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Abstract 

Background  Ventricular septal defect (VSD) is one of the common congenital heart malformations. Potential risk 
genes involved in the manifestation of VSD still need to be identified.

Methods  The whole exome sequencing was performed on 24 congenital heart disease (CHD) subjects, 19 with VSD, 
two with VSD-associated atrial septal defects (ASD), and three with tetralogy of fallot (ToF). Besides, data mining using 
two CHD databases, a knowledgebase for nonsyndromic congenital heart disease-associated risk factors (CHD-RF-KB), 
and CHDbase and PubMed using medical subject headings were performed to prioritize the genes for further analysis 
in our study. The functional effects of variations of the selected genes were assessed using prediction tools to check 
the variant pathogenicity. The protein–protein network was established to identify the interactions among the pro-
teins and their role in heart developmental pathways.

Results  The whole exome sequencing analysis identified 628 genes with variants of minor allele frequency < 1%. In 
addition, the data mining yielded 50 genes, and of these, 34 genes were common in our 24 CHD subjects with new 
variations. Of the 34 genes, 11 genes, such as DLC1, MTRR, EVC, HOMEZ, EPRS, HOXB1, MTHFD1, MTHFR, NOS3, TRDN, 
and TBX18 recurrently occurred in more than 15 CHD subjects. The variant, c.524C > T in MTRR​, recurrently occurred 
in nine CHD subjects, which resulted in the change of an amino acid from serine to leucine, suggesting a change 
in the functionality of the protein. Besides, four variations in GATA4 and one in TBX20 showed high pathogenicity 
scores. The protein–protein network showed high interactions among 26 transcription factors, and the TNNT2, MYL7, 
and ZFPM2 were the newly identified proteins in the network.

Conclusions  The present study identified 37 potential risk genes through exome sequencing and interaction net-
work analysis based on strong evidence from previously reported studies. From these genes, 176 variations were iden-
tified, of which 166 were newly reported from our samples, and 10 were previously reported, indicating that these 
are novel variants for the Indian population. Therefore, these genes and the variations can be a potential biomarker 
for creating the gene panel for CHD.
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Background
The cascades of gene regulations control heart develop-
ment. It is challenging to unravel the specific cause of 
heart defects due to the complex genetic trait. Congenital 
heart disease (CHD) is the leading cause of infant death. 
It is characterized by the abnormality in the function and 
development of the structure of the heart, affecting ~ 1% 
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of live births [1, 2]. The abnormal structural development 
of the heart leads to different types of CHD depending 
on the position of the heart. They are classified under 
three categories of CHD: left-sided obstruction defects, 
cyanotic heart disease, and septation defects [3]. The 
defects in valve formation, patterning of the great vessels, 
and septation are common in heart development [4]. The 
ventricular septal defect (VSD), one of the most preva-
lent septation defects of CHD, accounts for ~ 20% of the 
cases [5, 6]. Besides, in India, VSD is the most prominent 
type, occurring in 30 to 40% of children affected with 
CHD [7, 8].

Technological advancements and diagnostic techniques 
have detected disease conditions in the early stages of 
fetal development. Over the past two decades, next-
generation sequencing methods have evolved, allowing 
the rapid sequencing and analysis of the human genome 
within hours. Most of the causative variations in genes 
that code for transcription factors and other types of 
proteins play a major role in the specific cardiac develop-
mental process, and variants in > 400 genes are estimated 
to implicate in human CHD [2, 9, 10]. Identifying key 
genes that regulate the particular stages of heart devel-
opment is essential to deciphering the molecular archi-
tecture of heart development. The interactive networks 
of these risk genes in the molecular pathways of cardiac 
development are yet to be studied. Due to the limitations 
in identifying the genetic etiology of CHD, this study has 
employed whole exome sequencing (WES) to prioritize 
the VSD-specific genes. This study also allows for identi-
fying variations occurring in previously implicated non-
syndromic VSD-causing genes using text mining as one 
of the strategies. The in silico analysis using prediction 
tools and protein–protein interaction network analysis 
are utilized in this study to understand the CHD mani-
festation better. Here, we report the potential risk genes 
and the variants involved in nonsyndromic VSD-specific 
CHD.

Methods
Selection of subjects
Twenty-four CHD subjects, including two VSD-associ-
ated ASD, three ToF, and 19 VSD, were recruited for this 
study. The subjects were clinically diagnosed at Jayadeva 
Hospital and Cheluvamba Hospital, Mysuru. Subjects 
with a hole size of more than 3 mm were considered for 
whole exome sequencing. The consent of the subject/par-
ent/guardian was obtained before collecting the blood 
samples.

Selection criteria
The key inclusion criteria were: (1) clinically diag-
nosed VSD cases with X-rays, electrocardiograms, and 

ultrasonic echocardiograms, (2) the subjects includ-
ing both males and females, and (3) without restriction 
in the population selection with different ethnic groups. 
The size of the hole is more than 3  mm. The primary 
exclusion criteria were: (1) VSD cases without echocar-
diographic evidence and (2) syndrome-associated VSD 
cases such as Holt-Oram, DiGeorge, and all other types 
of associated syndromes.

Whole exome sequencing (WES) and data analysis
The WES of 10 CHD subjects was performed using the 
NextSeq 500 machine at the coverage of 100X. Later, the 
WES of 14 CHD subjects was performed using a Next-
Seq 550 sequencer (Illumina, Inc) with a 150 bp paired-
end sequencing kit as per standard manufacturer’s 
guidelines at the coverage of > 70X. The raw data were 
collected in FASTQ format, which was then aligned, 
and variant calling was performed using Strand NGS 
and BaseSpace Variant Interpreter software, which had 
built-in algorithms with statistical significance. The vari-
ant annotation was performed using the wANNOVAR 
software tool with information on gene variation, protein 
functional predictions, and allele frequencies. The allele 
frequency of variation < 0.05% in the population and the 
synonymous variations  were excluded.

Data mining for the VSD reported gene list
The genes reported for nonsyndromic VSD were col-
lected using a knowledgebase for nonsyndromic congeni-
tal heart disease-associated risk factors (CHD-RF-KB) 
[11] and CHDbase [12] databases. Text mining was also 
performed through PubMed using medical subject head-
ings (MeSH) such as “Heart defects, Congenital”. We 
have considered the studies published from the year 2000 
to April 2024. The articles were thoroughly examined to 
select the genes with their variations. The relevant articles 
were extracted based on the criteria from the database, 
and a critical examination of the articles was carried out. 
Primarily, the titles of each article were assessed to deter-
mine their relevance to this study. Later, the abstracts and 
full texts were retrieved for further examination.

