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Abstract

Maternal factors

Congenital heart disease (CHD) is a common structural birth defect worldwide, and defects typically occur in the walls
and valves of the heart or enlarged blood vessels. Chromosomal abnormalities and genetic mutations only account
for a small portion of the pathogenic mechanisms of CHD, and the etiology of most cases remains unknown. The role
of epigenetics in various diseases, including CHD, has attracted increased attention. The contributions of DNA meth-
ylation, one of the most important epigenetic modifications, to CHD have not been illuminated. Increasing evidence
suggests that aberrant DNA methylation is related to CHD. Here, we briefly introduce DNA methylation and CHD

and then review the DNA methylation profiles during cardiac development and in CHD, abnormalities in maternal
genome-wide DNA methylation patterns are also described. Whole genome methylation profile and important differ-
entially methylated genes identified in recent years are summarized and clustered according to the sample type and
methodologies. Finally, we discuss the novel technology for and prospects of CHD-related DNA methylation.
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Introduction

Congenital heart disease (CHD) is characterized by
improper heart development manifesting as defects in
the heart walls, valves or main blood vessels. The inci-
dence of CHD in different studies varies from approxi-
mately 4/1000 to 50/1000 live births, and CHD is the
most common type of congenital malformation [1, 2].
Unlike the lungs or kidneys, the heart is not composed
of repeating functional units. The heart is an asymmet-
rical complex organ that is mainly composed of cardio-
myocytes, fibroblasts, endothelial cells and perivascular
cells [3]. The development of the heart is controlled by
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several overlapping morphogenetic systems that regu-
late complex cardiac transcriptional networks. Chromo-
somal abnormalities account for approximately 10-12%
of all CHDs in live births [4, 5]; exome sequencing identi-
fied a set of de novo mutations in congenital heart dis-
ease, single mutations in specific morphogens or cardiac
genes and related transcription factors have been shown
to independently cause about 10% of severe CHDs [6, 7];
however, the etiology for the majority of cases remains
unknown [2, 8]. A multifactorial pathogenesis for this
disease with interplay between inherited and environ-
mental causes has been proposed. To further improve
the diagnosis, understanding and treatment of CHD,
researchers must identify extragenomic factors that are
essential for heart development.

Epigenetics refers to heritable processes that alter gene
activity without changing the DNA sequence [9]. Three
canonical mechanisms of epigenetic regulation are DNA
methylation, histone modifications, and noncoding
RNA activity [8]. The best known epigenetic process is
DNA methylation, partially due to its mature detection
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methods [9]. As a switch to regulate gene expression, epi-
genetic regulation plays an essential role in differentiation
and the maintenance of cell fate and is thus required for
normal development and health, but epigenetic regula-
tion is also responsible for some diseases [10]. Epigenetic
changes that contribute to CHD have been summarized
previously [2, 8, 11-13], and the correlations between
dysregulated DNA methylation and CHD are described
in detail here.

DNA methylation

Although the genomes of major cell types in each indi-
vidual are identical and fixed throughout the life cycle,
epigenetic modifications are plastic and affect the spati-
otemporal pattern of gene expression [14]. DNA meth-
ylation, which refers to the addition of methyl groups to
DNA molecules, is one of the most important epigenetic
mechanisms. This modification establishes and stabi-
lizes cellular phenotypes by maintaining gene expression
states [15, 16]. DNA methylation is required in many
processes, such as embryogenesis, gametogenesis, X
chromosome inactivation, imprinting, silencing of repeti-
tive DNA elements, and regulation of gene expression
and, therefore, cell function [17]. DNA methylation is an
attractive topic in the study of complex diseases because
it may be restored by environmental factors and dietary
interventions [18-23]. DNA methylation present in gene
promoters, gene bodies and repeated sequences has dif-
ferent effects. Abnormal methylation in promoter regions
can inhibit transcriptional activity by preventing tran-
scription factors from binding to target genes, which can
cause gene silencing and diseases [24]. CpG islands have
also been identified outside of promoter regions; in con-
trast, methylation of these islands sometimes increases
transcription [25]. The development of DNA methyla-
tion detection technology has substantially promoted the
understanding of the connection between DNA methyla-
tion and related diseases [26].

Cardiac development and disease

The heart is the first organ to form during embryonic
development. Heart development is a complex process
that requires precise spatiotemporal control of multiple
signals. Congenital heart diseases (CHDs) are malfor-
mations of the heart that appear during cardiac devel-
opment [11]. Familial aggregation of CHD suggests that
genetic factors play a role in CHD development. How-
ever, the majority of congenital heart malformations do
not segregate in Mendelian ratios [27]. Other factors,
such as the environment and epigenetics, also contribute
to CHD development [2].
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Stages of heart development

Major insights into the cardiac development pro-
cess were gained in studies of animal models, such as
zebrafish, chickens and mice. The most primitive heart in
the cephalochordate Amphioxus is just a contractile ves-
sel, also called the tubular heart. Fish have two chambers:
an atrium and a ventricle; amphibians and reptiles have
three chambers. The hearts of humans, other mammals
and birds consist of four separate chambers: left and right
atria (upper half) and left and right ventricles (lower half)
[28]. The development of the four-chamber heart has 4
main stages.

