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Abstract. DNA methylation, as an epigenetic mechanism, 
has a vital role in heart development. An increasing number 
of studies have investigated aberrant DNA methylation in 
pediatric or adult heart samples from patients with congenital 
heart defects (CHD). Placenta tissue, umbilical cord blood, or 
newborn blood have also been used to detect DNA methylation 
biomarkers for CHD. However, few studies have compared the 
methylation levels in fetal heart tissue with cardiac defects 
with that in normal controls. The present study conducted 
an integrative whole‑genome and CpG site‑specific DNA 
methylation analysis of fetal heart samples from 17 isolated 
cardiac defect cases, 14 non‑isolated cardiac defect cases, and 
22 controls with normal hearts, using methylated DNA immu‑
noprecipitation microarray and MassARRAY EpiTYPER 
assays. Expression of genes adjacent to differentially methyl‑
ated regions (DMRs) was measured by RT‑qPCR and western 
blot analysis. The results revealed that fetuses with cardiac 

defects presented global hypomethylation. Genomic analysis 
of DMRs revealed that a proportion of DMRs were located in 
exons (12.4%), distal intergenic regions (11.14%), and introns 
(8.97%). Only 55.7% of DMRs were observed at promoter 
regions. Functional enrichment analysis for genes adjacent to 
these DMRs revealed that hypomethylated genes were involved 
in embryonic heart tube morphogenesis and immune‑related 
regulation functions. Intergenic hypermethylation of EGFR 
and solute carrier family 19 member 1 (SLC19A1), and intra‑
genic hypomethylation of NOTCH1 were validated in fetal 
heart tissues with cardiac defects. Only SLC19A1 expression 
was significantly decreased at the mRNA level, while EGFR, 
NOTCH1, and SLC19A1 expression were all significantly 
decreased at the protein level. In conclusion, the present study 
demonstrated that fetal cardiac defects may be associated with 
alterations in regional and single CpG site methylation outside 
of promoter regions, resulting in differentiated expression of 
corresponding genes associated with heart development. These 
results present new insights into the epigenetic mechanisms 
underlying abnormal heart development.

Introduction

Heart development is a complex morphological process 
requiring precise spatiotemporal coordination of diverse cell 
types. Cardiac defects result from abnormal heart formation 
and are characterized by various phenotypes, including atrial 
septum, ventricular septum, and vessel and valve defects. 
Some categories of severe cardiac defects can cause peri‑
natal morbidity and mortality with a prevalence of 2.5‑3 per 
1,000 live births (1). Numerous studies have investigated the 
etiology of cardiac defects. Mutations and differential expres‑
sion of genes have been identified in several cardiac defect 
phenotypes  (2). Chromosomal and structural DNA abnor‑
malities could be the cause of certain cardiac defects (2). Some 
environmental risk factors have also been linked to cardiac 
defects (3). However, for the majority of cases, the etiology 
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has not been fully explored. Extensive studies support the 
role of the epigenetic mechanisms, as an interplay of genetic 
and environmental factors in cardiac defects. Therefore, the 
present study focused on the epigenetic process of cardiac 
defect formation.

Accumulating evidence suggests that abnormal epigenetic 
regulation could have an important role in the development 
of cardiac defects (4). DNA methylation, defined as methyla‑
tion of cytosine residues at CpG dinucleotides, is one of the 
most important epigenetic modifications and is involved in a 
variety of biological process. DNA methylation patterns are 
continuously changing during early mammalian development, 
from germlines through to the postnatal stage. Disturbance 
of these methylation patterns could lead to abnormal devel‑
opment and diseases, including congenital syndromes of 
immunodeficiency, growth phenotypes, neurodegeneration, 
and cancer (5). Recently, DNA methylation abnormalities were 
shown to be a biomarker for the prediction of congenital heart 
disease and have been explored in neonatal blood spots (6) and 
placental tissues (7,8). Additionally, in heart tissue samples 
from patients 1‑48 months in age, decreased whole‑genome 
methylation levels, implied by analyzing long interspersed 
nucleotide element (LINE)1 methylation status, was associ‑
ated with increased risk of tetralogy of fallot (TOF)  (9). 
Changes in DNA methylation at the promoter and intron 
regions of several heart development‑related genes, including 
NK2 homeobox 5, GATA binding protein 4, heart and neural 
crest derivatives expressed 1, and SWI/SNF‑related matrix 
associated actin‑dependent regulator of chromatin subfamily 
a member 4, and their association with the expression of these 
genes, have also been reported in the myocardium of children 
with ventricular septal defect (VSD), TOF, and double‑cham‑
bered right ventricle (10,11). However, limited studies have 
examined DNA methylation during the fetal period, a key 
stage when cardiac structures are forming. Furthermore, most 
current studies have focused on a few simple forms of cardiac 
defects that are not life‑threatening after birth. Such studies 
are insufficient to provide cues for more severe and complex 
fetal cardiac defects with or without extracardiac malforma‑
tions in prenatal life.

