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Abstract 

Van der Woude Syndrome (VWS) shows autosomal dominant pattern of inheritance with 2 

known candidate genes, IRF6 and GRHL3. Employing genome wide linkage analyses on 2 

VWS affected families, we report co-segregation of an intronic rare variant in NOL4 in one 

family, and a haplotype consisting of 3 variants in non coding region of IRF6 (introns1, 8 and 

3’UTR) in the other family. Using mouse as well as human embryos as model, we demonstrate 

expression of NOL4 in the lip and palate primordia during development. Luciferase as well as 
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miRNA-transfection assays show decline in the expression of mutant NOL4 construct due to 

creation of a binding site for hsa-miR-4796-5p. In family 2, the non-coding region IRF6 

haplotype turns out to be the candidate possibly by diminishing its IRF6 expression to half of 

its normal activity. Thus this paper reports a new candidate gene (NOL4) and a haplotype of 

IRF6 for VWS and highlights genetic heterogeneity of this disorder, in the Indian population.  
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Introduction 

Van der Woude syndrome (VWS; OMIM 119300), a syndromic form of cleft lip and palate 

(CL/P), is a monogenic disorder with autosomal dominant mode of inheritance. Whereas 

Interferon regulatory factor 6 (IRF6; OMIM-607199; 1q32.2; Kondo et al. 2002) and 

Grainyhead like transcription factor 3 (GRHL3; OMIM-608317; 1p36.11; Peyrard-Janvid et al. 

2014) account for more than 75% of VWS cases, at least 20% of cases are genetically 

unmapped. In India, barring a single study (Manjegowda et al. 2014) that shows copy number 

variation, IRF6 is not identified as the gene for VWS (Ali et al. 2009a; Moghe et al. 2010), 

This paper reports two VWS families from India which do not show a causal mutation in the 

coding regions of IRF6 and GRHL3, instead an intronic mutation in NOL4 and a haplotype of 

SNPs from IRF6 appear to be the candidates.  

Materials and methods 

Sample collection  

Peripheral blood from members of the two VWS families (Figure 1A-C and 2; for clinical 

features see Table 1) and from certain control (n=130; age group: 6 months -12 years) and 

NSCL±P patients was collected with informed consent for DNA and/or RNA extraction. 

Clinical diagnosis was established by co-author SKS. The lip/palate tissue was collected during 

corrective surgery from 16 NSCL±P cases. Lip/palate and abdominal tissues were obtained 



 

 

from an 8 week old aborted human foetus and from 13.5dpc mice. The work was approved by 

Institutional Ethical Committee of the Institute of Science, Banaras Hindu University. The 

animal house facility of the Department of Zoology is registered with the CPCSEA, 

Government of India (Reg. No. 1802/GO/RE/S/15/CPCSEA). 

DNA isolation, PCR and sequencing (screening of IRF6 & GRHL3) 

DNA was isolated from blood using modified Miller’s protocol (Miller et al. 1988). Primers 

for IRF6 enhancer region (MCS-9.7 as per Rahimov et al. 2008) and exons including exon- 

intron boundaries for IRF6 (de Lima et al. 2009) and GRHL3 were designed for setting up PCR 

reactions. The amplicons were sequenced on the ABI 3130 genetic analyzer. Primer sequences 

are provided in Table S1.  

Genome Wide Linkage analysis (GWLA) 

DNA samples of the VWS-families were subjected to GWLA using SNP arrays (Affymetrix, 

USA). The processing for hybridization was done as per manufacturer’s protocol (GeneChip® 

Hybridization oven 645; GeneChip® Fluidics Station 450) and scanned with GeneChip® 

Scanner 3000 7G and analyzed through Affymetrix GeneChip Command Console (AGCC). 

Further linkage analysis was carried out using microsatellite markers from the 3 high LOD 

regions on chromosome 1, 16 and 18 as obtained from microarray data (Figure 1D-G). 5 

microsatellite markers (D1S1189, D1S1181, uniSTS-88317, D1S225 and D1S372) from the 

mapped locus on chromosome 1, 7 markers (D16S538, D16S684, D16S686, D16S402, 

D16S488, D16S486 and D16S689) from chromosome 16 and 3 markers (D18S819, D18S384 

and D18S816) from chromosome 18 were used for the study. Primer sequences were taken 

from NCBI database which are provided in Table S1. Amplicons for respective markers were 

resolved on 12-14% native polyacrylamide gel followed by fixation in 10% ethanol and then 

silver staining.  



 

 

The Next Generation Sequencing (NGS) was performed on Illumina platform (HiSeq-

2500) with paired end reads with all the steps as per the manufacturer’s directions using their 

reagents and protocols and bioinformatic tools. The QC-check was done using fastQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc). Good quality reads (average 

Q>=30) were taken further for data alignment and variant calling employing Avadis 

(http://www.strand-ngs.com) as well as BWA (http://bio-bwa.sourceforge.net) software 

platforms including SAM tools (http://samtools.sourceforge.net). Human genome (hg19) was 

used as reference. The variants were annotated using SnpEff tool 

(http://snpeff.sourceforge.net/SnpEff.html) at Galaxy-server (https://usegalaxy.org) followed 

by match with SNPdb (ftp://ftp.ncbi.nih.gov/snp/organisms/human_9606_b147 

_GRCh37p13/VCF/All_20160601.vcf.gz ) from NCBI using standalone developed program in 

C++ to get the rsIDs based upon positional match.  

A minimum of average quality Q>=30 per read have been used for alignment with the 

reference genome. Low quality bases from 3’ end regions have also been removed before 

alignment using trimmomatic (http://www.usadellab.org/cms/?page=trimmomatic) tool. 

