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ABSTRACT The heart is the first organ formed during embryogenesis. The development of the heart is controlled
by a network of pathways involving various transcription factors and signalling. Disruptions of these factors lead to
the manifestation of congenital heart disease (CHD). The ventricular septal defects (VSD) of CHD are more frequent
in the Indian population, particularly in Mysuru. In view of this, to identify defective genes in ventricular septal
development, whole-exome sequencing was performed in seven cases of non-syndromic VSDs and three cases of
Tetralogy of Fallot. The exome data analysis revealed that of all the defective genes identified, Nuclear Co-repressor
1 (NCoR1) is the prominent gene. It showed four non-synonymous damaging single nucleotide variants, that is,
G244A, C241T, G207C and G121A. These mutations were present in the GPS2 protein domain, an integral part of
NCoR1-HDAC complex involved in myogenesis. Further, pathway enrichment and network analysis indicated that
NCoR1 interacts with HEY1, HEY2, MEF2A, NOTCH2 and HDACS3 proteins involved in heart development.

Hence, defects in NCoR1 are responsible for VSD in heart development.

INTRODUCTION

The heart is the first organ formed during
embryogenesis. Malformation of the heart or the
blood vessels associated leads to congenital heart
diseases (CHDs) affecting various parts or func-
tions. CHDs are amongst the primary complex dis-
eases of interest for human health, especially in
India (Smitha et al. 2006). The prevalence of CHDs
in India is 8.07 per 1000 live births (Saxena et al.
2016) and is 8.0 per 1000 live births at the global
level, but this figure varies worldwide (Chelo et
al. 2016). The difference in prevalence is due to
the age at diagnosis of CHD and the screening
approach.

Various recognisable genetic factors involved
in the manifestation of CHDs have been identi-
fied. Several linkage studies have identified DNA
variants relevant to CHDs as a leading cause in
its manifestation (Okubo et al. 2004). Genome-
wide linkage analysis of CHD cases identified
genes, Selenoprotein S (SELS), Small Nuclear Ri-
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bonucleoprotein Polypeptide A (SNRPAL) and
Proprotein Convertase Subtilisin/Kexin Type 6
(PCSK®6) on 15¢26.3 and Transcription Factor 4
(TCF4) on 18q21.2 (Flaquer et al. 2013). Earlier
studies from the laboratory reported two Single
Nucleotide Polymorphisms (SNPs) of NK2 Ho-
meobox 5 (NKX2.5) and five non-synonymous
SNPs of GATA Binding Protein 4 (GATA4) in dif-
ferent CHD cases (Dinesh et al. 2010). The re-
searchers also reported that SNPs in Cysteine
Rich with EGF Like Domain 1 (CRELD1) change
amino acids arginine to cysteine in the second
calcium-binding epidermal growth factor (EGF)
domain, leading to change in the B-sheet in the
secondary structure in CHD cases (Kusuma et al.
2011). Several studies have reported that about
400 genes are associated with CHDs, and among
them, about 40 are causal genes (Cao et al. 2016;
Blue etal. 2017). Recently, Peyvandi et al. (2019)
have reported that infants with severe CHDs
showed abnormalities in brain maturity, indicat-
ing the risk for developing brain injuries.
Cardiac septation defects are the most com-
mon form of CHD and account for approximately
fifty percent of all CHDs. Amongst all the various
categories of CHDs, ventricular septal defects
(\VSDs) are the most common (15% to 20%) with a
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prevalence rate of 2.62 per 1000 live births world-
wide (Menting et al. 2015). It can result from the
incomplete proliferation of cardiomyocytes in the
muscular septum (Rosenfeld et al. 2006). In India,
the prevalence of VSD is the highest (33%)
amongst all the forms of CHDs (Bhardwaj et al.
2015), and in Mysore, it is at 40.97 percent (Smitha
etal. 2006). Some of the prominent genes involved
in VSDs are GATA4, NKX2.5, T-Box Transcrip-
tion Factor 5 (TBX5), TBX20 and TBX1 as well as
for Tetralogy of Fallots (TOFs) are NKX2.5,
Jagged Canonical Notch Ligand 1 (JAG1), TBX1,
Notch Receptor 1 (NOTCH1), and NOTCH2
(Dinesh etal. 2010; Kusumaetal. 2011; Muntean
etal. 2017). SNP arrays and genome-wide associ-
ation studies (GWAS) have been used to detect
abnormalities in the prenatal diagnosis of VSDs
(Fuetal. 2017). Multiple such studies have iden-
tified SNPs and copy number abnormalities play-
ing a role in the pathogenesis of CHDs. Further,
missense variations of TBX5 in cases with isolat-
ed VSDs were identified by Sanger sequencing
(Chenetal. 2017).