Myocardial cells are derived from the mesoderm.
Myocardial markers are first detected between human
embryonic days 12 and 15 (E12-E15), and two subse-
quent populations of cardiac mesoderm, termed the first
heart field (FHF) and second heart field (SHF), migrate
bilaterally away from the primitive streak and coalesce
at the ventral midline of the embryo [29]. Isl/Gata4
and Foxh1/Nkx2.5 are at the top layer of the hierarchi-
cal order controlling SHF development [30]. The endo-
cardial tubes fuse to form the primary linear heart tube
at E20-E22, consisting of an inner layer of endocardium
and an outer layer of myocardium [8]. The heart tube
initially elongates linearly when new myocardial, endo-
cardial and smooth muscle cells are added from the SHF
to the two poles of the heart tube. During the third and
fourth weeks, the linear heart tube undergoes rightward
looping, and the poles of the heart tube continue to grow
linearly, while the middle of the tube begins radial growth
[31]. The heart begins to beat around this time. By E28,
four heart regions—the atrium, atrioventricular canal
(AVC), ventricle, and outflow tract (OFT)—become dis-
tinguishable. By approximately E50, the four heart cham-
bers separate with the formation of four cardiac valves:
the truncus arteriosus divides into the aorta and pulmo-
nary artery, and the pulmonary veins and vena cava form
and fuse with the left and right atria [32]. In addition to
the complex morphological changes, the transformation
of a heart tube to a mature heart requires extensive myo-
cardial growth, including trabeculation, compaction, and
thickening of the compact myocardium [33]. These stages
are effectively summarized by Jarrell [8], Giinthel [34],
and Margaret Buckingham [29], and each stage has also
been reviewed in detail [33, 35—-40]. Minor errors at any
stage may contribute to CHDs.

Common types of congenital heart diseases (CHDs)

Dozens of distinct types of congenital heart defects
are recognized, and the classification of CHDs can be
found in previous reviews [1, 41]. These conditions
can be divided into three main categories: heart valve
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defects, heart wall defects and blood vessel defects,
depending on the site of the defect. Alternatively, they
can be classified into cyanotic congenital heart disease
and acyanotic congenital heart disease according to
the levels of oxygen in the blood. In this section, five
types of CHDs are briefly introduced.

The most common congenital heart defect is the
bicuspid aortic valve (BAV). A bicuspid aortic valve
has two instead of three cusps between the left ventri-
cle and aorta. Approximately 1-2% of all people have
a bicuspid aortic valve, as stated by Bo Yang, M.D., an
assistant professor of cardiac surgery at the Univer-
sity of Michigan Frankel Cardiovascular Center, but
most are not affected by valve problems until they are
adults. Treatment may be required when the condition
changes, such as valve problems or an enlarged aorta.

Ventricular septal defects (VSDs), another frequent
CHD, exist in a hole in the wall separating the two
lower chambers (ventricles) of the heart, which arises
due to malalignment of the ventricular and OFT septa,
and four types of VSDs can be distinguished anatomi-
cally, namely, muscular, central perimembranous, and
outlet/inlet perimembranous VSDs [42]. Similar to
VSDs, atrial septal defect (ASD) is a birth defect of the
heart in which there is a hole in the wall (septum) that
divides the atria of the heart. The hole lets blood from
the left atrium mix with blood in the right atrium.
Approximately 1 in every 1,859 babies born in the
United States each year are born with ASD [43], and
it comprises 30 to 40% of all congenital heart diseases
found in adults [44].

TOF is an outflow tract (OFT or conotruncal) defect
resulting from the incorrect alignment of the ascend-
ing aorta and pulmonary trunk with the left and right
ventricles. The entire OFT is derived from the SHE,
and impairment of SHF cell deployment results in
shortening of the OFT, which then results in TOF [45].
TOF accounts for 10% of all congenital heart defects
[46].

Double outlet right ventricle (DORV), in which both
great arteries originate from the morphological right
ventricle in a heart, is a rare form of CHD, account-
ing for 1-3% of all CHD cases [47—-49]. In DORY, left
ventricular drainage is usually achieved through differ-
ent locations of ventricular septal defects and differ-
ent relationships with the pulmonary artery and aortic
outflow tract. Insufficiency of mitral valve and atrial
septal defects (ASDs) can be found in DORV cases
[50].

Abnormal development of any cardiac structure can
lead to CHD. Improvements in diagnosis and surgi-
cal techniques have greatly improved the prospects of
infants born with CHD.
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Causes of congenital heart disease

Families with autosomal dominant, recessive and
X-linked CHDs have been reported [51-53]; however,
genetic mechanisms have not been identified in the
majority of cases. It is postulated that sporadic CHD,
which accounts for approximately 80% of all cases, arises
from an interaction of genetic and environmental factors
[1]. Dysregulation of multiple genes and transcriptional
pathways due to chromosome abnormalities, genetic
mutations or dysregulated epigenetics contributes to
congenital heart disease.

Chromosomal aberrations are frequently observed in
CHD patients, especially those with syndromic CHD
(CHD is one phenotype of the syndrome) [54]. The fre-
quency of chromosomal abnormalities was approximately
12.9-23.1% [55]. Numerical and structural chromosomal
abnormalities both contributed to CHDs. The most com-
mon numerical chromosomal abnormality in CHDs is tri-
somy of chromosome 21, which is also the cause of Down
syndrome. Approximately 40—50% of patients with Down
syndrome present with CHD [56]. Trisomy of chromo-
some 18 was the second most frequent trisomy. Trisomy
X and monosomy X have also been observed. Structural
changes in chromosomes, such as deletion of the short
arm of chromosome 6 and duplication of the short arm
of chromosome 17, were observed in septal defects [55].
CHD patients also show a higher incidence of many
other syndromes existing chromosomal abnormalities or
genetic mutations, including 22q11 deletion syndrome,
Turner syndrome (complete or partial absence of the X
chromosome), Williams syndrome (7q11.23 microdele-
tion), Heterotaxy syndrome (mutations in genes such as
DNAHS5, ZIC3, CEC1, NODAL, ACVR2B, DNAII, and
LEFTY2), Noonan syndrome (mutations in genes asso-
ciated with the RAS-MAPK signaling pathway, such as
PTPN11, SOS1, RAF1, KRAS, NRAS, BRAE, SHOC2,
and CBL), Marfan syndrome (mutations in FBN1 gene),
Alagille syndrome (mutation in Notch signaling pathway
genes JAG1 and NOTCH2), CHARGE syndrome (muta-
tion in CHD?7 gene) [56].

