplasia leads to the formation of multiple 
epithelial adhesions within the oral cavity, con-
tributing to the development of cleft palate 
[16]. In the current study, we engineered 293T 
cells with the newly identified IRF6 gene muta-
tion. This mutation promoted cell proliferation, 
consistent with the oral adhesions caused by 
excessive proliferation of embryonic palate epi-
thelial cells induced by other IRF6 mutations. 
Elisabetta Ferretti et al. [18] established a  

Figure 4. The heterozygous mutation c.1386del (p.A462Pfs*28) within the 
interferon regulatory transcription factor 6 (IRF6) gene promoted migration. 
A: Transwell experimental results. B: Comparison of the number of cell inva-
sions in each group. 293T-WT represents wild-type (control) HEK-293T cells, 
and 293T-462het represents HEK-293T cells heterozygous for the IFR6 mu-
tation. ***P<0.001.

cesses, including proliferation 
of mesenchymal cells and epi-
thelial cells, neural crest 
induction, EMT, cell migration, 
apoptosis, signal transduc-
tion through primary cilia, epi-
thelial seam formation and 
disappearance, periderm for-
mation and removal, and in- 
teractions with the extracellu-
lar matrix [14]. EMT is regu-
lated by the Pbx-Snail1/Smad-
E-cadherin pathway, which 
may interact with pre-B-cell 
leukemia transcription fac- 
tor (Pbx)-regulated apoptosis 
[15]. The IRF6 gene is neces-
sary for craniofacial morpho-
genesis and ectoderm forma-
tion during embryonic devel-
opment. Besides its involve-
ment in epithelial cell prolifer-
ation and differentiation, IRF6 
exhibits dynamic expression 
in the ectoderm, periderm, 
oral epithelium, and tooth 
germ of embryonic tissue 
[16]. In an IRF6 KO mouse 
model, the IRF6 defect result-
ed in inhibited apoptosis of 
mid-palate ridge epithelial 
cells, preventing complete 
fusion of mesenchymal cells 
on both sides of the palate. 
Concurrently, these animals 
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spatiotemporal regulatory module in a mouse 
model, where Pbx directed midfacial Wnt sig-
naling through the W3 regulatory element. As a 
result, Wnt effectors activated p63, which 
directly regulates IRF6. These findings suggest 
that an imbalance in the Wnt-p63-IRF6 regula-
tory module can lead to localized inhibition of 
apoptosis at the surface of the facial promi-
nences, contributing to development of cleft lip 
and palate.

al experiments confirmed that IRF6 may regu-
late early facial embryogenesis by affecting cell 
proliferation and migration and promoting EMT. 
The significant variation in phenotypes in 
patients with VWS means that some patients 
may exhibit only minor or irregular depressions 
in the lips. In such cases, cleft lip and palate 
surgery may be a viable corrective option. 
Translational genetics has great potential for 
aiding in the diagnosis and understanding of 

Figure 5. The heterozygous mutation c.1386del (p.A462Pfs*28) within the 
interferon regulatory transcription factor 6 (IRF6) gene inhibited cell apopto-
sis. A: Apoptosis results. Q2 quadrant cells were positive for 7-aminoactino-
mycin D staining, representing late apoptosis. Q4 quadrant cells were posi-
tive for Annexin V-allophycocyanin staining, representing early apoptosis. B: 
Comparison of rates of cell apoptosis between groups. The apoptosis rate 
is the sum of Q2 and Q4. 293T-WT represents wild-type (control) HEK-293T 
cells, and 293T-462het represents HEK-293T cells heterozygous for the 
IFR6 mutation. **P<0.01.

Our experiments also showed 
that the mutated IRF6 gene 
significantly increased cell mi- 
gration. This migration was 
associated with downregula-
tion of epithelial cell markers, 
such as E-cadherin, causing 
loss of cell adhesion. Con- 
currently, mesenchymal mark-
ers, such as vimentin, were 
upregulated, enabling cell mig- 
ration. These findings indicate 
that IRF6 gene mutations like-
ly affect key steps of facial 
fusion by influencing cell mi- 
gration and EMT. In addition, 
transforming growth factor 
beta-3 (TGF-β3) has been 
reported to promote EMT dur-
ing palatal fusion by regulat-
ing the expression of genes, 
such as snail family transcrip-
tional repressor 2 (Snai2) and 
Twist, in early embryonic pal-
ate development [19]. When 
IRF6 was introduced into TGF-
β3-deficient palatal tissue, 
palate fusion was completed, 
demonstrating the possible 
involvement of IRF6 in the 
TGF-β signaling pathway to 
regulate genes such as Snai2 
and promote EMT [20].

These observations suggest 
that IRF6 mutations may in- 
fluence different biological 
processes in cleft lip and pal-
ate development via multiple 
molecular mechanisms. The 
IRF6 (c.1386del) variant iden-
tified in this study is a de novo 
mutation. A series of function-
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IRF6-related disorders [21]. In clinical practice, 
diagnosing patients with minor defects and 
symptoms can be challenging, particularly 
when comprehensive family data is lacking. 
Physicians often encounter difficulties in ob- 
taining photographs from all family members to 
ascertain the type of genetic disease. Con- 
sequently, diagnosis may heavily rely on the 
proband’s phenotype and the interrogation of 
family history. We, therefore, emphasize the 
importance of evaluating all family members 
for the presence of lip abnormalities and other 
VWS-related defects (e.g., dental abnormali-
ties). Although phenotypic variation was pres-
ent in the family reported in this study, the 
cause of these differences requires further 
investigation. We plan to expand the sample 
size and conduct in vivo studies to address this 
limitation in the future.

Conclusion

In this study, we identified a heterozygous  
variant c.1386del (p.A462Pfs*28) within the 
IRF6 gene in a Chinese pedigree with orofacial 
clefts inherited in an autosomal dominant  
manner. This study lays a foundation for future 
prenatal diagnosis, genetic counseling, and 
studies of genotype-phenotype relationships. 
Genetic testing through DNA sequencing is rec-
ommended to enable prenatal diagnosis in 
high-risk pregnancies with a family history of 
orofacial clefts.
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