In silico analysis
The reported genes with their variations for the nonsyn-
dromic VSD were analyzed in silico to determine their 
possible effects on protein function using five predic-
tion tools, sorting intolerant from tolerant (SIFT) [13], 
https://​sift.​bii.a-​star.​edu.​sg/​www/​SIFT_​seq_​submi​t2.​
html;​Mutat​ionTa​ster, MutationTaster [14], https://​www.​
genec​ascade.​org/​Mutat​ionTa​ster2​021/#​chrpos; polymor-
phism phenotyping version 2 (PolyPhen2) [15], http://​
genet​ics.​bwh.​harva​rd.​edu/​pph2/; MutationAssessor 
[16], http://​mutat​ionas​sessor.​org/​r3/; and Combined 

https://sift.bii.a-star.edu.sg/www/SIFT_seq_submit2.html;MutationTaster
https://sift.bii.a-star.edu.sg/www/SIFT_seq_submit2.html;MutationTaster
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annotation-dependent depletion (CADD) [17], https://​
cadd.​gs.​washi​ngton.​edu/​snv. The protein sequences in 
FASTA format, the position of substitution of amino 
acids, chromosomal number, and location of the varia-
tion were taken as input data. The SIFT score of 0.05 or 
less is deleterious; greater than 0.05 is signified as a toler-
ated variation. PolyPhen2 is used to predict the effect on 
the structure and function of protein due to the amino 
acid substitution using inbuilt information from different 
databases and tools. Each amino acid substitution pro-
vides the qualitative predictions as ‘possibly damaging’, 
‘probably damaging’, ‘benign’, or ‘unknown’ in the 0 to 1 
score range. The cutoff score of 0.5 is considered for Poly-
Phen2, and scores equal to or greater than 0.5 are consid-
ered deleterious. MatationTaster uses different prediction 
models to categorize nonsynonymous single nucleotide 
variants (nsSNVs) into binary predictions, such as delete-
rious or benign, and present the information associated 
with the given variant. The MutationAssessor helps to 
predict the impact of amino acid substitutions on protein 
function, which assesses the effect of amino acids in pro-
tein homologs depending on the evolutionary conserva-
tion. It indicates the functional impact score of variants 
as ‘high’, ‘medium’, ‘low’, and neutral. CADD tool predicts 
the deleteriousness of SNVs by integrating multiple anno-
tations, and Phred style CADD scores are displayed with 
a cutoff point of 20. The variants showing higher scores 
(> 20) are predicted as deleterious, whereas the low score 
(< 20) signifies less pathogenicity.

Protein–protein interaction network analysis
The proteins of the listed genes were considered input 
for Cytoscape version 3.10.2 using the STRING app. 
STRING works with an inbuilt curated knowledge base 
that includes automated scientific literature data min-
ing, co-expression predictions, databases of interaction 
experiments, and pathways from curated sources [18]. 
The network was developed for the identified risk genes 
to check their confidence in their interaction with each 
other.

Results
Whole exome sequencing data analysis
Identification of genes reported in 24 CHD subjects
The genes having different types of variations, including 
synonymous, nonsynonymous, frameshift insertion and 
deletion, nonframeshift insertion and deletion, stop gain, 
stop loss, and start loss, were identified from the 24 CHD 
subjects. Initially, we identified about 29,685 genes with 
overlaps, and after removing the overlaps, 16,369 genes 
were identified. The commonly used heuristic filtering 
methods, including allele frequency, prediction tools, and 
exclusion of synonymous variations, yielded 628 genes. 

Of the 628 genes, 508 genes were found in VSD sub-
jects, 48 genes were found in ToF subjects, 70 genes were 
found commonly between VSD and ToF subjects, and 
two genes were found in VSD-associated ASD subjects. 
Of the 628 genes, 408 were found with nonsynonymous, 
76 with stop gain variations, 38 with nonframeshift dele-
tion, 35 with frameshift deletion, 26 with nonframeshift 
insertion, 17 with frameshift insertion, seven with stop 
loss, and five with strat loss variations. The percentage-
wise categorization of 628 genes based on their occur-
rence with different types of variations is shown in Fig. 1.

Identification of VSD candidate gene list and comparison 
with our WES data
The candidate VSD-specific gene list approach was 
implemented in this study to identify potentially patho-
genic variations in VSD genes that had been previously 
reported to cause CHD. The text mining using PubMed 
and two CHD databases using stringent criteria yielded 
50 nonsyndromic VSD-specific genes. When compared 
with our 24 CHD subjects’ WES data, 43 common genes 
were identified. Of these, 34 genes showed different 
types of variations, which are represented in Table 1. The 
remaining nine genes had synonymous variations in 24 
CHD subjects excluded in this study. Of the 34 genes, 14 
coded for transcription factors, seven for enzymes, five 
for other proteins, four for ligands, and four for receptors. 
About 15 genes from these were found in > 50% of our 
samples. Of these, DLC1 and MTRR​ recurrently occurred 
in 18 CHD subjects. Of the 34 genes, eight genes, includ-
ing EPRS, EVC, GATA4, HOXB1, IL27, MTHFD1, MTRR​, 
and NOS3, with ten variations, were reported in previous 
studies. The allele frequency of < 1% of variations in eight 
genes was checked in 1000genome, Exome Aggregation 
Consortium (ExAC), and Genome Aggregation Database 
(GnomAD), which are highlighted in Table 1.

Of the 10 common variations, five were found in both 
VSD and ToF subjects. Of these, the p.D298E in NOS3 
was found in 15 CHD subjects, including 12 VSD and 
three ToF subjects. Similarly, the p.D308E in EPRS 
was found in 14 CHD subjects, including 11 VSD and 
three ToF subjects. The p.S175L in MTRR​, p.R653Q 
in MTHFD1, and p.Q103H in HOXB1 were found in 
six, six, and four VSD and three, two, and one ToF sub-
jects, respectively. The remaining four variations were 
found only in VSD subjects, including p.R576Q in EVC, 
p.S377G, p.P407Q, and p.P408Q in GATA4, and p.S59A 
in IL27 in three, one, and one subject, respectively.

Table 1 also reveals the genes with variations that are 
common between VSD and TOF as well as VSD and 
VSD-associated ASD subjects. Of the 34 genes, 20 genes 
with variations were common between ToF and isolated 
VSD subjects. The variations, c.524C > T and c.605C > T 

https://cadd.gs.washington.edu/snv
https://cadd.gs.washington.edu/snv
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in MTRR​, were found in all three ToF subjects and six 
isolated VSD subjects. Similarly, three genes were found 
to be shared between VSD-associated ASD subjects and 
isolated VSD subjects. The variation, c.4G > C in MESP1, 
was found in two VSD-associated ASD subjects and four 
isolated VSD subjects.

Variations identified in 34 genes
Of the 34 genes, we found nine genes with frameshift and 
nonframeshift deletion and insertion variations. Of the 
nine genes, six genes with frameshift deletion, two with 
nonframeshift deletion, one with frameshift insertion, 
two with nonframeshift insertion, and five with stop gain 
variations were observed. This categorization of genes 
based on the presence of different types of variations is 
shown in Fig. 2A. The MESP1 is one of these genes found 
with three frameshift insertions in six different VSD sub-
jects. The nonsynonymous variations were found in all 34 
genes. Besides, DLC1 and MTRR​ were found to have 20 
nonsynonymous variations. In HOMEZ, we found four 
different types of variations, including nonsynonymous, 
frameshift deletion, nonframeshift deletion, and stop 
gain, showing 17 variations.

The nonsynonymous variations were found in the 
highest number of our samples, and some of these vari-
ations reoccurred in more than 10 CHD samples. The 
c.266  T > C, c.455  T > C, and c.596  T > C variants in 
BMP4 were found recurrently in 11 CHD subjects, 
including 10 VSD and one ToF. The DLC1 with variation 
c.762A > C was observed in 16 CHD subjects, includ-
ing 14 VSD and two ToF, and c.779C > T in DLC1 was 
observed in 17 CHD subjects, including 14 VSD and 
three ToF. The variation, c.794A > G in HOXB1, was 
found in 14 CHD subjects, including 11 VSD and three 
ToF. The variation, c.401A > G in MTHFD1, was observed 
in 15 CHD subjects, including 13 VSD and two ToF. The 
variation, c.142G > A in TBX18, was found in 15 CHD 
subjects, including 12 VSD and three ToF. The varia-
tions, c.17 T > C and c.65 T > C in TDGF1, were found in 
14 CHD subjects, including 12 VSD and two ToF. Also, 
the variations c.1316  T > G and c.1313  T > G in TRDN 
occurred in 16 CHD subjects, including 13 VSD and 
three ToF. These 12 nonsynonymous variations in seven 
genes were the newly found variations in our analyzed 
exome data. The distribution of variations in 34 genes 
and the reoccurrence of these genes across 24 WES CHD 
subjects are shown in Fig. 2B.

