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ABSTRACT

Ventricular Septal Defects (VSDs) account for 30% to 60% of all congenital
heart diseases in neonates. VSDs are one of the commonest
abnormalities, affecting human heart and has been the focus of interest in
several studies since years. Strong evidence regarding the involvement of
genes in causing VSDs has been accumulated over the years. The
classification based on genetics, including three types of VSDs; VSD1,
VSD2 and VSD3, is the focus of this paper.
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INTRODUCTION

Human heart develops after a complex series of
events and pathways. The events should run in a
correct sequence, if there is any disturbance in the
process, it will lead to a number of heart defects.?
Congenital cardiac malformations are clinically
categorized into more than 18 different types; the
most common among these is the Ventricular septal
defect (VSD).VSDs account to 30% to 60% in
neonates, suffering from congenital heart disease
and are one of the primitive abnormalities, affecting
the human heart.>* It has been extensively
investigated in several studies since years. Such a
defect results in the mixing of blood in the right and
left ventricle of heart. Most forms of VSD can be
corrected by surgery.5 6

VSD can be divided into either isolated VSD (nho
extra cardiac symptoms) or syndromic (associated
with other congenital cardiac defects and extra
cardiac symptoms). This heart defect also exists as
a component of several complex malformations,
including Tetralogy of Fallot (TOF) and univentricular
heart.2 Untreated VSDs lead to the ventricular
dysfunction, cardiac enlargement, Eisenmenger’s
syndrome, pulmonary hypertension, delayed
development of fetal brain and ultimately cardiac
death.2 7. 8 |t is a prominent cause of morbidity and
mortality in infancy.®

A previous study published in 1977 with the title of
“Natural history of Ventricular septal defects”
reported, the size of defect/hole matters a lot in
VSDs cases. In early age, spontaneous closure of
smaller defects usually occurs but the chances of
closure become significantly less with the increasing
age (years).1° The rate of spontaneous closure vary
depending upon different cases and studies but the
range of closure is almost 11 to 70%.1% 12

Classification of VSD

For the purpose of unifying reporting system all over
the world and evaluating the genetic causes of
defect, extended classification system of VSDs is
present. This classification system is based on the
location, number, types and genetics of the defect.*
European Association for Cardiothoracic Surgery,
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provides the nomenclature of VSD on bases of
defect’s location (Figure 1). This nomenclature
comprises of four different types;®

e Type 1 Sub-arterial,

e Type 2 Perimembranous or
paramembranous

e Type 3 Inlet or atrioventricular canal

e Type 4 Muscular

Type 1
Subpulmonary/
Sub-arterial

Superior vena cava

Left atrium

Right atrium Type 2
Membranous
Perimembranous

Paramembranous

Right ventricle " ‘R Left ventricle

Type 3
Inlet or
atrioventricular canal

Type 4
Muscular
Single or multiple

Figure 1: Nomenclature of VSD on bases of
defect’s location

In the infundibular portion of the right ventricular,
type 1 defects lie beneath the pulmonary valve. In
Asian populations, prevalence of type 1 defect is
higher, reaching up to 30%. Spontaneous closure is
uncommon in type 1 defects.1® There are further two
subtypes of type 1 defects, (Type la) without
pulmonary infundibular stenosis, (Type Ib) with
pulmonary infundibular stenosis.'* Type 2 defects
account up to 70% of all defects.!® As name
indicated, type 2 VSD located in the membranous
portion of the ventricular septum. Perimembranous
or paramembranous are further subtypes of type 2
defects.’®> Type 3 defects account for 5% in all
defects, and lie in the right ventricular septum at
posterior inlet portion correspond to outlet portion of
left ventricular septum.'® The defect expands
superiorly to membranous septum. Type 4 defect is
muscular defect and this includes a variety of single
or multiple defects in the muscular septum.16
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Muscular defects comprise about 15-20% of all
defects.’® Frequently, type 4 defects are present in
multiple numbers. Muscular defects are more likely
to close spontaneously, by the development of
septal muscles.> Furthermore, the classification
based on number of VSDs in heart consists of two
classes, single VSD and multiple VSDs.* The
mortality rate of single VSD closure is less than 1%.
In postoperative period, multiple VSDs escalate the
mortality rate up to 7%. Smaller VSDs are restrictive
due to presence of pressure gradient across the
ventricle while the larger VSDs said to be
nonrestrictive due to the equal pressure in left and
right ventricular. Smaller restrictive VSD remains
asymptomatic in infants.5 17