The present study was designed to explore the genome‑wide 
DNA methylation landscapes in fetal heart tissues with 
isolated and non‑isolated cardiac defects to identify and vali‑
date the global DNA methylation status and CpG site‑specific 
DNA methylation changes adjacent to genes associated with 
heart development. The expression levels of these heart 
development‑related genes were also evaluated at the mRNA 
and protein levels.

Materials and methods

Tissue samples. Fetal myocardium tissue was obtained from 
fetuses whose mothers underwent abortion surgery due to fetal 
cardiac defects with and without the accompanying noncar‑
diac structure defects (non‑isolated and isolated, respectively), 
diagnosed with fetal echocardiography at Fudan University 
Affiliated Obstetrics and Gynecology Hospital (Shanghai, 
China). Normal fetal myocardium tissue samples, as controls, 
were obtained from fetuses without obvious anatomical 
abnormalities aborted due to severe maternal complication 

or trauma. Fetal ventricle myocardium tissue was carefully 
dissected at the outflow tract area of the fetal heart. Fetal 
age was calculated based on last menstruation. Gestational 
age was matched between samples with cardiac defects and 
controls. The tissue was kept in RNAlater® (Ambion; Thermo 
Fisher Scientific, Inc.) for at least 24 h at room temperature, 
then frozen at ‑80˚C until further use. Thirty‑one fetuses with 
cardiac defects, including 17 isolated cardiac defects and 
14 non‑isolated cardiac defects, ranging in age from 23 to 
27 weeks (mean, 24.5 weeks) and 22 controls with no evidence 
of cardiac defects ranging in age from 22 to 27.2  weeks 
(mean, 23.5 weeks) were recruited between January 2011 and 
December 2012. The sample characteristics and the cardiac 
defect phenotypes are listed in Tables SI-SIV.

All parents signed written informed consent prior to 
tissue harvesting for scientific research. The present study 
was approved by the Ethics Committee of Fudan University 
Affiliated Obstetrics and Gynecology Hospital (Shanghai, 
China).

DNA extraction and sodium bisulfite conversion. Genomic 
DNA was extracted from heart tissue using the QIAamp DNA 
mini kit (Qiagen GmbH) following the manufacturer's instruc‑
tions. The DNA concentration and purity were determined by 
absorbance of A260/A280≥1.8 and A260/A230≥1.9, respec‑
tively, using a NanoDrop 1000 spectrophotometer (Thermo 
Fisher Scientific, Inc.). Sodium bisulfite treatment of extracted 
DNA was performed using an EZ DNA Methylation kit, 
strictly according to the manufacturer's instructions (Zymo 
Research, Corp.). The sodium bisulfite‑converted DNA was 
resuspended in 10 µl elution buffer and stored at ‑20˚C until 
required for experiments.

Methylated DNA immunoprecipitat ion microarray 
(MeDIP‑chip) processing and human CpG island 
microarray. MeDIP‑chip analysis was performed using the 
Roche NimbleGen's DNA methylation assay at CapitalBio 
Technology, Inc. In brief, 6 µg genomic DNA was digested 
into 200‑1,000 bp fragments with MseI restriction endo‑
nuclease. Some of the digested DNA fragments were stored 
at ‑20˚C for use as control (input DNA). Some of the remaining 
digested DNA fragments were immunoprecipitated (IP) with 
monoclonal anti‑5‑methyl cytidine antibody (IP DNA), as 
instructed in the NimbleGen's DNA methylation assay protocol 
(Roche Diagnostics). Subsequently, IP DNA and input DNA 
were amplified using the Whole Genome Amplification kit 
(Sigma‑Aldrich; Merck KGaA), following the manufacturer's 
instructions. Amplified IP and input DNA were labeled with 
Cy5 and Cy3 dyes, respectively, and co‑hybridized to human 
CGI oligonucleotide microarrays (Roche Diagnostics). The 
arrays were designed based on the University of California 
at Santa Cruz (UCSC) genome browser (http://genome.ucsc.
edu) CpG island list and contained 27,728 CpG islands plus 
RefSeq promoters covering 2,440 bp to +610 bp regions 
from 22,532 potential transcription start sites. Following 
hybridization and washing, the arrays were scanned using 
the MS200 scanner (NimbleGen; Roche Diagnostics), then 
NimbleScan software (version 2.5; NimbleGen) was used to 
extract the raw fluorescence intensity data from the scanned 
images. Along with visual inspection, the MS200 scanner 
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and NimbleScan software were applied to show no apparent 
chip defects and/or that defected areas covered <1% of the 
array. Further microarray quality assessment was achieved 
using Sample Tracking Controls features and experimental 
metrics reports following NimbleGen's instructions on the 
manufacturer's user guide.