Fig. 1  The percentage-wise categorization of 628 genes based on their occurrence with different types of variations in 24 CHD samples. The 
628 genes were found with different types of variations, such as nonsynonymous, frameshift deletion and insertion, nonframeshift deletion 
and insertion, stop gain, stop loss, and start loss
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Table 1  Description of 34 genes with variations identified in whole exome sequenced data of 24 CHD subjects

S. no. Gene symbol Variation detail Type of variation CHD types (No. of samples) 1000genome ExAC GnomAD

1 ACE c.38_39insGCT​GCC​, p.L18_
L19insPL

Nonframeshift insertion VSD (1) 0.02 0.0601 0.0111

c.1259 T > C, p.I420T Nonsynonymous VSD (1) 0.0008 0.0002 0.0002

c.1136G > A, p.R379Q; 
c.2858G > A, p.R953Q

VSD (1) 0.0024 0.0013 0.0011

2 BMP4 c.30_33del, p.R12Afs*13 Frameshift deletion VSD (1) – – –

c.266 T > C, p.V89A; c.455 T > C, 
p.V152A; c.596 T > C, p.V199A

Nonsynonymous VSD(10), ToF (1) 0.33 0.457 0.4541

3 CASZ1 c.5133delC, p.D1711Efs*131 Frameshift deletion VSD (1) – – –

c.5134delG, p.D1712Tfs*130 VSD (1) – – –

c.5137delG, p.E1713Rfs*129 VSD (1) – – –

c.5103C > G, p.D1701E Nonsynonymous VSD (1) – – 0.00001

c.5118C > G, p.D1706E VSD (1) – – –

c.5130C > G, p.D1710E VSD (1) – 0.00006 0.0001

c.5112G > C, p.E1704D VSD (1) 0.0028 – 0.00006

c.5124G > C, p.E1708D VSD (1) – – –

c.1174A > C, p.T392P VSD (1) – – –

c.1180A > C, p.S394R VSD(3), ToF(2) – – –

c.1204A > C, p.S402R VSD (1) – – –

c.845C > T, p.T282M VSD (1) 0.0052 0.0082 0.0076

4 CD80 c.521C > T, p.S174F Nonsynonymous ToF (1) 0.003 0.0016 0.0016

5 DLC1 c.29C > A, p.A10E Nonsynonymous VSD (2) 0.028 0.0822 0.0498

c.762A > C, p.Q254H VSD(14), ToF(2) 0.76 0.8558 0.8513

c.763A > G, p.N255D VSD(14), ToF(3) 0.96 0.9673 0.9687

c.960A > C, p.Q320H VSD(2), ToF(2) 0.059 0.0219 0.0185

c.241C > G, p.L81V VSD(2), ToF(1) 0.085 0.0561 0.0615

c.779C > T, p.T260I VSD(14), ToF(3) 0.82 0.8777 0.8699

c.79C > T, p.R27C ToF (1) 0.015 0.0247 0.0249

c.1046G > A, p.R349K VSD (1) – – –

c.2579 T > C, p.V860A; 
c.2801 T > C, p.V934A; 
c.2903 T > C, p.V968A; 
c.4112 T > C, p.V1371A

VSD (1) – – –

c.838G > A, p.V280M; 
c.1060G > A, p.V354M; 
c.1162G > A, p.V388M; 
c.2371G > A, p.V791M

VSD(12), ToF(3) 0.5 0.4935 0.4839

c.1709C > T, p.T570M; 
c.1931C > T, p.T644M; 
c.2033C > T, p.T678M; 
c.3242C > T, p.T1081M

VSD (1) – 0.00004 0.00004

6 EPRS c.3550delG, p.E1184Kfs*42 Frameshift deletion VSD (1) – – –

c.924C > A, p.D308E** Nonsynonymous VSD(11), ToF(3) 0.9 0.845 0.8416
c.3127A > G, p.I1043V VSD (1) 0.066 0.0685 0.0662
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Table 1  (continued)

S. no. Gene symbol Variation detail Type of variation CHD types (No. of samples) 1000genome ExAC GnomAD

7 EVC c.76G > A, p.A26T Nonsynonymous VSD (1) – – –

c.1346C > A, p.T449K VSD(9), ToF(2) 0.84 0.7965 0.7901

c.1428G > C, p.E476D VSD (1) 0.002 0.0016 0.0015

c.1727G > A, p.R576Q** VSD (3) 0.3 0.3472 0.3486

c.473C > G, p.S158C VSD (1) 0.0058 0.0048 0.0043

c.772 T > C, p.Y258H VSD(9), ToF(3) 0.74 0.7951 0.7967

c.822G > C, p.K274N VSD (1) – – –

c.1055C > T, p.A352V VSD (1) – 0.000008 0.00002

c.1115C > T, p.T372M VSD (2) 0.027 0.0675 0.0678

8 GATA4 c.511A > G, p.S171G; 
c.1129A > G, p.S377G**; 
c.1132A > G, p.S378G

Nonsynonymous VSD (1) 0.043 0.0962 0.0958

c.602C > A, 
p.P201Q;c.1220C > A, 
p.P407Q**; c.1223C > A, 
p.P408Q**

VSD (1) 0.0012 0.0006 0.0005

9 GATA5 c.199A > C, p.T67P Nonsynonymous VSD (4) 0.14 0.2564 0.1625

10 GDF3 c.637G > A, p.G213R Nonsynonymous VSD(6), ToF(2) 0.23 0.2642 0.2614

c.982G > C, p.V328L VSD(4), ToF(1) 0.038 0.0336 0.0313

c.147 T > G, p.Y49X Stopgain VSD (3) – – –

11 HOMEZ c.432delT, p.H144Qfs*24 Frameshift deletion VSD (1) – – –

c.1608delG, p.E537Kfs*9 VSD(2), ToF(1) – 0.4516 –

c.1610delA, p.D538Mfs*8 VSD(2), ToF(1) – 0.2185 –

c.1614delT, p.D538Efs*9 VSD (1) – 0.0031 0.001

c.1631delA, p.D544Vfs*2 VSD (1) – 0.4888 –

c.1632delT, p.D544Efs*2 VSD (1) – 0.0698 –

c.1633delG, p.D545Mfs*1 VSD (1) – 0.0699 –

c.1634delA, p.D545Vfs*1 VSD (2) – 0.0203 –

c.1635delT, p.D545Efs*1 VSD (2) – 0.3461 –

c.1608_1610del, p.E537del Nonframeshift deletion VSD (3) 0.35 0.3729 0.3354

c.1631_1636del, p.D544_
D545del

VSD (2) – 0.016 0.0195

c.1634_1636del, p.D545del VSD (2) – 0.4332 0.3801

c.904G > A, p.A302T Nonsynonymous VSD(6), ToF(2) – 0.389 0.3822

c.1505G > A, p.R502Q VSD (3) 0.14 0.1605 0.0696

c.1597G > A, p.E533K VSD (1) – – –

c.1608_1612del, p.E537* Stopgain VSD (1) – 0.0031 0.0009

c.1636delG, p.V546fs* VSD (2) – 0.2178 –

12 HOXB1 c.82_83insACA​GCG​CCC, 
p.A27_P28insHSA

Nonframeshift insertion VSD (2) 0.13 0.1747 –

c.309A > T, p.Q103H** Nonsynonymous VSD(4), ToF(1) 0.11 0.1622 0.1614
c.794A > G, p.E265G VSD(11), ToF(3) 0.99 0.9955 0.9964