Classification on basis of genetics

Abnormally developed interventricular septum, is a
complex pathogenic process implicated due to the
environment as well as genetic risk factors.
Evidences highlight the major genes involved in
VSDs. The classification based on genetics,
including three types of VSDs; VSD1, VSD2 and
VSD3. According to Online Mendelian Inheritance in
man (OMIM), ClinVar, UniprotKb/swiss-prot and
genetic testing registry the unaccompanied genetic
cause of VSD1 is GATA4 gene
(https://www.omim.org/entry/614429?search=VSD&

highlight=vsd).

GATA transcription factors are a family of DNA
binding proteins having zing finger domains that bind
to the consensus sequence (5-AGATAG-3'/'5-
WGATAR-3') GATA of the target gene. GATA family
consists of GATAl, GATA2, GATA3, GATA4,
GATAS and GATAG6.'® Among them, GATA4, 5 and
GATA 6 predominantly express in human embryonic
heart. Zinc finger cardiogenic transcription factor
(GATA4) plays a critical role in cardiogensis.!®
GATA4 is an essential component that regulates the
septal development and cardiomyocyte
proliferation.’® In humans, GATA4 gene is located
on chromosome 8p23.1-p22 and contains 7 exons

that encode for a protein of 442 amino acids (Table
1)_2, 20-22

Gene expression in cardiomyocytes is regulated by
the coordinated effect of GATA4 with TBX5, both
bind to the cardiac super enhancer. Another
important task completed by the complex of GATA4
and TBXS5 is the down regulation of endothelial and
endocardial gene expression.’® Cardiac myocyte
enlargement promotes by the cooperation of GATA4
with NKX2-5 (Figure 2).2® Certain genetic variants of
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GATAA4 are reported that can altered protein function
and structure by change of even single amino acid
(Table 2 and 4).

Table 1: Exons of Genes (GATA4, CITED2 and
NKX2-5)

bases
VSD 1: Exons of GATA4 gene
ENSEO000

oo 11,676,959 11,677,063 105
VSD 2: Exons of CITED2 gene

oo 139374605 139374413 193
oy 139373952 130373460 484
ey 130373207 139373074 224

VSD 3: Exons of NKX2-5 gene

ENSE000
02134783 173235311 173,234,750 526
ENSE000

02124364 173234140 173234048 93

Table 2: Genetic Variation of GATA4 and NKX2-5,
causing amino acid change

VSD1; GATA4 gene Variation

1 p.Ala6Val VAR_067605
2 p.Arg43Trp VAR_067606
3 p.Gly296Arg VAR_067613
4 p.Glu359Lys VAR_067617
5 p.Serd29Thr VAR_067622
6 p.Ala442Val VAR_067623
VSD2; NKX2-5 gene

1 p.Pro59Ala VAR_067586
2 p.Pro283GIn VAR_067587
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A gene strongly affiliated with the VSD2 is CREB-
binding protein Cbp/P300 Interacting Transactivator
with Glu/Asp rich Carboxy-Terminal Domain 2
(CITED2).24 25 Pertinent phenotype of VSD with this
gene is perimembranous ventricular septal defect
(HP: 0011682). CITED2 gene is localized on
chromosome 6g24.1, consisting on 3 exons
encoding for the protein of 270 amino acids (Table
1). Variants of CITED2 gene decrease the ability to
mediate the expression of genes, crucial for heart
development (VEGF and PITX2C) (Table 3).26

cardiogensis. NKX2-5 is a gene associated with
VSD3. NKX2-5 gene is located on chromosome
5g34; consists of 2 exons that translate protein of
324 amino acids (Table 1). NKX2-5 is an essential
gene for cardiac morphogenesis and normal cardiac
development that's why it is a candidate gene for
determining structural heart anomalies.® 27 28
Myocardial lineage differentiation is regulated by the
NKX2-5 gene. It acts as a transcriptional activator in
cooperation with GATA4.2% 29 Genetic variations
affect the gene expression of NKX2-5 (Table 2 and