Finally sorted variants have been visually inspected using IGV-browser.  

CNV analysis from the NGS-data 

For CNV analysis, three linked regions on chr 1, 16 and 18 were focussed. The reads alignment 

data (sam file) were retrieved and their numbers was plotted on x-axis using R-tool’s hist 

function (https://www.r-project.org) wherein the y-axis represent the density of total number 

of reads. The idea is that if there is a polymorphic CNV-region at given location, the number 

of reads would be less or more compared to the normal 2n chromosome reads density. 

RNA Analysis 

RNA was extracted using TRI BD for blood and TRI reagent (Sigma) for tissues. cDNA was 

prepared using Oligo d(T17) primed/random hexamer (Thermo Fisher Scientific) and M-

http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.strand-ngs.com/
http://bio-bwa.sourceforge.net/
http://samtools.sourceforge.net/
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http://www.usadellab.org/cms/?page=trimmomatic


 

 

MuLV-RT (MBI-Thermo Fisher Scientific) and used for RT- as well as qPCR using desired 

primers (Table S1).and 1x SYBR Green PCR mix (Thermo Fisher Scientific) for qPCR.  

Cell culture and transfection  

COS-7, HEK293T and Neuro2A cells were grown at 37oC in 5% CO2 atmosphere in DMEM 

(Sigma), supplemented with 10% fetal bovine serum and 1x antibiotics (HiMedia). While 

Turbofect transfection reagent (Thermo Fisher scientific) was used for transfection in 

luciferase assay, Fugene (Promega) was used for exon-trapping. The cells were harvested 

after 36 (Luciferase) and 48 (exon trapping) hours post transfection.  

Exon-trapping to check alternative splicing 

DNA was amplified using forward primer with BamHI and the reverse with NotI adaptors 

(Table S1 for primer sequences) and cloned in pSPL3 exon-trapping vector followed by 

screening for normal and mutant transcripts using AvaI site (present in normal) and sequencing. 

Untransfected COS-7 cells were used as negative control. Gross transcript size was checked on 

agarose gel running RT-PCR products using vector specific RT-primers (pSPL3_RT, Table 

S1).  

Dual-luciferase assay to check miRNA binding 

Appropriately designed normal and mutant oligos for both top and bottom strand (Table S1 

mentioned as NOL4_miRNA_NT, NOL4_miRNA_NB, NOL4_miRNA_MT, 

NOL4_miRNA_MB) were denatured in boiling water bath for 10 min and annealed by cooling 

to room temperature. The oligos were cloned in both normal and reverse complimentary 

orientation in pmirGlo dual luciferase vector (Promega). A non-specific sequence 

encompassing IRF6 enhancer was amplified and cloned to serve as control. Clones were 

confirmed by sequencing. Neuro2A cells were transfected using different sets of clones and 

co-transfected with miRNA (hsa-miR-4796-5p: purchased from Ambion). For control a non-

silencing RNA construct was co-transfected with the normal and mutant clones. After 36 hours, 



 

 

cells were lysed using passive lysis buffer (Promega) and luciferase activity was measured 

using dual-luciferase assay kit (Promega).For testing the effect of miRNA on transcription, 

Neuro2A cells were transfected with, hsa-miR-4796-5p (Negative control-Untransfected cells) 

and harvested after 48hrs for RNA extraction and cDNA preparation. NOL4 expression was 

tested with qPCR (Table S1 for primer sequences). Fold change was calculated as per 

(Schmittgen and Livak 2008). 

Repressor binding at intron1 variant of IRF6 

The PCR-amplified intron1 variant containing fragments were amplified using specific primers 

(Table S1; IRF6_Luc_F and IRF6_Luc_R) and cloned into pGL3-promoter vector using 

HindIII and NcoI sites. Mutant specific clone along with one wild type clone and empty vector 

as a control was transfected in HEK293T cell line. pCMV beta-gal (150 ng) was also co-

transfected as an internal control. Equal amount of protein from total cell extract was used to 

measure the luciferase activity and was further normalized with beta-gal activity.  

Bioinformatic and statistical methods 

Genotype-input files were generated through the ‘Integration of Genotypes from Genechips’ 

(IGG) program, and linkage analysis was performed using Merlin software. NGS data was 

analyzed on Avadis platform. MatInspector was used to check the transcription factor binding 

to the normal and mutant sequences. Densitometric analysis was carried out by AlphaEase 

software. Mean values with their standard deviations in respect of replicate experiments were 

calculated and statistical significance of differences was analyzed with t-test using the Sigma 

Plot software. 

Results 

Family-1 

IRF6 and GRHL3 are not the candidates for VWS 



 

 

The coding region of IRF6 gene in this family had earlier been Sanger sequenced in 4 members, 

and barring a variant [rs861019-global minor allele frequency (MAF) of 0.38] in homozygous 

condition in both affected and unaffected members, no other mutant was discovered (Ali et al. 

2009a). While embarking on the present study, we cross-checked the earlier results and Sanger 

sequenced more members of this family (4 affected, 4 unaffected) and also included the 

enhancer region of the gene (MCS-9.7=607bp). We not only confirmed occurrence of the 

variant reported earlier but also the common variant G820A (rs2235371) of IRF6 which too 

did not exhibit an association with the syndrome. Similar approach was taken for the other 

known candidate gene, GRHL3, whose entire coding region was sequenced in 4 affected and 4 

unaffected individuals. The two variants (rs11576645-MAF of 0.15 and rs12031179-MAF of 

0.27) were found in heterozygous form in both affected and unaffected individuals of the 

family.  