Genetic studies have identified a set of transcription
factors that maintain the identity of differentiated myo-
cytes. For example, COUP-TFII is an orphaned nuclear
hormone receptor expressed in atrial myocytes but not
in ventricular myocytes [57]. This molecule is involved in
restricting ventricular identity and promoting atrial iden-
tity by controlling a large range of genes important for
atrial and ventricular identity [58]. Conversely, the tran-
scription factors NKX2.5, HEY2 and IRX4 are important
for maintaining ventricular chamber identity. The critical
signaling pathways and transcription factor networks that
regulate cardiomyocyte lineage specification are summa-
rized by Sharon L. Paige [59] and Benoit G. Bruneau [60],
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and the genetic basis of congenital cardiovascular mal-
formations is also highlighted by Seema R. Lalani [5] and
Troels Askhgj Andersen [61]. Dysregulated expression of
these genes hampered the proper formation of cardiac
structure. Exome sequencing conducted by Alejandro
Sifrim et al. identified distinct genetic architectures for
syndromic and nonsyndromic CHD. In syndromic CHD,
a significant enrichment of de novo protein-truncating
variants, but not inherited protein-truncating variants, in
known CHD-associated genes was observed. Conversely,
significant enrichment of protein-truncating variants
inherited from unaffected parents in nonsyndromic CHD
[62].

More than 55 human genes have been shown to be
involved in CHDs [61]. For example, the NOTCH path-
way is a paradigmatic endocardial-derived signal that
regulates cell fate specification and tissue patterning to
define chamber versus valve domains in the early verte-
brate heart [63]. Defective endocardial NOTCH signaling
affects cardiac valve and chamber development, lead-
ing to diseases such as bicuspid aortic valve (BAV) and
left ventricular noncompaction (LVNC) cardiomyopa-
thy [63-65]. Loss-of-function mutations in TBX20 can
cause dilated cardiomyopathy, atrial septal defects, or
mitral valve disease, while gain-of-function mutations
in TBX20 have been reported in patients with tetralogy
of Fallot [66—70]. According to the function of genes,
these pathogenic genes can be divided into 5 categories:
genes associated with laterality defects (e.g.,, ACVR2B,
CFEC1, CITED2, GDF1, LEFTY2, NODAL and ZIC3),
genes encoding components of signaling pathways (typi-
cally the NOTCH pathway and the MAPK pathway),
genes encoding cardiac transcription factors (e.g., BMP2,
GATA4, NKX2-5, TBX20, TBX2 AND TBXS5), genes
encoding components of the cardiac sarcomere (e.g.,
ACTC1, MYH6, MYH7 and MYH11) and genes encod-
ing chromatin modifiers (e.g., CHD7, KMT2D, EP300, C
REBBP and EHMT1) [61].

Despite significant progress in understanding heart
development and diagnosing heart disease, the striking
complexity of the heart continues to limit our ability to
identify the molecular mechanisms of CHD. In addition
to genetic factors, epigenetics and maternal factors affect
the development of the heart, which will be discussed in
the following sections. For many cases, the pathogenesis
remains to be explored.

Maternal DNA methylation patterns and congenital
heart defects

It is known that maternal factors have maximum influ-
ence on fetal growth. Maternal age, gestational diabetes,
obesity, dietary deficiencies, cigarette smoking, alcohol
intake, exposure to teratogenic medications, and viral
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infections have been reported as maternal-environmen-
tal risk factors for the development of CHD [71]. How
these environmental factors contribute to CHD is a diffi-
cult question that remains to be solved. Changes in DNA
methylation patterns may be one mechanism for these
risky environmental factors.

Prognostic and predictive significance of long inter-
spersed nucleotide element-1 (LINE-1) methylation has
been proposed in several diseases, such as advanced-
stage colorectal cancer and high-grade cervical intraep-
ithelial neoplasia [72, 73]. Maternal LINE-1 DNA
hypomethylation has been found to be associated with
an increased occurrence of nonsyndromic CHDs. Meas-
urement of maternal DNA methylation in a case—control
study of CHDs assessed the relationship between LINE-1
DNA methylation and the risk of CHDs, and the findings
indicated that maternal LINE-1 hypomethylation is asso-
ciated with an increased risk of CHD-affected pregnan-
cies [74]. Significantly lower levels of LINE-1 methylation
in the mothers of children with Down syndrome com-
pared to mothers of healthy children were also observed
[75]. However, the association between maternal LINE-1
methylation and CHD in children with Down syndrome
was not found in a study consisting of 44 mothers of chil-
dren with Down syndrome and CHD and 46 mothers of
children with DS without CHD (P=0.997) [76] (Table 1).
Shimul Chowdhury et al. conducted another study to
determine if alterations in gene-specific methylation
were associated with CHDs. Genome-wide maternal
DNA methylation analysis of these samples identified 425
CpG sites encompassing 415 genes that were differen-
tially methylated between cases and controls (P <0.005).
Case mothers showed hypermethylation in most dif-
ferentially methylated loci (379 sites, 89.2%) compared
to hypomethylated loci (46 sites, 10.8%) [77]. Multiple
genes involved in the mitogen-activated protein kinase
(MAPK) pathway and EGFP, GATA4, and Wnt5a, which
are implicated in heart development, were differentially
methylated in this study [74, 78-80].

