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ABSTRACT

Congenital heart disease (CHD) is the most common

of congenital cardiovascular malformations associated
with birth defects, and it results in significant morbidity
and mortality worldwide. The classification of CHD is

still elusive owing to the complex pathogenesis of CHD.
Advances in molecular medicine have revealed the genetic
basis of some heart anomalies. Genes associated with
CHD might be modulated by various epigenetic factors.
Thus, the genetic and epigenetic factors are gradually
accepted as important triggers in the pathogenesis of
CHD. However, few literatures have comprehensively
elaborated the genetic and epigenetic mechanisms of CHD.
This review focuses on the etiology of CHD from genetics
and epigenetics to discuss the role of these factors in the
development of CHD. The interactions between genetic and
epigenetic in the pathogenesis of CHD are also elaborated.
Chromosome abnormalities and gene mutations in
genetics, and DNA methylations, histone modifications
and on-coding RNAs in epigenetics are summarized

in detail. We hope the summative knowledge of these
etiologies may be useful for improved diagnosis and
further elucidation of CHD so that morbidity and mortality
of children with CHD can be reduced in the near future.

INTRODUCTION

Congenital heart disease (CHD) is a group of
disorders attributed by abnormalities in fetal
heart and large vessels that lead to actual or
potential impairment of cardiac function in
infants. CHD is the most common type of
congenital defect worldwide and is the most
common and the most life-threatening class
of birth defects in infants, affecting approx-
imately 1% live births annually worldwide.'
Epidemiological investigations indicate that
the overall incidence of CHD varies across
countries and continents, and the preva-
lence of CHD in Asia is higher than that in
North America.” Despite benefits from the
remarkable progress in therapeutic strategies
of surgery and catheter intervention, CHD
is still the principal source of mortality in
infants. However, owing to medical, surgical
and technological evolutions during the past
decades, more than 90% of CHD infants
now survive to adulthood.” Improvement in

surgical intervention techniques and peri-
operative care has dramatically changed the
management of these populations with CHD.
However, CHD is still a bothersome question
owing to its undesirable outcomes and expen-
sive healthcare costs, which bring substantial
physiological, emotional and socioeconomic
challenges to patients, families and society.

According to the final anatomical and
pathophysiological complexities, CHD can
be classified as mild, moderate or severe.
Detailed classification is shown in box 1.*
The prognosis, morbidity and mortality vary
with the severity of the anomalies. Despite the
rapid advances in medical care and detection
technology, the etiology of most CHD remains
poorly understood. It is therefore imperative
to improve our understanding of the disease
mechanisms to reduce the frequent occur-
rence of CHD. During the past decades a
consensus has emerged that both genetic
(eg, chromosomal abnormalities, smaller
copy number variants and point mutations)
and environmental (extrinsic factors, such as
teratogen exposure and nutrient deficiencies;
intrinsic factors, including maternal disease,
illness and viral infection)® factors are related
to the occurrence of CHD. Progress in molec-
ular genetic diagnosis has provided a valu-
able opportunity to investigate the genetic
factors of CHD. Furthermore, a multitude
of animal models (eg, mouse, zebrafish, frog
and fruit fly) have witnessed the significant
effects of genetic etiology of CHD. These in
vivo studies on animal models, in turn, have
resulted in the identification of numerous
structural genes, transcriptional regulators
and signaling molecules that are critical for
normal cardiac morphogenesis.’

To our knowledge, although numerous
literatures have discussed the genetic mech-
anisms of CHD, few have comprehensively
elaborated the genetic and epigenetic mech-
anisms of CHD. In this review, we focus on
CHD origin from the etiology of genetics
and epigenetics. Chromosomal abnormalities
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Box 1 Classification of congenital heart disease (the

copyright can be viewed in the online supplemental file)

Mild:

» Isolated congenital aortic valve disease and bicuspid aortic disease.

» Isolated congenital mitral valve disease (except parachute valve
and cleft leaflet).

» Mild isolated PS (infundibular, valvular and supravalvular).

» Isolated small ASD, VSD or PDA.

» Repaired secundum ASD, sinus venosus defect, VSD or PDA without
residuae or sequellae, such as chamber enlargement, ventricular
dysfunction or elevated pulmonary artery pressure.

Moderate (repaired or unrepaired where not specified;
alphabetical order):

» Anomalous pulmonary venous connection (partial or total).
Anomalous coronary artery arising from the PA.

Anomalous coronary artery arising from the opposite sinus.

AS subvalvular or supravalvular.

AVSD, partial or complete, including primum ASD (excluding pulmo-
nary vascular disease).

Coarctation of the aorta.

Double-chambered right ventricle.

Ebstein anomaly.

Marfan syndrome and related HTAD and Turner syndrome.

PDA, moderate or large unrepaired (excluding pulmonary vascular
disease).

PPS.

PS (infundibular, valvular and supravalvular), moderate or severe.
Sinus of Valsalva aneurysm/fistula.

Sinus venosus defect.

TOF repaired.

Transposition of the great arteries after arterial switch operation.
VSD with associated abnormalities (excluding pulmonary vascular
disease) and/or moderate or greater shunt.

VVvyYVyYy

VVyVYVYY

VVYVVYYVYYY

Severe (repaired or unrepaired where not specified,;

alphabetical order):

» Any CHD (repaired or unrepaired) associated with pulmonary vas-

cular disease (including Eisenmenger syndrome).

Any cyanotic CHD (unoperated or palliated).

Double-outlet ventricle.

Fontan circulation.