These studies indicated that both the known candidate genes were not causing VWS in 

this family. We therefore took recourse to 10K SNP microarray analysis (Affymetrix, USA) in 

3 affected and 1 unaffected members of the family. The highest LOD score was 2.4, seen on 3 

chromosomes: 1q31.3-q42.2, 16q23.1-q24.4 and 18q11.2-q21.2 (Figure 1D-G). For narrowing 

down of the mapped regions, linkage was attempted through 15 microsatellite markers from 

the 3 high LOD regions on chromosome 1, 16 and 18. The analysis was partly complicated by 

the non-informative homozygosity of the markers and presence of stuffer bands in the gels. In 

case of the latter, amplified products for some of the markers were eluted and sequenced to 

confirm the particular allele. The only informative polymorphic marker seen was on chr16 

(D16S538) which could indicate the linkage with VWS. Hence whole genome sequencing was 

done in 4 individuals and IRF6 and GRHL3 genes were carefully examined even in the intronic 

regions. There was no heterozygous variant seen in IRF6. However, one variant of GRHL3 in 

intron15 (rs12031179-MAF of 0.27) was found in both affected and unaffected members of 



 

 

the family. We also checked whether there was a case of copy number variation in IRF6 as 

well as 3 high LOD regions and that too was not seen (Figure 3).  

Having exhausted the possibility of finding a variant in IRF6 as the candidate for VWS 

in this family, we studied its expression in blood, the tissue in which it is expressed. RT-PCR 

carried out using cDNA of the affected and unaffected individuals showed its expression in all 

the individuals with no difference between the affected and unaffected (Figure 4A, B).       

Mutation in NOL4 gene associated with VWS  

Having exhausted the possibility of finding a causal variant in IRF6 and GRHL3, and having 

found three regions with equally high LOD score (2.4) on 3 chromosomes: 1q31.3-q42.2, 16 

q23.1-q24.4 and18 q11.2-q21.2 (Figure 1D-G), our subsequent study was directed towards the 

data obtained from the whole genome sequencing.   

DNA from 3 affected and 1 unaffected individuals (II-4, III-7, III-8 and III-9) was 

subjected to genome sequencing on Illumina sequencing platform with paired-end reads with 

a coverage depth range of 10X to 18X, objective being to comb for the candidate gene through 

the high LOD regions. The genome was scanned using Avadis and BWA for reads alignments 

as well as variant calling. Considering that VWS was an autosomal dominant disorder in which 

unaffected individuals would be homozygous for the wild type and the affected would be 

heterozygous, variants that were common to both sets of analyses and co-segregated with the 

disease were selected. The exonic variants that showed frame-shift, stop gain, stop loss or novel 

or rare variants were tracked, leading to 2 novel (3`UTR of KCNK12 and FAM172BP) and 2 

rare variants (3`UTR of ITPRIP- rs575970375 and a stop-gained variant in OR4A16-

rs116924453). Since these variants were on different chromosomes, and discordant with the 

high LOD regions they were excluded from further consideration. Restricting the analysis to 

high LOD regions, initially all the genic-region-variants (exons, 5`UTR and 3`UTR, splice site, 

downstream and upstream of the genes) were short listed. The list was further shortened by 



 

 

excluding functionally incompatible genes (ELF3, PKD1L2, TRAPPC8 and CCDC68). Thus 

13 gene variants were included for further analysis, in silico to begin with, which revealed that 

none of the genic region variant was novel, and occurred in relatively high frequency in 

disparate populations (Table 2). All the selected genes from the high LOD regions were 

genotyped in entire family by Sanger sequencing to identify the variants co-segregating only 

with the disease phenotype which yielded two variants (genes CDH2 and RPL7AP67), both 

from within the region 18q11.2 and 18q21.218 (Figure 1A and Table S2), However, since the 

global frequency of both these variants in population was high, all the genes within this region 

were additionally screened for intronic variants leading to two more variants, one each in the 

genes NOL4 and DCC (Table 2). Of these only NOL4 variant co-segregated with the disease 

(Figure 1A and Table S2). Thus variants in CDH2, NOL4 and RPL7AP67 (located within 

18q11.2 and 18q21.2) showed linkage disequilibrium (LD) with VWS (Figure 1A). These 3 

variants were present in all the affected individuals in heterozygous form, except that CDH2 

variant in I-1 was homozygous. Global population frequency of NOL4 variant is very low 

(frequency 0.0008) as compared with the other two (Table 2). When tested in our control 

population (n=268), NOL4 variant was absent while CDH2 and RPL7AP67 variants occurred 

in the controls both in heterozygous and homozygous form (data not shown). Apparently, 

NOL4 is the most plausible candidate for VWS in this family. 

NOL4 is expressed during lip and palate development 

Information on the function of NOL4 is rather limited. In mouse it is expressed only in adult 

testis and in fetal and adult brain (Ueki et al. 1998). In human, it is believed to be a tumor 

suppressor gene (Wang et al. 2008). We tested NOL4 expression in lip/palate region of 12.5 & 

13.5 dpc mice as well as in an 8 week old aborted human fetus, keeping adult mouse brain and 

testis as positive controls. NOL4 expressed in all the examined tissues of mouse and man 

(Figure 5A). However, it did not express in the surgically corrected lip and palate tissues of 



 

 

sporadic NSCL±P children (n=16), and blood of affected and unaffected family members 

(Figure 5A and B). Thus NOL4 expression during facial development in mouse as well as 

human was confirmed. 

NOL4 mutation does not create an alternative splice site 

Different splice-site prediction tools indicated that the intronic C>T variant in intron4 of  NOL4 

created a weak splice site which could lead to alternative splicing resulting in a transcript 1.9 

kb larger than in the normal case. This possibility was tested through exon-trapping strategy. 