The roles of maternal nutritional epigenetics in con-
genital heart disease have been well summarized by
Radha O Joshi et al. The influence of diet quality on
the incidence of heart defects were observed in mouse,
rat and population-based study. The maternal diet
during the gestation period is considered to alter the
DNA methylation status globally or at specific loci by
affecting direct provision of methyl donors or by pro-
viding cofactors of DNMTs and enzymes that regulate
the one-carbon cycle [81]. Some related studies sug-
gest the linkage of maternal risk factors and abnormal
DNA methylation, and further CHD. Folate is a die-
tary B vitamin that provides methyl groups for DNA
methylation and other methylation reactions in cells.
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Genomic DNA methylation directly correlates with
folate levels. Folate deficiency is known to cause hyper-
homocysteinemia, which is a risk factor for the devel-
opment of CHD. A population-based case—control
study of 572 women with CHD-affected pregnancies
and 363 control women indicated that functional poly-
morphisms in folate-related genes increase the risk of
having a fetus with CHD when maternal lifestyle fac-
tors that alter folate metabolism are present. Methyl-
ene tetrahydrofolate reductase (MTHER) is an enzyme
important for folate metabolism [82]. Retrospective
studies have shown that the MTHFR C677T mutation
is associated with up to 50% of certain types of CHD
[83]. The effect of maternal obesity on the developing
heart appears to be greatest among women who carry
the MTHFR C677T or BHMT G742A polymorphism.
Maternal smoking and/or alcohol use in combination
with the TCII C776G polymorphism may increase the
risk of CHDs [84]. Another study also found that the
MTHEFR genotype/diet combination and BMI were
significantly associated with LINE-1 methylation in
mothers of children with Down syndrome and CHD
[76]. These findings are consistent with the role of
DNA methylation in the development of CHD.

Early diagnosis and noninvasive diagnosis of fetal
diseases using maternal samples are aspirational;
although the complicated physical conditions of preg-
nant women make these processes highly difficult, they
are still a valuable research direction. Alterations in
maternal DNA methylation may exert effects through
direct interactions with the fetus or indirectly affect
the fetus through changes in the intrauterine environ-
ment. Changes in the maternal environment can result
in direct changes in gene expression in the developing
fetus [77, 85, 86]. Based on knowledge of genetic sus-
ceptibility, lifestyle factors and their interactions, risk
stratification of women of childbearing age may play
an important role in reducing adverse pregnancy out-
comes, including heart defects and other structural
malformations. Alterations in maternal DNA meth-
ylation can be achieved via nutritional intervention,
making DNA methylation an attractive potential thera-
peutic target [74].

DNA methylation orchestrates cardiomyocyte
development, maturation and disease

The development of the heart is a complicated process.
DNA methylation plays a key role in the fine-tuned spa-
tiotemporal expression of cardiac genes during devel-
opment. Cardiac DNA methylation differs in different
embryonic stages, neonates and adults, healthy persons
and patients.

Page 6 of 18

Dynamic DNA methylation profiling in the development

of heart

During mammalian differentiation and development,
DNA methylation undergoes remodeling to produce
a cell type-specific methylation pattern found in adult
somatic cells. DNA is demethylated within each develop-
ing germ cell and then specifically remethylated during
gametogenesis [87—89]. Several reports have shown that
the paternal genome undergoes genome-wide DNA dem-
ethylation before replicating its DNA during the devel-
opment of mouse zygotes [90-92]. It was also observed
in human zygotes that paternal chromatin underwent
active demethylation soon after fertilization [93]. Single-
cell DNA methylation sequencing of human preimplan-
tation embryos revealed that thousands of genomic loci
exhibit de novo DNA methylation [94]. These reports
indicate that genome-wide DNA methylation reprogram-
ming during embryo development is a dynamic balance
between global demethylation and focused methyla-
tion. The epiblast genome is remethylated rapidly after
implantation [95, 96]. Whole-genome surveys conducted
in mice and humans have shown that there are exten-
sive and focal differences in DNA methylation patterns
among various adult tissues, which indicate that discrep-
ancies in de novo DNA methylation and demethylation
occur during tissue differentiation [97-99].

DNA methylation is dynamic during cardiomyocyte
development. Several studies on dynamic DNA meth-
ylation profiling in the development of heart was sum-
marized in Table 2. A genome-wide DNA methylation
profiling of mouse embryos showed that global meth-
ylation of 1.64 million ACGT sites in developing hearts
remained stable between embryonic day (E) 11.5 and
E14.5, and a small fraction (2901) of them exhibited dif-
ferential methylation (1946 showed increased methyla-
tion and 955 showed decreased methylation in late-stage
hearts); these sites were enriched in genes involved in
heart development, including ERBB4, GATA6, FOXP1,
FGF2, FGF9, HAS2, INVS, MEF2C, ROBO2 and WNT2.
Of the 350 genes analyzed by quantitative real-time PCR,
79 genes had correlative changes between methylation
and expression [100]. Cardiomyocytes contained short
regions of low DNA methylation, which showed char-
acteristics of cis-regulatory elements compared with
those of ES cells. Five percent of CpGs were differentially
methylated between cardiomyocytes of healthy adult
mice and undifferentiated ES cells. Among them, 90% of
these CpGs were hypomethylated and 10% were hyper-
methylated in cardiomyocytes versus ES cells, which
indicated that differential CpG methylation showed cell
type specification during embryonic development. Dem-
ethylated regions of adult cardiomyocytes were signifi-
cantly enriched for upstream transcription factor binding
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motifs (TF motifs) of known cardiac transcription fac-
tors, including MEF2C and GATA1-4 [101]. A compara-
tion of heart from embryonic, newborn and adult mouse
found that DNA methylation levels of the CpG dinu-
cleotides region in ssTnl gene promoter were increased
with the development of mouse heart, corresponding to
a decreased expression of ssTnl gene. These results indi-
cate that DNA methylation is involved in regulation of
myofibril gene expression during heart development in
mice[102].