Microarray data analysis. For each probe, after the IP/Input 
log2 ratio was computed, scaling was performed by subtracting 
the bi‑weight mean from each log2 ratio value on the array. 
Regions of significant positive enrichment in CHIP‑based 
methylation microarray data were identified using a modi‑
fied ACME algorithm for peak identification (12). In detail, 
from the scaled log2 ratio data, a 750 bp fixed‑length window 
was placed around each consecutive probe and the one‑side 
Kolmogorov‑Smirnov (KS) test was applied to determine 
whether the probes had a significantly positive log2 ratio 
intensity distribution compared with those in the rest of 
the array. The resulting score for each probe was the ‑log10 
P‑value from the windowed KS test around that probe. 
Regions with more than two probes scoring >2 were defined 
as MeDIP peaks, and peaks were mapped to genes and 
CpG islands on the UCSC website (http://genome.ucsc.edu; 
version NCBI36/hg18).

Bioinformatic analysis. DNA methylation levels of each 
MeDIP peak CpG region, including several CpG sites, were 
compared between fetal heart tissues with isolated and/or 
non‑isolated cardiac defects and controls to identify differ‑
entially methylated CpG regions (DMRs), using limma, an 
R package based on linear regression (13). Filtering criteria 
for statistically significant DMRs were set at P<0.01 and log2 
fold change (FC)>0.5. Bedtools (14) was used to identify the 
LINEs and short‑interspersed nuclear elements (SINEs) that 
overlap with DMRs. Genomic distribution characteristics of 
these DMRs were analyzed using ChIPpeakAnno workflow in 
R package (15). Then, DMRs of annotated genes were used for 
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) enrichment analyses using gene set infor‑
mation obtained from MSigDB (https://www.gsea‑msigdb.
org/gsea/msigdb/). The R script was from NetBID2 
(https://github.com/jyyulab/NetBID). In addition to the mean 
methylation level across all CpG sites per DMR, the methyla‑
tion levels of single CpG sites between cardiac defects cases 
and normal controls were analyzed using the Mann‑Whitney 
nonparametric U test.

Validation of methylation levels by MassARRAY EpiTYPER 
assay. The Sequenom MassARRAY EpiTYPER platform was 
used to validate the methylation levels of the targeted regions 
identified from microarray results (the phenotypes of samples 
with cardiac defects used for MassARRAY analysis are listed 
in Table SII). The EpiTYPER assay quantifies CpG dinucleo‑
tide methylation based on matrix‑assisted laser desorption 
ionization time‑of‑flight (MALDI‑TOF) mass spectrometry. 
This is an accurate, sensitive and high‑throughput method for 
the quantitative analysis of DNA methylation at CpG sites (16). 
The primers used in the present study were designed using 
Methprimer (http://epidesigner.com; Table SV). Approximately 
500 ng of fragmented DNA from each sample was modified 

by bisulfite treatment. Following PCR with specific primers, 
which added T7 promoter tags (reverse primer) and 10‑mer 
tags (forward primer), amplicons were treated with shrimp 
alkaline phosphatase. Fragments were ligated to a T7 promoter 
segment and transcribed into RNA. The synthesized RNA was 
cleaved with Rnase A and all cleavage products were analyzed 
using EpiTYPER software (version  1.0; Sequenom). The 
detailed protocol was described previously (9).

Reverse transcription‑quantitative polymerase chain 
reaction (RT‑qPCR). Total RNA was extracted from 
100‑200 mg of frozen fetal myocardium tissue with TRIzol 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.). 
Approximately 500  ng of extracted RNA was used as a 
template for the reverse transcriptase reaction according to the 
manufacturers' protocol. Transcribed cDNA was amplified in 
a qPCR reaction using SYBR Premix Ex Taq system (Takara 
Biotechnology Co., Ltd.) on the Applied Biosystems 7900 
Real‑Time PCR system (Thermo Fisher Scientific, Inc.). The 
amplification reaction conditions were set as follows: An initial 
5 min at 94˚C, then 35 cycles comprising 30 sec at 94˚C, 30 sec 
at 58˚C, and 30 sec at 72˚C, followed by 72˚C for 3 min. Gene 
expression comparisons were conducted for epidermal growth 
factor receptor (EGFR), solute carrier family 19 member 1 
(SLC19A1), and NOTCH1. All assays were performed in 
triplicate. GAPDH was used as a housekeeping gene for 
normalization and the results were analyzed using the 2‑ΔΔCq 
method (17) after averaging the triplicates of each assay. The 
primers used are listed in Table SVI.