The region spanning intronic mutation, exon5 and exon-intron junction was PCR amplified, 

cloned into pSPL3 vector and transfected in COS7 cells. RT-PCR using vector-specific primers 

confirmed trapping of the exon (vector specific-187 bp and after exon trapping-320 bp), but 

the expected alternatively-spliced product (~2 Kb) with the variant was not obtained (Figure 

5C), negating alternative splicing as the cause of VWS in the family.  

miRNA (Hsa-miR-4796-5p) binds to NOL4 mutant 

miRbase online tool suggested that NOL4 intronic mutation created a binding site for miRNA 

hsa-miR-4796-5p (expressed in brain) which could down-regulate NOL4 expression. This 

possibility was tested through a luciferase expression assay for normal and mutant fragments 

cloned into pmirGlo Dual-Luciferase vector. Activity of the mutant was 43% lower than in the 

only vector and different kinds of negative controls (p<0.001) (Figure 5D). Curiously, even in 

the wild-type DNA construct the activity was 27% lower than the only vector clone, though it 

was significantly higher than in the mutant (Figure 5D). Effect of the miRNA on endogenous 

gene expression was tested by transfecting Neouro2A cell line (expresses NOL4) with 100 and 

200 pm of miRNA. The qPCR assay revealed four-fold decline in the expression of NOL4 

transcript in the miRNA treated cells; the level of reduction being the same for both the 

concentrations (Figure 5E).  



 

 

It implies that the intronic mutation-induced miRNA binding site could repress NOL4 

expression which could adversely affect lip and palate formation causing VWS. 

Family-2 

DNA of all the family members except III-7 and III-8 was utilized (Figure 2). Sequencing of 

the entire coding regions of GRHL3 and IRF6 (along with the enhancer region that harbours 

rs642961) did not yield a variant in LD with VWS in both the genes.  

Hence, GWLA was performed on majority of the family members using SNP 5.0 microarray 

(Affymetrix). IGG and Merlin were used for data analysis but no locus yielded LOD score 

≥2.0. Manual analysis of the data using excel utility exhibited 3 SNPs rs2772227 (location 

1q32.1; MAF-0.16), rs12087028 (1q32.3; MAF-0.16) and rs559791 (1q42.2; MAF-0.14)) that 

co-segregated with the disease. Since, IRF6 is located within this region (1q32.2), we refocused 

on IRF6 sequence including the intronic and 3’ UTR regions and obtained a haplotype of 3 

variants (intron1 A>G, rs2235377; intron 8 C>T, rs2073485 and 3`UTR G>A, rs1856161) that co-

segregated with VWS (Figure 2). Since global MAF of these SNPs is 0.13, 0.29 and 0.13, respectively, 

we tested their frequency in our population. The MAF of rs2235377 (0.08) and rs1856161 (0.02) was 

distinctly lower than the global frequency while rs2073485 was much higher (0.37). The ACG/GTA 

genotype was not found in the control population (Table S3), indicating GTA as the “risk” haplotype 

in this family. However, an unaffected mother (II-1), who came from a different genetic lineage 

and one of her unaffected child (III-4) were also heterozygous for GTA haplotype (Figure 2) 

while her affected child (III-3) was homozygous for this haplotype. To distinguish between the 

parental haplotypes in progeny one synonymous variant in exon5 (T>G rs2013162) was located 

that occurred as TG in the mother (II-1) and TT in the father (II-2). Its distribution in the 

children (III-1 TG, III-2 TG, III-3 TT and III-4 TT) revealed that GTA haplotype in the 

unaffected (III-4) child came from mother. In the affected children it was invariably paternal 

(Figure 2). T allele in ATG haplotype of the unaffected III-10 likely originated anew in this 

individual.  



 

 

Inhibition of IRF6 expression level in affected individuals 

The intron1 variant A>G, rs2235377 creates a mutant allele-specific binding of a repressor 

(Glucocorticoid receptor-IR2: analyzed with MatInspector), IRF6 expression was tested in 

blood samples of 4 affected and 8 unaffected family members by Real Time PCR. The 

transcript level in the affected individuals (genotype GTA/ACG) was 2.27 fold lower than in 

the unaffected individuals (genotype ACG/ACG) (Figure 6A) indicating GTA haplotype-

mediated lowering of IRF6 activity in this family.  

Intron1 variant creates a putative transcription repressor binding site 

The enhancer/repressor activity of rs2235377 was tested by luciferase assay using pGL3-

promoter vector. Three clones were used in the study: (1) wild type - having no mutation (2) 

het - having both wild type and mutant fragments and (3) mutant - having mutant fragment. 

Compared with the wild type, het and the mutant showed significantly lowered activity (Figure 

6B). Curiously, the activity level in the het clone was much lower (25.6% of the wild type) 

than of the mutant one (68.8% of the wild type) (Figure 6B).  

Discussion 

Van der Woude Syndrome is a good model to unravel the genomics of CL±P. IRF6 and GRHL3 

have been identified as the genes in >75% VWS cases. In this study, genome wide linkage 

analysis of two large VWS families found no causal mutation in the coding regions of both 

these genes which is consistent with the earlier reports on IRF6 from this region (Ali et al. 

2009a; Moghe et al. 2010). Instead, association of an intronic mutation in NOL4 in family-1 

and a haplotype of variants from the noncoding region of IRF6 in family-2 were found.  

Family-1  

Screening of IRF6 and GRHL3 by targeted sequencing and whole genome sequencing ruled 

out the possibility of IRF6 and GRHL3 as candidates for VWS. Interestingly, expression study 

of IRF6 on blood of affected and unaffected individuals strongly shows its non-involvement in 



 

 

VWS in this family (Figure 4). Through extensive process of genomic filtering through micro-

array, microsatellite and NGS, we could short-list NOL4 as the candidate gene which belongs 

to a family of nucleolar proteins functioning as a tumour suppressor in human (Wang et al. 