DNA methylation is also highly dynamic during post-
natal maturation. Genome-wide sequencing of methyl-
ated DNA conducted by Choon Boon Sim et al. identified
dynamic changes in the cardiac methylome during post-
natal development (2545 DMRs from P1 to P14 in the
mouse). Majority of DMRs (~80%) were hypermethyl-
ated between P1 and P14, and these hypermethylated
regions were associated with transcriptional shut down
of important developmental signaling pathways, includ-
ing Hedgehog, bone morphogenetic protein, TGEF-f,
fibroblast growth factor, and Wnt/p-catenin signaling
[103]. A substantial number of CpGs were differentially
methylated in newborn and adult cardiomyocytes [101].
Gene body demethylation starting at the 5 end and
extending to the 3’ end was observed during postnatal
maturation of cardiomyocytes; for example, the 5’ end of
the ATP2A2 gene and upstream TF motifs were already
demethylated at birth, while the 3’ region lost its CpG
methylation by adulthood, which was correlated with
increased expression of ATP2A2. However, the dem-
ethylated cardiomyocyte genes could be repressed by
trimethylated H3K27 (H3K27me3), which could inhibit
transcription and de novo CpG methylation. For exam-
ple, ISL1 (insulin gene enhancer protein ISL-1, a marker
for cardiac progenitors of the secondary heart field) and
PITX2 (paired-like homeodomain 2, responsible for the
asymmetrical development of the heart and expressed
in tubular heart) are stably repressed by H3K27me3.
De novo CpG methylation of skeletal troponin I iso-
form (Tnnil) by DNMT3A/B was accompanied by the
demethylation of TNNI3 during heart maturation and
mediated the transition from fetal to adult sarcomeric
gene expression [101]. From the fetal stage to adulthood,
the decrease in DNA methylation is associated with
increased expression of genes responsible for myofibril or
sarcomere structures, while the increase in DNA methyl-
ation is associated with decreased expression of primarily
developmental genes, including MYC, SOX11, TBX5 and
TNNII [104].

The importance of cell-type-specific epigenomic anal-
yses was highlighted [105]. Fetal and infantile hearts
predominantly consist of cardiac myocytes (CMs).
However, CMs loose cell cycle activity, endothelial and

Page 8 of 18

mesenchymal cell proliferation augments after birth
[106]. Ralf Gilsbach et al. purified CM nuclei from pre-
natal and postnatal human hearts by labeling of cardiac
nuclei with anti-PLN antibodies. Analysis of fetal, infan-
tile, and adult non-failing data sets revealed dynamic
genic mCpG during prenatal and postnatal development
affecting 10% of all genes harboring genic regions with
unmethylated CpGs (gUMR). Alterations within these
genes were also present on the layer of histone modifi-
cations and gene expression and affect especially genes
involved in the maturation of CMs. From fetal life until
adulthood, 529 genes exhibited differential gUMR mCpG
(DM-gUMRs). Loss of mCpG in DM-gUMRs was asso-
ciated with increased expression of genes essential for
myofibril and sarcomere structures as well as regulation
of contraction, while a developmental increase of mCpG
in DM-gUMRs was linked to decreased gene expression
and affected primarily developmental genes. From fetal
to infant stage, 29 gUMRs were hypomethylated and 12
gUMRs were hypermethylated. Postnatally, 188 gUMRs
were further demethylated and 34 gUMRs were hyper-
methylated. In all, genes that were differentially methyl-
ated prenatally showed continuing methylation changes
postnatally [104, 107].

Abnormal DNA methylation profiling in CHD

Methylation levels of failing murine hearts caused by
chronic left ventricular pressure overload partially
resembled the newborn CpG methylation pattern. Fail-
ing murine heart-associated differentially methylated
regions (DMRs) are mostly intergenic, and their overlap
with postnatal DMRs is adjacent to genes involved in
cardiac muscle cell development, cardiac morphogenesis
and energy metabolism [101]. For humans, decreased
expression of DNMT1 and DNMT3B was observed
in TOF patients, which may be associated with global
DNA hypomethylation and play an important role in
the pathogenesis of TOF [108]. In another study, 14,403
hypermethylated DMRs and 1450 hypomethylated DMRs
were detected in TOF cases compared to controls (nor-
mal hearts), and for VSD cases, hypermethylated DMRs
and hypomethylated DMRs were 7152 and 935, respec-
tively. More hypermethylated than hypomethylated til-
ing regions were observed in patients with TOF (hyper/
hypomethylated: 88.3/11.7%) or VSD (hyper/hypometh-
ylated: 76.2/23.8%) compared to normal heart controls
[109]. In the same TOF cases and controls (right ventricle
of normal hearts), 978 autosomal protein-coding genes
were significantly differentially expressed. Of these genes,
38% were upregulated and 62% were downregulated in
TOEF. Hypermethylated promoters were significantly
associated with downregulated (P=0.01) gene expres-
sion, while hypomethylated promoters were significantly
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associated with upregulated (P=7.2 x 10~°) gene expres-
sion. Investigation of DNA methylation in gene bodies
(without first exons) also revealed a significant overlap
between upregulated genes and hypomethylated exons
(P=0.02) [109]. For both TOF and VSD, significant
hypermethylation in the promoter of the SCO2 gene
was detected, and quantitative real-time PCR showed
a significant reduction in SCO2 expression in myocar-
dial biopsies of both patient groups. It was hypothesized
that the downregulation of SCO2, which is caused by
hypermethylation, drives the metabolic state toward gly-
colysis, delaying terminal differentiation and promoting
cardiomyopathy and heart failure. Significantly down-
regulated gene with a hypermethylated promoter was
also observed in ECE2, a gene thought to be important
in patterning cardiac neural crest cell derivatives [109].
Upregulated hypomethylation in the promoter of TDGF1
was also observed in TOF patients [109]. TDGF1, also
named CRIPTO, is the prototypic member of the epider-
mal growth factor-like cripto-FRL-1-cryptic (EGF-CFC)
family and can induce cell proliferation, reduce apopto-
sis, and increase cell migration and is also an important
signaling factor during cardiogenesis [110]. The TDGF1
gene plays an essential role in not only specification but
also maintenance and differentiation of early cardiac pro-
genitors [111].