Western blot analysis. Heart tissues from fetuses with and 
without cardiac defects were homogenized in RIPA lysis 
buffer (Beyotime Institute of Biotechnology), using an elec‑
tric homogenizer to break tissue until there was no visible 
tissue block. Samples were kept on ice for 20 min to fully 
lyse the tissues. The lysate was ultracentrifuged at 12,000 x g 
(20 min, 4˚C) to obtain the supernatant for determination of 
protein concentration using the BCA method. The protein 
from each sample was treated with 5X loading buffer, and the 
concentration was then adjusted to 1 µg/µl by supplementing 
the remaining volume with protein lysate as diluent. Finally, 
the protein sample was denatured in a 100˚C water bath for 
5 min and loaded onto a gel or stored at ‑80˚C for later use. 
For each sample, the proteins in 20 µl were separated by 10% 
SDS‑PAGE and transferred to a nitrocellulose membrane. 
The membranes were blocked with 5% non‑fat milk powder 
for 2 h at room temperature in TBS with 0.05% Tween‑20 
(TBST) and incubated with primary antibodies overnight 
at 4˚C. Primary antibodies used were rabbit polyclonal EGFR 
antibody (1:1,000; cat. no. sc‑03; Santa Cruz Biotechnology, 
Inc.), rabbit polyclonal SLC19A1 antibody (1:1,000; 
cat.  no.  ab62302; Abcam), rabbit polyclonal NOTCH1 
antibody (1:1,000; cat. no. ab27526; Abcam), and rabbit poly‑
clonal GAPDH antibody (1:2,500; cat. no. ab263962 Abcam) 
as a control. The blots were rinsed in TBST three times and 
incubated in HRP‑conjugated secondary antibody (1:5,000; 
cat.  no.  ab6721; Abcam) for 1  h at room temperature. 
Immunoreactive proteins were developed in ECL Plus and 
were exposed using the LAS‑3000 system (Fujifilm Wako 
Pure Chemical Corporation). The densitometry of the bands 
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was calculated using ImageJ (version 1.8.0, National Institutes 
of Health).

Statistical analysis. The methylation levels of single CpG sites 
between 31 cases of cardiac defects and 22 cases of normal 
controls were analyzed using the Mann‑Whitney nonpara‑
metric U test and presented as median with the interquartile 
ranges. Differences in gene and protein expression levels were 
assessed by a two‑tailed Student's t‑test and presented as the 
means ± standard deviation. All experiments were repeated 
three times. P<0.05 was considered as statistically significant. 
All data were analyzed with GraphPad Prims (version 6.0c; 
GraphPad Software, Inc.).

Results

Sample allocation. The DNA methylation patterns in fetal 
cardiac tissue of isolated cardiac defects, non‑isolated 
cardiac defects, and control samples were determined using 
NimbleGen's whole genomic DNA methylation microarray. 
Overall, 17 sampled from isolated cardiac defects, 14 
samples from non‑isolated cardiac defects, and 22 samples 
with normal histology were included in the present study. 
The methylation analysis was divided into two parts. In the 
first part, using the methylation microarray, two isolated 
cardiac defects samples and three non‑isolated cardiac 
defects samples were compared to four normal controls to 
obtain a list of DMRs (for detailed information, see Tables SI 
and SII). In the second part, another 15 isolated cardiac 

defect samples, 11 non‑isolated cardiac defect samples and 
18 normal controls were used to validate the regional and 
CpG site‑specific methylation level changes in DMRs and 
expression changes in annotated genes within the DMR (for 
detailed information, see Tables SIII and SIV).