13 IL27 c.356 T > C, p.L119P Nonsynonymous VSD (4) 0.16 0.2851 0.2851

c.175 T > G, p.S59A** VSD (1) 0.067 0.062 0.0639
14 IRX1 c.185G > T, p.G62V Nonsynonymous VSD (1) – – –

15 IRX4 c.53 T > C, p.M18T Nonsynonymous VSD (2) – – 0.00002

c.355G > A, p.A119T VSD(1), ToF(1) 0.14 0.1661 0.1665

c.1545A > T, p.K515N; 
c.1623A > T, p.K541N

VSD(2), VSD + ASD(1) – – –
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Table 1  (continued)

S. no. Gene symbol Variation detail Type of variation CHD types (No. of samples) 1000genome ExAC GnomAD

16 MESP1 c.137delC, p.P47Qfs*23 Frameshift deletion VSD + ASD (1) – – –

c.137_138insG, p.A48Sfs*24 Frameshift insertion VSD (1) – – –

c.156_157insCCG​AGC​CCCGT, 
p.A53Pfs*21

VSD (5) – 0.064 0.0371

c.158dupC, p.S54Efs*18 VSD (5) – 0.0957 0.0291

c.4G > C, p.A2P Nonsynonymous VSD(4), VSD + ASD(2) – – –

c.91G > A, p.D31N VSD + ASD (1) – – –

c.157G > C, p.A53P VSD (4) 0.53 0.4756 0.3396

c.182 T > G, p.L61R VSD (5) 0.26 0.0906 0.027

c.669C > G, p.F223L VSD (5) 0.2 0.317 0.2193

17 MSX1 c.271_272del, p.G91Lfs*83 Frameshift deletion VSD (1) – – –

c.119C > G, p.A40G Nonsynonymous ToF (1) 0.1 0.152 0.1501

18 MTHFD1 c.401A > G, p.K134R Nonsynonymous VSD(13), ToF(2) 0.82 0.8331 0.8349

c.920A > G, p.Y307C VSD (1) 0.0018 0.0012 0.001

c.1958G > A, p.R653Q** VSD(6), ToF(2) 0.34 0.4354 0.4453
19 MTHFR c.89C > T, p.S30F Nonsynonymous VSD (1) 0.001 0.0003 0.0002

c.665C > T, p.A222V; c.788C > T, 
p.A263V

VSD (3) 0.25 0.3037 0.3143

c.1286A > C, p.E429A; 
c.1409A > C, p.E470A

VSD(10), ToF (2) 0.25 0.295 0.2902

c.1781G > A, p.R594Q; 
c.1904G > A, p.R635Q

VSD(4), ToF(1) 0.074 0.0563 0.0555

20 MTRR​ c.66A > G, p.I22M; c.147A > G, 
p.I49M

Nonsynonymous VSD (8) 0.36 0.473 0.4678

c.424 T > C, p.W142R; 
c.505 T > C, p.W169R

VSD (1) – – –

c.524C > T, p.S175L**; 
c.605C > T, p.S202L

VSD(6), ToF(3) 0.27 0.3155 0.3115

c.1049A > G, p.K350R; 
c.1130A > G, p.K377R

VSD(4), ToF(1) 0.25 0.1711 0.1748

c.1243C > T, p.R415C; 
c.1324C > T, p.R442C

VSD (3) 0.068 0.0566 0.0612

c.1340A > G, p.K447R; 
c.1421A > G, p.K474R

VSD (1) – – –

c.1349C > G, p.P450R; 
c.1430C > G, p.P477R

VSD (2) 0.065 0.055 0.0586

c.1498G > C, p.V500L; 
c.1579G > C, p.V527L

VSD (1) – – –

c.1783C > T, p.H595Y, 
c.1864C > T, p.H622Y

VSD (5) 0.22 0.1509 0.1559

c.1798G > A, p.G600R; 
c.1879G > A, p.G627R

VSD(1), VSD + ASD(2) – – –

21 MYBPC3 c.472G > A, p.V158M Nonsynonymous VSD (2) 0.033 0.0904 0.0652

c.706A > G, p.S236G VSD (1) 0.067 0.1079 0.0969

c.1623_1624insT, p.E542* Stopgain VSD (2) – – –
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Data mining
The data mining for nonsyndromic VSD-specific genes 
yielded 50 potential genes with variations. Of these 50 

genes, 26 were coded for transcription factors, 10 were 
for enzymes, four for ligands, five for receptors, and five 
for other proteins. A detailed description of these genes 

Table 1  (continued)

S. no. Gene symbol Variation detail Type of variation CHD types (No. of samples) 1000genome ExAC GnomAD

22 MYH6 c.166G > A, p.G56R Nonsynonymous VSD(1), ToF(1) 0.057 0.0698 0.0682

c.3302 T > C, p.V1101A VSD(6), ToF(1) 0.37 0.3461 0.3362

c.3388G > A, p.A1130T VSD (1) 0.073 0.1003 0.0941

c.3883G > C, p.E1295Q VSD (1) 0.0042 0.0032 0.0032

c.4471G > A, p.E1491K VSD (1) – – 0.00001

c.4778A > T, p.Q1593L VSD (1) 0.049 0.0147 0.0112

c.4838 T > C, p.V1613A VSD (1) 0.049 0.0146 0.0109

23 NKX2.6 c.742A > G, p.S248G Nonsynonymous VSD + ASD (1) – – –

c.732C > A, p.Y244X Stopgain VSD + ASD (1) – – –

24 NODAL c.95A > G, p.H32R; c.494A > G, 
p.H165R

Nonsynonymous VSD(9), ToF(1) 0.67 0.6171 0.6169

25 NOS3 c.894 T > G, p.D298E** Nonsynonymous VSD(12), ToF(3) 0.82 0.753 0.7497
c.985C > T, p.R329C VSD (1) – 0.000008 0.000008