Clara Serra-Juhé et al. explored the global methylation
profile of fetal heart DNA in comparison to blood DNA
from control subjects and detected significant enrich-
ment of differential methylation at genes related to mus-
cle contraction and cardiomyopathies in the developing
heart DNA. They also searched for abnormal methylation
profiles on developing heart-tissue DNA of syndromic
and non-syndromic congenital heart defects. Hyper-
methylation of several intragenic sites at the MSX1, a
gene involved in outflow tract morphogenesis by pro-
tecting secondary heart field precursors against apop-
tosis and by inhibiting excessive proliferation of cardiac
neural crest, endothelial and myocardial cells in the
conotruncal cushions, was found in a fetus with iCHD.
Hypermethylation of the GATA4 gene was present in
fetuses with Down syndrome with or without congeni-
tal heart defects, as well as in fetuses with iCHD [112].
The inactivation of GATA4 was hypothesized as a cause
of CHD induced by abnormal hypomethylation and low
expression of BRGI. Transcriptional activator BRGI,
also known as ATP-dependent chromatin remodeler
SMARCA4, is necessary for cardiac development and
heart function [113]. BRG1 deficiency resulted in heart
defects in mice, and BRG1 mutations are found in CHD
patients [114, 115]. The CpG shore of BRG1 in the sec-
ond intron was reported to be hypomethylated in the
myocardium of CHD patients, and BRG1 presented a
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low expression level [116, 117]. The study of Dobosz A.
et al. compared the gene promoter methylation profiles
between two groups of Down syndrome patients, with
and without heart defects of endocardial cushion-type
and detected significant hypermethylation of the NRG1
gene promoter region in children with heart defects
[118].

Decreased LINE-1 methylation levels were found in
the cardiac tissue of TOF patients in an analysis of 32
TOF patients and 15 controls in the study of Wei Sheng
et al. [119]. It has been hypothesized that LINE-1 hypo-
methylation may promote carcinogenesis by facilitating
chromosomal instability and controlling gene expres-
sion [120]. These processes may also be associated with
an increased risk of TOF. ROC curve analysis confirmed
the accuracy of predicting the presence of TOF by the
LINE-1 methylation level, which provides initial evidence
of the association between the LINE-1 methylation level
and TOF in pediatric patients [119]. Wei Sheng et al. also
found that TOF patients had significantly higher meth-
ylation levels in the promoter CpG islands of NKX2-5
and HANDI than controls and lower methylation lev-
els in the promoter CpG island of TBX20 [119]. Quan-
titative methylation analysis of the NKX2-5, GATA4 and
HANDI1 genes in the right ventricular myocardial tissues
of 10 TOF patients and 6 age-matched control subjects
found significant changes in the methylation levels in
the NKX2-5 gene body and the HANDI gene promoter
region. The aberrant methylation status of NKX2-5 and
HANDI1 was negatively correlated with their correspond-
ing transcription levels [121]. NKX2-5 and HAND1 both
encode transcription factors that regulate specific phases
of heart development [122]. The DNA methylation
change in these genes leads to variation in transcriptional
regulation and may play important roles in the pathogen-
esis of TOF [121]. In another study of Wei Sheng et al.,
methylation status analysis on the promoter regions of 71
CHD candidate genes of 10 TOF cases and 6 controls was
performed and significant differences in methylation sta-
tus in 26 genes were found. Seven genes were validated in
41 TOF cases because of their nominally significant dif-
ferences in methylation levels and their function in heart
development. The methylation values of EGFR, EVC2,
TBX5 and CFC1B were significantly correlated with
their mRNA levels, indicating that aberrant methylation
changes of specific genes may contributes to the develop-
ment of TOF [123].

Cardiac tissue is inaccessible in living fetuses and
infants, so analysis using surrogate tissue such as blood
could dramatically enhance our ability to detect and eval-
uate CHD [124, 125]. Changes in the methylation level of
CHD patients in blood and placenta are also summarized
(Table 3). Compared to that in newborn healthy infants,
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a total of 52 genes, corresponding to 59 CpG sites, with
significantly altered DNA methylation were identified in
the blood of newborn AVS patients [124]. Among the 52
genes identified, DUSP27 (dual specificity phosphatase
27), RUNX1 (runt-related transcription factor 1) and
TXNRD2 (thioredoxin reductase 2) play an important
role during muscle and heart development [126-128],
APOAS5 and PCSK9 are associated with cardiovascular
disease[129-131], while many have not been reported to
be associated with AVS in previous studies. These results
also suggest that the selected genes may be involved in
the development of AVS by DNA methylation [124]. A
genome-wide methylation assay in newborn blood from
24 nonsyndromic TOF cases and 24 unaffected matched
controls identified 64 significantly differentially methyl-
ated CpG sites, of which 25 CpG sites had high predic-
tive accuracy for TOF. Multiple differentially methylated
genes, such as ABCB1, CREM, LHX9, PPP2R5C, RUNX,
SELL, SCN3A and TLR1, in the blood DNA of newborns
with TOF are known or plausibly linked to heart devel-
opment and postnatal heart disease [125]. Genome-wide
DNA methylation analysis of newborn blood DNA from
24 nonsyndromic coarctation of aorta (CoA) cases and
16 controls identified significant methylation changes
in 65 different CpG sites located in 75 genes. Genes
important for heart development, for example, TGFB1,
SMADI1 and glucocorticoid signaling-related genes, were
found to have significant methylation changes in CoA
[132]. A comparation of DMRs between DS with and
without CHD by Benjamin I Laufer et al. distinguished
1588 nominally significant DMRs (35% hypermethylated,
65% hypomethylated). GO enrichment analyses revealed
significant enrichments for terms related to the heart,
including atrial cardiac muscle tissue development and
actin-based cell projection. Notably, there was an 880 bp
hypomethylated DMR that mapped to RUNX1 in CHD
compared to non-CHD DS cases [133].
Disease-discordant monozygotic twin pairs share
nearly identical genetic variants, so they are outstand-
ing subjects to study epigenetic mechanisms driving
pathologies [134—136]. The DNA methylation pattern
in the pathogenesis of DORYV, analyzed through DNA
methylation profiling of whole-blood DNA derived
from a monozygotic twin pair discordant for DORV at
the single nucleotide level, provided evidence for the
presence of epigenetic differences between the twin
pair. Many DMR-related genes are enriched in pathways
that contribute to cardiac development, such as ZIC3
and NR2F2. ZIC3 and NR2F2, which are both associ-
ated with CHD in the OMIM database, were hyper-
methylated upstream of the transcription start sites
(TSS) in the hearts of patients with DORV compared to
normal hearts [49]. ZIC3 is a transcription factor that
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functions in the early stages of left—right body axis for-
mation and heart development [137]. NR2F2 has been
crucially implicated in angiogenesis and heart devel-
opment in humans and mouse models, and abnormal
expression or depletion of NR2F2 has been reported
to lead to AVSD (atrioventricular septal defect) and
VSD [138]. Aberrant methylation at promoter regions
of ZIC3 and NR2F2 and their dysregulated transcrip-
tion levels may contribute to DORV [49]. In this study,
DMRs were also found upstream of CITED1, GATAZ2,
SOX3 and some important epigenetic genes, includ-
ing MTA2, NSD1, MECP2 and SUV39H1 [49]. In Mar-
cel Grunert’s study, genome-wide high-throughput
sequencing was used to examine the genetic, structural
genomic and epigenetic differences of two identical
twin pairs discordant for TOF, and the results showed
that the difference between the two monozygotic dis-
cordant twin pairs was observed in epigenetic altera-
tions rather than at the genetic or structural genomic
level, such as DMCs in the promoter region of the car-
diac transcription factors TBX20, GATA4 and NKX2-5
[139]. The study of M. Reza Sailani et al. identified epi-
genetic changes in genes with potential involvement in
heart development in Down syndrome monozygotic
twins discordant for CHD. The two twins set in this
study were discordant for VSD and AVSD. Although
genomic variation on chromosome 21 has a high corre-
lation with the risk of CHD, the genome is similar in the
case of monozygotic twins. 197 DMRs in monozygotic
twins discordant for VSD and 88 DMRs in monozygotic
twins discordant for AVSD were identified, including
13 common DMRs between two sets [140].