2008). Since cellular proliferation, migration, apoptosis etc. are processes common to cancers 

and the development of lip and palate, and the fact that NOL4 expresses in the lip and palate 

during development in mouse and human (Figure 5A) enhances the likelihood of its 

involvement in orofacial differentiation. Thus NOL4 could be a candidate for VWS/CL±P, but 

the variant in this family, belongs to an intron. Though intronic, the mutant creates site for 

alternative splicing and also binding of miRNA (hsa-miR-4796-5p: expresses in brain). Exon 

trapping experiment eliminates alternative splicing as a possibility (Figure 5C) but the 

luciferase expression assay  following miRNA binding shows significant repression of NOL4 

in the mutant allele (Figure 5D). Marginal lowering of the expression in the wild type construct 

also is not surprising since there is just one nucleotide difference between the two constructs 

and there is no selection pressure in this in vitro assay. 

Since NOL4 is a nucleolar protein its causal role in face development is unclear. Perhaps 

a NOL-4 knock-out experiment in mouse would prove decisive in establishing it as a candidate 

gene which remains a limitation of this study. The fact that the microarray analysis threw up 

three possible regions with similar LOD score, and the NGS analysis was restricted mainly to 

these 3 regions, a slim possibility of missing another gene for VWS cannot be discounted. 

Nevertheless, the demonstration of significant lowering of NOL4 activity in the mutant 

functional assays and its expression during lip/palate development (not checked in skin) is 

substantive evidence to accept this variant in NOL4 causal for VWS in this family. 

Family-2 

Although no coding region mutation is observed, a haplotype comprising variants from 

non-coding region of IRF6 is in LD with the affected individuals in this family. None of the 



 

 

three variants is individually a risk factor for NSCL±P but their frequency, especially of 

rs2235377 (intron1) and rs1856161 (3`UTR) in the population from this region is rather low. 

Zuchhero et al. (2004) in their extensive study on different ethnic populations, especially 

Philippinos, had identified rs2235377 and SNP 820G>A (rs2235371) in IRF6 jointly as a risk 

factor for NSCL±P. Many studies, including from India (Ali et al. 2009b) have found 

association of rs2235371 with NSCL±P (Park et al. 2007; Salahshourifar et al. 2011), though 

as a weak association. In a relatively large scale study from Honduras in Central America, 

Diercks et al. (2009) found that rs2235377, rs2235371 and rs1856161 as a haplotype show 

strong LD for NSCL±P, of which rs2235377 and rs1856161 appear stronger risk factor than 

rs2235371. Association of these variants as a haplotype has also been shown in Malayan 

cohorts (Salahshourifar et al. 2011). These findings confirm that IRF6 is an effective risk factor 

in NSCL±P, not only because of a specific causal mutation but also because of haplotypic 

association of more than one variant. In VWS, IRF6 is considered the causal gene due to single 

mutations in the coding region. In the present case, therefore, considering that there is no 

ambiguity about the clinical phenotype of the patients, the most plausible conclusion is that 

IRF6 haplotype is causal for VWS. It is also relevant that the variants seen in the family are 

the same that are proven as risk factors for NSCL±P in different populations. However, since 

frequency of the new variant, rs2073485, in the population is high, it appears to be neutral in 

effect. It is also to be seen that the G80A, rs2235371, which is an independent risk allele occurs 

as GG homozygote, in all the individuals providing an added effect in the development of the 

phenotype. It should however be noted that two individuals (a mother II-1/son III-4 duo) in the 

family despite having the same haplotype were unaffected. In addition, an affected child (III-

3) is homozygous for this haplotype with no visible aggravation in the phenotype. The 

unaffected mother was heterozygous for the risk genotype and had come from outside the VWS 

family. We verified that the unaffected child received this haplotype from the mother while all 



 

 

those affected were recipients from the paternal side. It raises the possibility of this locus being 

maternally imprinted. Several of the earlier reports on IRF6 transmission and its manifestation 

as VWS or NSCL±P have often discussed the possibility of imprinting or epigenetic 

modulation of its effect but have run short of providing statistically significant association with 

the disease (Wu et al. 2010). Even though there is no documentary evidence to confirm, 

epigenetics remains a plausible mechanism to explain the genotype-phenotype disparity in this 

family. Also, we suggest that the low LOD score of this family in the microarray data could be 

because the “risk” haplotype was also the “non-risk” in certain members of the family.  

Briefly stated, this paper is an attempt to approach the genomics of NSCL±P through 

the analysis of VWS cases. NOL4 emerges as a new candidate gene for VWS, and also shows 

importance of an intronic variant in gene function. This work also confirms the role of a known 

IRF6 haplotype, which down-regulates its expression, as a causal gene for VWS, and raises the 

possibility of epigenetic regulation of IRF6 expression that needs to be confirmed. It also 

provides example that VWS phenotype may occur even when more than one variant come 

together on the same chromosome, if functionally they cause haploinsufficiency. And for the 

first time the expression assays both in vitro and in the individuals clearly demonstrate that this 

variant haplotype significantly lowers the expression level of IRF6. It is interesting that a part 

of IRF6 intron1 including the mutation could bind to a repressor thereby lowering its 

expression as indicated in silico and demonstrated by the luciferase assay. 
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Figure legends 

Figure 1. Pedigree of family-1 with clinical manifestations for VWS and linkage analysis A: 

Part of pedigree of the VWS affected family from Jharkhand and Bihar region of India. The 

proband is indicated by an arrow, filled symbols represent affected individuals whereas clear 

ones are unaffected. Genotypes of individuals for CDH2, RPLA7P67 and NOL4 variants, 

showing co-segregation, are given below the individual ID. B: Patient II-1, aged 40 years, has 

complete left cleft lip, alveolus, palate and lower lip pit. C: Patient III-1, aged 14 years, shows 

complete right cleft lip, alveolus, palate and 2 lower lip pits. D-G: High LOD regions obtained 

from microarray result using Merlin software.  