c.1805G > A, p.C602Y VSD(3), ToF(1) 0.12 0.1305 0.0917

c.3512G > A, p.S1171N VSD (1) – – –

c.2269A > T, p.K757X Stopgain VSD (1) – – –

26 NOTCH1 c.52G > A, p.A18T Nonsynonymous VSD (1) – 0.0073 0.0015

27 NTRK3 c.1788_1790del, p.K596_
I597delinsN; c.2058_2060del, 
p.K686_I687delinsN; 
c.2082_2084del, p.K694_
I695delinsN

Nonframeshift deletion VSD + ASD (1) – – –

c.1742A > G, p.D581G; 
c.2012A > G, p.D671G; 
c.2036A > G, p.D679G

Nonsynonymous VSD (1) – – –

28 SALL4 c.1520 T > G, p.L507R Nonsynonymous VSD(7), ToF(3) 0.36 0.3506 0.3507

29 TBX1 c.1025G > A, p.R342Q Nonsynonymous VSD (1) 0.0046 0.0219 0.0023

c.1049C > T, p.T350M VSD(9), ToF(2) 0.21 0.2111 0.2121

c.1189A > C, p.N397H VSD (3) 0.23 0.3115 0.2498

30 TBX18 c.142G > A, p.G48R Nonsynonymous VSD(12), ToF(3) 0.41 0.5981 0.5041

c.868G > A, p.G290R VSD(4), ToF(1) 0.014 0.0081 0.0071

31 TDGF1 c.17 T > C, p.V6A; c.65 T > C, 
p.V22A

Nonsynonymous VSD(12), ToF(2) 0.51 0.5243 0.5177

c.79 T > G, p.Y27D; c.127 T > G, 
p.Y43D

VSD (4) 0.078 0.0579 0.0571

32 TRDN c.383C > G, p.T128S Nonsynonymous VSD (5) 0.39 0.4926 0.4419

c.509G > T, p.G170V VSD (1) – – –

c.601C > G, p.L201V VSD (9) 0.84 0.8259 0.8443

c.1214 T > G, p.V405G; 
c.1211 T > G, p.V404G

VSD(5), ToF(1) 0.17 0.2004 0.1535

c.1316 T > G, p.I439S; 
c.1313 T > G, p.I438S

VSD(13), ToF(3) 0.94 0.924 0.9256

c.1620A > G, p.I540M VSD (1) 0.04 0.0343 0.0151

33 TWIST1 c.194A > G, p.E65G Nonsynonymous VSD (1) – – –

34 VEGFA c.535G > A, p.E179K Nonsynonymous VSD (1) 0.001 0.0011 0.001

The variations highlighted with double asterisks are the common variations found between data mining and WES data of 24 subjects
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is listed in Tables 2 and 3. These genes were found on dif-
ferent chromosomes. Most case–control studies, i.e., 46 
studies on CHD, including 18,304 cases and 22,104 con-
trols in the Chinese population, found variations in 37 
genes. Similarly, six Iranian population studies, including 
733 cases and 610 controls; six Indian population stud-
ies, including 1,326 cases and 1,200 controls; and three 
American population studies, including 1299 cases and 
523 controls, reported gene variations in eight, two, 

and three genes, respectively. Most of the studies with 
reported genes and their variations showed heterozygous 
conditions with dominant mode of inheritance (Tables 2 
and 3).

Association of genes reported for VSD with other CHD types
Of the 50 genes, 20 were associated with 15 other CHD 
types. This information is collected from the same stud-
ies that we referred to for VSD-specific genes. The list of 

Fig. 2  Types of variations among 34 genes identified through WES in 24 CHD subjects. A The bar graph represents quantified different types 
of variations identified in 34 genes. B The bar graph represents the sample-wise distribution and the number of variations identified in the 34 genes
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Table 2  Description of the genes with their variations coding for transcription factors involved in VSD

S. no. Gene chromosome location Study population Sample size Variations PubMed ID
(Gene size in kb) Case:control/

familystudy* (VSD 
cases in %)

Transcription Factors

1 CASZ1 1p36.22 (160.047) Chinese 172:200 (21.51) c.113 T > C, p.L38P** 27693370

2 CITED2 6q24.1 (2.842) Chinese 700:250 (43.71) c.548C > T, p.S183L; c.574-579delAGC​GGC​
,p.S192G193delAGC​GGC; c.586A > G, p.S196G

24848765

Iranian 150:98 (64.66) c.389A > G, p.N125S**; c.450G > C: p.Q145H**;c.
C512-538del27**, c.A-90G; c.716insG**

31515672

Chinese 200:200 (100) g.4078A > C**; g.4255C > T**; g.4698A > G**; 
g.4778G > T**; g.4933 C > A**

33439552

European 392:192 (45.9) c.508_534del27 p.Ser170_Gly178del 16287139

Indian 271:200 (NA) c.301C > T, p.P101S 33706167

3 EPAS1 2p21 (93.031) Tibetan 286:250 (NA) c.2170G > T, p.G724W** 30487161

4 FOXH1 8q24.3 (2.438) Chinese 412:250 (NA) c.659_660insG** 19525021

5 GATA4 8p23.1 (83.068) Chinese 486:486 (65.63) c.17C > T, p.A6V**; c.1075G > A, p.E359K**; 
c.487C > T, p.P163S**; c.1286G > C, p.S429T**, 
c.1325C > T, p.A442V**

18672102

Chinese 210:100 (100) c.886G > C, p.G296R 21637914

Chinese 172:171 (100) g.4071 T > C**; g.4148 C > A**; g.4566C > T**; 
g.4653 G > T**; g.4690delG**

22500510

Chinese 384:760 (42.18) c.749 T > A, p.I250N; c.1079A > G, p.E360G; 
c.1325C > T, p.A442V

23626780

Chinese 224:121 (21.87) c.788 C > G, p.A263G; c.1329 + 84C > T 22959235

Indian 100:200 (32) c.11615928G > A, p.D425N; rs4841587, G > T; 
rs4841588, G > T; rs804280, A > C

25928801

Egyptian 165:93 (47.27) c.578C > A, P193H 28263493

Iranian 100:50 (57) c.526G > C, p.A176 P; c.674C > G, p.T225S; 
c.766A > G,p.K256E; c.958C > T, p.R320W; 
c.983C > G, p.S328C; c.1325C > T, p.A442V

29377543

Indian 285:200 (NA) c.1263C > T; S421S 30590232

Iranian 66* c.1220C > A, p.P407Q 31115957

Chinese 98:200 (21.42) c.1129A > G, p.S377G 30121862

Chinese 235:206 (NA) c.1223C > A, p.P408Q 31513339

Indian 285:200 (NA) c.23C > A, p.A8D 30152191

6 GATA5 20q13.33 (12.499) Chinese 320:200 (26.25) c.569 T > C, p.V190A**; c.821A > G, p.H274R** 23031282

Chinese 343:348 (100) g.61051165A > G**; g.61051463delC** 25515806

Chinese 230:200 (100) c.164A > G, p.Q55R; c.286G > A, p.G96R; 
c.590A > G, p.N197S; c.1211A > G, p.K404R

22648249

European 331:384 (NA) 1692G > A, p.V380M 22011241

Chinese 62:117 (43.54) c.1273G > A, p.D425N 19302747

American 185:150 (10.27) c.61050385C > A, p.R61S 27066509

7 GATA6 18q11.2 (32.940) Chinese 130:200 (100) c.658G > A, p.G220S** 22407241

Chinese 359:365 (100) g.22169190A > T**; g.22169311C > G** 25036032

8 HAND1 5q33.2 (3.256) Chinese 498:250 (61.04) c.217G > A, p.G73S; c.456G > T, p.K152N 22032825

9 HAND2 4q34.1 (5.261) Chinese 192:300 (16.14) c.194G > T, p.S65I** 26865696

10 HOMEZ 14q11.2 (27.375) Chinese 400:400 (100) c. 116C > T,p.A39V; c. 630 T > A, p.S210R 23574532

11 HOXB1 17q21.32 (2.486) European 57*(33.33) c.309A > T, p.Q103H 29923154

Indian 285:200 (NA) c.1220C > A, p.P407Q 30152191

12 IRX1 5p15.33 (5.572) Chinese 215:249 (24.18) c.1142C > A, p.A381E 28358424

13 IRX4 Chinese 698:250 (48.85) c.253A > T, p.N85Y; c.275A > G, p.E92G 21544582

14 ISL1 5q11.1 (11.283) Chinese 512:612 (100) rs3762977; IVS + 17C > T 23572340

Chinese 210:256 (16.19) c.409G > T, p.E137X** 30390123
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genes and their variations identified in VSD associated 
with other CHD types are shown in Table  4. The VSD-
associated double outlet right ventricle (DORV) was the 
common condition found in 11 genes. Of the 11 genes, 
the CAZ1, GATA5, and HAND2 were found in VSD-
associated DORV, with common variations reported in 
subjects with only VSD. The diagrammatic representa-
tion of genes reported for VSD-associated other CHD 
types is shown in Fig. 3.