Many of these studies have focused on com-
mon single nucleotide variants (SNVs) without
considering rare variants. Further, exome se-
quencing harbours about eighty-five percent of
mutations inclusion of rare exonic variants with
significant effects on disease-related traits (Ma-
jewski et al. 2011). Therefore, whole-exome se-
quence analysis acts as a reliable tool to identify
SNVsin CHDs.

Objectives

The present study aimed at identifying dam-
aging and high-risk DNA variants in non-syn-
dromic VSD and TOF cases using whole-exome
sequence dataset. Further, to identify how these
gene-gene interactions affect the complete or
partial cascade of a downstream process leading
to CHD manifestation and establish a gene-gene
interaction network for these interactors.

MATERIAL AND METHODS
Samples
In the present study, ten severe cases of non-

syndromic CHD were subjected to whole-exome
sequence based on inclusion-exclusion criteria
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from Cheluvamba hospital, Jayadeva hospital and
JSS hospitals in Mysuru.

Diagnostic Criteria

An echocardiogram test, defect and size, mis-
placed aorta, hypertrophy and valve stenosis
were considered for the selection of VSD and TOF
subjects. Karyotyping was performed to filter
out any trisomy or chromosomal anomaly cases.

Inclusion Criteria

In this study, clinically diagnosed, non-syn-
dromic CHD cases with VVSDs and TOFs having
the defect and size above 5mm were recruited.

Exclusion Criteria

Subjects with chromosomal abnormalities and
other CHD malformations like Atrial Septal De-
fect (ASD), Patent Ductus Arteriosus (PDA),
Aortic Stenosis (AS), Pulmonary Stenosis (PS),
Atrioventricular Septal Defect (AVSD), Pulmonary
Artesia (PA) and Tricuspid Artesia (TA) were
excluded.

Ethics Statement

The ethical approval was acquired from the
Institutional Human Ethics Committee (IHEC-
UOM No0138/PhD/2016-17) of University of
Mysore, IHEC of Mysore Medical College (MMC
EC 84/16) and IHEC of JSS Medical College,
Mysore (JSSMC/IEC/33/1570/2017/18) for this
study. Informed consent was obtained from all
the subjects enrolled in this research.

DNA Isolation

Genomic DNA was extracted from 2.5 ml hu-
man peripheral whole blood collected through
vacutainer collection tubes using the Qiagen kit
(Cat. No. 51104) following the manufacturer’s stan-
dard protocol. The isolated DNA was stored at -
20 °Cfor WES.

Whole Exome Sequencing and Variant Calling

A total of seven VVSDs and three TOFs sub-
jects were selected for WES to identify causal
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genes and novel variants. The pooled library was
prepared by using the TruSeq Library Prepara-
tion kit from all 10 Quality Check (QC) qualified
samples. QC of the library was performed using a
4200 Tape station system (Agilent Technologies).
The pooled library was sequenced on NextSeq
500 using 2x75 bp chemistry at the coverage of
100X. WES analysis was performed using stan-
dard Illumina protocols. The raw data were ob-
tained in FASTQ format, and the high-quality
reads were aligned against the human reference
genome (hg19) and mapped on the reference ge-
nome using Burrows-Wheeler Aligner (BWA)
build of the human reference genome. Post align-
ment quality check was performed, and variants
that failed QC were removed.

Variant Annotation and Variant Function
Prediction

Variant annotation was performed by using
various software such as WANNOVAR (http://
wannovar.wglab.org/), based on various algo-
rithms with statistical significance. Damaging non-
synonymous variants was predicted by sorting
intolerant from tolerant (SIFT) (http://sift.bii.a-
star.edu.sg/), polymorphism phenotyping V2
(PolyPhen-2) (http://genetics.bwh.harvard.edu/
pph2/) and scoring and mutation taster (http://
www.mutationtaster.org/). Damaging non-synon-
ymous variants was considered as a protein-al-
tering substitution. Finally, these damaging non-
synonymous variants were interrogated in can-
didate genes in study subjects.

Network Analysis

Network analysis was performed on software
tools like GENEMANIA (https://genemania.org/)
and STRING (https://string-db.org/), which are
based on exhaustive curated literature. Haplo-in-
sufficiency score and Probability Loss Intoler-
ance (PL1I) values were derived from the Exome
Aggregation Consortium (EXAC) browser to iden-
tify the effect of gene variants in their protein
products.

RESULTS

The clinical features of all the ten CHD cases
are as follows. All the seven VSD cases showed
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several episodes of dilations. Of the seven VVSD
cases, two cases had pulmonary artery dilation,
two cases had right ventricular dilations, and
three cases had left ventricular dilations. All the
three TOF cases showed sub-aortic right ventric-
ular hypertrophy, pulmonary valve stenosis and
defects in ventricular septa and misplaced aorta
through an echocardiogram. All the TOF cases
showed aortic overriding and right ventricular
hypertrophy. Of the three TOF cases, two sub-
jects had undergone cardiac surgery.