4).
Homeodomain-containing transcription factor
encoded by a gene NKX2-5, plays a crucial role in
GATA4 Gene

Transcriptional Activator

"/

Binds to the
consensus
sequence GATA4 TBX5
5'-AGATAG-3'
V' (V' a1V o In cooperation

cardiac
development
and function

Promotes

with TBX5

Binds to cardiac
super-enhancers

cardiomyocyte endocardial and
gene expression endothelia
expression

\

Downregulates

GATA 4

Binds to BMP response Nkx 2.5
element (BMPRE) In cooperation
within cardiac with NKX2-5

activating regions l

Actsas a
transcriptional
activator of ANF

Involvedin bone
morphogenetic
protein (BMP)-
mediated induction
of cardiac-specific
gene expression

Promotes cardiac
myocyte
enlargement

| gene

Figure 2. Functions of GATA4 gene

Table 3: Genetic Variation of CITED2 gene

1 rs1064797329°5 %(T:(ngg%ecm/ ee
2 rs15542338595 GIA

3 rs10003759235 AIC

4 rs10004750525 A/C/G

5 rs10011224995 GIA/C
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Coding sequence variant, in frame deletion, in
frame insertion

Coding sequence variant, missense variant
Upstream transcript variant
Upstream transcript variant
Upstream transcript variant
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Table 4: Genetic Variation (single nucleotide variant) of GATA4 and NKX2-5

SNP ID

Variation

Significance

GATA4 gene Variation (single nucleotide variant)

1

10

NM_002052.4(GATAA4):
c.487C> T (p.Prol163Ser)

NM_002052.4(GATA4):
c.487C> T (p.Prol163Ser)

NM_002052.4(GATA4):
¢.1075G> A (p.Glu359Lys)

NM_002052.4(GATA4):
€.1075G> A (p.Glu359Lys)

NM_002052.4(GATAA4):
€.1325C> T (p.Alad442Val)

NM_002052.4(GATAA4):
€.1325C> T (p.Alad442Val)

NM_002052.4(GATA4):
€.1220C> A (p.Pro407GlIn)

NM_002052.4(GATAA4):
€.1220C> A (p.Pro407GlIn)

NM_002052.4(GATAA4):
€.886G> C (p.Gly296Arg)

NM_002052.4(GATA4):
€.886G> C (p.Gly296Arg)

Conflicting interpretations
of pathogenicity

Conflicting interpretations
of pathogenicity

Pathogenic

Pathogenic

Pathogenic

Pathogenic

Conflicting interpretations
of pathogenicity

Conflicting interpretations
of pathogenicity

Pathogenic

Pathogenic

NKX2-5 gene Variation (single nucleotide variant)

1
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NM_004387.3(NKX2-5):
€.848C> A (p.Pro283Gin)

NM_004387.3(NKX2-5):
€.848C> A (p.Pro283Gin)

NM_004387.3(NKX2-5):
c.175C> G (p.Pro59Ala)

NM_004387.3(NKX2-5):
€.175C> G (p.Pro59Ala)

NM_004387.3(NKX2-5):
€.769C> G (p.Pro257Ala)

NM_004387.3(NKX2-5):
€.769C> G (p.Pro257Ala)

NM_004387.3(NKX2-5):
€.824C> T (p.Pro275Leu)