In silico analysis
The nonsynonymous variations identified in 50 genes 
were subjected to in silico analysis, and the pathogenic-
ity score was calculated (Table  5). The 32 genes of the 
50 were observed with nonsynonymous variations. The 
GATA4 was found with 19 nonsynonymous variations, of 
which p.T225S, p.G296R, p.R320W, and p.A442V showed 
damaging effects on protein function. The p.A442V in 
GATA4 recurrently occurred in studies that included two 
Chinese and one Iranian population. Besides, of the four 

variations observed in TBX20, p.I152M showed damag-
ing effects.

Protein–Protein interaction network analysis
The protein–protein interaction for 50 proteins built a 
network, as shown in Fig.  4. This network showed the 
highest interaction of protein families such as NKX, TBX, 
GATA, and HAND. Proteins such as GATA4, NKX2.5, 
HAND2, and MYH6 showed darker edges (darker dot-
ted lines) with other proteins in the network, indicat-
ing more confident interactions with strong evidence. 
The transcription factors (diamond shape) showed more 
interaction with other network proteins. Similarly, the 
enzymes (hexagonal) such as MTHFD1, MTHFR, SIRT1, 
ACE, MTRR, and NOS3 showed high confidence interac-
tions with each other by creating a clustered interaction. 
The BMP4, one of the ligands (circle), showed the high-
est interaction with transcription factors. Similarly, the 
receptor NOTCH1 interacted more with transcription 

Table 2  (continued)

S. no. Gene chromosome location Study population Sample size Variations PubMed ID
(Gene size in kb) Case:control/

familystudy* (VSD 
cases in %)

15 MESP1 15q26.1 (16.478) American 647:97 (43.27) c.503A > G, p.D168G; c.436_437delAG,p.
L147PfsX9

26694203

16 MSX1 4p16.2 (4.272) Chinese 300:400 (42.66) rs3821949; rs12532 26556783

17 NKX2.5 5q34 (3.213) Chinese 268:200 (32.09) c.106C > A, p.R36S** 22179962

Chinese 391:487 (100) g.1500G > C 26297999

Iranian 105:92 (64.76) c.95A > T, p.E32V 30344277

Indian 100:200 (32) c.46G > A, p.D16N 29568389

Chinese 213:194 (100) g.4574Cdel 22576768

Indian 285:200 (NA) c.284G > T, p.R95L** 34214246

18 NKX2.6 8p21.2 (5.017) Chinese 210:200 (31.42) c.454A > C, p.K152Q** 25380965

19 PITX2c 4q25 (24.701) Chinese 382:200 (31.15) c.457A > G, p.N153D** 24083357

20 SALL4 20q13.2 (20.191) Chinese 300:250 (100) c.586C > T, p.R196W; c.2389A > T, p.S797C 19619907

21 TBX1 22q11.21 (26.891) Chinese 280:267 (100) g.4199 T > C (rs41260844) 22801995

22 TBX18 6q14.3 (77.248) Chinese 326:327 (100) g.85473965C > G**; g.85474418C > T**; 
g.85474871C > T**; g.85474435del**

23749171

23 TBX20 7p14.2 (54.165) Japanese 111:200 (21.62) c.991A > G, p.T331A 26490186

Chinese 265:242 (100) g.4932G > A 22465533

Australian 353:300 (11.61) c.456C > G, p.I152M** 17668378

24 TBX5 12q24.21 (54.798) Chinese 192:192 (100) rsl1067075 19187613

Chinese 210:205 (100) g.4303C > G**, g.4900C > T**, g.5126 T > G** 22901678

Japanese 111:200 (NA) c.791G > A,p.R264K 26490186

Chinese 354:341 (100) c.40C > A, p.P14T** 28434921

25 TCF21 6q23.2 (6.441) Chinese 781:867 (100) rs12190287 28346832

26 TWIST1 7p21.1 (96.646) Chinese 196:200 (100) c.247G > A, p.G83S**; c.283A > G, p.S95G** 25981568

NA, not available

‘*’ represents family studies; ‘**’ represents the gene with variations showing heterozygous condition
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factors, enzymes, and ligands. All these high-interacting 
proteins are the potential risk genes reported for VSD.

Discussion
In the last twenty years, we have seen tremendous pro-
gress in diagnosing genetic diseases with the advent of 
technology. The VSD is considered one of the common 

congenital heart malformations, and its frequency var-
ies with age at examination and the sensitivity of the 
examination technique [19]. VSD is the most promi-
nent CHD in India [8, 20]. In addition, CHD shows 
heterogeneity; it is important to identify the genes and 
their variants involved in the manifestation of the dis-
ease. The variations in genes encoding transcription 

Table 3  Description of genes coding for enzymes, ligands, receptors, and other proteins and the variations involved in VSD

NA, not available

‘*’ represents family studies; ‘**’ represents the gene with variations showing heterozygous condition

S. no. Gene chromosome location Study population Sample size Variations PubMed ID
(Gene size in kb) Case:control/

familystudy* (VSD 
cases in %)

These genes were reported in previous studies

1 ACE 17q23.3 (21.320) Iranian 102:98 (61.76) g.2350A > G 28865601

2 DARS1 2q21.3 (80.220) Chinese 841:2953 (100) rs2164331, rs6738266, rs309143 27871331

3 EPRS 1q41 (77.931) Chinese 984:2953 (59.45) c.3405G > A:p.Q1135Q (rs1061160); 
rs1061248; c.924C > A:p.D308E (rs2230301); 
c.3102G > A:p.K1034K (rs5030754)

