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CONTEMPORARY REVIEW

Epigenetics in Congenital Heart Disease
Guanglei Wang, PhD; Bingbing Wang, PhD; Peixin Yang , PhD

ABSTRACT: Embryonic heart development is an intricate process that mainly involves morphogens, transcription factors, and 
cardiac genes. The precise spatiotemporal expression of these genes during different developmental stages underlies nor-
mal heart development. Thus, mutation or aberrant expression of these genes may lead to congenital heart disease (CHD). 
However, evidence demonstrates that the mutation of genes accounts for only a small portion of CHD cases, whereas the ab-
errant expression regulated by epigenetic modification plays a predominant role in the pathogenesis of CHD. In this review, we 
provide essential knowledge on the aberrant epigenetic modification involved in the pathogenesis of CHD. Then, we discuss 
recent advances in the identification of novel epigenetic biomarkers. Last, we highlight the epigenetic roles in some adverse 
intrauterine environment- related CHD, which may help the prevention, diagnosis, and treatment of these kinds of CHD.
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The heart is one of the first organs to develop during 
embryogenesis, and its development depends on 
faithful and precise expression of various genes in 

a temporal and spatial manner.1,2 Morphogens, tran-
scription factors, and cardiac genes are involved in early 
heart development and form a hierarchical regulatory 
relationship.3 For example, morphogens Nodal (Nodal 
growth differentiation factor), Wnts (Wnt family mem-
bers), bone morphogenic proteins, Sonic hedgehog, 
and retinoic acid regulate transcription factors meso-
derm posterior bHLH transcription factor 1, NK2 ho-
meobox 5 (NKX2.5), GATA binding protein 4 (GATA4), 
ISL LIM homeobox 1 (ISL1), and T- box transcription fac-
tor 1 (TBX1), which in turn transcriptionally activate their 
target cardiac genes.4 In addition, transcription cofac-
tors including Yes1 associated transcriptional regulato, 
Tafazzin, and vestigial like family member 4 interact with 
DNA binding transcription factors including TEA domain 
transcription factor, which activates the expression of 
target genes that regulate cardiac cell proliferation and 
embryonic heart development.5– 7 However, mutation or 
aberrant expression of these genes during cardiogene-
sis may induce congenital heart disease (CHD).

CHD, the most common type of birth defect, is char-
acterized by congenital malformation of heart walls, 
valves, or blood vessels, which can be divided into 

several phenotypes including atrial septal defect, ven-
tricular septal defect (VSD), atrioventricular septal defect, 
tetralogy of Fallot (TOF), and hypoplastic left heart syn-
drome.8 CHD affects ≈1% of live births and accounts 
for 30% of fetal deaths.9,10 Because of its high morbidity 
and mortality, extensive studies have been conducted to 
identify the origins of CHD; however, the causes of the 
majority of cases remain elusive. Single gene mutation 
of specific morphogens, transcription factors, or cardiac 
genes in cardiogenesis is sufficient to cause only about 
10% of all CHD cases,11,12 which suggests that extrag-
enomic factors governing gene expression may play a 
predominant role in the pathogenesis of CHD.

Epigenetic modification is the extragenomic mech-
anism, which does not involve alterations in the DNA 
sequence but is capable of regulating gene expression 
by influencing transcription or inhibiting translation.13 
Growing evidence has demonstrated the association 
of epigenetics with cardiac development and diseases. 
In this review, we mainly focus on aberrant patterns of 
DNA methylation, histone modification, ATP- dependent 
chromatin remodeling, and microRNA (miRNA) involved 
in the pathogenesis of CHD (Figure  1), discuss recent 
advances in identification of novel epigenetic biomark-
ers, and highlight epigenetic roles in some adverse in-
trauterine environment- related CHD, providing essential 
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knowledge for the understanding of CHD pathogenesis, 
and the diagnosis and treatment of CHD (Figure 2).

DNA METHYLATION
DNA methylation is the process of adding a methyl 
group into the 5′ carbon of cytosine, which alters the 

structure of DNA molecules and then interferes with 
the binding of transcription factors, resulting in pos-
sible changes in gene expression patterns.14 In mam-
mals, DNA methylation mainly occurs in dinucleotide 
CpG (DNA methylation on cytosines followed by gua-
nine residues) sites, which constitute ≈1% of the ge-
nome, and most of them are methylated.15 CpG islands 
are regions rich in CpG sites, most of which are not 
methylated in gene promoters, and these CpG islands 
play critical roles in the regulation of gene expression.16 
DNA methylation pattern is maintained by DNMT1 
(DNA methyltransferase 1) during the course of so-
matic cell division, whereas de novo DNA methylation 
is modulated by DNMT3A (DNA methyltransferase 3A) 
and DNMT3B (DNA methyltransferase 3B).17 DNA de-
methylation is regulated by TET (ten- eleven transloca-
tion) enzymes, which oxidize 5mC (5- methylcytosine) 
to 5hmC (5- hydroxymethylcytosine) and promote 
locus- specific DNA demethylation. TET is also involved 
in the process of cardiac progenitor specification by 
maintaining the hypomethylated status and expression 
level of NKX2- 5.18

The spatiotemporal expression of cardiac genes is 
orchestrated perfectly during heart development, and 
studies have been conducted to elucidate the regula-
tory role of DNA methylation involved in this process. A 
mouse model was used to compare the difference in 
DNA methylation in embryonic hearts between E11.5 

Nonstandard Abbreviations and Acronyms

BAF Brahma- associated factor
CHD7 chromodomain helicase DNA- binding 7
CPC cardiac progenitor cell
DNMT1 DNA methyltransferase 1
HATs histone acetyltransferases
HDAC histone deacetylase
LSD1 lysine- specific demethylase 1
PRC1 polycomb repressive complex 1
RXRA retinoid X receptor α
TET ten- eleven translocation
TOF tetralogy of Fallot
TrxG trithotax group
UTX ubiquitously transcribed tetratricopeptide 

repeat, X chromosome
VSD ventricular septal defect

Figure 1. Schematic diagram of mechanisms of epigenetic modification.
Epigenetic modification usually includes DNA methylation, histone modification, ATP- dependent chromatin remodeling, and microRNA 
(miRNA). H3K4me3 and H3K9ac as representative histone marks are illustrated here; however, there are some other histone marks 
that are not shown. CpG indicates DNA methylation on cytosines followed by guanine residues; H, histone; H3K4me3, indicates the 
tri- methylation at the 4th lysine residue of the histone H3 protein; H3K9ac, indicates the acetylation at the 9th lysine residue of the 
histone H3 protein; 3′- UTR, the three prime untranslated region mRNA, messenger RNA.
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and E14.5, and researchers found 181 genes were de-
velopmentally regulated, and 79 genes had correlative 
changes between their methylation and expression. Of 
these genes, Has2 (hyaluronan synthase 2), which is re-
quired for heart valve formation, was downregulated at 
E14.5, and its elevated methylation was dependent on 
DNMT3B.19 Another study analyzed DNA methylomes 
from highly purified cardiomyocytes of neonatal, adult 
healthy, and adult failing hearts, and identified large ge-
nomic regions that were differentially methylated during 
cardiomyocyte development and maturation, suggest-
ing that dynamic DNA methylation modulates cardio-
myocyte development, maturation, and disease.20

Case- control studies have been extensively per-
formed to uncover the role of abnormal DNA methyla-
tion of cardiac genes, cardiac transcription factors, and 
related signaling pathway molecules in CHD. One study 
determined the genome- wide DNA methylation pattern 
in myocardial biopsies obtained from patients with TOF 
or VSD and controls, and found a remarkable overlap of 
hypermethylated promoters and downregulated genes.21 
Of note, the authors identified a novel hypermethylated 
developmental CpG island in the promoter of SCO2 en-
coding a protein that is required for the assembly of cy-
tochrome c oxidase, which may drive the metabolic state 
of cardiac cells toward glycolysis, retarding their terminal 

differentiation and facilitating cardiomyopathy. Another 
study assessed gene- specific DNA methylation differ-
ence in peripheral blood lymphocytes from 180 mothers 
with nonsyndromic CHD- affected pregnancies (cases) 
and 187 mothers with unaffected pregnancies (controls). 
Using a multifactorial statistical model, researchers ob-
served that majority of differentially methylated CpG sites 
between the 2 groups were hypermethylated in cases and 
located within CpG islands, and that the genes of interest 
were enriched in multiple biological processes involved in 
fetal development by gene set enrichment analysis.22 A 
third study searching for abnormal DNA methylation pro-
files in heart tissue of fetuses with syndromic and nonsyn-
dromic CHD found multiple hypermethylated CpGs in the 
cardiac transcription factor GATA4 gene body and higher 
expression of GATA4 transcript coexisted in fetuses with 
syndromic and nonsyndromic CHD compared with 
healthy controls, suggesting this epigenetic modification 
likely contributed to the pathogenesis of the malforma-
tion.23 A fourth study investigated the methylation status 
of RXRA (retinoid X receptor α), an important component 
of the retinoid acid signaling pathway, in the pathogenesis 
of TOF.24 Researchers indicated that the methylation sta-
tus of RXRA promoter region was significantly higher in 
right ventricular outflow tract myocardium of patients with 
TOF, whereas the mRNA level of RXRA was decreased 

Figure 2. Representative diagram of genetic and epigenetic origins, adverse intrauterine environment inducer of congenital 
heart disease (CHD), and epigenetic biomarkers and potential epi- drugs for CHD.
For each panel, examples are given to represent the current knowledge associated with CHD. Representative heart defect, tetralogy 
of Fallot, is depicted here: (1) Ventricular septal defect. (2) Right ventricular hypertrophy. (3) Overriding aorta. (4) Pulmonary stenosis. 
For the genetic mutation panel, the reference that includes NKX2- 5, GATA4, TBX5, TBX1, NODAL, and NOTCH1 was cited but not 
discussed in the article.12 Dotted arrow indicates epi- drugs are still not investigated for the treatment of CHD but may have the 
therapeutic potential. HDAC indicates histone deacetylase enzyme; miR, microRNA.