IAA.

Pulmonary atresia (all forms).

Transposition of the great arteries (except for patients with arterial

switch operation).

Univentricular heart (including double inlet left/right ventricle, tri-

cuspid/mitral atresia, hypoplastic left heart syndrome and any other

anatomic abnormalitywith a functionally single ventricle).

» Truncus arteriosus.

» Other complex abnormalities of atrioventricular and ventriculoar-
terial connection (ie, crisscross heart, heterotaxy syndromes and
ventricular inversion).

VVVYVYYVYY

v

AS, aortic stenosis; ASD, atrial septal defect; AVSD, atrioventricular septal
defect; CHD, congenital heart disease; HTAD, heritable thoracic aortic disease;
IAA, interrupted aortic arch; PA, pulmonary artery; PDA, patent ductus
arteriosus; PPS, peripheral pulmonary stenosis; PS, pulmonary stenosis; TOF,
tetralogy of Fallot ; VSD, ventricular septal defect.

and gene mutations in genetics, and DNA methylations,
histone modifications and on-coding RNAs in epigenetics
are summarized in detail. Moreover, we expect that

rapidly emerging data could provide a further under-
standing of genetics and epigenetics in the development
of CHD and also a basis for further exploring the early
diagnosis and individualized therapy of CHD.

CHROMOSOME ABNORMALITIES UNDERLYING CHD
Chromosome abnormalities refer to abnormal chro-
mosome numbers and structural aberrations including
aneuploidies and copy number variations (CNVs), respec-
tively. Conventional chromosome anomalies associated
with CHD were identified half a century ago. A study
by Pierpont et al’ suggested that ~30% of children with
a chromosomal abnormality would suffer from CHD. In
the following section, we summarize the involvement of
chromosomal aneuploidies and CNVs in CHD in detail.

Aneuploidy in CHD

Chromosomal aneuploidy is the earliest recognized
genetic cause of CHD and accounts for a great propor-
tion of CHD (table 1). Approximately 50% of individ-
uals born with trisomy 21 have the phenotypes of CHD,
ranging from atrial septal defect (ASD)/ventricular
septal defect (VSD) to atrioventricular canal lesions.' 2
The prevalence of CHD in newborns with trisomy 13 and
trisomy 18 increases to 80%, and the major phenotypes
of CHD are heterotaxy, laterality and septal defects.®?
CHD is observed in approximately 33% of females with
Turner syndrome or monosomy X, and the cardiac
malformations are usually diagnosed as VSD, coarctation
of aorta (CoA), bicuspid aortic valve and hypoplastic left
heart.! Although abnormal X chromosome numbers are
rare, they also could result in CHD. For example, males
with Klinefelter syndrome or 47, XXY have a 50% chance
of CHD with the phenotypes of patent ductus arteriosus
(PDA) and ASD.” Moreover, sporadic 49, XXXXX cases
with the phenotypes of ASD and vascular malformations
have also been reported.10 At present, chromosomal
G-banded karyotype analysis has been applied to detect
the anomalies of chromosomes in spite of its limitation
for the restrictive base resolution in exploring the tiny
abnormalities of chromosomes.

CNVs in CHD

Conventional chromosomal microscopy in clinic could
only detect the alterations of structure, numbers of chro-
mosomes and abnormalities of large fragments, causing
incomplete diagnosis of CHD. Numerous detection
technologies include fluorescent in situ hybridization
and multiplex ligation-dependent amplification. Chro-
mosomal microarrays have been applied to explore the
submicroscopic chromosomal anomalies and to eluci-
date the pathogenic mechanisms of CHD, which may
become a better approach for diagnosis.

CNVs refer to structural aberrations consisting of dele-
tions or duplications, which are too small to be detected
by routine karyotype analysis. A few CNVs can alter one
or more contiguous genes and then inappropriately
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Continued

Table 1

Associated cardiac

anomalies

Reference(s)

Clinical features

Inheritance
N/A

Locus

Causative gene(s)
TUBGCPS5, CYFIP1,

Disorder

28

ASD, VSD, CoA,

Delayed psychomotor development,
speech delay, autism spectrum
disorder, attention deficit-

15q11.2

15011.2 deletion

TAPVD and complex

NIPA2 and NIPA1

left sided.

hyperactivity disorder, obsessive—
compulsive disorder, possibly

seizures and CHD.

1314

TOF, I1AA type B,

Thymus and parathyroid aplasia

De novo and AD
(28% of cases).

22q11.2

TBX1

22911.2 deletion

VSD, TA, aortic arch

or hypoplasia, immunodeficiency,
hypocalcemia, distinctive facial

(DiGeorge Syndrome)

anomalies and truncus

features, OFT abnormalities and CHD. arteriosus.

Interrupted aortic arch
and truncus arteriosus.

Distinctive facial features, psychiatric
and cognitive deficits, sepsis and

CHD.