Global DNA methylation is downregulated in fetal hearts 
with cardiac defects. A total of 17,386 CpG sites located in 
1,546 methylated regions were captured through the present 
methylation microarray data analysis. The microarray data 
have been deposited in the figshare database (DOI: https://doi.
org/10.6084/m9.figshare.14130173). The results revealed more 
hypomethylated regions than hypermethylated regions in both 
isolated and non‑isolated cardiac defect cases compared with 
the normal controls. In isolated cardiac defect cases, 835 DMRs 
were tested (Table SVII), of which over 68% (569 DMRs) 
were hypomethylated (Fig. 1). In non‑isolated cardiac defects, 
711 DMRs were tested (Table SVIII), of which up to 84% 
(604 DMRs) were hypomethylated (Fig. 1). After combining 
isolated and non‑isolated cardiac defect cases, the results 
identified global hypomethylation alteration, at a genome‑wide 
level, with 1,186 DMRs (Table SIX), of which 1,052 (89%) 
were hypomethylated compared with those in control samples 
(Fig. 1). Additionally, the present study conducted a principal 
component analysis based on the most variable levels of 1,737 
CpG methylation, which showed that cardiac defect cases were 
clearly clustered from the normal controls, but the subgroups 
of cardiac defects with and without extracardiac defects did 
not appear to differentiate from each other very well (Fig. 2). 

Figure 1. Heatmaps of DMRs showing relative hypomethylation levels in fetal heart with isolated cardiac defects, non‑isolated cardiac defects, and cardiac 
defects irrespective of whether they are isolated. DMRs, differentially methylated regions.
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Therefore, the isolated cardiac defect and the non‑isolated 
cases were combined to form the full set of cardiac defects in 
subsequent analyses.

To further determine the global alterations of hypomethyl‑
ation in fetal heart tissue with cardiac defects, the methylation 
levels of LINEs and SINEs were assessed, because methyla‑
tion levels of these elements are highly correlated with global 
DNA methylation (18). In heart tissue from cardiac defect 
cases, a total of 267 LINEs and 165 SINEs were present in 
differential methylation profiles, and 75% (200/267) of LINEs 
and 82% (136/165) of SINEs were hypomethylated.

To validate the reliability of the present DNA methylation 
alteration patterns of fetal heart tissues with cardiac defects, 
data from a previous study using the Illumina Infinium 
HumanMethylation450 BeadChips (450 K arrays) platform, 
analyzing 49 pediatric human cardiac tissue samples from 
patients with different CHDs (19), were compared with the 
MeDIP‑chip data from the present study. Of the 1,168 DMRs, 

two CpG islands, located on chr10:123356616‑123358285 and 
chr13:113772727‑113773012, displayed an overlap to the 450 K 
assay target ID of Hoff et al (19).

Genomic features of DMRs and functional enrichment 
analysis of genes adjacent to DMRs. The genomic loca‑
tion of the 1,168 DMRs was examined, the distribution of 
which is shown in Fig. 3. As the present microarray plat‑
form explored CpG islands, the majority (59.83%) of the 
DMRs were observed in promoters. A considerable number 
of DMRs were associated with exons (13.24%), introns 
(8.97%), and distal intergenic areas (11.14%). Regions up 
to 300 bp downstream of transcriptional start sites, the 5' 
untranslated region (UTR), and the 3'UTR overlapped with 
7.13% of DMRs.

Next, GO analysis was performed for genes contiguous 
to the 1,168 DMRs to identify significant functional enrich‑
ment. The results revealed that most hypomethylated 

Figure 2. Principal component analysis for the most variable methylated levels of 1,737 CpG sites. The red dots represent the normal controls. The blue and 
green dots represent samples with cardiac defects. PC, principal component; ARI, Adjusted Rand index.

Figure 3. Genomic distribution of 1,186 DMRs across the genome. (A) The pie chart shows the proportions of genomic features (%). (B) The histogram shows 
the locations of DMRs in relation to the TSS. DMRs, differentially methylated regions; TSS, transcription start site; UTR, untranslated region.
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region‑related genes were enriched for immune‑related 
functions, suggesting that the immune regulation system 
may have a role during heart development (Fig.  4). The 
GO term ‘embryonic heart tube morphogenesis’ was also 
found to be enriched (Fig. 4). A total of 11 genes, including 
fibroblast growth factor receptor 2, SRY‑box transcrip‑
tion factor 18, epidermal growth factor receptor (EGFR), 
SMAD3, NOTCH1, solute carrier family 19 member  1 
(SLC19A1), ladybird homeobox  1, cyclin‑dependent 
kinase 1, endothelial PAS domain protein 1, neuropeptide 
FF‑amide peptide precursor, and adenosine deaminase, were 
enriched in GO term ‘embryonic heart tube morphogenesis’ 

and the associated DMRs were used to generate a corre‑
sponding heatmap (Fig. 5). However, no significant heart 
development‑associated enrichment was observed for hyper‑
methylated region‑related genes (data not shown).