J Am Heart Assoc. 2022;11:e025163. DOI: 10.1161/JAHA.121.025163 4

Wang et al Epigenetics in CHD

simultaneously, which may help decipher the pathogene-
sis of TOF and provide a new candidate target for therapy. 
The modifiers and modifications of DNA methylation are 
summarized in Table 1.

HISTONE MODIFICATION
Histone octamers containing 2 copies of each of the 
core histones H2A, H2B, H3, and H4 are wrapped by 
a segment of DNA to form a nucleosome, which not 
only stores compacted DNA but also regulates gene 
expression.46 Histone modification influences chroma-
tin architecture and then changes the accessibility of 
transcription factors and initiation complexes, caus-
ing gene activation or silencing.47 Histone modification 
mainly comprises well- studied methylation and acety-
lation, as well as phosphorylation, ubiquitination, and 
sumoylation.48 The nomenclature of histone modifica-
tions depends on the specific type of histone protein, 
amino acid type and location, and type of modifica-
tion.4 For instance, H3K4me3 indicates a trimethylation 
at the lysine 4 residue in histone H3.

The maintenance of histone modification generally 
includes 3 types of factors: writers (eg, methyltrans-
ferase, acetyltransferase,), erasers (eg, demethylase, 

deacetylase), and readers (eg, effector proteins rec-
ognizing specific banding sites), each of which is es-
sential for cardiac development, and their aberrant 
patterns are associated with CHD. In a case- control 
study comparing the incidence of de novo mutations in 
severe CHD cases and controls by analysis of exome 
sequencing, researchers found a pronounced excess 
of de novo mutations in genes involved in writing, 
erasing, or reading of H3K4 (4th lysine residue of the 
histone H3 protein) methylation or H2BK120 (120th 
lysine residue of the histone H2B protein) ubiquitina-
tion that is required for H3K4 methylation, revealing a 
potential pathogenic role of aberrant histone methyl-
ation in CHD.49 Knockout studies further showed the 
regulatory role of different histone modifiers in cardiac 
development and CHD. DOT1 like histone lysine meth-
yltransferase (DOT1L), H3K79 (79th lysine residue of 
the histone H3 protein) methyltransferase, is involved 
in normal mammalian development. Dot1L knockout 
is lethal in embryonic mice, because it is essential for 
the proliferation of mouse embryonic stem cells and 
cardiac development.50 LSD1 (lysine- specific demeth-
ylase 1) is the first of a group of enzymes discovered to 
have lysine- specific demethylase activity. A study used 
Cre- lox technology to generate 2- point mutations in 
the Lsd1 allele in mice, which resulted in the reduced 

Table 1. DNA Methylation, Histone Modification, and ATP- Dependent Chromatin Remodeling in CHD

Modifiers Modification Target genes Disease phenotype References

DNMT3B Hypermethylation Has2 … 19

… Hypermethylation SCO2 TOF or VSD 21

… Hypermethylation GATA4 Syndromic and nonsyndromic CHD 23

… Hypermethylation RXRA TOF 24

MLL2 H3K4me3 Nkx2.5, Tbx5, Mef2c CHD, Kabuki syndrome, impaired 
differentiation of ESCs

25, 26

EZH2 H3K27me3 Six1, Hey2 Impaired EMT, proliferation and differentiation, 
increased apoptosis

27, 28

UTX H3K27me3 demethylation … Impaired ectoderm and mesoderm 29, 30

DPF3 BAX complex recruitment … Incomplete cardiac looping, severely reduced 
ventricular contractility

31, 32

P300 H3K4, H3K9, H3K27, H4 
acetylation

Gata4, EBAF VSD 33, 34

HDAC3 Deacetylation Tgf- β, Tbx5 Various cardiac anomalies, impaired 
cardiomyocyte differentiation

35, 36

HDAC2 Deacetylation Gata4 Impaired cardiomyocyte proliferation 37

G9α H3K9me3 Mef2c, Cx43, Anp and β- MCH Alcohol- induced cardiac dysplasia 38

… H3K9 acetylation GATA4, MEF2C Alcohol- induced cardiac damage 39, 40

BRG1 Chromatin remodeling GATA4, Tbx5, Tbx20, Nkx2- 5 Cardiac anomalies, trabeculation defects 41– 43

CHD7 Chromatin remodeling Nkx2.5, PlexinA2 CHD, CHARGE syndrome 44, 45

… indicates not investigated; BAX, BCL2 associated X, apoptosis regulator; BRG1, SWI/SNF related, matrix associated, actin dependent regulator of 
chromatin, subfamily a, member 4; CHD, congenital heart disease; CHD7, chromodomain helicase DNA- binding 7; DNMT3B, DNA methyltransferase 3B; DPF3, 
double PHD fingers 3; EMT, endothelial- to- mesenchymal transition; ESCs, embryonic stem cells; EP300, E1A binding protein p300; EZH2, enhancer of zeste 2 
polycomb repressive complex 2 subunit; H4, histone H4 protein; HDAC3, histone deacetylase3; HDAC2, histone deacetylase2; H3K4, the 4th lysine residue of 
the histone H3 protein; H3K4me3, the tri- methylation at the 4th lysine residue of the histone H3 protein; H3K9me3, indicates the tri- methylation at the 9th lysine 
residue of the histone H3 protein; H3K27me3, the tri- methylation at the 27th lysine residue of the histone H3 protein; MLL2, lysine methyltransferase 2D; TOF, 
tetralogy of Fallot; UTX, Utx histone demethylase; and VSD, ventricular septal defect.
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interaction between the LSD1 protein and known bind-
ing partners as well as decreased enzymatic activity. 
Mice homozygous for this allele died perinatally be-
cause of heart defects, with the majority of mice suf-
fering from VSD.51 WD repeat domain 5 (WDR5) is a 
core subunit of the human lysine methyltransferase 
(MLL) and SET domain containing 1, histone lysine 
methyltransferase (SET1) histone H3K4 methyltransfer-
ase complexes, defined as the reader of H3K4 meth-
ylation.52 The deletion of Wdr5 in Xenopus tropicalis 
resulted in substantial pericardial edema that altered 
the structure of the heart, impeding accurate determi-
nation of its cardiac looping.53

In the following section, we mainly focus on the 
involvement of histone methylation and acetylation in 
CHD.

HISTONE METHYLATION
Histones can be methylated at lysine and arginine resi-
dues; generally, lysine residue methylation has been 
more extensively studied, including K4, K9, K27, K36, 
and K79 in histone H3, and K20 in histone H4.54 Lysine 
residues can be methylated to varying degrees, includ-
ing mono (me1)- , di (me2)- , or trimethyl (me3) groups,55 
which adds another layer of complexity to their regu-
latory mechanisms. Histone methylation or demeth-
ylation can cause either gene activation or silencing 
depending on the methylated lysine residue sites and 
the degree of methylation.56

Studies have demonstrated that histone lysine 
methylation is a pivotal epigenetic regulator in car-
diac development, whereas their aberrant patterns 
may cause cardiac anomalies. Trimethylation of H3K4 
is usually associated with transcriptional activation 
of target genes, which is primarily catalyzed by TrxG 
(trithotax group) proteins.57 A population- based study 
revealed an association between lysine methyltransfer-
ase 2D (MLL2) (a TrxG member) and CHD in patients 
with Kabuki syndrome.25 CHD was diagnosed in 19 
out of 27 (70%) patients with the MLL2 variant, and 
the anatomic types of CHD included aortic coarcta-
tion, bicuspid aortic valve, perimembranous subaortic 
ventricular septal defect, atrial septal defect of the os-
tium secundum type, and conotruncal heart defects.25 
Mll2 was also found to be essential for the differentia-
tion of mouse embryonic stem cells in a study.26 When 
it was deleted, the differentiation of embryonic stem 
cells into cardiac lineage was completely abolished; in 
addition, the levels of H3K4me3 and mRNAs of core 
cardiac transcription factors (Nkx2.5, Tbx5, and Mef2c) 
were significantly decreased. Trimethylation of H3K27 
(27th lysine residue of the histone H3 protein) (the tri- 
methylation at the 27th lysine residue of the histone H3 
protein [H3K27me3]) induces robust gene silencing,20 

which is regulated by PcG (polycomb group) proteins 
comprising PRC1 (polycomb repressive complex 1) 
and PRC2 (polycomb repressive complex 2).58 The 
catalytic subunit enhancer of zeste 2 polycomb re-
pressive complex 2 subunit (EZH2), a histone methyl-
transferase in PRC2, is critical for the catalysis role. A 
previous study indicated that deletion of Ezh2 in car-
diac progenitors triggered postnatal myocardial pathol-
ogy and unstable cardiac gene expression.27 Notably, 
the homeodomain transcription factor gene Six1was 
activated, which induced cardiomyocyte hypertrophy 
and skeletal muscle gene expression, suggesting that 
ezh2- mediated repression of Six1 in differentiating car-
diac progenitors is essential for stable postnatal heart 
gene expression and homeostasis. In a mouse model 
in which Ezh2 was specifically ablated in the mouse 
heart, researchers observed that hypoplastic endocar-
dial cushions, impaired endothelial- to- mesenchymal 
transition process, decreased cardiomyocyte prolifera-
tion and increased apoptosis.28 In addition, they found 
that the Hey2 gene is a downstream target of EZH2, 
and that the regulation of Hey2 expression by EZH2 
may be independent of Notch signaling activity.