Uncertain significance

Uncertain significance

Pathogenic

Pathogenic

Pathogenic

Pathogenic

Uncertain significance

rs387906769

rs387906769

rs368489876

rs368489876

rs146017816

rs146017816

rs115099192

rs115099192

rs104894073

rs104894073

rs375086983

rs375086983

rs387906775

rs387906775

rs387906776

rs387906776

rs1060503097

Chromosome 8,
11566308:
11566308
Chromosome 8,
11708799:
11708799
Chromosome 8,
11614521
11614521
Chromosome 8,
11757012:
11757012
Chromosome 8,
11615980:
11615980
Chromosome 8,
11758471:
11758471
Chromosome 8,
11615875:
11615875
Chromosome 8,
11758366:
11758366
Chromosome 8,
11607722:
11607722
Chromosome 8,
11750213:
11750213

Chromosome 5,
172659699:
172659699
Chromosome 5,
173232696:
173232696
Chromosome 5,
172661912:
172661912
Chromosome 5,
1732349009:
173234909
Chromosome 5,
172659778:
172659778
Chromosome 5,
173232775:
173232775
Chromosome 5,
173232720:
173232720

289




Classification of Ventricular Septal Defects (VSDs) on the basis of Genetics

REFERENCES

1.

10.

11.

12.

13.

14.

Ghmaird AS, Alrashidi TN, Altabbish WA,
Bedaiwi AA, Almohammadi AM, Swead FA, et
al. Epidemiology of congenital heart disease
among pediatric patients in Northwest, Saudi
Arabia. Austr Medi Jr. 2020;13(8):254-8.

Yang YQ, Li L, Wang J, Liu XY, Chen XZ, Zhang
W, et al. A novel GATA4 loss-of-function
mutation associated with congenital ventricular
septal defect. Pediatr Cardiol. 2012;33(4):539-
46.

Svirsky R, Brabbing-Goldstein D, Rozovski U,
Kapusta L, Reches A, Yaron Y. The genetic and
clinical outcome of isolated fetal muscular
ventricular septal defect (VSD). J Matern Fetal
Neonatal Med. 2019;32(17):2837-41.

Dakkak W, Oliver Tl. Ventricular septal defect.
StatPearls: StatPearls Publishing; 2019.
Muralidaran A, Shen 1. Ventricular Septal
Defects. Critical Heart Disease in Infants and
Children: Elsevier; 2019. p. 597-605. e2.
Mavroudis C, Dearani JA, Anderson RH.
Ventricular septal defect. Atlas of Adult
Congenital Heart Surgery: Springer; 2020. p. 91-
115.

McQuillen PS, Miller SP. Congenital heart
disease and brain development. Ann N Y Acad
Sci. 2010;1184(1):68-86.

Yap SC, Harris L. Sudden cardiac death in
adults with congenital heart disease. Expert Rev
Cardiovasc Ther. 2009;7(12):1605-20.

Wang J, Xin YF, Liu XY, Liu ZM, Wang XZ,
Yang YQ. A novel NKX2-5 mutation in familial
ventricular septal defect. In. J Mol Med.
2011;27(3):369-75.

Corone P, Doyon F, Gaudeau S, Guérin F,
Vernant P, Ducam H, et al. Natural history of
ventricular septal defect. A study involving 790
cases. Circulation. 1977;55(6):908-15.

Eroglu A, Oztung F, Saltik L, Bakari S, Dedeoglu
S, Ahunbay G. Evolution of ventricular septal
defect with special reference to spontaneous
closure rate, subaortic ridge and aortic valve
prolapse. Pediatr Cardiol. 2003;24(1):31-5.

Song J, Huh J, Kang IS. The experience of
transcatheter closure of postoperative
ventricular septal defect after total correction. J
Cardiothorac Surg. 2019;14(1):104.

Alizadeh B. Transcatheter Closure of Congenital
VSDs: Tips and Tricks. InAngiography 2019 Jun
19. IntechOpen.

Van Praagh R, McNamara JJ. Anatomic types of
ventricular septal defect with aortic insufficiency:

Pak Heart J 2020 Vol. 53 (04): 285-291

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25,

diagnostic and surgical considerations. Am
Heart J. 1968;75(5):604-19.