Whole exome sequence analysis resulted in
an average coverage of 95.5 percent with a mean
of 5.4 bases at 100X coverage. Overall alignment
against the reference human genome hg19 was
estimated at 87.5 percent. With three million reads,
78,405 variants were identified with confidence
variant filtration. By performing multiple layers of
gene variant filtration, 24 genes containing 41
damaging non-synonymous SNVs and frame shift
deletions were identified from whole-exome se-
quence dataset (Table 1). Further, based on filtra-
tion with respect to allele frequency and patho-
genicity, ten variants in six genes, namely, Mas-
termind Like Transcriptional Coactivator 3
(MAML3), Hairy/Enhancer-of-split related with
YRPW motif protein 2 (HEY2), Myocyte Enhanc-
er Factor 2A (MEF2A), NCoR1, NOTCH2 and
Histone Deacetylase 9 (HDAC9) were observed
(Table 2, Fig. 1). NCoR1 harboured four variants,
G244A, C241T, G207C, and G121Aonexon 2 in
the transcript NM_001190438. All the ten sub-
jects had the variants, rs76780359, rs78230791 and
rs200020868, as well as the eight subjects, had
the variant, rs74453660. All these variants were
present in the protein domain G protein suppres-
sor 2 (GPS2) (Fig. 1) with multiple physical
interactors.

The NCoR1 protein interacts mainly with Re-
combination Signal Binding Protein for Immuno-
globulin Kappa J Region (RBPJ), HDCA9, HDCA3
and HEY?2 proteins, which are involved in heart
development. These physical interactors also
showed SNVs present across other samples, af-
fecting the downstream cascade of pathways and
processes resulting in disease manifestation. One
major pathway affected by NCoR1 and its physi-
cal interactors was the histone deacetylase ma-
chinery (Fig. 2).
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Fig. 2. Physical interaction of NCoR1 with RBPJ, HDCA9, HDCA3 and HEY?2 proteins: the players in CHD

manifestation.

These gene-gene interactions showed damaging mutations present among various samples, affecting the
downstream cascade of pathways and processes resulting in disease manifestation. One major pathway
affected by NCoR1 and its physical interactors was the histone deacetylase machinery

DISCUSSION

Proper heart development is crucial for its func-
tion. Several proteins and their timely interaction
in early embryogenesis are important for the de-
velopment of a normal heart. If the genes coding
for these proteins is defective, then an abnormal
heart is formed. Unravelling the defective genes
in various types of CHDs is required to under-
stand the causative factors of the disease and
possible diagnosis and treatment. One such at-
tempt has been made in the present study by
whole-exome sequencing the severe cases with
CHDs. The prominent cases of CHDs in India are
VSDs and TOFs (Smitha et al. 2006).

Severe complications occur in VSDs, includ-
ing severe pulmonary hypertension, aortic regur-
gitation, aortic cusp prolapse, left ventricle and
right ventricle outflow tract obstruction
(Chaudhry et al. 2011). Echocardiogram has
shown several complications in VSD and TOF

Int J Hum Genet, 20(2): 55-65 (2020)

cases. The cardiologist offered some of these
cases only medical management. Four cases of
VSD were appropriate for percutaneous device
closure. One of the VSD cases underwent device
closure successfully. Two of the VSD cases were
in an inoperable condition, medically called an
Eisenmenger phenomenon. Out of three TOF cas-
es, two cases underwent intracardiac repair, and
one was managed medically with antibiotics be-
cause of endocarditis.

Whole exome sequence analysis filtered all
the variations and identified defects in six genes,
namely, MAML3, HEY2, MEF2A, NCoR1,
NOTCH2 and HDAC9. All these genes, except
MAMLZ3, showed a less than ten percent haplo-
insufficiency score indicating Loss of Function
(LOF) variants in one gene copy leading to the
reduced amount of protein product. NCoR1,
NOTCH2 and HDACO represented the extreme
loss of function variants. The PLI score explains
the probability of genes that belonged in the hap-
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lo-insufficient group, resulting in extremely intol-
erant loss of function variants. Based on the
present investigation, amongst all these genes
identified, NCoR1 with several damaging, non-
synonymous variants with compound heteroge-
neity and allele frequency less than 0.5, expressed
in the left ventricle stands out and hence studied
in detail. Further, the role of NCoR1 studied by
various investigators using different techniques
and model organisms from 1999 to 2019 has been
summarised in detail in Supplementary Table 1.