25310850

4 HAS2 8q24.13 (29.325) Chinese 100:250 (100) c.1496A > T, p.E499V 24558368

5 MTHFD1 14q23.3 (75.427) Iranian 102:98 (61.76) g.1958G > A 28865601

6 MTHFR 1p36.22 (20.733) Iranian 153:147 (48.36) g.677C > T 28702146

7 MTRR​ 5p15.31 (54.840) Iranian 123:125 (100) c.524C > T; c.66A > G 23358257

Chinese 183:201 (100) c.524C > T; c.66A > G 29293099

Chinese 599:672 (47.07) c.524C > T; c.66A > G 22057956

8 NOS3 7q36.1 (23.572) Chinese 945:972 (NA) rs7830 24938467

Iranian 102:98 (61.76) g.894G > T 28865601

9 NTRK3 15q25.3 (397.048) American 467:276 (60.81) c.278C > T, p.T93M; c.488A > T, p.N163I; 
c.1597A > T, p.I533F

25196463

10 SIRT1 10q21.3 (33.735) Chinese 333:348 (100) g.69643693A > G; g.69643963A > T; 
g.69643971G > A; g.69644366Ins

22885181

Ligands

11 BMP4 14q22.2 (9.026) Chinese 575:844 (71.30) rs762642 25022354

12 GDF3 12p13.31 (5.992) Chinese 200:202 (47) c.635C > T, p.S212L 25372014

13 NODAL 10q22.1 (16.016) Chinese 800:250 (55.12) c.182 T > A, p.L61N 22352765

14 VEGFA 6p21.1 (16.304) Chinese 222:352 (100) G-634C (rs2010963) 17625508

Receptors

15 CD80 3q13.33 (35.322) Chinese 3* g.119537362delT 31440271

16 IL27 16p12.1-p11.2 (12.690) Chinese 150:368 (100) c.175 T > G, p.S59A 25662568

17 NOTCH1 9q34.3 (51.616) Iranian 4* c.6797 T > C, p.F2266S** 31867804

18 TGFBR2 3p24.1 (87.671) Chinese 115:188 (100) rs6785358 26022443

19 TDGF1 3p21.31 (7.924) Chinese 500:250 (NA) c.110C > G, p.R41G** 19853938

Other proteins

20 DLC1 8p22 (521.260) Chinese 151:500 (NA) c.1661A > T, p.D554V; c.1662 T > C, p.D554V; 
c.2854C > G, p.L952V; c.4111G > C, p.V1371L; 
c.4533C > G, p.I1511M

24587289

21 MYBPC3 11p11.2 (21.297) Chinese 3* g.47342683C > T, p.G507R 31440271

22 MYH6 14q11.2 (26.292) European 68:100(NA) c.831G > T, p.Q277H; c.119C > G, p.P40R; 
c.4822C > T, p.R1608C

29332214

23 TRDN 6q22.31 (420.755) Chinese 3* g.123571021C > A, p.S45I 31440271

24 EVC 4p16.2 (117.857) Chinese 65:210 (100) c.343C > G, p.L115V; c.1727G > A, p.R576Q 29257216
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factors, chromatin modifiers, and cell signaling trans-
ducers affect the development of the heart by inter-
fering in cell type specification, differentiation, and 
patterning [21]. These encoded proteins work synergis-
tically in heart developmental pathways.

In this study, in the prioritized 34 potential genes, 
we found different types of variations such as non-
synonymous, frameshift deletion and insertions, non-
frameshift deletion and insertion, stop gain, stop loss, 
and start loss variations. Of the 34 genes, the CASZ1, 

Table 4  Description of genes and the variations involved in VSD and other 15 CHD types

PA, pulmonary atresia; DORV, double outlet right ventricle; AS, aortic sclerosis; BAV, bicuspid aortic valve; OFT, outflow tract abnormality; PS, pulmonary stenosis; TGA, 
transposition of great arteries; PDA, patent ductus arteriosus; PTA, persistent truncus arteriosus; CoA, coarctation of aorta; PFO, patent foramen ovale; MAPCAs, major 
aorto-pulmonary collateral arteries

Gene CHD types Study type Variations PubMed ID

Population Case: control/
family study

Transcription factors

CASZ1 VSD + DORV Chinese 172:200 c.113 T > C, p.L38P 27693370

CITED2 VSD + ASD Chinese 120:100 c.573-578del6, p.S192fs 24456003

GATA4 VSD + PA Japanese 111:200 c.431C > T, p.A144V 26490186

VSD + PA Chinese 600: 300 c.1129A > G, p.S377G; c.1138G > A, 
p.V380M; c.1220C > A, p.P407Q

28161810

VSD + ASD Egyptian 165:93 578C > A, p.P193H 28263493

GATA5 VSD + AS Chinese 320:200 c.821A > G, p.H274R 23031282

VSD + DORV c.569 T > C, p.V190A
VSD + AS + BAV Chinese 110:200 c.46 T > G, p.Y16D 24638895

GATA6 VSD + ASD Chinese 130:200 c.658G > A, p.G220S 22407241

HAND1 VSD + OFT European 12:100 c.376delG, p.A126fs 19586923

VSD + DORV Chinese 158:300 c.394A > T, p.K132X 28112363

HAND2 VSD + DORV, VSD + PS Chinese 192:300 c.194G > T, p.S65I 26865696

ISL1 VSD + PDA Chinese 210:256 c.409G > T, p.E137X 30390123

VSD + DORV Chinese 114:218 c.225C > G; p.Y75* 31484864

MEF2C VSD + PDA Chinese 200: 300 c.113 T > C, p.L38P 29104469

VSD + DORV Chinese 186: 300 c.43C > T, p.R15C 29468350

MESP1 VSD + DORV Chinese 178: 200 c.352C > T, p.Q118X 28677747

NKX2.5 VSD + TOF Iranian 105:92 c.95A > T, p.E32V 30344277

VSD + PS European 68:100 c.919G > A, p.G307R 29332214

NKX2.6 VSD + DORV Chinese 320:200 c.529A > T, p.K177X 25195019

PITX2c VSD + DORV Chinese 382:200 c.441G > A; p.W147X 24083357

VSD + TGA​ Chinese 170:200 c.272G > A, p.R91Q;

c.385A > T, p.T129S 24,604,414

TBX1 VSD + DORV Chinese 230: 200 c.829C > T, p.Q277X 25860641

VSD + TGA​ Chinese 136: 300 c.698C > A, p.S233Y 29250159

TBX20 VSD + DORV Chinese 146:200 c.400G > T, p.R134W 25625280

VSD + PTA Chinese 175: 400 c.820A > T, p.K274X 28553164

TBX5 VSD + PA Japanese 111:200 c.791G > A, p.R264K 26490186

ZFPM2 VSD + TGV + PS European 68:100 c.260C > T, p.P87L 29332214

Ligand

GDF1 VSD + CoA European 68:100 c.409G > A, p.D137N 29332214

Other proteins

DLC1 VSD + PFO Chinese 151:500 c.797G > A p.G266E 24587289

ELN VSD + PA +  European 68:100 c.493G > T, p.V165L; 29332214

MAPCAs c.892G > A, p.V298I
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DLC1, EVC, HOMEZ, MESP1, MTRR​, and TRDN were 
found to have more than eight variations. We have 
also observed the recurrence of nonsynonymous vari-
ations in seven genes, such as BMP4, DLC1, HOXB1, 
MTHFD1, TBX18, TDGF1, and TRDN, in more than 10 
CHD subjects. In addition, we found nine genes with a 

total of 27 variations with nonframeshift insertions (2), 
frameshift insertions (3), nonframeshift deletions (6), 
and frameshift deletions (16) in our samples, indicating 
that these are more deleterious. If the frameshift varia-
tion occurs at the beginning region of the gene, then it 
affects the protein structure and function more severely 
than at the end of the gene. The effect of frameshift 

Fig. 3  Genes involved in VSD-associated CHDs. The ‘*’ indicates the common genes found in different VSD-associated CHD phenotypes. DORV, 
double outlet right ventricle; ASD, atrial septal defect; PA, pulmonary atresia; AS, aortic sclerosis; BAV, bicuspid aortic valve; OFT, outflow tract 
abnormality; PS, pulmonary stenosis; PDA, patent ductus arteriosus; TOF, tetralogy of fallot; TGA, transposition of great arteries; PTA, persistent 
truncus arteriosus; CoA, coarctation of aorta; PFO, patent foramen ovale; MAPCAs, major aorto-pulmonary collateral arteries
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variations in the disease manifestation is also greater 
when it is in a homozygous condition.