Validation of regional and site‑specific DNA methylation 
levels in cardiac defects. Among the 11 DMRs annotated to 
heart development‑related genes, the three most significant 
DMRs were selected for further study. Two of the three 
DMRs, including the EGFR‑related and the SLC19A1‑related 
DMRs, were located in intergenic regions, while the 
NOTCH1‑related DMR was intragenic, located in the gene 
body (Fig. 6). Next, the average methylation levels across all 
CpG sites of these three DMRs and the methylation levels at 
single CpG sites were measured. To do this, quantitative meth‑
ylation analysis was used through the MassARRAY platform 
in fetal heart tissue samples from an additional 26 cases with 
cardiac defects, containing 15 isolated cardiac defects and 
11 non‑isolated cardiac defects, and 18 normal controls. For 
EGFR‑associated DMRs and SLC19A1‑associated DMRs, 
the results demonstrated significantly higher methylation 
levels in cardiac defect cases compared with those observed 
in controls [median 0.78 vs. 0.75, interquartile range (IQR) 
0.76‑0.81 vs. 0.7‑0.78, P=0.006 for EGFR DMRs; and 
median 0.95 vs. 0.91, IQR 0.94‑0.96 vs. 0.88‑0.93, P<0.0001 
for SLC19A1 DMRs) (Fig. 7). The mean CpG region meth‑
ylation level in the NOTCH1 gene body was significantly 
lower in cardiac defects cases than in controls (median 0.94 
vs. 0.97, IQR 0.93‑0.96 vs. 0.94‑0.97, P=0.0043; Fig.  7). 
Specifically, hypermethylation of seven CpG sites, including 
CpG2.3, CpG4, CpG11, CpG13, CpG17.18.19, CpG20.21.22, 
and CpG23, at EGFR intergenic regions, and 10 CpG sites, 
including CpG2, CpG6, CpG7, CpG10, CpG14, CpG18, 
CpG22, CpG23, CpG27, and CpG36, at SLC19A1 intergenic 
regions contributed to the increased methylation level in 
EGFR and SLC19A1 DMRs (Fig. 7). Hypomethylation in 
the NOTCH1 gene body was mainly attributed to decreased 
methylation levels of multiple CpGs, including CpG3, CpG9, 
CpG16, CpG26, and CpG27 (Fig. 7).

Figure 4. Functional enrichment analysis of 1,052 hypomethylated differentially methylated regions related to annotated genes in fetal heart with cardiac 
defects. Each row represents one GO term. Each column represents one gene. The GO term ‘embryonic heart tube morphogenesis’ is highlighted in yellow. 
GO, gene ontology.

Figure 5. Heatmap of 11 differentially methylated regions corresponding 
to annotated genes which are associated with heart development based on 
enrichment analysis. FGFR2, fibroblast growth factor receptor 2; SOX18, 
SRY‑box transcription factor 18; EGFR, epidermal growth factor receptor; 
SLC19A1, solute carrier family 19 member 1; LBX1, ladybird homeobox 1; 
CDK1, cyclin‑dependent kinase 1; EPAS1, endothelial PAS domain protein 1; 
NPFF, neuropeptide FF‑amide peptide precursor; ADA, adenosine deaminase.
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EGFR, NOTCH1, and SLC19A1 expression changes at mRNA 
and protein levels in isolated cardiac defects. Since changes in 
global and CpG site‑specific methylation levels were observed, 
the present study analyzed the corresponding gene expression 
levels. Given the low residual amount of fetal heart tissue, the 
mRNA expression changes in EGFR, NOTCH1, and SLC19A1 
were examined in seven normal controls and nine isolated 
cardiac defect cases from the previously analyzed sample 
cohort. Of these, three normal controls and three isolated 
cardiac defects samples with the most variable mRNA expres‑
sion levels were used to detect EGFR, NOTCH1, and SLC19A1 
protein expression levels. RT‑qPCR results showed a statistically 
significant reduction in SLC19A1 mRNA expression levels in 
cardiac defects samples compared with normal controls, which 
was consistent with protein expression results (Fig. 8). Similarly, 
both EGFR and NOTCH1 displayed a tendency for decreased 
mRNA expression levels and a significant decline in protein 
expression in isolated cardiac defects compared with controls 
(Fig. 8). Notably, changes in the methylation levels observed at 
EGFR and SLC19A1 intergenic regions showed a trend opposite 
to that of the expression of the corresponding gene. A consistent 
trend in the methylation level changes in the NOTCH1 intragenic 
region and corresponding gene expression levels was identified.