A genome-wide DNA methylation assay of the placen-
tas from 8 patients with isolated VSD and 10 unaffected
controls identified significant epigenetic dysregulation in
the placental DNA of VSD cases and identified 80 highly
accurate potential CpGs in 80 genes for the detection
of VSD [141]. The biological processes and functions of
most differentially methylated genes, including ACTCI,
HEYL, HEY?2, ISL1 and SREF, have been shown to be asso-
ciated with heart development or disease [141]. A total
of 165 significantly differentially methylated CpG loci in
165 separate genes in TOF cases compared to controls
were also found by analyzing placental tissue obtained at
birth from 8 cases with nonchromosomal, nonsyndromic
TOF and 10 unaffected newborns. ARHGAP22, CDKS5,
TRIM27 and IER3 had outstanding predictive accuracy
for the prediction of TOF (AUC>0.95). ID4, HES7 and
PPP3CA, which may be associated with heart disease,
also showed differential methylation in this research
[142]. Placental tissue obtained at birth may also be used
for the prediction of newborn CHD [141, 142]. Distinct
DNA methylation patterns observed in patients with
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CHD are being studied as potential biomarkers for CHD
detection, and noninvasive surrogates may be valuable in
the diagnosis of CHD.

Distinct DNA methylation patterns have been observed
not only in 60 CHD patients compared to 32 healthy per-
sons but also in various CHD types, suggesting that these
signatures could be used to discriminate between specific
CHDs. A panel of CpG methylation biomarkers for the
prediction of individual types of CHD was identified by
Ray O. Bahado-Singh et al. [12]. In the study of M. Reza
Sailani et al., DMRs in EP300, E2F6, SMC3 and CEBPB
binding sites were highlighted in Down’s syndrome twins
discordant for AVSD, while for Down’s syndrome twins
discordant for VSD highlighted POLR2A (polymerase
(RNA) II polypeptide A), CTCF and EP300 [140]. How-
ever, the assay was based on a relatively small number
of subjects. Additional genome-wide methylation scans
performed in larger cohorts are required to confirm the
potential of using variation in CpG methylation levels as
biomarkers for CHD.

Many of the genes reported to be involved in the devel-
opment of the heart exhibited differential methylation
in CHD patients. Epigenetic regulation of imprinted
genes is involved in many embryonic developmental pro-
cesses, including cardiac development. Shaoyan Chang
et al. investigated the alterations of eighteen imprinted
genes germline differential methylation regions (gDMRs)
methylation in patients with CHD and found altered
gDMR methylation level of 8 imprinted genes, includ-
ing 2 imprinted genes with hypermethylation of GRB10
and MEST and 6 genes with hypomethylation of PEG10,
NAP1L5, INPP5F, PLAGL1, NESP and MEG3. Risk
analysis showed that 6 of these genes (except MEST and
NAPIL5) within a specific methylation level range were
the risk factors for CHD [143]. Another study on aber-
rations imprinting genes involved in the pathogenesis
of CHD with extracardiac malformations also found the
hypermethylation of INPP5F. In addition, risk analysis
showed that abnormal hypermethylation of SNRPN and
ZAC1 resulted in 5.545 and 7.438 times higher risks of
CHD with extracardiac malformations [144].