The maintenance of histone methylation patterns 
requires the close collaboration of writers, erasers, 
and readers. UTX (ubiquitously transcribed tetratrico-
peptide repeat, X chromosome), a specific histone de-
methylase of H3K27me3, was found to be involved in 
embryonic heart development in a knockout study, be-
cause Utx- null embryos had reduced somite counts, 
neural tube closure defects, and heart malformation 
between E9.5 and E13.5.29 Another knockout study 
also found that Utx was required for the establishment 
of ectoderm and mesoderm; however, this contribu-
tion was independent of the catalytic activity of UTX.30 
Double PHD fingers 3 (DPF3) is a member of the highly 
conserved d4 protein family, which can bind methyl-
ated lysine residues of H3K4, functioning as a reader in 
histone modification.31 A group showed that DPF3 was 
remarkably upregulated in the right ventricular myo-
cardium of patients with TOF in a genome- wide gene 
expression study.32 They further found that morpholino 
knockdown of dpf3 in zebrafish resulted in incomplete 
cardiac looping and severely reduced ventricular con-
tractility, which confirmed that DPF3 is a key epigenetic 
factor for heart and muscle development.31

HISTONE ACETYLATION
Histone acetylation is linked to gene transcription ac-
tivation, because the acetylation of the N- terminal tails 
of the lysine residues on histones can loosen chroma-
tin spatial structures and thus facilitate the binding of 
transcription factors to DNA, initiating gene transcrip-
tion.59 Histone acetylation is catalyzed by HATs (histone 
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acetyltransferases), which are traditionally classified 
into 2 distinct classes (type A and type B) based on 
their subcellular localization.60 E1A binding protein 
p300 (P300) is an extensively studied type A HAT that 
has an important role in embryonic cardiogenesis, and 
its ectopic expression is related to CHD. A study in-
dicated the acetylation of H3K4, H3K9 (the 9th lysine 
residue of the histone H3 protein), and H3K27 medi-
ated by P300 plays a crucial role in the regulation of 
Gata4 expression in cardiogenesis.33 Another study 
focused on the regulatory mechanism of EBAF (Left- 
right determination factor 2. It is also called LEFTY2), 
which is a NODAL pathway inhibitor that plays a criti-
cal role during mammalian cardiac development. The 
authors found that P300 was involved in the transcrip-
tional activation of EBAF by inducing the hyperacetyla-
tion of histone H4 at the EBAF promoter.34 A third study 
showed that the recruitment of P300 to enhancers re-
quires MLL4 (enhancer H3K4me1/2 methyltransferase) 
during the differentiation of embryonic stem cells.61

The deacetylation of histones, mediated by HDAC 
(histone deacetylase) enzymes, is associated with 
gene silencing.62 Studies have already shown their 
epigenetic regulatory roles in heart development and 
CHD. A research group found murine embryos lack-
ing Hdac3 in the second heart field exhibited a variety 
of anomalies (eg, ascending aortic dilatation, outflow 
tract malrotation, a double outlet right ventricle, a bi-
cuspid aortic valve, VSD), and elevated transforming 
growth factor beta (TGF- β) bioavailability.35 They fur-
ther indicated that histone deacetylase3 (HDAC3) as-
sociates with PRC2 complex components to facilitate 
the trimethylation of H3K27 at the regulatory region 
of Tgf- β gene, which maintains the silencing of Tgf- β, 
suggesting that the absence of epigenetic silencing of 
Tgf- β by HDAC enzymes might be a causative factor 
in the pathogenesis of CHD.35 Studies have shown 
that HDAC enzymes can directly target key transcrip-
tion factors to regulate cardiac development.36 Mouse 
embryos lacking Hdac3 in cardiac progenitor cells 
manifested precocious cardiomyocyte differentiation, 
severe cardiac developmental defects, embryonic 

lethality, and elevated expression of T- box transcription 
factor 5 (TBX5) target genes. Researchers further ad-
dressed HDAC3 physically interacting with TBX5 and 
catalyzing its acetylation to suppress TBX5- dependent 
activation of cardiomyocyte lineage- specific genes.36 
Another study revealed that HDAC2, along with HOP 
homeobox (HOPX) (a small homeodomain factor), me-
diates deacetylation of Gata4 during embryonic devel-
opment, whereas the absence of Hdac2 and Hopx in 
mouse embryos results in Gata4 hyperacetylation and 
cardiac defects.37 The modifiers and modifications of 
histone are summarized in Table 2.

ATP- DEPENDENT CHROMATIN 
REMODELING
In addition to DNA methylation and histone modifica-
tion, ATP- dependent chromatin remodeling is another 
type of epigenetic regulation of gene expression at the 
chromatin level. ATP- dependent chromatin remodeling 
complexes (remodelers) move, eject, or restructure 
nucleosomes by using the energy of ATP hydrolysis, 
which can alter the accessibility of DNA molecules to 
transcription factors and regulate gene transcription.71 
These remodelers are mainly divided into 4 groups on 
the basis of their composition and activities, including 
SWI/SNF (switching defective/sucrose nonfermenting), 
ISWI (imitation SWI), NURD (nucleosome remodeling 
and deacetylation)/Mi- 2/CHD (chromodomain, heli-
case, DNA binding), and INO80 (inositol requiring 80).72 
All these remodelers share a common ATPase domain, 
whereas their functions are specific because each re-
modeler complex has a unique protein domain.73 The 
role of distinct remodelers during mammalian cell dif-
ferentiation and organogenesis has recently been well 
reviewed.74

Growing evidence demonstrates that remodel-
ers are closely related to embryonic cardiogenesis 
and CHD. BRG1 (SWI/SNF related, matrix associ-
ated, actin dependent regulator of chromatin, sub-
family a, member 4) is the ATPase subunit of the BAF 

Table 2. miRNAs in Congenital Heart Disease

Modifiers Alteration profile Target genes Disease phenotype References

miR- 1 Downregulation Hand2, Cx43 Impaired proliferation and differentiation, TOF 63– 65

miR- 206 Downregulation Cx43 TOF 65

miR- 424/424* Upregulation NF1, HAS2 TOF 66

miR- 421 Upregulation SOX4 TOF 67

miRNA- 940 Downregulation JARID2 TOF 68

let- 7a/let- 7b Upregulation … ASD 69

miR- 19b/miR- 22/
miR- 29c/miR- 375

Upregulation … VSD and ASD 70

… indicates not investigated; ASD, atrial septal defect; TOF, tetralogy of Fallot; miR, microRNA; and VSD, ventricular septal defect.
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(brahma- associated factor) complex, which is the ver-
tebrate homolog of the yeast SWI/SNF complex.75 A 
case- control study revealed that BRG1 levels were de-
creased by 70% in the myocardium of patients with 
CHD compared with those of the controls, which was 
positively correlated with the expression of GATA4 in 
the myocardium of patients, suggesting that BRG1 
probably affects the expression of GATA4, playing a 
role in the pathogenesis of CHD.41 BRG1 was found 
to control cardiac development in a time-  and tissue- 
specific manner in a study.42 By embryonic day E9.0, 
tissue specific deletion of Brg1 in the endocardium, 
rather than in the myocardium, produced trabeculation 
defects. From E9.5 to E10.5, the repression of ADAM 
metallopeptidase with thrombospondin type 1 motif 1 
(ADAMTS1) (a secreted matrix metalloproteinase) by 
BRG1 in the endocardium allows the establishment 
of an extracellular environment in the cardiac jelly that 
facilitates trabecular growth. Later, during cardiogen-
esis, the derepression of ADAMTS1 degrades the 
cardiac jelly and prevents excessive trabeculation.42 A 
group demonstrated that Brg1 interacts with cardiac 
transcription factors (Tbx5, Tbx20, and Nkx2- 5) in a 
dosage- dependent manner, whereas disrupting the 
balance between Brg1 and these cardiac transcription 
factors causes severe cardiac anomalies. For example, 
Brg1+/− or Tbx5+/− mice had normal heart morphologies 
at E12.5, whereas mice heterozygous for both Brg1 
and Tbx5 (Brg1+/−, Tbx5del/+ mice) had severe heart de-
fects, including a hypoplastic left ventricle and dilated 
atria.43

CHD7 (chromodomain helicase DNA- binding 7) is 
another well- studied ATP- dependent chromatin remod-
eler that is associated with CHD. Haploinsufficiency for 
the CHD7 gene is the leading cause of CHARGE (col-
oboma, heart defects, atresia choanae [also known 
as choanal atresia], growth retardation, genital abnor-
malities, and ear abnormalities) syndrome character-
ized by a specific pattern of defects including CHD.76 
A study analyzed the information on cardiac defects 
in 299 patients with pathogenic CHD7 mutations, and 
found that 74% of them had a type of CHD.77 Notably, 
atrioventricular septal defect and conotruncal heart 
defects were overrepresented. A knockout study indi-
cated that mice homozygous for Chd7 died at E10.5, 
whereas those heterozygous for Chd7 developed mul-
tiple CHARGE- like phenotypes including heart septal 
defects.78 Another study indicated that inactivation of 
Chd7 (chromodomain helicase DNA- binding 7) causes 
multiple embryonic heart defects.44 Interestingly, the 
authors found that CHD7 binds to enhancer regions 
of the cardiac transcription factor Nkx2.5 in a bone 
morphogenic protein– dependent pattern to directly 
govern the expression of Nkx2.5 during cardiogenesis. 
A third study revealed the cooperation of CHD7 and 
BRG1 in the regulation of the expression of PlexinA2 

that encodes a receptor for semaphorin to guide 
neural crest cells migration into the outflow tract.45 
Researchers found that the BRG1– CHD7 complex 
was formed on the PlexinA2 promoter in E9 cardiac 
neural crest tissues, and that the coexpression of Brg1 
and Chd7 had an ≈2- fold synergetic effect on the pro-
moter activation of PlexinA2 in an in vitro study. The 
modifiers of ATP- dependent chromatin remodeling are 
summarized in Table 2.