Discussion

Cardiac defects are one of the most prevalent congenital 
abnormalities of complicated etiology, and their phenotypes 
vary greatly. Different types of cardiac defects arise from 
distinct disruptions in heart development at particular stages 

of heart formation (20). Given that epigenetic regulation is 
time‑specific, it is necessary to understand the underlying 
mechanisms using samples of the developing heart that are 
approaching developmental time points when cardiac defects 
occur. To the best of our knowledge, this genome‑wide meth‑
ylation analysis in heart tissues from a cohort of fetuses is the 
first of its kind. The present results revealed a lower global 
methylation status in fetal heart tissue with isolated and with 
non‑isolated cardiac defects compared with normal control 
tissues. In addition, in heart tissues with fetal cardiac defects, 
three sets of differentially methylated CpG sites were identi‑
fied, including DMRs from EGFR and SLC19A1 intergenic 
regions and a DMR from the NOTCH1 gene body. DNA 
methylation changes in these DMRs may affect corresponding 
gene expression and contribute to cardiac defects.

The current study represents a genome‑wide methylation 
analysis of relatively complicated cardiac defects. Previous 
DNA methylation studies were limited to analyses of meth‑
ylation status in some congenital heart defect candidate 
genes (10,11,21‑23), and were insufficient to reveal information 
for DNA methylation on a global scale. One previous study 
conducted a genome‑wide DNA methylation study (24) and 
found more hypermethylated than hypomethylated DMRs 
in myocardial samples from pediatric patients with CHDs 
compared with controls. This is contrary to the present results 
that revealed a global hypomethylation status in heart tissue 
with cardiac defects. However, the previous study selected 
only two CHDs, namely TOF and VSD, obtained heart 
samples from pediatric patients during surgery, and lacked 
appropriate age‑matched normal hearts. Apart from the above 

Figure 6. Detailed schematic of CpG sites located in DMRs as summarized by DNA methylation levels in the downstream regions of (A) EGFR and 
(B) SLC19A1, and (C) in the exonic region of NOTCH1. DMRs, differentially methylated regions; EGFR, epidermal growth factor receptor; SLC19A1, solute 
carrier family 19 member 1.
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two subtypes of CHD, several complicated and severe CHD 
phenotypes, possibly exerting a greater impact on pediatric 
morbidity and mortality, require more in‑depth research. In 
another study (25), whole genome methylation profiles were 
obtained using heart tissue DNA from fetuses presenting a 
variety of cardiac defect phenotypes including double outlet 
right ventricle, hypoplasia of the ascending aorta, right heart 
hypoplasia, left heart hypoplasia, mitral valve atresia, aorta 

valve atresia, tricuspid valve stenosis, transposition of the 
great arteries, and absent ductus arteriosus, but no significant 
differences in whole genome methylation pattern were identi‑
fied between fetuses with isolated cardiac defects and fetuses 
with normal development. Nevertheless, they identified several 
CpG sites that were differentially methylated in single CHD 
cases, but these results were not validated in an independent 
cohort (25).

Figure 7. Percentage methylation comparisons between controls (n=18) and cases with cardiac defects (n=26) at differentially methylated regions corre‑
sponding to EGFR, SLC19A1, and NOTCH1. Columns represent mean percentage methylation values, and the error bars represent standard deviation. *P<0.05 
and **P<0.001. EGFR, epidermal growth factor receptor; SLC19A1, solute carrier family 19 member 1.
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The global hypomethylation status of fetuses with cardiac 
defects reported in the present study is consistent with the 
results of three previously published studies assessing LINE‑1 
methylation in venous blood samples from very young children 
with complex CHD (26), mothers whose pregnancies were 
affected by non‑syndromic CHD (27), and in right ventricular 
tissue samples from pediatric patients (9). The current obser‑
vation of a global hypomethylation change in cardiac defects 
is supported by an assessment of increased hypomethylated 
LINE‑1 in fetal heart tissue with cardiac defects and by the 
detection of a larger proportion of hypomethylated DMRs 
through whole‑genome methylation analysis. Furthermore, 
detailed comparison of methylation levels in two intergenic 
DMRs and one intragenic DMR revealed several CpG sites 
within these DMRs that significantly differed between 
cases with cardiac defects and controls. The role of CpG 
site methylation in regions outside of promoters has recently 
been well‑studied. Irrespective of where it is located in the 
genomic context, DNA methylation serves a crucial role in 
the transcriptional and splicing regulation of genes (28). To 
date, several studies have confirmed that intragenic methyl‑
ated CpG islands are largely tissue‑specific and that they 
are strongly associated with transcription initiation and 
elongation  (28‑30). Additionally, discrete hypomethylated 
regions in intergenic spaces are more predictive of nearby 
gene activity than are the promoter regions themselves (31). 
Intergenic DNA hypomethylation, as a downstream target 
of some signaling pathways, could explain neoplastic tissue 
overgrowth and developmental disorders (32). Therefore, it is 
reasonable to speculate that there might be a link between 