NCoR1 is mapped at 17p11.2 with 189.31 kb,
from 16121499 to 15932191 (NCBI 37) on the re-
verse strand. NCoR1 contains several conserved
functional domains with few intrinsically folded
regions (Wen et al. 2000). NCoR1 is primarily ex-
pressed in the left ventricle of the heart. The four
variants of NCoR1 identified in the present study
map to the GPS2 protein domain. Variants in the
GPS2 protein domain render the domain non-func-
tional, failing downstream processes. Besides, the
NCoR/HDAC3 complex specifically functions by
blocking myoblast determination protein 1
(MYODZ1) in myogenesis. The knockout of the
NCoR/HDAC3 complex demonstrated the disrup-
tion of blocking differentiation factors (Phelps et
al. 2016). Therefore, NCoR is necessary for re-
pression of myogenesis by the effect on MYOD.
NCoR regulates and controls the activity of
MYOD in mammalian differentiation. MYOD has
a role during myogenesis, activating both mus-
cle-specific gene transcription and regulation of
cell cycle (Bailey et al. 1999). NCoR is also need-
ed to limit fibroblast growth factor 8 (FGF8) ex-
pression in caudal progenitors and heart progen-
itors (Kumar et al. 2016).

NCoR1 is a transcriptional co-regulator that
controls the activity of many transcriptional fac-
tors such as myocyte enhancer factor 2 (MEF2)
involved in heart development. The receptor in-
teraction domains of NCoR1 interacted with
MEF2a to repress its transcriptional activity and
in turn, formed a complex with MEF2a and class
Ila Histone deacetylases (HDACS) to suppress
hypertrophy related genes. Further, NCoR1, along
with intercellular adhesion molecule 1 (ICAM1)
and AKT Serine/Threonine Kinase 3 (AKT3) has
been important in cardiogenesis of embryos (Lin
etal. 2018; Lietal. 2019) reported that the knock-
down and overexpression of NCoR1 in mice mod-
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el system resulted in exacerbation and mitigation,
respectively in cardiomyocyte hypertrophy- a
major characteristic of Tetralogy of Fallot.

All the variants of NCoR1 were observed
within the GPS2 domain, which affects the NCoR1-
HDAC3 complex. Disruption of histone deacety-
lation results in impaired transcription regulation
of myoblast differentiation, in turn affect heart
development. Therefore, NCoR1 is a key compo-
nent of the co-repressor complex that plays an
important role in the control of heart develop-
ment and differentiation.

The development of the heart is controlled by
a network of transcription factors and pathways
of gene signalling involved in heart development
and differentiation. Any change in these cardiac
genes and signalling pathways could cause
CHDs. Further, NCoR1 protein interacts with
RBPJ, HDAC9, HDAC3 and HEY2 proteins, which
are expressed in the left ventricle, artery and aor-
ta. RBPJ and HEY 2 are downstream effectors of
the NOTCH signalling pathway required for heart
development. HDACs also involved in the devel-
opment and cell cycle process, so any disruption
in this interaction, triggers CHD manifestation.
The HDAC:S eliminate the acetyl group from the
DNA histone leading to the coiling of chromatin,
which inhibits transcription activity (Meyners et
al. 2017). DNA histone modification has involved
in cardiac fibroblast activation (Tao et al. 2018).
Therefore, the corepression complex of NCoR1-
HDAC and other physical interactors disrupted
by the NCoR1 mutations leads to impaired heart
development resulting in CHD manifestation.

CONCLUSION

Based on the current investigation, NCoR1 is
the potential candidate gene involved in heart
development accounting for the manifestation of
VSD and TOF. Identification and occurrence of
NCoR1 SNVs among all the ten samples with
haplo-insufficiency of 2.41 in exon 2 indicated
that it is a potential candidate gene for CHD in
general and VVSD and TOF in particular. This study
would serve as a pilot attempt and frontier for
identification of causal genes and pathways im-
paired for VSD and TOF manifestation exclusive-
ly in the Indian population. Further, this data will
be validated in larger Indian samples.
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RECOMMENDATIONS

Although the results of this study indicate
strong evidence for NCoR1 to be an important
gene in heart development, this has to be validat-
ed in a larger sample size. This will be useful for
developing a gene panel for the early detection
of VSD and TOF manifestation.
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NOTES

Table 1: Damaging non-synonymous heterozygous gene
variants identified in non-syndromic VSD and TOF in
different transcripts of Whole-exome sequence data

*High ranks (0-10%) indicate a gene exhibit more haplo-
insufficiency

* Probability Loss Intolerance (PLI) from the Exome
Aggregation Consortium (ExAC) browser, (>0.9) in-
dicates extremely Loss of Function (LOF), and genes

with low PLI scores (PLI <0.1) are LOF tolerant.
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