MicroRNA
miRNA is a small noncoding RNA molecule with a 
length of ~22 bp, which can bind the three prime un-
translated region (3′UTR) of target mRNAs to cause 
cleavage or translational repression.79 Efficient trans-
lation of mRNAs requires a loop structure resulting 
from the interaction between PABPC (cytoplasmic 
PABP [polyA- binding protein]) and eIF4G (eukaryotic 
translation- initiation factor 4G). miRNAs are part of the 
argonaute RISC component (AGO) complex and can 
guide the Ago complex to target mRNAs by binding 
to partially complementary target sites, which causes 
deadenylation of the target mRNAs, thus leading 
to translational repression.80 A study predicted that 
>1000 miRNAs collectively regulate over one- third of 
human genes.81 A single miRNA can regulate differ-
ent kinds of target mRNAs, and a single mRNA can 
be regulated by many different miRNAs.82 miRNA bio-
genesis depends on Dicer, which cleaves precursor 
miRNAs into short double- stranded RNA fragments.83 
The cardiac- specific deletion of Dicer triggered em-
bryonic death from heart failure by E12.5 because of 
a poorly developed ventricular myocardium, suggest-
ing that miRNAs collectively play an important role in 
cardiogenesis.84 Gain-  and loss- of- function studies 
also indicated the contribution of individual microR-
NAs (miRNAs) to cardiac development. For example, 
excess miR- 1 in the developing heart suppressed ven-
tricular myocyte proliferation,63 whereas targeted dele-
tion of muscle- specific miR- 1- 2 triggered nearly half of 
mouse embryos to die as weaning, and some mice 
exhibited ventricular septal or conduction system de-
fects at later stages.84

miRNAs often play important roles in cardiac de-
velopment by regulating feedback loops. A pair of 
studies showed that miR- 130 and miR- 133 act as 
necessary linkages in the control of fibroblast growth 
factor 8 Mus musculus (house mouse) (Fgf8) signaling 
in early cardiac specification.85,86 Specifically, BMP2 
(bone morphogenic protein 2) induces miR- 130 and 
miR- 133 expression, and their overexpression results 
in a decrease in fibroblast growth factor 8 Homo 
sapiens (human) (FGF8) expression, which subse-
quently leads to the increased expression of BMP2 
and cardiac- specific markers NKX2.5 and GATA4. 
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Two other studies investigated the involvement of 
miR- 1 in the regulation of cardiac and skeletal mus-
cle proliferation and differentiation.63,64 miR- 1 controls 
the balance between cardiomyocyte proliferation 
and differentiation by targeting Hand2, and promotes 
myogenesis by repressing HDAC4. The repression of 
histone deacetylase4 (HDAC4) enhances the activity 
of the myocyte enhancer factor 2A (MEF2) transcrip-
tion factor which, in turn, facilitates the expression of 
miR- 1.63,64

MIRNA PROFILES IN TOF
TOF is the most common type of cyanotic CHD, ac-
counting for 5% to 8% of all CHDs.87 Extensive studies 
have been conducted to investigate the role of miRNA 
expression implicated in the pathogenesis of TOF. A 
study sought to illustrate the potential role of miRNAs 
regulation of Cx43 (connexin 43) expression in the pa-
thology of TOF.65 The authors detected the expression 
of Cx43 and related miRNAs in the myocardium from 
patients with TOF and controls, and found that the in-
creased levels of Cx43 mRNA and protein negatively 
correlated with decreased expression of miR- 1 and 
miR- 206, suggesting that miR- 1 and miR- 206 might 
contribute to the pathology of TOF by targeting Cx43.65 
Another study identified 18 deregulated miRNAs in right 
ventricular outflow tract tissues from infants with non-
syndromic TOF.66 These miRNAs were predicted by 
bioinformatic analysis to target a network of genes in-
volved in heart development and CHD. Among these 
miRNAs, miR- 424/424* was found to promote cell pro-
liferation and inhibit cell migration in primary embry-
onic mouse cardiomyocytes by directly targeting NF1 
and HAS2, which are involved in cell migration, cardiac 
morphogenesis, and cardiac outflow tract septation. 
A third study examined the expression of miRNAs in 
the right ventricular myocardium from infants with TOF 
and healthy controls. Thirty- three miRNAs were found 
to be altered significantly, which were negatively corre-
lated with 44 genes that regulate cardiac development. 
Focusing on the contribution of miR- 421 to TOF, the au-
thors indicated that altering the expression of miR- 421 
in primary cells derived from infant heart tissue had an 
inverse impact on the expression of SRY- box transcrip-
tion factor 4 (SOX4), a key regulator of the Notch path-
way, supporting a role for miR- 421 in the regulation of 
SOX4.67 A fourth study found that miRNA- 940 was the 
most downregulated among 75 dysregulated miRNAs in 
human heart tissues from patients with TOF compared 
with its level in healthy controls. Functional analysis 
further indicated that reduced miRNA- 940 expression 
affected the proliferation and migration of progenitor 
cells in the secondary heart field by targeting JARID2, 
a gene with a potential effect on cardiac outflow tract 

development.68 The miRNAs involved in heart develop-
ment and CHD are summarized in Table 2.

RECENT ADVANCES
Epigenetic Biomarkers
Aberrant DNA methylation patterns have been inves-
tigated for use as biomarkers for CHD diagnosis. A 
group performed a genome- wide methylation assay 
in newborn blood from nonsyndromic TOF cases and 
matched controls, and identified 64 differentially meth-
ylated genes, of which 25 genes showed high predictive 
accuracy for TOF based on the area under the receiver 
operating characteristics curve. Multiple differentially 
methylated genes, including ABCB1, PPP2R5C, TLR1, 
SELL, SCN3A, CREM, RUNX, and LHX9, were linked 
to heart development and postnatal heart diseases.88 
The same group also compared the DNA methylation 
difference in placental tissue between isolated VSD 
cases and controls by genome- wide DNA methylation 
assay.89 It revealed that a total of 80 CpG sites in 80 
genes were highly accurate in the prediction of VSD 
by the area under the receiver operating characteristics 
curve. These genes are previously known to be associ-
ated with heart development or disease, such as HEY2 
and ISL1 in cardiac ventricle development, SRF in heart 
looping, ACTC1 and HEY2 in cardiac muscle cell dif-
ferentiation, ISL1 in cardiac septum development, and 
SRF, HEY2, ISL1, and HEYL in heart morphogenesis.

Circulating miRNAs were also recently investigated 
for use as biomarkers in the diagnosis and prediction of 
CHD.69 Researchers screened 84 candidate miRNAs 
related to cardiovascular development in plasma from 
atrial septal defect and healthy children. Intriguingly, 
the expression profiles of hsa- let- 7a and hsa- let- 7b in 
children with atrial septal defect were similar to those 
of their mothers. Area under the receiver operating 
characteristics curve analyses revealed that these 2 
miRNAs in patients or in their mothers are valuable for 
atrial septal defect diagnosis or prediction, respectively. 
Another study also explored the plausibility of prena-
tal prediction for fetal CHD with a panel of maternal 
serum miRNAs.70 Researchers found 4 miRNAs (miR- 
19b, miR- 22, miR- 29c, and miR- 375) were remarkably 
upregulated in pregnant women who had fetuses with 
CHD at 18 to 22  weeks of gestation. Moreover, ac-
cording to a multiple logistic regression analysis, the 
combination of the 4 miRNAs exhibited high efficiency 
for the early diagnosis of fetal CHD.

To date, studies exploring the use of epigenetic bio-
markers for CHD diagnosis are still limited, and specific 
and reliable biomarkers have not yet been identified. 
Further research is needed to accumulate more date 
and confirm their usefulness in the clinical practice for 
the diagnosis of CHD.
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ADVERSE INTRAUTERINE 
ENVIRONMENT- RELATED CHD
Diabetes
Fetal hyperglycemia associated with maternal diabe-
tes is a well- known teratogen that raises the risk of 
having an infant with CHD by 3-  to 5- fold.90 A study 
sought to examine whether epigenetic factors are the 
underlying contributor of diabetes- associated CHD.91 
Hyperglycemia was found to decrease chromatin ac-
cessibility at the endothelial NO synthase (Nos3) locus, 
leading to decreased NO synthesis, which subse-
quently increased the transcription of Jarid2 (jumonji 
and AT- rich interaction domain containing 2) (a regula-
tor of histone methyltransferase complexes), and the 
upregulation of JARID2 directly resulted in the inhibi-
tion of Notch1 expression, further affecting normal 
heart development. Our group previously analyzed the 
expression features of miRNAs in embryonic hearts 
from nondiabetic or diabetic dams, and found that 149 
miRNAs were significantly altered.92 The majority of the 
potential miRNA target genes were predicted to be as-
sociated with cardiac development- related pathways 
(including STAT3 and IGF- 1) and transcription factors 
(Cited2, Zeb2, Mef2c, Smad4, and Ets1). Interestingly, 
overexpression of the antioxidant enzyme superoxide 
dismutase 1 restored maternal diabetes- altered miR-
NAs, suggesting that oxidative stress is responsible for 
the dysregulation of these miRNAs.

Hypoxia
Hypoxia during gestation imposes profound adverse 
effects on cardiac development, which increases the 
occurrence of CHD.93 A recent study revealed the un-
derlying mechanism of how hypoxic stress determines 
cardiac progenitor cell (CPC) fate and contributes to 
CHD.94 The authors found that hypoxia regulates 
CPC proliferation and differentiation and restrains car-
diomyocyte maturation. Further study showed that 
hypoxia upregulates miR- 210 expression in Sca- 1+ 
(Calcium- transporting ATPase) CPC and hinders the 
cell differentiation. The blockage of miR- 210 expres-
sion significantly promotes the differentiation of Sca- 
1+CPCs into cardiomyocytes. These findings provide 
clear evidence that hypoxia alters CPC fate, and reveal 
a novel mechanism of miR- 210 in hypoxia- associated 
CHD.