intergenic CpG site methylation levels of EGFR and SLC19A1 
DMRs, intragenic CpG sites of NOTCH1 DMRs, and gene 
expression in the current study. On the other hand, changes 
in the opposite or same direction between methylation levels 
of intergenic EGFR and SLC19A1 DMRs and intragenic 
NOTCH1 DMRs and related gene expression varied based on 
the genome location and nearby regulatory elements, which 
was also supported by a previous report (29). This empha‑
sizes the importance of methylation in non‑promoter regions. 
However, the exact mechanisms underlying the intergenic and 
intragenic methylation‑based regulation of EGFR, SLC19A1, 
and NOTCH1 expression in the present study remain unclear 
and need to be further explored.

In the present study, RT‑qPCR and western blot analyses 
revealed that EGFR, SLC19A1, and NOTCH1 expression were 
decreased in fetal heart tissue compared with control normal 
tissues. These three genes are crucial for heart development. 
For instance, in mouse studies, Egfr regulates embryonic 
formation of the aortic valve (33). Slc19a1 knock‑out mice 
were shown to die post‑implantation at E6.5, even with folic 
acid supplementation, and the mice presented with cardiac 
malformations, including VSDs, thin myocardial wall and 
VSD with overriding aorta (34). Additionally, Notch signaling 
is required for cardiac fate determination, patterning of the 
primitive heart (3), and cardiac valve morphogenesis (35). 
Mutations in NOTCH1 have been associated with left 
ventricular outflow tract malformations, including aortic 
valve stenosis, coarctation of the aorta, and hypoplastic left 
heart syndrome (36). Based on these previous studies, it can 
be inferred that hypermethylation of EGFR and SLC19A1 

Figure 8. Validation of EGFR, SLC19A1, and NOTCH1 expression. (A) mRNA expression levels were examined by reverse transcription‑quantitative PCR 
in single fetal hearts from seven normal controls (black bars) and nine cases with cardiac defects (gray bars). (B) Representative images and quantification 
of protein expression levels as determined by western blot analysis. EGFR, epidermal growth factor receptor; SLC19A1, solute carrier family 19 member 1.
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intergenic regions and hypomethylation of NOTCH1 intra‑
genic regions might be associated with downregulation of 
gene expression, resulting in the occurrence of fetal cardiac 
defects.

Of note, immune regulation was one of the most highly 
enriched biological functions identified in the present GO 
enrichment analysis. Previously, the function of an endog‑
enous complement inhibitor, which had an impact on cardiac 
neural crest cell migration in the zebrafish model, was 
described, suggesting that immune system molecules may be 
involved in cardiac tissue development (37). Single‑cell tran‑
scriptome analysis in the human fetal heart by Cui et al (38) 
confirmed the role of immune cells in heart development and 
found that the proportion of these cells greatly increased with 
the development of the heart.

There are several limitations in the present study. Firstly, 
the number of cases for some cardiac defect subtypes was 
small. Secondly, the present study did not use multiple methods 
to validate the methylation microarray data, because of unde‑
tectable methylation level of some CpG sites by EpiTYPER 
analysis and certain methodological limitations. Thirdly, 
some interfering factors, including fetal chromosomal abnor‑
malities, the overlap between CpG sites and single‑nucleotide 
polymorphisms and adverse maternal exposure, should also 
be considered and excluded. Fourthly, subsequent studies are 
required to clarify the relationship between gene expression 
and CpG site‑specific methylation levels at specific areas and 
at CpG sites other than those near the EGFR, SLC19A1, and 
NOTCH1 promoters.

The present study is the first to explore methylation 
level changes in heart tissue from fetuses with isolated and 
non‑isolated cardiac defects. The results revealed both a 
global hypomethylation status and absolute changes in 
DNA methylation at particular CpG sites for cardiac defect 
samples. The mRNA and protein expression analyses of heart 
development‑associated genes adjacent to DMRs may provide 
new insights into the possible epigenetic mechanisms of heart 
development during the fetal period. In the future, it would be 
worth examining the causality of the three identified DMRs, 
especially the CpG sites and related gene expression.
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