De novo and AR
(minority of cases)

22q11.22

Distal 22g11.2 deletion CRKL and ERK2/

MAPK1

AD, autosomal dominant; AR, autosome recessive; AS, aortic stenosis; ASD, atrial septal defect; AV, aortic valve; AVSD, atrioventricular septal defect; BAV, bicuspid aortic valve; CHD, congenital heart

disease; Chr, chromosome; CoA, coarctation of the aorta; HLHS, hypoplastic left heart syndrome; IAA, interrupted aortic arch; LVOT, left ventricular outflow tract; MV, mitral valve; N/A, not available;

OFT, outflow tract; PAS, pulmonary artery stenosis; PDA, patent ductus arteriosus; PPS, peripheral pulmonic stenosis; SVAS, supravalvar aortic stenosis; TA, tricuspid atresia; TAPVD, total anomalous

pulmonary venous drainage; TOF, tetralogy of Fallot; VSD, ventricular septal defect.

affect their expression, leading to the development of
CHD."" ' CNVs can occur de novo in sporadic cases, or
they can be inherited familiarly causing complex congen-
ital heart malformations. However, the underlying mech-
anisms of CNVs in CHD still need to be elucidated. One
of the most common CNVs syndromes in CHD, 22q11.2
deletion syndrome (DiGeorge syndrome or velocardio-
facial syndrome), is caused by a microscopic deletion
on chromosome 22ql1.2. Variable phenotypes, such as
craniofacial abnormalities, neurocognitive disabilities,
palate abnormalities, hypocalcemia and immunodefi-
ciencies, can be observed in this syndrome. The main
cardiac malformations of this syndrome contain VSD,
arch abnormalities and tetralogy of Fallot (TOF).”* To
date, more than 30 gene deletions have been identified in
the 22q11.2 locus by sequencing. Deletions in the T-box
transcription factor TBXI account for the major molec-
ular basis of these cardiac malformations.'* Further work
revealed that distal 22q11.2 deletion presented atypical
clinical features of DiGeorge syndrome; therefore, this
deletion was proposed as one of the etiologies of CHD."
Williams-Beuren syndrome, which is characterized by
supravalvar aortic stenosis (SVAS), peripheral pulmon-
onic stenosis, coronary artery stenosis, pulmonary artery
sling, developmental delays, typical elfin facies, infantile
hypercalcemia and cognitive disability, has been report-
edly caused by microdeletion of over 25 genes in the
7q11.23 region.'® It has been known that cardiovascular
abnormalities, such as SVAS, can be induced by haploin-
sufficiency of the elastin gene (ELN)."”

Some CNVs encompass previously identified CHD
genes, or genes known to be implicated in heart develop-
ment. For example, 8 p deletion syndrome and mutations
in GATA4, a cardiac transcription factor, are reported
to be associated with CHD."® The 8p23.1 delete region
that overlaps with the locus of GATA4 could elucidate
this causal outcome. However, Kumar et al reported an
interesting case of 8p23.3p23.1 deletion and 8p23.1p11.1
interstitial duplication syndrome that a male toddler with
global developmental delay, dysmorphic facies, seizures
and large doubly committed VSD occurred without the
GATA4 gene involvement.'” Duplications at the 8p23.1
locus have also been identified in CHD, including
ASD, VSD and TOF.* 2! Other studies have confirmed
that the CNVs at chromosome 11q23 were associated
with Jacobsen syndrome.” * Moreover, several CNVs
have been identified from larger cohorts of patients
with CHD, including 1q21.1,*%° 4p16.3,%" 4q22.1,° *
9q34.8%°* and 15q11.2.*® All of these CNVs mentioned
above are detailed in table 1 for their relationship to
CHD in human.

GENE MUTATIONS UNDERLYING CHD

Numerous mutations are implicated in the develop-
ment of CHD (table 2). Some mutations are identified
in pedigrees of CHD, while others are initially observed
in sporadic cases of CHD.? Currently, mutations in more
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Table 2 Common congenital heart disease resulting from single gene defects

Gene Locus Protein Cardiac phenotype OMIM
Gene associated GATA4 8p23.1 GATA4 transcription factor ASD, VSD, AVSD, PS, PAPVR 600576
with transcription and TOF.
factors of cardiac
development
GATAS5 20913.33 GATAS5 transcription factor Congenital bicuspid aortic 617912
valve and VSD.
GATA6 18g11.2 GATAG transcription factor ASD, VSD, AVSD, OFT 601656
defects, PDA, PS and TOF.
NKX2.5 5035.1 Homeobox containing transcription factor ASD, VSD, TOF, HLHS, CoA, 600584
TGA, DORYV, IAA and OFT
defects.
NKX2.6 8p21.2 Homeobox containing transcription factor PTA and conotruncal heart 217095
malformations.
TBX1 22q11.2 T-Box 1 transcription factor TOF. 602054
TBX5 12924.21 T-Box 5 transcription factor ASD, VSD and AVSD. 601620
TBX20 7p14.2 T-Box 20 transcription factor ASD, VSD and MS. 611363
TFAP2p 6p12.3 Transcription factor AP-2 beta PDA. 601601
ZIC3 Xg26.3 Zinc finger transcription factor ASD, VSD, HLHS, DORYV, PS, 300265
TGA, TAPVR, dextrocardia,
L-R axis defects and
heterotaxy.
Gene associated AXIN2 17924.1 Axin-related protein 2 Congenital valve defect. /
with signaling
pathways of cardiac
development
BRAF 7934 Serine/threonine-protein kinase B-raf ASD, and PAS. 164757
CBL 11923.3 E3 ubiquitin-protein ligase CBL AVSD, HCM and PS. 613563
DLL4 159015.1 Delta-like protein 4 Left-sided obstructive 616589
lesions, septal and
conotruncal defects and
tricuspid atresia.
FOXH1 80924.3 Forkhead box protein H1 TOF and TGA. /
GALNT11 7936.1 Polypeptide N- Heterotaxy. /
acetylgalactosaminyltransferase 11
GLI1 12913.3 Zinc finger protein GLI1 Abnormity of atrioventricular 165220
separation and cardiac OFT.
HHEX 10923.33 Hematopoietically expressed homeobox Ventricular aplasia, dense /
myocardial dysplasia and
intracardiac membrane
dysplasia.
HRAS 11p15.5 GTPase HRas PAS and tachycardia. 190020
JAG1T 20p12.2 Protein Jagged-1 PAS and TOF. 601920
KRAS 12pi12.1 GTPase KRas ASD and PAS. 190070
MAML1 5035.3 Mastermind-like protein 1 Aortic valve disease. /
MEK1 15022.31 Dual specificity mitogen-activated protein ASD and PAS. 176872
kinase kinase 1
MEK2 19p13.3 Dual specificity mitogen-activated protein ASD and PAS. 601263
kinase kinase 2
NOTCH1 9g34.3 Notch receptor 1 Aortic valve disease. 190198
NOTCH2 1p12 Notch receptor 2 AS, TOF and PAS. 610205
NRAS 1p13.2 GTPase NRas HCM and PS. 164790
PPP1CB 2p23.2 Serine/threonine-protein phosphatase ASD, VSD, HCM, PAS and 617506
PP1-beta catalytic subunit TOF.
PTPN11 12924.13 Protein tyrosine phosphatase non- ASD, VSD and PAS. 176876
receptor type 11
Continued
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Table 2 Continued