Alcohol
Maternal alcohol consumption during gestation is 
closely related to the occurrence of CHD.95 A recent 
study indicated that abnormal histone methylation is in-
volved in alcohol- induced cardiac dysplasia.38 Histone 
H3K9me3 (tri- methylation at the 9th lysine residue of 

the histone H3 protein) was decreased because of the 
reduced expression of histone methyltransferase G9α. 
Moreover, the expression of cardiomyogenesis- related 
genes (Mef2c, Cx43, Anp, and β- MCH) were down-
regulated in alcohol- exposed fetal mouse hearts, sug-
gesting that aberrant H3K9me3 mediated by histone 
methyltransferase G9α may account for the alcohol- 
induced abnormal expression of cardiomyogenesis- 
related genes during pregnancy. Histone acetylation 
inhibitors have been approved by the Food and Drug 
Administration for the treatment of cancers, which also 
demonstrate remarkable therapeutic potential for heart 
failure.96 A group investigated the protective effect of 
curcumin (a natural histone acetylation inhibitor) on 
alcohol- induced cardiac damage during pregnancy.39 
They found that alcohol increased the acetylation of 
H3K9 and the expression of the transcription factors 
GATA4 and MEF2C in cardiac progenitor cells; how-
ever, these alterations can be reversed by the addition 
of curcumin. They further revealed that curcumin treat-
ment may rescue alcohol- induced fetal cardiac apop-
tosis through restoring H3K9 acetylation pattern near 
the promoter regions of apoptosis- related genes.40

DISCUSSION AND FUTURE 
PERSPECTIVE
The causes of CHD are multifactorial. Gene mutation 
accounts for only a small portion of CHD cases,97 with 
the pathogenesis of the majority of cases remaining 
unknown. Aberrant epigenetic patterns have been 
identified in patients with CHD, and animal and in vitro 
studies further validate that epigenetic dysregulation 
is, at least in part, responsible for the pathogenesis of 
CHD. However, epigenetic regulation is complicated 
and multilevel, and the dysregulation of DNA methyla-
tion, histone modification, ATP- dependent chromatin 
remodeling, or miRNAs in heart development can re-
sult in CHD. Thus, integrating all data, including that 
on different types of epigenetic alterations, may help 
to reveal the regulatory role of epigenetics in the for-
mation of CHD. Moreover, integrating all genome and 
epigenome data will certainly be useful for elucidating 
the pathogenesis of CHD more comprehensively.

Clinically, the evaluation and modulation of epi-
genetics manifest as promising prospects in the diag-
nosis and treatment of CHD. Aberrant CpG methylation 
patterns at specific loci are regarded as the most suc-
cessful epigenetic biomarkers,98 and they have previ-
ously been investigated for use in the diagnosis of CHD. 
Circulating miRNAs in pregnant mothers or infants show 
high accuracy and availability for the diagnosis of CHD. 
Epi- drugs have been extensively investigated, and some 
of them have reached the market.99 For instance, DNA 
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methyltransferase inhibitors have been approved by the 
Food and Drug Administration for the treatment of he-
matological malignancies,100 and HDAC inhibitors are not 
only approved for use in oncology but are also showing 
promising roles for use in treating adult heart failure.96 
These kinds of inhibitors may also have potential value 
in the treatment of CHD and need further investigation.

Although tremendous progress has been made in 
understanding of involvement of epigenetic modifica-
tions in heart development and CHD, some specific 
knowledge gaps remain to be filled. For example, it is 
not fully understood how cardiac transcription factors 
interact with histone modifiers or chromatin remodel-
ers, how DNA methylation interacts with histone lysine 
methylation, or how different histone modifiers inter-
act with each other. Fortunately, recent advances in 
high- throughput DNA sequencing technology may en-
able the identification of the binding sites of cardiac 
transcription factors, histones, and DNA modifiers at a 
genome- wide level, which may help with understand-
ing of these interactions. In addition, prenatal exposure 
to environmental risk factors such as alcohol, hypoxia, 
malnutrition, therapeutic drugs, or maternal diabetes 
may cause CHD95; however, only limited studies have 
focused on the involvement of epigenetic regulation in 
this process; therefore, further investigations are still 
needed. In summary, improving and integrating fun-
damental research data of epigenetic modifications in 
heart development and CHD to identify highly specific 
and reliable epigenetic biomarkers and to establish 
epigenetics- based therapeutics for CHD are the main 
challenges ahead for scientists.

ARTICLE INFORMATION

Affiliations
Department of Obstetrics, Gynecology & Reproductive Sciences (G.W., B.W., 
P.Y.) and Department of Biochemistry & Molecular Biology (P.Y.), University of 
Maryland School of Medicine, Baltimore, MD.

Sources of Funding
This work was financially supported by National Institutes of Health 
grants (R01DK083243, R01DK101972, R01DK103024, R01HL131737, 
R01HL134368, R01HL139060, R01HL153141, and R01HL151108).

Disclosures
None.

REFERENCES
 1. Moorman A, Webb S, Brown NA, Lamers W, Anderson RH. 

Development of the heart: (1) formation of the cardiac chambers and 
arterial trunks. Heart. 2003;89:806– 814. doi: 10.1136/heart.89.7.806

 2. Zaffran S, Frasch M. Early signals in cardiac development. Circ Res. 
2002;91:457– 469. doi: 10.1161/01.res.00000 34152.74523.a8

 3. Meganathan K, Sotiriadou I, Natarajan K, Hescheler J, Sachinidis 
A. Signaling molecules, transcription growth factors and other reg-
ulators revealed from in- vivo and in- vitro models for the regulation of 
cardiac development. Int J Cardiol. 2015;183:117– 128. doi: 10.1016/j.
ijcard.2015.01.049

 4. Jarrell DK, Lennon ML, Jacot JG. Epigenetics and mechanobiology in 
heart development and congenital heart disease. Diseases. 2019;7:52. 
doi: 10.3390/disea ses70 30052

 5. von Gise A, Lin Z, Schlegelmilch K, Honor LB, Pan GM, Buck JN, Ma 
Q, Ishiwata T, Zhou B, Camargo FD, et al. YAP1, the nuclear target of 
Hippo signaling, stimulates heart growth through cardiomyocyte prolif-
eration but not hypertrophy. Proc Natl Acad Sci USA. 2012;109:2394– 
2399. doi: 10.1073/pnas.11161 36109

 6. Yu W, Ma X, Xu J, Heumüller AW, Fei Z, Feng X, Wang X, Liu K, Li J, 
Cui G, et al. VGLL4 plays a critical role in heart valve development 
and homeostasis. PLoS Genet. 2019;15:e1007977. doi: 10.1371/journ 
al.pgen.1007977

 7. Kim NG, Gumbiner BM. Cell contact and Nf2/Merlin- dependent reg-
ulation of TEAD palmitoylation and activity. Proc Natl Acad Sci USA. 
2019;116:9877– 9882. doi: 10.1073/pnas.18194 00116

 8. Wolf M, Basson CT. The molecular genetics of congenital heart 
disease: a review of recent developments. Curr Opin Cardiol. 
2010;25:192– 197. doi: 10.1097/HCO.0b013 e3283 37b4ce

 9. Hoffman JIE, Kaplan S. The incidence of congenital heart dis-
ease. J Am Coll Cardiol. 2002;39:1890– 1900. doi: 10.1016/s0735 
- 1097(02)01886 - 7

 10. Hoffman J. The global burden of congenital heart disease. Cardiovasc 
J Afr. 2013;24:141– 145. doi: 10.5830/CVJA- 2013- 028

 11. Joziasse IC, van de Smagt JJ, Smith K, Bakkers J, Sieswerda GJ, 
Mulder BJ, Doevendans PA. Genes in congenital heart disease: atrio-
ventricular valve formation. Basic Res Cardiol. 2008;103:216– 227. doi: 
10.1007/s0039 5- 008- 0713- 4

 12. Prendiville T, Jay PY, Pu WT. Insights into the genetic structure of con-
genital heart disease from human and murine studies on monogenic 
disorders. Cold Spring Harb Perspect Med. 2014;4:a013946. doi: 
10.1101/cshpe rspect.a013946

 13. Bird A. Perceptions of epigenetics. Nature. 2007;447:396– 398. doi: 
10.1038/natur e05913

 14. Moore LD, Le T, Fan G. DNA methylation and its basic func-
tion. Neuropsychopharmacology. 2013;38:23– 38. doi: 10.1038/
npp.2012.112

 15. Feil R, Berger F. Convergent evolution of genomic imprinting in 
plants and mammals. Trends Genet. 2007;23:192– 199. doi: 10.1016/j.
tig.2007.02.004

 16. Liu G, Bin P, Wang T, Ren W, Zhong J, Liang J, Hu CA, Zeng Z, Yin Y. 
DNA methylation and the potential role of methyl- containing nutrients 
in cardiovascular diseases. Oxid Med Cell Longev. 2017;2017:1670815. 
doi: 10.1155/2017/1670815

 17. Reik W, Dean W, Walter J. Epigenetic reprogramming in mamma-
lian development. Science. 2001;293:1089– 1093. doi: 10.1126/scien 
ce.1063443

 18. Lan Y, Banks KM, Pan H, Verma N, Dixon GR, Zhou T, Ding BO, 
Elemento O, Chen S, Huangfu D, et al. Stage- specific regulation of 
DNA methylation by TET enzymes during human cardiac differentia-
tion. Cell Rep. 2021;37:110095. doi: 10.1016/j.celrep.2021.110095

 19. Chamberlain AA, Lin M, Lister RL, Maslov AA, Wang Y, Suzuki M, Wu 
B, Greally JM, Zheng D, Zhou B. DNA methylation is developmentally 
regulated for genes essential for cardiogenesis. J Am Heart Assoc. 
2014;3:e000976. doi: 10.1161/JAHA.114.000976

 20. Gilsbach R, Preissl S, Grüning BA, Schnick T, Burger L, Benes V, 
Würch A, Bönisch U, Günther S, Backofen R, et al. Dynamic DNA 
methylation orchestrates cardiomyocyte development, maturation and 
disease. Nat Commun. 2014;5:5288. doi: 10.1038/ncomm s6288

 21. Grunert M, Dorn C, Cui H, Dunkel I, Schulz K, Schoenhals S, Sun W, 
Berger F, Chen W, Sperling SR. Comparative DNA methylation and 
gene expression analysis identifies novel genes for structural congen-
ital heart diseases. Cardiovasc Res. 2016;112:464– 477. doi: 10.1093/
cvr/cvw195

 22. Chowdhury S, Erickson SW, MacLeod SL, Cleves MA, Hu P, Karim 
MA, Hobbs CA. Maternal genome- wide DNA methylation patterns 
and congenital heart defects. PLoS One. 2011;6:e16506. doi: 10.1371/
journ al.pone.0016506