 

 

 

 

Figure 2. Pedigree of family-2 (from Uttar Pradesh, India) with clinical manifestations for 

VWS and genotypes of IRF6 variants. Blood samples from individuals III-7 and III-8 were not 

available to us. Patient II-7, aged 39 years, has complete right cleft lip, alveolus, palate and 

lower lip pit and Patient III-15, aged 1 year 4 months, shows complete left cleft lip, alveolus, 

palate and lower lip pit. Genotype for each three variants of IRF6 is mentioned below the 

individual ID which is co-segregated with the disease.  

 



 

 

 

 

Figure 3. Analysis of NGS-data with respect to copy number variation for 3 high LOD regions 

showing no variation in affected and unaffected individuals of family  

 



 

 

 

 

 

Figure 4. Expression study of IRF6 transcript level by RT-PCR on family-1 A: Agarose 

electrophoresis gel image showing 206 bp amplicon of part of IRF6 transcript in blood of 

affected and unaffected individuals. Lane 1 is no cDNA control whereas lanes 2, 3 & 4 

correspond to blood of affected individuals and lanes 5, 6 & 7 correspond to the blood of 

unaffected individuals. B: Bar diagram showing no significant difference (p value=0.3) in 

transcript level of IRF6 in blood of affected and unaffected individuals.  

 



 

 

 

 

 

Figure 5. Expression of NOL4 by RT-PCR and testing of effect of NOL4 mutation on gene 

function by alternative splicing and miRNA binding A: Agarose electrophoresis gel image 

showing 157 bp amplicon of part of NOL4 transcript during lip and palate development in 

mouse and human. Lane 1 is a positive control using adult mouse brain. Lane 2 and 3 

correspond to lip/palate of 12.5 and 13.5dpc mouse embryos respectively whereas lanes 4 and 

5 correspond to the lip/palate tissue of 8 week old aborted human foetus and lip tissue of 

affected children. Lane 6 is no cDNA control. B: Agarose electrophoresis gel image showing 

no expression of NOL4 transcripts in lip/palate tissue of affected children (Lane 1-4) and in 

blood of affected (lane 5-6) as well as unaffected (lane 7-8) individuals of the family. Lane 9 

is no cDNA control. (NOL4 is expressed during development and its expression is not seen in 

blood from individuals of family and lip/palate tissues of born children with cleft). C: RT-PCR 

after transfection of COS7 cells with normal (lane 1 and 2) and mutant (lane 3 and 4) construct 

(using pSPL3 vector) to check alternative splicing. Lane 5 represents the transfection of empty 

vector whereas lane 6 and 7 are negative controls; lane 6 being no transfection control and lane 

7 is no cDNA control. Mutation specific alternative spliced transcript was not observed in 

mutant lanes as compared to normal lanes. D: Bar diagram showing significant decrease in the 

luciferase activity of the mutant construct (M-43%) when compared with empty vector control 

(pmirGLO). Normal construct also shows a minor decrease in the activity (N-27%). Different 



 

 

types of controls (Normal and Mutant in reverse complimentary orientation are labelled as 

N_rc and M_rc respectively, non-specific target as Non target and non-silencing RNA for 

normal and mutant are labelled as ns_N and ns_M, respectively) apart from empty vector were 

also used to validate the result. “**” and “*” indicates the significant value of p<0.001 and 

p=0.03 respectively. E: Real time PCR analysis to assess the effect of hsa-miR-4796-5p on 

endogenous NOL4 expression. There was almost 4 fold reduction in NOL4 expression using 

two different concentrations of miRNA. “*” indicates the significant value of p<0.01. 

 

 

 

 

Figure 6. Expression studies of IRF6 transcript level on family-2 A: Real time PCR result 

shows 2.27 fold reduced expression in individuals with mutant (GTA/ACG) haplotype as 



 

 

compared to wild type haplotype (ACG/ACG). * represents the significant value of p<0.01. B: 

Effect of intron1 variant on gene expression by luciferase assay. Bar diagram showing relative 

luciferase activity of intron1 variants of IRF6, * representing the p value (<0.001).  

 

 

 

 

 

Table 1. Clinical features of the affected individuals from both families 

Individual ID Clinical features Individual ID Clinical features 

Family-1 Family-2 

I-1 CU II-2 compBLCL/A/P, LP  

II-1 compLCL/A/P, LP II-4 CU 

II-2 Soft CP II-7 compRCL/A/P, LP 

II-4 CU, LP III-3 LP 

III-1 compRCL/A/P, LP III-6 Soft CP 

III-8 compLCL/A/P, CU III-7 LP 

III-9 compLCL/A/P, LP III-9 LP 

- - III-13 LP 

- - III-15 compLCL/A/P, LP 

- - III-16 Soft CP 
Note: CU-cleft uvula, compLCL/A/P-complete left cleft lip, alveolus and palate, LP-lip pit, Soft CP-

Soft cleft palate, compRCL/A/P-complete right cleft lip, alveolus and palate, compBLCL/A/P-

complete bilateral cleft lip, alveolus and palate 

Clinical features of individual Ids indicated in bold are mentioned in the respective figures (figure 1 

and 2) also. 