Gene Locus Protein Cardiac phenotype OMIM
RAF1 3p25.2 RAF proto-oncogene serine/threonine- ASD and TOF. 164760
protein kinase
RIT1 1922 GTP-binding protein Rit1 VSD, TOF and PAS. 615355
SHOC2 10925.2 Leucine-rich repeat protein SHOC-2 ASD, VSD, HCM, PAS and 607 721
TOF.
SMADG6 15022.31 Mothers against decapentaplegic-related AV disease. 602931
protein 6
SOS1 2p22.1 Son of sevenless homolog 1 ASD, VSD and TOF. 182530
S0S2 14g21.3 Son of sevenless homolog 2 ASD, VSD and TOF. 616559
TGF-p1 19913.2 Transforming growth factor beta-1 CoA, HLHS, BAV and AS. /
proprotein
Gene associated ACTC 1514 Alpha cardiac actin ASD. 102540
with structural
proteins of cardiac
development
ELN 7911.23 Elastin AS, PAS, PS and SVAS. 130160
MYHE 14911.2 Alpha myosin heavy chain AS, ASD, PFO, TAand TGA. 160710
MYH7 14911.2 Beta myosin heavy chain ASD, NVM and Ebstein 160760
anomaly.
MYH11 16p13.11 Myosin heavy chain 11 Aortic aneurysm and PDA. 132900

AS, aortic stenosis; ASD, atrial septal defect; AV, aortic valve; AVSD, atrioventricular septal defect; BAV, bicuspid aortic valve; CoA, coarctation of
the aorta; DORYV, double outlet right ventricle; HCM, hypertrophic cardiomyopathy; HLHS, hypoplastic left heart syndrome; IAA, interrupted aortic
arch; L-R, Left-right; MS, mitral stenosis; NVM, non-compaction of ventricular myocardium; OFT, outflow tract; OMIM, online mendelian inheritance
in man; PAPVR, partial anomalous pulmonary venous return; PAS, pulmonary artery stenosis; PDA, patent ductus arteriosus; PFO, patent foramen
ovale; PS, pulmonary (valve) stenosis; PTA, persistent truncus arteriosus; SVAS, supravalvar aortic stenosis; TA, tricuspid atresia; TAPVR, total
anomalous pulmonary venous return; TGA, transposition of the great arteries; TOF, tetralogy of Fallot; VSD, ventricular septal defect.

than 50 genes have been found to be associated with
CHD by the application of high-throughput sequencing
of whole-genome and whole-exome, and many of these
affected genes have been confirmed to be involved
in transcriptional regulation, signal transduction and
cardiac development.

Mutations of genes encoding transcription factors in CHD
Heart development is regulated by several transcriptional
circuits that are members of a core group of transcrip-
tion factors, including NKX2.5, GATA4 and TBX5.30 %
Therefore, transcription factors have been considered as
the prime inducer of CHD. NKX2.5 is the earliest known
marker of myocardial progenitor cells in all species.”
The mechanisms of NKX2.5 regulation and its interac-
tion with other transcription factors in early cardiac
development have been studied extensively. It has been
found that mutations in NKX2.5 could result in variable
types of CHD, including ASD, VSD, TOF, hypoplastic left
heart syndrome, CoA, transposition of the great arteries,
double outlet right ventricle (DORV), interrupted aortic
arch and cardiac outflow tract defects.® Furthermore,
NKX2.5 mutations are the most common cause of ASD in
individuals with defects of conduction system.”*
However, some individuals with CHD caused by the
mutations of NKX2.5 can manifest an individual pheno-
type of ASD and/ or conduction defects.*® To date, approx-
imately 80 different mutations have been identified in