In the present study, we found more genes coding for 
the transcription factors which are involved in the mani-
festation of nonsyndromic VSD. NKX, GATA​, and TBX 
family of genes are the most studied genes in CHD. Any 
disruption in the physical interactions between the tran-
scription factors or with other co-factors can impair the 
transcriptional cooperativity and lineage specification, 

ultimately resulting in malformation of cardiac formation 
and function [22, 23].

These genes are studied in vitro and in vivo to unravel 
their impact on different types of CHD. The mouse mod-
els have been used to validate the pathogenic sequence 
variants in the heart development genes such as TBX5, 
NKX2.5, and GATA4, which are involved in human septa-
tion defects [1, 24]. The genes reported in nonsyndromic 
CHD, such as GATA4, GATA6, MYH6, NKX2.5, MYH6, 

Fig. 4  The protein–protein interaction for 50 genes involved in the manifestation of VSD. This primary network contains 49 nodes with 175 edges. 
The proteins, based on their functionality, are indicated in different shapes. The transcription factors are shown in diamonds, receptors in triangles, 
ligands in circles, enzymes in hexagons, and other proteins in square shapes. The dotted edges with different width sizes indicate confidence 
interactions, whereas the darker edges indicate more confident interactions
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and TBX20, are studied using Zebrafish models to unravel 
the cardiac phenotypes association [24]. The Drosophila 
model systems also check the gene–gene interactions 
during heart development. One example using the Dros-
ophila model in vitro study to understand the impact of 
genomic variation with unknown significance in NKX2.5 
showed a strongly reduced ability to interact with DNA 
and reduced trans-activation ability [25]. Similarly, sub-
sequent studies have shown that GATA4 and TBX5 co-
operatively interact on DNA throughout the genome to 
regulate the development of the heart [22, 26].

The present study found HOMEZ in 16 CHD subjects, 
including 14 VSD and 2 ToF. The p.A302T, p.R502Q, and 
p.E533K are the three nonsynonymous variations newly 
identified in this study. A genome-wide linkage analysis 
was conducted by McGregor et al. (2010) [27] in 84 south 
Indian probands having unaffected consanguineous par-
ents, and this study implicated the linkage of CHD with 
rs1055061, p.R502Q of HOMEZ. Another study reported 
two variations, p.A39V and p.S210R, in HOMEZ, and the 
position of these variations is found conserved among 
many species (humans, rats, mice, etc.), which suggested 
that they might play an important role in maintaining the 
protein function [28].

Besides, in the present study, the MTRR​ and DLC1 are 
found most recurrently in 18 CHD subjects with 20 vari-
ations in each gene. The MTRR is required to maintain 
the MTR in an active state, a central regulatory enzyme 
in the metabolic pathway of homocysteine/folate. The 
disrupted function of MTR may be associated with 
hyperhomocysteinemia, which causes endothelial dam-
age [29]. Earlier studies have reported that c.66A > G and 
c.524C > T variations in MTRR​ are not associated with 
an increased risk of CHDs [29, 30]. In contrast, there are 
associations between c.66A > G and c.524C > T alleles 
and their effect on the risk of CHD in Chinese and Ira-
nian populations [31, 32]. Similarly, in the current study, 
we observed c.524C > T in MTRR​ in nine CHD subjects, 
including six VSD and three ToF, and c.66A > G in eight 
VSD subjects. Interestingly, in 9 CHD subjects, the vari-
ant, c.524C > T in MTRR​, resulted in the change of amino 
acid serine to leucine at position 175, suggesting the 
change of the functionality of this protein.

A study in mice (Dlc1-/-) showed embryonic lethal, and 
histologically, the heart was found incompletely devel-
oped with the distorted structure of the heart chambers 
[33]. Another knockout mouse DLC1 study demonstrated 
the abnormalities in the blood vasculature of the yolk sac 
and heart development [34]. Similarly, we found another 
recurrent gene, DLC1, in 18 CHD subjects, including 15 
VSD and three ToF. Hence, these observations indicate 
that both MTRR​ and DLC1 are important in the early 
development of the heart.

Additionally, p.D308E in EPRS was the recurrent vari-
ation in 14 CHD subjects, including 11 VSD and 3 ToF. 
This variation was also identified in the previous case–
control study on the Chinese population, which included 
984 cases and 2953 controls [35]. This study has con-
ferred the susceptibility of this variation to the risk of 
CHD. This variation is located in exon 23 of EPRS, which 
acts as part of the exonic splicing enhancer according to 
the SNPinfo tool [36].

One of the interesting observations is that about 59% 
of the identified genes for VSD in 24 CHD subjects were 
also found in all three ToF subjects, indicating that VSD-
specific genes and variations are common in other septal 
defects. Similarly, we also found that MTRR​ was com-
mon between isolated VSD, ToF, and VSD-associated 
ASD subjects. Although these findings are encourag-
ing to establish the VSD-specific genes with variations, 
since the sample size is small, it is premature to make this 
conclusion.

The in silico analysis of nonsynonymous variations 
in 32 genes predicted the damaging effect of p.T225S, 
p.G296R, p.R320W, and p.A442V in GATA4; p.I152M in 
TBX20 on protein function. As previously described, the 
GATA and TBX are the major transcription factors that 
play a vital role in the pathogenesis of CHD. The protein–
protein network analysis showed that the GATA, NKX, 
TBX, and HAND family of proteins interact to con-
trol other proteins required for heart septal formation. 
Among these, most of them are transcription factors, 
including the zinc finger proteins GATA4, GATA5, and 
GATA6; homeodomain protein NKX2.5, NKX2.6; and 
T-box transcription factors TBX1, TBX5, TBX18, and 
TBX20, and basic helix-loop-helix HAND1 and HAND2 
proteins. These major transcription factors have been 
identified for VSD-specific CHD. Further, the increased 
nodes in the interaction network analysis identified the 
other interacting proteins, such as TNNT2, MYL7, and 
ZFPM2, with functionality as a structural protein, motor 
protein, and transcription factor, respectively. The patho-
genic variation in TNNT2 is reported in primary cardio-
myopathy [37]. Another study has shown that the altered 
expression of TBX3 and NOS3 reduces TNNT2 in the 
developing heart, which affects normal development by 
disrupting the molecular signals [38]. The MYL7 is a car-
diac development gene that helps in cardiac sarcomere 
assembly and function. The function of MYL17 is asso-
ciated with SOX9B expression. A study has shown that 
the expression of myl7 has significantly decreased by the 
cardiomyocyte-specific inhibition of sox9b [39]. It indi-
cates that the disruption in MYL7 could play a substan-
tial role in cardiac malformation. Similarly, the variation 
p.V763I in ZFPM2 has been reported previously in CHD, 
including ToF, interrupted aortic arch, and hypoplastic 
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left syndrome [40], and the variation p.P87L is reported 
in a CHD subject with VSD, pulmonary stenosis (PS), 
and transposition of great vessels (TGV) [10]. Therefore, 
TNNT2, MYL7, and ZFPM2 show their role in the mani-
festation of CHD.

Further, the in vivo validations of the variations identi-
fied in the present study help better understand the etiol-
ogy of CHD.

Conclusion
The present study identified 37 potential risk genes 
through exome sequence analysis and interaction net-
work analysis, with strong evidence from previously 
reported studies. From these genes, 176 variations were 
identified, of which 166 were newly reported from our 
samples, and 10 were previously reported, indicating that 
these are the novel variants for the Indian population. 
Further, these variations should be subjected to in  vivo 
and in  vitro validations before considering to create a 
gene panel for CHD.
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