Table 2. List of variants distributed in three chromosome regions (chr 1, 16 and 18), co- 

segregated with the disease phenotype in three affected individuals as obtained by whole 

genome sequencing 



 

 

CHR  POSITION GENE LOCATION REF VAR dbSNP ID MAF 

chr1  201336641 TNNT2 upstream G A rs1892028 0.48 

chr1  212793849 ATF3 3`UTR A G rs1126700 0.048 

chr1  221912017 DUSP10 upstream C T rs4846349 0.273 

chr1  229733674 TAF5L downstream C T rs1444726 0.202 

chr1  229772693 URB2 non-syn-coding T G rs3811473 0.428 

chr1  230850083 AGT 5`UTR C T rs5049 0.190 

chr1  246580689 SMYD3 5`UTR AG A rs144557479 0.291 

chr1  246580718 SMYD3 upstream G A rs6673291 0.291 

chr16  89760492 CDK10 downstream C G rs465507 0.152 

chr18  25613439 CDH2 downstream  T G rs539075 0.463 

chr18  29793526 MEP1B splice-site C T rs335518 0.399 

chr18  32921195 ZNF24 upstream C A rs4799795 0.269 

chr18  32963796 RPL7AP67 genic C T rs11876796 0.332 

chr18  31675462 NOL4 intronic C T rs542602780 0.0008 

chr18  50319151 DCC intronic T C rs796217276 NA 

Note: MAF (Global minor allele frequency); REF: referent allele; VAR: variant allele 

 

 

Table S1. Primer/oligo sequences used in the study 

Primer/Oligo  Sequences (5`-3`) 

GRHL3_exon1_F 

GRHL3_exon1_R 

TCCATCCCTCCTCCCTCATC 

CCCAGGGAAACACTCACCTC 

GRHL3_exon2_F 

GRHL3_exon2_R 

ACTCTGAATTCCTGGGCGTT 

GCATGTCCAGAGGGGGTAGA 

GRHL3_exon3_F 

GRHL3_exon3_R 

GTGGGAAGGACTGGAGGGTT 

AAAGAGGCAGAGGGTGTTGG 

GRHL3_exon4&5_F CCCCTTTACCCCCAGAGAGA 

GRHL3_exon4&5_R CTGCTATGCTCTGGGGACAG 

GRHL3_exon6&7_F CCACTGCCCTCTAGGAGACT 

GRHL3_exon6&7_R GAGAGAGAGGGGAGCTGGAA 

GRHL3_exon8_F CCTCAAGTGGTCCCAGATCC 

GRHL3_exon8_R CTCGTCGGAGCAAATGACAC 

GRHL3_exon9_F AGCAGGCACACAGAAAGCTA 

GRHL3_exon9_R GGGTTTGGCCCTTCTACCTC 

GRHL3_exon10&11_F AGAAGGACCAGAAGCTTGGC 

GRHL3_exon10&11_R CCCACTGGTCTGTGCTAAGG 

GRHL3_exon12_F 

GRHL3_exon12_R 

CCCCACCTCCCACCAAAAAT 

CAGTGGGCATGGTACAGAGG 

GRHL3_exon13_F 

GRHL3_exon13_R 

GCTTTGCATCCACCCTTGTG 

CCCACCCCCAAGTCTTAACC 

GRHL3_exon14_F ACACCCCCACATAAGCACAG 

GRHL3_exon14_R TTATGGTGTGTGCGACTCC 

GRHL3_exon15_F AAATCTAGCGTGGGCAGCAG 

GRHL3_exon15_R TGTCTCCCACTCCCATCCTT 

GRHL3_exon16_F 

GRHL3_exon16_R 

ACTCCATGCCTTTGTCCCTG 

AACTGTCATGTGGGCCTCAG 



 

 