NKX2.5, including missense mutations [eg, c.44A>T
(p.K15I), ¢.232A>G (p.N19S), c.673C>A (p.N188K)
and ¢.1089A>G (p.S305G) ], synonymous mutations [eg,
c.543G>A (p.Q181Q), c.677A>G (p.E167E), c.902C>G
(p-G242G) and ¢.1142A>G (p.R322R)] and nonsense
mutations [eg, c.1149T>C (stop—)Gln)].33 The location
of some of these mutations is depicted in figure 1A. Holt-
Oram syndrome, which is characterized by CHD (eg, ASD,
VSD and atrioventricular conduction system disease)
and upper limb malformations, could be caused by the
loss-of-function mutations in 7BX5, which is notably
expressed in the upper limbs and heart.”” * Nonsense
or frameshift mutations of TBX5 may be responsible for
this syndrome."? Functional deficiency of the conserved
DNA-binding motif in the transcription factor encoded
by TBX5 may be the etiology of Holt-Oram syndrome.™
GATA4, encoding one of the GATA zincfinger tran-
scription factors, is a deeply studied gene and is essential
for cardiogenesis. Mutations in GATA4 are reported to
be implicated in cardiac septal defects.”” Over 100 muta-
tions in GATA4 coding region have been identified in
patients with CHD, and more mutations will be identi-
fied with intensive research.*” Among these mutations, 11
sites (two synonymous mutations, seven missense muta-
tions and two frameshift mutations) have been studied in
familial cases, which highlight the significance of these
sites in the development of CHD (figure 1B). Multiple
mutations identified from other transcription factors,
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Figure 1 Spectrum of some significant mutant sites of
(A) NKX2.5 and (B) GATA4 observed in the occurrence
of congenital heart defects. CZF, C-terminal zinc finger
domain; HD, homeodomain; NK2, NK-2-specific domain;
NLS, nuclear localization signal; NZF, N-terminal zinc finger
domain; TAD1, transcription activation domain 1; TAD2,
transcription activation domain 2; TN, tin-man domain/
transcriptional repression domain.

including NKX2.6,"' GATA5"™™ GATA6,"” TFAP2S,*
TBX1,47TBX2048 ¥ and z1C3,"° have also been reported to
be associated with the incidence of CHD.

Mutations of genes encoding signal proteins in CHD

Signaling pathways involved in the occurrence of CHD
are widely studied. Genes involved in these different sign-
aling pathways can converge into a large and sophisti-
cated regulatory network that plays an important role in
cardiac development and pathogenesis of CHD. Recent
studies have also suggested the potential contributions
of vascular endothelial growth factor-A (VEGF-A), Notch
signaling, Wnt signaling, transforming growth factor-
(TGF-B), bone morphogenic protein (BMP) signaling
and cpathway to the occurrence of CHD.” ™ In these
pathways, some are essential for the formation of cardiac
septum, valves and the construction of cardiac outflow
tracts, while others are associated with the asymmetric
development of the heart. Gene mutations in renin—angi-
otensin system mitogen-activated protein kinase (RAS-
MAPK) signal transduction pathway can lead to Noonan
syndrome with the typical phenotype of pulmonary valve
stenosis and hypertrophic cardiomyopathy.”®*!

Six missense variants (COL6AI, COL6A2, CRELDI,
FBLN2, FRZB and GATAS5), acting in the VEGF-A pathway,
were found to be damaged in individuals with complete
atrioventricular septal defect (AVSD),”" suggesting that
rare variants in the VEGF-A pathway might play a role
in the development of AVSD. In addition, mutations
in VEGF-A have been reported to be associated with
congenital left ventricular outflow tract obstruction.®
Notch signaling is a highly conserved pathway involved in
developmental process of heart. JAGI encodes a ligand in

the Notch signaling pathway, which leads to localization
of Notch to the nucleus and downstream activation of
target genes. Mutations in /AGI have been found in over
90% cases of Alagille syndrome.” ** Some cases (~2%)
that have mutations in NOTCH2, a NOTCH receptor
gene, are also correlated with Alagille syndrome.”
However, variants of NOTCH1I that belongs to the Notch
signaling pathway have been identified to be associated
with Adams-Oliver syndrome.15 Mind bomb 1 (Mibl) is
a vital protein that promotes ubiquitination, endocytosis
and subsequent activation of Notch ligands to activate
the Notch signaling pathway. Mutations in MIBI have
been identified to be associated with cardiac deformity
such as ASD, AVSD and VSD, through a lower level of
JAG1 ubiquitination and Notch signaling induction.®® In
addition, mutations in other genes of Notch signaling
pathway include MAMLL" DLLA® and GALNTII® are
also involved in CHD.