HADDAD RN, Daou L, Saliba Z. Device closure
of perimembranous ventricular septal defect:
choosing between amplatzer occluders. Front
Pediatr. 2019;7:300.

Jacobs JP, Burke RP, Quintessenza JA,
Mavroudis C. Congenital heart surgery
nomenclature and database project: ventricular
septal defect. Ann Thorac Surg. 2000;69(3):25-
35.

Fouron JC, Thomas-Chabaneix J, Brisebois S,
Berger A, Dahdah N. Prenatal Identification of
Restrictive and Non-restrictive Ventricular Septal
Defects Based on End-Systolic Flow Patterns in
the Fetal Aortic Isthmus. Pediatr Cardiol.
2020;41(2):309-15.

Yang YQ, Gharibeh L, Li RG, Xin YF, Wang J,
Liu zZM, et al. GATA 4 Loss-of-Function
Mutations Underlie Familial Tetralogy of Fallot.
Hum Mutat. 2013;34(12):1662-71.

Ang YS, Rivas RN, Ribeiro AJ, Srivas R, Rivera
J, Stone NR, et al. Disease model of GATA4
mutation reveals transcription factor
cooperativity in human cardiogenesis. Cell.
2016;167(7):1734-49.

White RA, Dowler LL, Pasztor LM, Gatson LL,
Adkison LR, Angeloni SV, et al. Assignment of
the transcription factor GATA4 gene to human
chromosome 8 and mouse chromosome 14:
Gata4 is a candidate gene for Ds
(disorganization). Genomics. 1995;27(1):20-6.
Tomita-Mitchell A, Maslen C, Morris C, Garg V,
Goldmuntz E. GATA4 sequence variants in
patients with congenital heart disease. J Med
Genet. 2007;44(12):779-83.

Wang J, Fang M, Liu XY, Xin YF, Liu ZM, Chen
XZ, et al. A novel GATA4 mutation responsible
for congenital ventricular septal defects. Int J
Mol Med. 2011;28(4):557-64.

Sunagawa Y, Morimoto T, Takaya T, Kaichi S,
Wada H, Kawamura T, et al. Cyclin-dependent
kinase-9 is a component of the p300/GATA4
complex required for phenylephrine-induced
hypertrophy in cardiomyocytes. J Biol Chem.
2010;285(13):9556-68.

Sperling S, Grimm CH, Dunkel I, Mebus S,
Sperling HP, Ebner A, et al. Identification and
functional analysis of CITED2 mutations in
patients with congenital heart defects. Hum
Mutat. 2005;26(6):575-82.

Xu M, Wu X, LiY, Yang X, Hu J, Zheng M, et al.
CITED2 mutation and methylation in children
with congenital heart disease. J Biomed Sci.
2014;21(1):1-8.

290




26.

27.

28.

29.

Classification of Ventricular Septal Defects (VSDs) on the basis of Genetics

Li Q, Pan H, Guan L, Su D, Ma X. CITED2
mutation links congenital heart defects to
dysregulation of the cardiac gene VEGF and
PITX2C expression. Biochem Biophys Res
Commun. 2012;423(4):895-9.

Peng T, Wang L, Zhou SF, Li X. Mutations of the
GATA4 and NKX2. 5 genes in Chinese pediatric
patients with non-familial congenital heart
disease. Geneti. 2010;138(11-12):1231-40.
Kolomenski JE, Delea M, Simonetti L, Fabbro
MC, Espeche LD, Taboas M, et al. Update of
genetic variants in the NKX2-5 gene. Hum
Mutat. 2020; 41(7):1187-208.

Whitcomb J, Gharibeh L, Nemer M. From
embryogenesis to adulthood: Critical role for
GATA factors in heart development and
function. IUBMB Life. 2020;72(1):53-67.

Pak Heart J 2020 Vol. 53 (04): 285-291

201