D1S1189_F 

D1S1189_R 

CCTGACTAACACGGAGAAAC 

GTAGACTGTTAAAAGAAGAGC 

D1S1181_F 

D1S1181_R 

GTGACAGAGCAAAACTCTG  

CCTGGCCTTTCTTTTTAAAAAA 

uniSTS-88317_F 

uniSTS-88317_R 

GAAGTCCAAGACAAACAGTCCC 

AGGTCCCTGGTTGTATGTTCC 

D1S225_F 

D1S225_R 

GAGGCCTGGTAAAAAGTGAT 

AGCAAGACTCCATCTCTAAATG 

D1S372_F 

D1S372_R 

CACACAGGCACATTCCCAT 

GCTTCTGGGGTTAGCCTTG 

D16S538_F 

D16S538_R 

CCACCCATTCCACAAATGAC 

AGTGAGCTGACATCCTGCC 

D16S684_F 

D16S684_R 

GGCCAAAAAAGCAGATTGG 

TGGAATTTGAGTGGCTTTCT 

D16S686_F 

D16S686_R 

GTTACAGTGAGCCGAGATC 

GGAGAGTGGGGTATAAAGCA 

D16S402_F 

D16S402_R 

TCTTACGTGGCTCTCTCGGA 

TTCCGATGCACAGAGTTGCT 

D16S488_F 

D16S488_R 

ATACAGACAGACAGACAGGTG 

AACCTAATGACACAGTTTCAAA 

D16S486_F 

D16S486_R 

GCCTGGGTGAGAGACTCTG 

CACTCCCCAAAATTCAGCTG 

D16S689_F 

D16S689_R 

GCCTGGGCGATAAGTGAGA 

TCACCACAACCCAAACATTC 

D18S819_F 

D18S819_R 

ACCACAGTTACTAAGATGTAA 

GCCTCCAGAAAAAATTTCCA 

D18S384_F 

D18S384_R 

GGGGAGGACAACATTGAAG 

TGTTTTGGTGTTTGGCCTTC 

D18S816_F 

D18S816_R 

TGTGCCTGGTCATGTACTAT 

AGTTTGTTGTTGGAATGTAGG 

TNNT2_F 

TNNT2_R 

CACAGGGCAGAAGCTGATGA 

CACAGCAGCTTTGGAGGAGA 

ATF3_F  

ATF3_R  

ATGGGCAGTATGATGGCAGG 

TAGACAGTAGCCAGCGTCCT 

DUSP10_F 

DUSP10_R 

GCTCTGCCCTTCTTCAAGGT 

AAAGGTAATGCCCCTGCTCC 

TAF5L_F 

TAF5L_R 

CCCTGCTCTGGACTATGGA 

TTCAGGCTGCTGTCATCTCC 

URB2_F 

URB2_R 

AGGTGCGATGCTGCCTTTAT 

ACAAGACCTGAGTCACGCTG 

AGT_F 

AGT_R 

AGATGCCAGAAGCGACAC 

GCCTAAGCAAGACTCTCC 

SMYD3_F 

SMYD3_R 

CTGGCCTTTCTGTTACAGCC 

TGACCCCCACCTAGAAACTG 

CDK10_F 

CDK10_R 

GCCGTGAAACCATCTCTGGA 

TACACACAGAAGCACCCACC 

CDH2_F 

CDH2_R 

TGCCTGTGTTTCAAAAGTGCC 

CAGCACAGCAGTTCTTCCCT 

MEP1B_F 

MEP1B_R 

CCTTGGCAACAAGCCACAAT 

TGTGCAATCCCTCATTCCCA 

ZNF24_F 

ZNF24_R 

CTGAGGCCATTTTGCAGTTA 

GGAGCGGAGATCCCTAAAAT 

RPL7AP67_F 

RPL7AP67_R 

CAGCCTCTGCTTCTCTTGCT 

CAGTCAGGGGTGCTCAGAAG 



 

 

F and R represents the forward and reverse primers used in the study 

Table S2. Genotypes of 12 different variants in different genes in individuals of the family-

1 considered in this case 

Individual ID I-1 II-1 II-2 II-3 II-4 II-5 III-1 III-4 III-5 III-7 III-8 III-9 

Disease Status Y Y Y N Y N Y N N N Y Y 

TNNT2 AA AA GA GA GA GA AA - GA GG GA GA 

ATF3 AG AG AG AG AG AA AG AG AA AA AG AG 

DUSP10 TT CT CT - CT CC CT CT CC CC CT CT 

TAF5L CT CT CT CT CT CT TT CC CT CC CT CT 

URB2 GG GG TG TG TG TG GG TT - TT TG TG 

AGT CT CT - CT CT CC TT - CC CC CT CT 

SMYD3 N H H N H N N H H N H H 

SMYD3 AA GA GA GG GA GG GG GA GA GG GA GA 

CDK10 CG CG CG CG CG CC CG CC CG CC CG CG 

MEP1B TT CT CT CT CT CT CT CT CC CC CT CT 

ZNF24 AA CA CA CA CA CA CA CA CA CC CA CA 

DCC TT TT TT TT TC TT TT TT TT TT TC TC 

Note: Presence and absence of disease is indicated below each individual as Y- present and N- not present. 

 

Table S3. Genotypic distribution of IRF6 variants in controls 

Intron1 (rs2235377) 

n=126 

Intron8 (rs2073485) 

n=105 

3`UTR (rs1856161) 

n=114 

AA: 109 

AG: 15 

GG: 2 

CC: 47 

CT: 38 

TT: 20 

CC: 110 

CT: 4 

TT: 0 

G allele frequency: 0.08 T allele frequency: 0.37 T allele frequency: 0.02 

NOL4_F 

NOL4_R 

AGACTTCAATGTGGACTGAC 

TGTACCTGACATTGTTCTAG 

DCC_F 

DCC_R 

GGAGGCTGGTTCAAACATG 

GGTAGAATCATGTGAGTGGTA 

ACTB (β-Actin)_F AAGAGAGGCATCCTCACCCT 

ACTB (β-Actin)_R TACATGGCTGGGGTGTTGAA 

NOL4_RT_F TGGTGACCAGCATGATTGACT 

NOL4_RT_R TTCACAGCTGACATCCGTGTT 

NOL4_splicing_F 

NOL4_splicing_R 

ATAAGAATGCGGCCGCAGAACAGAGGCTGTGACTTGA 

CGGGATCCGTCGGAAGAATGACAGCCCA 

pSPL3_RT_F 

pSPL3_RT_R 

TCACCTGGACAACCTCAAAG 

TGAGGAGTGAATTGGTCGAA 

NOL4_miRNA_NT 

NOL4_miRNA_NB 

NOL4_miRNA_MT 

NOL4_miRNA_MB 

GACTAGCTAGCTCTAATAACTGGCAGAATATGGACCTGATCTAGACTAGC  

GCTAGTCTAGATCAGGTCCATATTCTGCCAGTTATTAGAGCTAGCTAGTC 

GACTAGCTAGCTCTAATAACTGGCAGAATATAGACCTGATCTAGACTAGC 

GCTAGTCTAGATCAGGTCTATATTCTGCCAGTTATTAGAGCTAGCTAGTC 

IRF6_RT_F 

IRF6_RT_R 

AGCACCATGTTCCCATCCAG  

TGGGAGAGAGCTGATCCACA 

IRF6_Luc_F 

IRF6_Luc_R 

CCCAAGCTTGGGAGGGCTTCTGAGCTTTACCAG  
CATGCCATGGTGACACCACCATGATGAGGGA 



 

 

 

 

 

 