AXIN2 is involved in the regulation network of
cardiac valve formation and elongation, and its expres-
sion product is a negative regulator of Wnt/B-catenin
signaling pathway.”” " It has been found that mutations in
AXIN?Z can result in CHD with the phenotype of congen-
ital valve defect.”? HHEX, a member of the Homeobox
gene family, is an important cardiac determinant and
controls the early differentiation, migration and devel-
opment of cardiomyocytes.”” Foley et al’* reported
that mutations in HHEX could lead to a phenotype of
abnormal developmental endogenous cardiac or ectopic
heart, which was similar to the antagonistic effect of Dick-
kopf-1 to Wnt signaling pathway. Aberrant Wnt signaling
pathways implicated in CHD have been summarized in a
previous excellent literature.” We describe the aberrant
expression of genes associated with CHD within the Wnt
signaling pathways in figure 2. TGF-B signaling pathway
has important role in the development and remodeling
of cardiovascular system. Aberrant TGF-B signaling
pathway is involved in the pathogenesis of several
human cardiovascular diseases through the epithelial-to-
mesenchymal transition (EMT) of resident fibroblasts,
circulating progenitors, pericytes, epithelial cells and/
or the endothelial-mesenchymal transdifferentiation of
endothelial cells.”®”” For example, mutations in T7GFf1,
one major subtype of TGF- family, have been reported
to be associated with CHD in pediatric patients.”® In
general, BMP synergizes with TGF-f signaling to activate
the downstream genes, such as Smadl, Smad5 or Smads§,
with the changed transcription of target genes. Muta-
tions in the genes that encode transducers of the TGF-8
and BMP signaling pathway have been identified in the
pathogenesis of cardiovascular diseases, such as Marfan
syndrome and Loeys-Dietz syndrome.” ™ Nodal signaling
pathway is involved in the left-right patterning and
development of the heart and in abnormal gene prod-
ucts throughout the pathway that are clearly associated
with CHD. Roessler et af® previously demonstrated that
reduced nodal signaling strength via mutation of FOXH1
was linked to human heart defects. SHH, one morphogen
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of hedgehog (HH) family proteins, is involved in a
remarkably wide variety of process, including cardiovas-
cular development. Previous evidence demonstrated the
mutations in genes of HH signaling were implicated in
the occurrence of CHD with a phenotype of ASD, VSD or
AVSD, and the responsible mutated genes include SHH,
Gli3 and MKSI1.*™ Noonan syndrome, one of the most
common genetic syndromes of CHD, is caused by muta-
tions in genes of the RAS-MAPK pathway.** At present,
several genes have been verified to be responsible for the
development of Noonan syndrome and other disorders.
Mutations in genes, encoding molecules implicated in
the RAS-MAPK signaling pathway, account for approxi-
mately 90% of affected CHD cases. These genes include:
PTPNI1, SOSI, KRAS, RAFI, BRAF, SHOC2, NRAS, HRAS,
CBL, MEKI, MEK2, PPP1CB, RITI and SOS2."° % °! *
Currently, most studies have only stayed on the basic
exploration of a single gene, which cannot fully explain
the pathogenesis of CHD. The interactions of various
signaling pathways involved in heart development are
still incompletely understood. Some responsible mutated
genes have been proposed to clarify the interactions of
the signaling pathways implicated in CHD (figure 2).

More researches are needed to help elaborate the patho-
genic mechanisms of CHD for the intricate network of
signaling pathway.

Mutations of genes encoding cardiac structural proteins in
CHD

Several studies use targeted whole-genome sequencing
to investigate the genes that encode cardiac structural
proteins to elucidate the monogenic cause of CHD. Some
rare missense mutations or premature termination muta-
tions in myosin heavy chain 6 (MYH6), a marker gene
of myocardial cell, could result in ASD.% 86 However,
mutations in MYH?7 have been confirmed in bilobal
aortic valve.”” CHD with apical hypertrophic cardiomyo-
pathy, left ventricular non-compaction and ASD could be
caused by the mutations in ACTC, which is a cardiac actin
gene and is essential for cardiac contraction.®* MYH11,
encoding smooth muscle myosin heavy chain, is another
gene that has been reported to be involved in CHD with
the phenotype of dominant thoracic aortic aneurysm.” !
Moreover, loss-offunction mutations in the elastin gene
(ELN) could resultin CHD with the presence of Williams-
Beuren syndrome and non-syndromic SVAS."”
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EPIGENETIC MODIFICATIONS UNDERLYING CHD

Epigenetics, which refers to the mechanisms of changed
gene expression that are independent of DNA sequence,
provides a new way to understand the pathogenesis of
CHD. To date, three canonical mechanisms of epige-
netics include DNA methylation, histone modification
and non-coding RNAs. The increasing evidence suggests
that the aberrant regulation of gene expression by epige-
netics is a key factor in the development of cardiovascular
diseases, which have attracted attention to focus on the
role of epigenetics in CHD.

DNA methylation modifications in CHD

DNA methylation, the most widely studied epigenetic
mechanism, refers to the formation of a methyl group
(-CHS3) in the 5" carbon of cytosine (CpG islands), which
induces an alteration of the structure of DNA. The meth-
ylation process is catalyzed by DNA methyltransferases
(DNMT5), comprising DNMT1, DNMT3A and DNMT3B.
The dysregulation of DNA methylation during different
stages of development could lead to the transcriptional
repression and functional inactivation of tissue-specific
genes, resulting in increased risk for several diseases,
including cardiac malformation. Alterations of DNA
methylation, especially in CpG islands, which are close to
core transcription factors and genes in signaling pathway,
have been reported in patients with cardiac malforma-
tions.”

DNA methylation plays a critical role in the develop-
ment of the heart. The expression of hyaluronan synthase
2 (Has2) is necessary for the formation of the heart valves,
septa and epicardium. However, Has expression was
found to be downregulated via DNA methylation in the
heart at E14.5 embryos.” Furthermore, gene knockout
model indicated that expression of Has2 is downregu-
lated via DNA methyltransferase 3B (DNMT3B), which
was coexpressed with Has2in the region of cardiac valve,
suggesting that changes in DNA methylation might be
involved in the regulatory function of Has2 enhancer.
Aberrant methylation of CI/TED2 may play an important
role in the development of VSD, ASD and TOFE.” Aber-
rant methylations of CITED2 could decrease its mRNA
expression and be regarded as the prime cause of CHD.”
The presence of aberrant hypomethylation in the CpG
region of BRGI was found to exist in patients with ASD
and interventricular septal defect.”” It has been shown
that the promoter region of CX43 plays an essential role
in the development of the heart outflow tract, and the
aberrant hypomethylation of this enhancer region of
CX43 could be considered as one of the etiologies of
CHD.%7%