 23. Serra- Juhe C, Cusco I, Homs A, Flores R, Toran N, Perez- Jurado 
LA. DNA methylation abnormalities in congenital heart disease. 
Epigenetics. 2015;10:167– 177. doi: 10.1080/15592 294.2014.998536

 24. Zhang J, Ma X, Wang H, Ma D, Huang G. Elevated methylation of 
the RXRA promoter region may be responsible for its downregulated 
expression in the myocardium of patients with TOF. Pediatr Res. 
2014;75:588– 594. doi: 10.1038/pr.2014.17

https://doi.org/10.1136/heart.89.7.806
https://doi.org/10.1161/01.res.0000034152.74523.a8
https://doi.org/10.1016/j.ijcard.2015.01.049
https://doi.org/10.1016/j.ijcard.2015.01.049
https://doi.org/10.3390/diseases7030052
https://doi.org/10.1073/pnas.1116136109
https://doi.org/10.1371/journal.pgen.1007977
https://doi.org/10.1371/journal.pgen.1007977
https://doi.org/10.1073/pnas.1819400116
https://doi.org/10.1097/HCO.0b013e328337b4ce
https://doi.org/10.1016/s0735-1097(02)01886-7
https://doi.org/10.1016/s0735-1097(02)01886-7
https://doi.org/10.5830/CVJA-2013-028
https://doi.org/10.1007/s00395-008-0713-4
https://doi.org/10.1101/cshperspect.a013946
https://doi.org/10.1038/nature05913
https://doi.org/10.1038/npp.2012.112
https://doi.org/10.1038/npp.2012.112
https://doi.org/10.1016/j.tig.2007.02.004
https://doi.org/10.1016/j.tig.2007.02.004
https://doi.org/10.1155/2017/1670815
https://doi.org/10.1126/science.1063443
https://doi.org/10.1126/science.1063443
https://doi.org/10.1016/j.celrep.2021.110095
https://doi.org/10.1161/JAHA.114.000976
https://doi.org/10.1038/ncomms6288
https://doi.org/10.1093/cvr/cvw195
https://doi.org/10.1093/cvr/cvw195
https://doi.org/10.1371/journal.pone.0016506
https://doi.org/10.1371/journal.pone.0016506
https://doi.org/10.1080/15592294.2014.998536
https://doi.org/10.1038/pr.2014.17


J Am Heart Assoc. 2022;11:e025163. DOI: 10.1161/JAHA.121.025163 11

Wang et al Epigenetics in CHD

 25. Digilio MC, Gnazzo M, Lepri F, Dentici ML, Pisaneschi E, Baban A, 
Passarelli C, Capolino R, Angioni A, Novelli A, et al. Congenital heart 
defects in molecularly proven Kabuki syndrome patients. Am J Med 
Genet A. 2017;173:2912– 2922. doi: 10.1002/ajmg.a.38417

 26. Wan X, Liu L, Ding X, Zhou P, Yuan X, Zhou Z, Hu P, Zhou H, Li Q, 
Zhang S, et al. Mll2 controls cardiac lineage differentiation of mouse 
embryonic stem cells by promoting H3K4me3 deposition at cardiac- 
specific genes. Stem Cell Rev Rep. 2014;10:643– 652. doi: 10.1007/
s1201 5- 014- 9527- y

 27. Delgado- Olguin P, Huang Y, Li X, Christodoulou D, Seidman CE, 
Seidman JG, Tarakhovsky A, Bruneau BG. Epigenetic repression of 
cardiac progenitor gene expression by Ezh2 is required for postna-
tal cardiac homeostasis. Nat Genet. 2012;44:343– 347. doi: 10.1038/
ng.1068

 28. Chen L, Ma Y, Kim EY, Yu W, Schwartz RJ, Qian L, Wang J. Conditional 
ablation of Ezh2 in murine hearts reveals its essential roles in endocar-
dial cushion formation, cardiomyocyte proliferation and survival. PLoS 
One. 2012;7:e31005. doi: 10.1371/journ al.pone.0031005

 29. Welstead GG, Creyghton MP, Bilodeau S, Cheng AW, Markoulaki S, 
Young RA, Jaenisch R. X- linked H3K27me3 demethylase Utx is re-
quired for embryonic development in a sex- specific manner. Proc 
Natl Acad Sci USA. 2012;109:13004– 13009. doi: 10.1073/pnas.12107 
87109

 30. Morales Torres C, Laugesen A, Helin K. Utx is required for proper 
induction of ectoderm and mesoderm during differentiation of em-
bryonic stem cells. PLoS One. 2013;8:e60020. doi: 10.1371/journ 
al.pone.0060020

 31. Lange M, Kaynak B, Forster UB, Tönjes M, Fischer JJ, Grimm C, 
Schlesinger J, Just S, Dunkel I, Krueger T, et al. Regulation of mus-
cle development by DPF3, a novel histone acetylation and methyla-
tion reader of the BAF chromatin remodeling complex. Genes Dev. 
2008;22:2370– 2384. doi: 10.1101/gad.471408

 32. Kaynak B, von Heydebreck A, Mebus S, Seelow D, Hennig S, 
Vogel J, Sperling H- P, Pregla R, Alexi- Meskishvili V, Hetzer R, et 
al. Genome- wide array analysis of normal and malformed human 
hearts. Circulation. 2003;107:2467– 2474. doi: 10.1161/01.cir.00000 
66694.21510.e2

 33. Zhou W, Jiang D, Tian J, Liu L, Lu T, Huang X, Sun H. Acetylation of 
H3K4, H3K9, and H3K27 mediated by p300 regulates the expression 
of GATA4 in cardiocytes. Genes Dis. 2019;6:318– 325. doi: 10.1016/j.
gendis.2018.10.002

 34. Su D, Li Q, Guan L, Gao X, Zhang H, Dandan E, Zhang L, Ma X. Down- 
regulation of EBAF in the heart with ventricular septal defects and its 
regulation by histone acetyltransferase p300 and transcription factors 
smad2 and cited2. Biochim Biophys Acta. 2013;1832:2145– 2152. doi: 
10.1016/j.bbadis.2013.07.013

 35. Lewandowski SL, Janardhan HP, Trivedi CM. Histone deacetylase 3 
coordinates deacetylase- independent epigenetic silencing of trans-
forming growth factor- β1 (TGF- β1) to orchestrate second heart field 
development. J Biol Chem. 2015;290:27067– 27089. doi: 10.1074/jbc.
M115.684753

 36. Lewandowski SL, Janardhan HP, Smee KM, Bachman M, Sun Z, 
Lazar MA, Trivedi CM. Histone deacetylase 3 modulates Tbx5 activity 
to regulate early cardiogenesis. Hum Mol Genet. 2014;23:3801– 3809. 
doi: 10.1093/hmg/ddu093

 37. Trivedi CM, Zhu W, Wang Q, Jia C, Kee HJ, Li L, Hannenhalli S, Epstein 
JA. Hopx and Hdac2 interact to modulate Gata4 acetylation and em-
bryonic cardiac myocyte proliferation. Dev Cell. 2010;19:450– 459. doi: 
10.1016/j.devcel.2010.08.012

 38. Peng B, Han X, Peng C, Luo X, Deng L, Huang L. G9alpha- dependent 
histone H3K9me3 hypomethylation promotes overexpression of 
cardiomyogenesis- related genes in foetal mice. J Cell Mol Med. 
2020;24:1036– 1045. doi: 10.1111/jcmm.14824

 39. Wang L, Sun H, Pan B, Zhu J, Huang G, Huang X, Tian J. Inhibition of 
histone acetylation by curcumin reduces alcohol- induced expression 
of heart development- related transcription factors in cardiac progen-
itor cells. Biochem Biophys Res Commun. 2012;424:593– 596. doi: 
10.1016/j.bbrc.2012.06.158

 40. Yan X, Pan B, Lv T, Liu L, Zhu J, Shen W, Huang X, Tian J. Inhibition 
of histone acetylation by curcumin reduces alcohol- induced fetal 
cardiac apoptosis. J Biomed Sci. 2017;24:1. doi: 10.1186/s1292 
9- 016- 0310- z

 41. Qian Y, Xiao D, Guo X, Chen H, Hao L, Ma X, Huang G, Ma D, Wang 
H. Hypomethylation and decreased expression of BRG1 in the 

myocardium of patients with congenital heart disease. Birth Defects 
Res. 2017;109:1183– 1195. doi: 10.1002/bdr2.1053

 42. Stankunas K, Hang CT, Tsun Z- Y, Chen H, Lee NV, Wu JI, Shang C, 
Bayle JH, Shou W, Iruela- Arispe ML, et al. Endocardial Brg1 represses 
ADAMTS1 to maintain the microenvironment for myocardial morpho-
genesis. Dev Cell. 2008;14:298– 311. doi: 10.1016/j.devcel.2007.11.018

 43. Takeuchi JK, Lou X, Alexander JM, Sugizaki H, Delgado- Olguín P, 
Holloway AK, Mori AD, Wylie JN, Munson C, Zhu Y, et al. Chromatin 
remodelling complex dosage modulates transcription factor function 
in heart development. Nat Commun. 2011;2:187. doi: 10.1038/ncomm 
s1187

 44. Liu Y, Harmelink C, Peng Y, Chen Y, Wang Q, Jiao K. CHD7 interacts 
with BMP R- SMADs to epigenetically regulate cardiogenesis in mice. 
Hum Mol Genet. 2014;23:2145– 2156. doi: 10.1093/hmg/ddt610

 45. Li W, Xiong Y, Shang C, Twu KY, Hang CT, Yang J, Han P, Lin C- Y, Lin 
C- J, Tsai F- C, et al. Brg1 governs distinct pathways to direct multiple 
aspects of mammalian neural crest cell development. Proc Natl Acad 
Sci USA. 2013;110:1738– 1743. doi: 10.1073/pnas.12180 72110

 46. Luger K, Mader AW, Richmond RK, Sargent DF, Richmond TJ. Crystal 
structure of the nucleosome core particle at 2.8 A resolution. Nature. 
1997;389:251– 260. doi: 10.1038/38444