CITED2 (Cbp/p300 interacting transactivator with
Glu/Asp rich carboxy-terminal domain 2) is a hypoxia-
inducible transcriptional cofactor. CITED2 is critical for
the development of the heart, and mice lacking CITED2
died in utero with various cardiac malformations, includ-
ing atrial and ventricular septal defects, right-sided
aortic arches, double-outlet right ventricle, common
arterial trunk and overriding aorta [145-147]. An anal-
ysis of 392 patients with a broad range of CHDs found
CITED2 mutations that did not exist in 192 control indi-
viduals. These mutations led to a significant loss in the
HIF1A transcriptional repressive capacity of CITED2
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and significantly diminished TFAP2C (a gene involved in
early development, specifically morphogenesis) coactiva-
tion, providing evidence that CITED2 is a disease-caus-
ing gene for congenital heart malformations in humans,
particularly septal defects and malrotations of the great
arteries [148]. CITED2 gene promoter region methyla-
tion (decreased CITED2 transcriptional activity) as well
as CITED2 gene mutations were discovered in another
cohort of pediatric patients with CHD. Methylation in
the promoter of CITED2 or loss-of-function mutations
hindered the effect of HIF-1a overexpression. As a con-
sequence, HIF-1a expression was enhanced, which could
lead to disruption of apoptosis in the cardiac outflow
tract, myocardial ischemia and hypoxia, inhibited migra-
tion and transition of neural crest cells, and abnormal
heart formation as a result [149].

There is no doubt that whole genome DNA methylation
profiling changes dynamically in the process of individual
development and growth. Differential methylation profil-
ing exists in different stages of cardiac development and
CHD. Many differentially methylated genes or regions
have been identified in CHD patients; however, most of
them are inconsistent in different cases.

Discussion
The heart is composed of several cell types, and the com-
plexity of signal regulation in heart development and
defects hinders the understanding, diagnosis and treat-
ment of heart diseases. The diagnosis of CHD mainly
depends on echocardiography of the fetus, and some
defects in the heart require surgery. A better understand-
ing of the etiology of CHD may allow diagnosis in ear-
lier stages and even result in novel therapies. The DNA
methylation profiling differences between the hearts of
CHD patients and healthy persons offer a glimpse at the
pathogenic mechanism of CHD, and advances in this
field may provide new directions for drug development.
In addition, differential DNA methylation in the pla-
centa or blood in newborns and mothers may be used as
a biomarker for diagnosis. Both the whole genome DNA
methylation profile and the methylation level of some
specific genes, such as ssTnl, are dynamic during cardio-
myocyte development [100, 102]. It is possible to apply
the dynamic DNA methylation as a marker of different
stage of cardiomyocyte development and disease, or even
monitor the efficacy of preventive strategies and treat-
ment strategies. However, the dynamic nature of methyl-
ation in cardiomyocyte development has just begun to be
understood. The application of differential DNA methyla-
tion as biomarker for diagnosis, drug target still demands
tremendous efforts.

Due to the limitations of sequencing technologies in
the past, many analyses of the differential methylation
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profile of the heart are based on the tissue level rather
than the cell level. The DNA methylation profiles of cell
types in the heart probably vary. Analysis at the tissue
level may miss many differentially methylated genes due
to the balance of differences by cell type. Single-cell DNA
methylation sequencing technology provides a good
solution. Future studies are needed to uncover the DNA
methylomes of different cardiac cell types, for exam-
ple, cardiomyocytes, fibroblasts, endothelial cells, and
immune cells, to determine their epigenetic contribution
to cardiac development and disease [150]. Another bot-
tleneck in cardiac studies was the limitation of available
heart tissue from healthy infants as a control for genome-
wide analysis. Surrogate samples such as blood and pla-
centa have been used to analyze the difference between
CHD patients and healthy controls. It is helpful to iden-
tify DNA methylation biomarkers and serum molecules
that could be used for risk estimation and detection of
CHD.

Prenatal diagnosis of heart defects may improve clini-
cal outcomes by adjusting medical management. It can
be particularly important in the case of severe CHDs
that may cause hypoxia and lead to organ damage or
death in the absence of timely intervention [151-153].
Only 15% of mothers with a CHD-affected pregnancy
reported receiving a prenatal diagnosis [153]. Efficient
and sensitive detection technology can have major ben-
efits. There are currently no biomarkers that can be used
to detect heart defects. Multiple studies have identified
differentially expressed circulating miRNAs as poten-
tial biomarkers for the diagnosis of CHD [154]. Differ-
ently methylated genes or regions among CHD patients
and healthy persons or in various CHD types also pro-
vide potential biomarkers for diagnosis. However, the
pathogenesis of CHD is highly complex, and differentially
methylated genes vary in different CHD types, tissues,
and even cases. It is still difficult to specify biomarkers as
diagnostic criteria. Many studies with large populations,
various types of CHD and samples from different tissues
are still required for reliable identification and verifica-
tion of biomarkers for diagnosis.

DNA demethylation drugs have been introduced as
potential therapeutic agents for the treatment of human
diseases [155]. Methylation intervention during preg-
nancy may reduce the incidence of CHD. In newborn
CHD patients, these treatments are unlikely to restore
heart structure through regulation of DNA methylation.
However, DNA methylation is still a highly dynamic pro-
cess during the postnatal growth of cardiomyocytes and
their adaptation to pathological stress. For some of them,
drugs regulating DNA methylation may decrease disease
severity in adulthood. Current DNA demethylation drugs
act on the overall methylation level. The development
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of drugs targeting DNA methylation of specific genes or
regions has a long way to go.

Conclusion

DNA methylation is an attractive topic in the study of
complex diseases because it may be restored by environ-
mental factors and dietary interventions. Major progress
has been made in the understanding of DNA methylation
involved in cardiac development and CHD pathogenesis.
Several studies have identified dysregulated genome-wide
DNA methylation profiles or differentially methylated
genes. However, there is no clear evidence of which gene
or combinations of genes with abnormal methylation can
be used as diagnostic criteria or therapeutic targets for
CHD. Maternal genome-wide DNA methylation patterns
and DMRs deserve further exploration and discussion for
early diagnosis and intervention. Continued investigation
with new techniques makes the diagnosis and treatment
of CHD by evaluating and modulating abnormal DNA
methylation extremely promising.
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