In another study, two encoding transcription factors,
zincfinger in cerebellum 3 and nuclear receptor
subfamily 2 group F member 2, were found to be hyper-
methylated in monozygotic twins with DORYV, suggesting
that the differential methylation of these transcription
factors could be regarded as a potential pathogenesis of
the diseased twin.” Hypermethylation of the promoter

region of SCO2, a cytochrome oxidase, has been found
in patients with TOF and VSD. The methylation of
CpG islands located in the promoter of SCO2 result in
reduced expression of SCO2, which may be the mech-
anism of the occurrence of these diseases.'” Further
studies discovered that hypermethylation of CpG islands
of NKX2.5, HAND1 and RXRo was also essential for CHD,
including VSD and TOF."”" ' Multiple differential meth-
ylated genes have been identified from cardiomyocytes
of newborn and adults, and adult failing hearts have
revealed a highly dynamic of DNA methylation under
specific developmental or pathological conditions. DNA
methylation is tightly regulated during cardiac differen-
tiation and maturation.'” Taken together, these findings
highlight the importance of DNA methylation in cardiac
morphogenesis and CHD formation.

Histone modifications in CHD
Histones, including HI, H2A, H2B, H3 and H4, and
DNA constitute the nucleosome, which is the basic struc-
tural unit of chromatin in eukaryotic cells.'™* Altering
the histone-DNA contacts effectively via histone, post-
translational modifications could loosen or tighten the
chromatin architecture to control the availability of gene
transcription or expression. Histone post-translational
modifications could be modified by the catalysis of
histone-modifying enzymes, such as histone methylases,
demethylases, acetylases and deacetylases, ubiquitin
enzymes and phosphorylases. Aberrant expression and
mutation of the histone modifiers during the develop-
ment of heart can influence the response of heart to
pathological stresses.'”” Moreover, increasing researches
show that the interplay between these different cardiac
transcription factors and histone modifiers plays a signif-
icant role in heart development. Numerous studies have
shown that methylation and acetylation of histone is an
emerging epigenetic mechanism for the regulation of
gene transcription. Therefore, we focused only the mech-
anism of histone methylation and acetylation in CHD.
Methylation mainly occurs at the core histones H3 and
H4, which is performed by the catalysis of histone methyl-
transferases. H3K4, H3K36 and H3K79 methylation leads
to the transcriptional activation, whereas transcriptional
repression can be induced by H3K9, H3K27 and H4K20
methylation.'” CHD associated with Wolf-Hirschhorn
syndrome exists deletion of Wolf -Hirschhorn candidate
protein 1 (Whscl), which encodes the H3K36me3-specific
methyltransferase. Nimura et al'’” found that the patho-
genic role of Whscl was associated with the transcrip-
tional activation of Nkx2.5 in its target sites through
the model of Whscl-knockout murine. Another studies
revealed that the interactions of JARID2 and SETDBI,
which was an H3K9me3-specific methyltransferase, could
elucidate the role of Jarid2 in the occurrence of VSD,
DORYV and impaired ventricular compaction induced by
hypertrabeculation.'”™ ' TBX1, one member of T-box
transcription factor family, was shown to interact with
H3K4 and H3K27 via two domains of T-box to regulate
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gene expression, and aberrant expression could result
in CHD including TOF, VSD and aortic arch interrup-
tion.""” "' A Tater study further identified the interactions
of TBXI and BAF chromatin remodeling complex regu-
late Wnit5a expression, and the insufficient expression of
TBXI1 or Wnt5a could result in the phenotypes of hypo-
plastic right heart.''* DPF3, an evolutionarily conserved
protein, binds methylated and acetylated lysine residues
of histone 3 and 4 to regulate gene expression. Dpf3 is
expressed in the heart during development and has been
found as significantly upregulated in the right ventricular
myocardium of patients with TOF.'"?

Histone acetylation and deacetylation are always in a
dynamic state, which is associated with transcriptional
activation or transcriptional repression, gene silencing
and cell cycle. Histone acetylation and deacetylation
have been studied extensively in recent years.""* It has
been shown that some histone acetylases, such as EP300,
KAT2A and hNATI, are associated with the develop-
ment of the heart. Aberrant expression of these acetyl-
ases could lead to CHD with ASD, VSD, AVSD and valve
dysplasia.''”''® Previous studies have revealed that histone
deacetylases (HDAGCs) are also implicated in CHD. For
example, HDAC3 regulates the cellular acetylation level
affecting cardiogenesis, and the absence of HDAC3 could
cause PDA and TOFE."” In addition, down-regulation of
HDACbH and HDACY simultaneously could result in CHD
with VSD.""® ' Abnormal regulation of SIRTI has been
reported to be involved in ventricular hypoplasia.'®’ Park
et al®' revealed that histone methyltransferase SMYD1
was associated with ventricular hypoplasia. Some other
histone modifiers have been shown to be important
for the development of the heart through numerous
studies, such as G9a, Ezh2/PRC2, Baf60c/Brgl, Jmjd3,
UTX and MLL2,122_130 and the aberrant modification of
them could yield critical CHD phenotypes. The activity of
cardiac transcription factor could be changed by histone
modifiers, which means these modifiers could be strong
candidates for CHD etiology and therapeutic targeting.

Non-coding RNA in CHD

Non-coding RNA is another type of epigenetic modi-
fication involved in the control of gene expression by
post-transcriptional regulation. Among the various
non-coding RNAs, microRNAs (miRNAs) and long
non-coding RNAs (LncRNAs) are the two best studied
groups. miRNAs are capable of regulating gene expres-
sion by interacting with mRNA transcript 3’ untranslated
regions (UTRs) to repress translation, whereas LncRNAs
are able to regulate transcription by directly interacting
with chromatin remodeling complexes."”’ Emerging
evidence that indicates the impact of non-coding RNAs
to cardiac development was previously unappreciated but
is becoming valuable.