 47. Lawrence M, Daujat S, Schneider R. Lateral thinking: how histone 
modifications regulate gene expression. Trends Genet. 2016;32:42– 
56. doi: 10.1016/j.tig.2015.10.007

 48. Wang R, Xin M, Li Y, Zhang P, Zhang M. The functions of histone mod-
ification enzymes in cancer. Curr Protein Pept Sci. 2016;17:438– 445. 
doi: 10.2174/13892 03717 66616 01221 20521

 49. Zaidi S, Choi M, Wakimoto H, Ma L, Jiang J, Overton JD, Romano- 
Adesman A, Bjornson RD, Breitbart RE, Brown KK, et al. De novo mu-
tations in histone- modifying genes in congenital heart disease. Nature. 
2013;498:220– 223. doi: 10.1038/natur e12141

 50. McLean CM, Karemaker ID, van Leeuwen F. The emerging roles of 
DOT1L in leukemia and normal development. Leukemia. 2014;28:2131– 
2138. doi: 10.1038/leu.2014.169

 51. Nicholson TB, Singh AK, Su H, Hevi S, Wang J, Bajko J, Li M, Valdez 
R, Goetschkes M, Capodieci P, et al. A hypomorphic lsd1 allele results 
in heart development defects in mice. PLoS One. 2013;8:e60913. doi: 
10.1371/journ al.pone.0060913

 52. Wysocka J, Swigut T, Milne TA, Dou Y, Zhang X, Burlingame AL, 
Roeder RG, Brivanlou AH, Allis CD. WDR5 associates with histone H3 
methylated at K4 and is essential for H3 K4 methylation and vertebrate 
development. Cell. 2005;121:859– 872. doi: 10.1016/j.cell.2005.03.036

 53. Kulkarni SS, Khokha MK. WDR5 regulates left- right patterning via 
chromatin- dependent and - independent functions. Development. 
2018;145:dev159889. doi: 10.1242/dev.159889

 54. Jambhekar A, Dhall A, Shi Y. Roles and regulation of histone methyl-
ation in animal development. Nat Rev Mol Cell Biol. 2019;20:625– 641. 
doi: 10.1038/s4158 0- 019- 0151- 1

 55. Greer EL, Shi Y. Histone methylation: a dynamic mark in health, dis-
ease and inheritance. Nat Rev Genet. 2012;13:343– 357. doi: 10.1038/
nrg3173

 56. Zhang QJ, Liu ZP. Histone methylations in heart development, con-
genital and adult heart diseases. Epigenomics. 2015;7:321– 330. doi: 
10.2217/epi.14.60

 57. Harikumar A, Meshorer E. Chromatin remodeling and bivalent histone 
modifications in embryonic stem cells. EMBO Rep. 2015;16:1609– 
1619. doi: 10.15252/ embr.20154 1011

 58. Di Croce L, Helin K. Transcriptional regulation by Polycomb group pro-
teins. Nat Struct Mol Biol. 2013;20:1147– 1155. doi: 10.1038/nsmb.2669

 59. Backs J, Olson EN. Control of cardiac growth by histone acetylation/
deacetylation. Circ Res. 2006;98:15– 24. doi: 10.1161/01.RES.00001 
97782.21444.8f

 60. Lee KK, Workman JL. Histone acetyltransferase complexes: one size 
doesn’t fit all. Nat Rev Mol Cell Biol. 2007;8:284– 295. doi: 10.1038/nrm2145

 61. Wang C, Lee JE, Lai B, Macfarlan TS, Xu S, Zhuang L, Liu C, Peng W, 
Ge K. Enhancer priming by H3K4 methyltransferase MLL4 controls cell 
fate transition. Proc Natl Acad Sci USA. 2016;113:11871– 11876. doi: 
10.1073/pnas.16068 57113

 62. Seto E, Yoshida M. Erasers of histone acetylation: the histone deacety-
lase enzymes. Cold Spring Harb Perspect Biol. 2014;6:a018713. doi: 
10.1101/cshpe rspect.a018713

 63. Zhao Y, Samal E, Srivastava D. Serum response factor regulates a 
muscle- specific microRNA that targets Hand2 during cardiogenesis. 
Nature. 2005;436:214– 220. doi: 10.1038/natur e03817

https://doi.org/10.1002/ajmg.a.38417
https://doi.org/10.1007/s12015-014-9527-y
https://doi.org/10.1007/s12015-014-9527-y
https://doi.org/10.1038/ng.1068
https://doi.org/10.1038/ng.1068
https://doi.org/10.1371/journal.pone.0031005
https://doi.org/10.1073/pnas.1210787109
https://doi.org/10.1073/pnas.1210787109
https://doi.org/10.1371/journal.pone.0060020
https://doi.org/10.1371/journal.pone.0060020
https://doi.org/10.1101/gad.471408
https://doi.org/10.1161/01.cir.0000066694.21510.e2
https://doi.org/10.1161/01.cir.0000066694.21510.e2
https://doi.org/10.1016/j.gendis.2018.10.002
https://doi.org/10.1016/j.gendis.2018.10.002
https://doi.org/10.1016/j.bbadis.2013.07.013
https://doi.org/10.1074/jbc.M115.684753
https://doi.org/10.1074/jbc.M115.684753
https://doi.org/10.1093/hmg/ddu093
https://doi.org/10.1016/j.devcel.2010.08.012
https://doi.org/10.1111/jcmm.14824
https://doi.org/10.1016/j.bbrc.2012.06.158
https://doi.org/10.1186/s12929-016-0310-z
https://doi.org/10.1186/s12929-016-0310-z
https://doi.org/10.1002/bdr2.1053
https://doi.org/10.1016/j.devcel.2007.11.018
https://doi.org/10.1038/ncomms1187
https://doi.org/10.1038/ncomms1187
https://doi.org/10.1093/hmg/ddt610
https://doi.org/10.1073/pnas.1218072110
https://doi.org/10.1038/38444
https://doi.org/10.1016/j.tig.2015.10.007
https://doi.org/10.2174/1389203717666160122120521
https://doi.org/10.1038/nature12141
https://doi.org/10.1038/leu.2014.169
https://doi.org/10.1371/journal.pone.0060913
https://doi.org/10.1016/j.cell.2005.03.036
https://doi.org/10.1242/dev.159889
https://doi.org/10.1038/s41580-019-0151-1
https://doi.org/10.1038/nrg3173
https://doi.org/10.1038/nrg3173
https://doi.org/10.2217/epi.14.60
https://doi.org/10.15252/embr.201541011
https://doi.org/10.1038/nsmb.2669
https://doi.org/10.1161/01.RES.0000197782.21444.8f
https://doi.org/10.1161/01.RES.0000197782.21444.8f
https://doi.org/10.1038/nrm2145
https://doi.org/10.1073/pnas.1606857113
https://doi.org/10.1101/cshperspect.a018713
https://doi.org/10.1038/nature03817


J Am Heart Assoc. 2022;11:e025163. DOI: 10.1161/JAHA.121.025163 12

Wang et al Epigenetics in CHD

 64. Chen JF, Mandel EM, Thomson JM, Wu Q, Callis TE, Hammond 
SM, Conlon FL, Wang DZ. The role of microRNA- 1 and microR-
NA- 133 in skeletal muscle proliferation and differentiation. Nat Genet. 
2006;38:228– 233. doi: 10.1038/ng1725

 65. Wu Y, Ma XJ, Wang HJ, Li WC, Chen L, Ma D, Huang GY. Expression 
of Cx43- related microRNAs in patients with tetralogy of Fallot. World J 
Pediatr. 2014;10:138– 144. doi: 10.1007/s1251 9- 013- 0434- 0

 66. Zhang J, Chang JJ, Xu F, Ma XJ, Wu Y, Li WC, Wang HJ, Huang GY, 
Ma D. MicroRNA deregulation in right ventricular outflow tract myocar-
dium in nonsyndromic tetralogy of Fallot. Can J Cardiol. 2013;29:1695– 
1703. doi: 10.1016/j.cjca.2013.07.002

 67. Bittel DC, Kibiryeva N, Marshall JA, O’Brien JE. MicroRNA- 421 dys-
regulation is associated with tetralogy of Fallot. Cells. 2014;3:713– 723. 
doi: 10.3390/cells 3030713

 68. Barth JL, Clark CD, Fresco VM, Knoll EP, Lee B, Argraves WS, Lee 
KH. Jarid2 is among a set of genes differentially regulated by Nkx2.5 
during outflow tract morphogenesis. Dev Dyn. 2010;239:2024– 2033. 
doi: 10.1002/dvdy.22341

 69. Song Y, Higgins H, Guo J, Harrison K, Schultz EN, Hales BJ, Moses 
EK, Goldblatt J, Pachter N, Zhang G. Clinical significance of circu-
lating microRNAs as markers in detecting and predicting congenital 
heart defects in children. J Transl Med. 2018;16:42. doi: 10.1186/s1296 
7- 018- 1411- 0

 70. Zhu S, Cao LI, Zhu J, Kong L, Jin J, Qian L, Zhu C, Hu X, Li M, Guo X, et 
al. Identification of maternal serum microRNAs as novel non- invasive 
biomarkers for prenatal detection of fetal congenital heart defects. Clin 
Chim Acta. 2013;424:66– 72. doi: 10.1016/j.cca.2013.05.010

 71. Hargreaves DC, Crabtree GR. ATP- dependent chromatin remodeling: 
genetics, genomics and mechanisms. Cell Res. 2011;21:396– 420. doi: 
10.1038/cr.2011.32

 72. Cairns BR. Chromatin remodeling: insights and intrigue from single- 
molecule studies. Nat Struct Mol Biol. 2007;14:989– 996. doi: 10.1038/
nsmb1333

 73. Wang GG, Allis CD, Chi P. Chromatin remodeling and cancer, Part II: 
ATP- dependent chromatin remodeling. Trends Mol Med. 2007;13:373– 
380. doi: 10.1016/j.molmed.2007.07.004

 74. Hota SK, Bruneau BG. ATP- dependent chromatin remodeling during 
mammalian development. Development. 2016;143:2882– 2897. doi: 
10.1242/dev.128892