A number of miRNAs have recently been shown to func-
tion in the heart."® It has been shown miR-1 is important
in cardiac development and is regarded as the most rele-
vant miRNA leading to CHD." ™ Li ¢t al found that

expression of miRNA-1 decreased in patient with VSD.'*
Molecularly, miRNA-1 binds to its target gene GJAI and
SOX9, regulating the formation of cardiac valves and
septa, and therefore miRNA-1 dysregulation could result
in CHD in human.'” Further studies have demonstrated
that myocyte enhancer factor 2 (Mef2) could upregu-
late the expression of miR-1, which suppress the cardiac
transcription factor Hand2 and HDAC translation.'* '
Hand?2is known as a target of miRNA-1 and is involved in
the growth of the embryonic heart; thus, Hand2 could be
associated with CHD."® Overexpression of miRNA-27b
could repress the expression of Mef2¢ and affect the
development of myocardial, leading to cardiac hyper-
trophy."”” A recent study has confirmed that differentially
expressed frataxin (FXN) regulates the development of
CHD and that differential expression of FXNis under the
control of miRNA-145."" Further investigation of this
study demonstrated that overexpression of miRNA-145
could regulate apoptosis and mitochondrial function by
repressing the expression of XN, leading to the devel-
opment of CHD." In recent years, increasing evidence
has confirmed that alterations of miRNAs expression
are associated with human cardiovascular diseases,
including CHD (reviewed by Nagy)."™ Furthermore,
miRNAs are extensively studied as clinical biomarkers
for their stability in blood, urine and other biological
fluids and their ability to evade RNA degrading enzymes.
The researchers demonstrated that miRNAs in maternal
serum could be used as candidate biomarkers for prenatal
detection of fetal CHD in early pregnancy."*” "' These
authors identified miR-19b and miR-29c¢ significantly
upregulated in patients with VSD, while miR-19, miR-22,
miR-29¢ and miR-375 upregulated in patients with TOF.
In recent years, increasing new miRNAs have been found
to be associated with CHD, suggesting a potential value of
miRNAs as diagnostic markers in human cardiovascular
diseases.

LncRNA regulates cell growth, differentiation, cell
proliferation and apoptosis by controlling gene expres-
sion. To date, little information of the functional role
of IncRNAs in CHD has been reported, and only scant
evidence has demonstrated the involvement of IncRNAs in
CHD, particularly on VSD and TOF. Jiang et al'** reported
the increased expression of SNHG6 in fetal cardiac tissues
of VSD patients and suggested SNHG6 might be involved
in VSD by the mechanistic link between SNHG6 upregula-
tion, miR-100 downregulation, Wnt/B-catenin activation
and the formation of VSD. The author also identified
that expression of HOTAIR was increased in right atrial
biopsies of CHD patients with ASD and VSD and postu-
lated HOTAIR as a biomarker for CHD. Another study
identified a polymorphism of MALATI associated with
ASD and VSD.'* LncRNA TUC40 has been reported to
reduce the expression of PBXI and to affect the differ-
entiation of cardiomyocytes, which may be a potential
pathological etiology of VSD.'** In addition to the impor-
tance of LncRNAs in cardiac septal defects, the role of
LncRNAs in the development of cyanotic heart disease
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such as TOF has been reported. Wang et al'*® indentified
that high expression of HA117was associated with adverse
outcomes in TOF patients, although the mechanism of
HA117 in TOF remained unclear. In a recent study by
Gu et al,'"*® the circulating plasma LncRNAs have been
implicated in cardiovascular diseases for its potential as
new biomarkers of diagnostic and prognostic in clinical
treatments. The aberrant expression of the following
LncRNAs:  ENST00000436681,  ENST00000422826,
AABB84040, AA709223 and BX478947 are associated
with CHD. These specific LncRNAs identified from the
plasma of pregnant women with typical fetal CHD may
play an important role in the development and prenatal
diagnosis of fetal CHD.

CONCLUSIONS

Normal development of the heart is a complex process
involving many regulatory factors, including genetics and
epigenetics. Cardiac malformations are congenital devel-
opmental disorders that can be induced by the dysreg-
ulations of genetic and epigenetic factors. Abundant
seminal studies have found that conventional genetic
factors could not elucidate the pathogenesis of CHD
alone. Epigenetic regulation is also an important aspect of
normal cardiac development as well as of defective func-
tion in disease situations such as CHD. The interactions
at multiple levels provide insights of the combinatorial
regulation into the morphogenesis of heart and suggest
they can partially compensate each other’s function.
Phenotypic heterogeneity and incomplete penetrance of
CHD complicate our understanding of the interactions
between genetics and epigenetics in CHD. Future studies
to focus on elucidating the epigenetic signals of genes
associated with cardiac development pathways could
throw light on the genetic and epigenetic mechanisms in
the development of CHD.

With the great progress in basic researches carried out
in model systems (eg, in vivo: animal models; in vitro: cell
and tissue engineered models) and with the improving
limits of detection, the study of CHD has entered a new
era for clearer understanding of its etiology. The wide
application of these new detection technologies would
provide an effective method for the prevention, diagnosis
and treatment of CHD, opening up new avenues of indi-
vidualized care for patients with CHD.
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