 75. Han P, Hang CT, Yang J, Chang CP. Chromatin remodeling in cardio-
vascular development and physiology. Circ Res. 2011;108:378– 396. 
doi: 10.1161/CIRCR ESAHA.110.224287

 76. Vissers LELM, van Ravenswaaij CMA, Admiraal R, Hurst JA, de Vries 
BBA, Janssen IM, van der Vliet WA, Huys EHLPG, de Jong PJ, Hamel 
BCJ, et al. Mutations in a new member of the chromodomain gene 
family cause CHARGE syndrome. Nat Genet. 2004;36:955– 957. doi: 
10.1038/ng1407

 77. Corsten- Janssen N, Kerstjens- Frederikse WS, du Marchie Sarvaas 
GJ, Baardman ME, Bakker MK, Bergman JE, Hove HD, Heimdal KR, 
Rustad CF, Hennekam RC, et al. The cardiac phenotype in patients 
with a CHD7 mutation. Circ Cardiovasc Genet. 2013;6:248– 254. doi: 
10.1161/circg eneti cs.113.000054

 78. Bosman EA, Penn AC, Ambrose JC, Kettleborough R, Stemple 
DL, Steel KP. Multiple mutations in mouse Chd7 provide models 
for CHARGE syndrome. Hum Mol Genet. 2005;14:3463– 3476. doi: 
10.1093/hmg/ddi375

 79. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and func-
tion. Cell. 2004;116:281– 297. doi: 10.1016/s0092 - 8674(04)00045 - 5

 80. Dalmay T. Mechanism of miRNA- mediated repression of mRNA trans-
lation. Essays Biochem. 2013;54:29– 38. doi: 10.1042/bse05 40029

 81. Lewis BP, Burge CB, Bartel DP. Conserved seed pairing, often flanked 
by adenosines, indicates that thousands of human genes are mi-
croRNA targets. Cell. 2005;120:15– 20. doi: 10.1016/j.cell.2004.12.035

 82. Nagy O, Barath S, Ujfalusi A. The role of microRNAs in congenital 
heart disease. EJIFCC. 2019;30:165– 178.

 83. Ha M, Kim VN. Regulation of microRNA biogenesis. Nat Rev Mol Cell 
Biol. 2014;15:509– 524. doi: 10.1038/nrm3838

 84. Zhao Y, Ransom JF, Li A, Vedantham V, von Drehle M, Muth AN, 
Tsuchihashi T, McManus MT, Schwartz RJ, Srivastava D. Dysregulation 
of cardiogenesis, cardiac conduction, and cell cycle in mice lacking 
miRNA- 1- 2. Cell. 2007;129:303– 317. doi: 10.1016/j.cell.2007.03.030

 85. Lopez- Sanchez C, Franco D, Bonet F, Garcia- Lopez V, Aranega A, 
Garcia- Martinez V. Negative Fgf8- Bmp2 feed- back is regulated by 
miR- 130 during early cardiac specification. Dev Biol. 2015;406:63– 73. 
doi: 10.1016/j.ydbio.2015.07.007

 86. Lopez- Sanchez C, Franco D, Bonet F, Garcia- Lopez V, Aranega A, 
Garcia- Martinez V. Reciprocal repression between Fgf8 and miR- 
133 regulates cardiac induction through Bmp2 signaling. Data Brief. 
2015;5:59– 64. doi: 10.1016/j.dib.2015.08.009

 87. Veldtman GR, Connolly HM, Grogan M, Ammash NM, Warnes CA. 
Outcomes of pregnancy in women with tetralogy of Fallot. J Am Coll 
Cardiol. 2004;44:174– 180. doi: 10.1016/j.jacc.2003.11.067

 88. Radhakrishna U, Vishweswaraiah S, Veerappa AM, Zafra R, Albayrak 
S, Sitharam PH, Saiyed NM, Mishra NK, Guda C, Bahado- Singh 
R. Newborn blood DNA epigenetic variations and signaling path-
way genes associated with tetralogy of Fallot (TOF). PLoS One. 
2018;13:e0203893. doi: 10.1371/journ al.pone.0203893

 89. Radhakrishna U, Albayrak S, Zafra R, Baraa A, Vishweswaraiah 
S, Veerappa AM, Mahishi D, Saiyed N, Mishra NK, Guda C, et al. 
Placental epigenetics for evaluation of fetal congenital heart defects: 
ventricular septal defect (VSD). PLoS One. 2019;14:e0200229. doi: 
10.1371/journ al.pone.0200229

 90. Øyen N, Diaz LJ, Leirgul E, Boyd HA, Priest J, Mathiesen ER, Quertermous 
T, Wohlfahrt J, Melbye M. Prepregnancy diabetes and offspring risk 
of congenital heart disease: a nationwide cohort study. Circulation. 
2016;133:2243– 2253. doi: 10.1161/circu latio naha.115.017465

 91. Basu M, Zhu JY, LaHaye S, Majumdar U, Jiao K, Han Z, Garg V. 
Epigenetic mechanisms underlying maternal diabetes- associated risk 
of congenital heart disease. JCI Insight. 2017;2:e95085. doi: 10.1172/
jci.insig ht.95085

 92. Dong D, Zhang Y, Reece EA, Wang L, Harman CR, Yang P. microRNA 
expression profiling and functional annotation analysis of their targets 
modulated by oxidative stress during embryonic heart development in 
diabetic mice. Reprod Toxicol. 2016;65:365– 374. doi: 10.1016/j.repro 
tox.2016.09.007

 93. Yuan X, Qi H, Li X, Wu F, Fang J, Bober E, Dobreva G, Zhou Y, Braun 
T. Disruption of spatiotemporal hypoxic signaling causes congenital 
heart disease in mice. J Clin Invest. 2017;127:2235– 2248. doi: 10.1172/
jci88725

 94. Meng X, Zhang P, Zhang L. Fetal hypoxia impacts on proliferation and 
differentiation of Sca- 1(+) cardiac progenitor cells and maturation of 
cardiomyocytes: a role of microRNA- 210. Genes (Basel). 2020;11:328. 
doi: 10.3390/genes 11030328

 95. Kalisch- Smith JI, Ved N, Sparrow DB. Environmental risk fac-
tors for congenital heart disease. Cold Spring Harb Perspect Biol. 
2020;12:a037234. doi: 10.1101/cshpe rspect.a037234

 96. McKinsey TA. Therapeutic potential for HDAC inhibitors in the heart. 
Annu Rev Pharmacol Toxicol. 2012;52:303– 319. doi: 10.1146/annur ev- 
pharm tox- 01061 1- 134712

 97. Vecoli C, Pulignani S, Foffa I, Andreassi MG. Congenital heart dis-
ease: the crossroads of genetics, epigenetics and environment. Curr 
Genomics. 2014;15:390– 399. doi: 10.2174/13892 02915 66614 07161 
75634

 98. Quantitative comparison of DNA methylation assays for biomarker de-
velopment and clinical applications. Nat Biotechnol. 2016;34:726– 737. 
doi: 10.1038/nbt.3605

 99. Salarinia R, Sahebkar A, Peyvandi M, Reza Mirzaei H, Reza Jaafari M, 
Matbou Riahi M, Ebrahimnejad H, Sadri Nahand J, Hadjati J, Ostadi 
Asrami M, et al. Epi- drugs and Epi- miRs: moving beyond current 
cancer therapies. Curr Cancer Drug Targets. 2016;16:773– 788. doi: 
10.2174/15680 09616 66615 12071 10143

 100. Berdasco M, Esteller M. Clinical epigenetics: seizing opportunities 
for translation. Nat Rev Genet. 2019;20:109– 127. doi: 10.1038/s4157 
6- 018- 0074- 2

https://doi.org/10.1038/ng1725
https://doi.org/10.1007/s12519-013-0434-0
https://doi.org/10.1016/j.cjca.2013.07.002
https://doi.org/10.3390/cells3030713
https://doi.org/10.1002/dvdy.22341
https://doi.org/10.1186/s12967-018-1411-0
https://doi.org/10.1186/s12967-018-1411-0
https://doi.org/10.1016/j.cca.2013.05.010
https://doi.org/10.1038/cr.2011.32
https://doi.org/10.1038/nsmb1333
https://doi.org/10.1038/nsmb1333
https://doi.org/10.1016/j.molmed.2007.07.004
https://doi.org/10.1242/dev.128892
https://doi.org/10.1161/CIRCRESAHA.110.224287
https://doi.org/10.1038/ng1407
https://doi.org/10.1161/circgenetics.113.000054
https://doi.org/10.1093/hmg/ddi375
https://doi.org/10.1016/s0092-8674(04)00045-5
https://doi.org/10.1042/bse0540029
https://doi.org/10.1016/j.cell.2004.12.035
https://doi.org/10.1038/nrm3838
https://doi.org/10.1016/j.cell.2007.03.030
https://doi.org/10.1016/j.ydbio.2015.07.007
https://doi.org/10.1016/j.dib.2015.08.009
https://doi.org/10.1016/j.jacc.2003.11.067
https://doi.org/10.1371/journal.pone.0203893
https://doi.org/10.1371/journal.pone.0200229
https://doi.org/10.1161/circulationaha.115.017465
https://doi.org/10.1172/jci.insight.95085
https://doi.org/10.1172/jci.insight.95085
https://doi.org/10.1016/j.reprotox.2016.09.007
https://doi.org/10.1016/j.reprotox.2016.09.007
https://doi.org/10.1172/jci88725
https://doi.org/10.1172/jci88725
https://doi.org/10.3390/genes11030328
https://doi.org/10.1101/cshperspect.a037234
https://doi.org/10.1146/annurev-pharmtox-010611-134712
https://doi.org/10.1146/annurev-pharmtox-010611-134712
https://doi.org/10.2174/1389202915666140716175634
https://doi.org/10.2174/1389202915666140716175634
https://doi.org/10.1038/nbt.3605
https://doi.org/10.2174/1568009616666151207110143
https://doi.org/10.1038/s41576-018-0074-2
https://doi.org/10.1038/s41576-018-0074-2

