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ABSTRACT

Aims: Multiple genes and environmental factors are known to be involved in congenital heart disease (CHD), but
epigenetic variation has received little attention. Monozygotic (MZ) twins with CHD provide a unique model for
exploring this phenomenon. In order to investigate the potential role of Deoxyribonucleic Acid (DNA) methyla-
tion in CHD pathogenesis, the present study examined DNA methylation variation in MZ twins discordant for
CHD, especially ventricular septal defect (VSD). Methods and Results: Using genome-wide DNA methylation
profiles, we identified 4004 differentially methylated regions (DMRs) in 18 MZ twin pairs discordant for
CHD, and 2826 genes were identified. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) analysis revealed a list of CHD-associated pathways. To further investigate the role of DNA methylation
in VSD, data from 7 pairs of MZ twins with VSD were analyzed. We identified 1614 DMRs corresponding to
1443 genes associated with arrhythmogenic right ventricular cardiomyopathy, cyclic guanosine monopho-
sphate-protein kinase G (cGMP-PKG) signaling pathway by KEGG analysis, and cell-cell adhesion, calcium
ion transmembrane transport by GO analysis. A proportion of DMR-associated genes were involved in calcium
signaling pathways. The methylation changes of calcium signaling genes might be related to VSD pathogenesis.
Conclusion: CHD is associated with differential DNA methylation in MZ twins. CHD may be etiologically linked
to DNA methylation, and methylation of calcium signaling genes may be involved in the development of VSD.
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1 Introduction

Congenital heart diseases (CHD) affecting approximately 0.8% of live infants are among the most
common birth defects [1]. Despite significant advances in treatment, CHD remains a leading cause of
morbidity and mortality in infants and children. There are numerous genes known to be related to cardiac
development, and the most common form of CHD is ventricular septal defect (VSD) [2,3] the etiology
and pathological mechanisms remain mostly unknown.

DNA methylation is a common epigenetic modification, largely occurring at the carbon-5 position of
CpG dinucleotides (5 mC) [4]. Through the activity of DNA methyltransferases (DNMTs), DNA
methylation is mitotically heritable and important for gene expression control. Differential methylation
was localized to promoter-associated GpG islands, which are established regulatory regions of
downstream genes [5]. Abnormal patterns of DNA methylation are linked to various human diseases
[6-9], including CHD [10,11]. Previous studies have shown that NOXS5, PRDM16, and NDRG2 are
regulated by DNA hypermethylation or hypomethylation in VSD [12—14]. Maternal dietary intake of folic
acid also affects the methylation status of VSD-associated genes [15], which demonstrates that VSD
pathogenesis may be influenced by DNA methylation.

Monozygotic (MZ) twins share nearly identical genetic material but can differ phenotypically. In recent
years, epigenetic studies have become more common, epigenetic modification has been known as the main
cause of individual differences in MZ twins [16—18]. A variety of congenital defects have been detected in
MZ twin pairs with discordant DNA methylation profiles, including congenital cataracts, congenital renal
agenesis, and non-syndromic cleft lip [19-21]. In previous studies, MZ twins have been found to have
different DNA methylation patterns, and these differences may be associated with phenotypic discordance
[22-24].

The role of DNA methylation in MZ discordant pairs for CHD remains less well understood. In the
present study, we investigated DNA methylation variations in MZ twins who were discordant for CHD,
particularly for VSD. Our study identified differentially methylated regions (DMRs) associated with CHD
status using genome-wide methylation profiling. We further investigated the functional significance of
these DMRs and their potential role in CHD pathogenesis.

2 Methods

2.1 Ethics Statement and Samples

The Ethics Committee of the Guangzhou Women and Children Medical Center approved this study
(Ethical Review Number [2021] No. 260B00). The samples were taken from monozygotic twin children
at the Guangzhou Women and Children’s Medical Center between 2020 and 2023, with informed consent
obtained from their parents. One of the twins was diagnosed with CHD by echocardiography, and the
other as control with no heart malformations. Peripheral blood samples were collected from each twin
using standard venipuncture techniques. The collected whole blood was centrifuged to obtain a cellular
precipitate and the samples were stored at —80°C until DNA extraction.

2.2 DNA Extraction and Bisulfite Treatment

Blood and Tissue DNA Kit (Tiangen Biochemical, DP705) was used to extract genomic DNA from
cellular precipitates. Nanodrop and agarose gel electrophoresis were used to determine DNA
concentration and purity 1.5 pg of genomic DNA was bisulfite treated in accordance with the
manufacturer’s instructions using Zymo Research’s EZ DNA methylation kit (Irvine, USA). Polymerase
Chain Reaction (PCR) products without methyl groups were used to control the quality of the bisulfite
conversion. PCR amplification was carried out to obtain the final DNA library. After the library
construction is completed, use Qubit for preliminary quantification and dilute the concentration of
library construction to 1 ng/pl. Then, detect the insertion fragment length of the library by Agilent 5400
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(Agilent Technologies Inc., California, USA), and after meeting expectations, and library is subsequently
sequenced in the Illumina Novaseq platform instrument (Illumina Corporation, San Diego, USA).

2.3 Reduced Representation Bisulfite Sequencing (RRBS) Data Analysis

We aligned RRBS sequencing reads against the UCSC Genome Browser (University of California Santa
Cruz, Santa Cruz, CA, USA) mml0 reference genome, classified methylation status using Bismark
(Babraham Institute, Cambridge CB22 3AT, UK), and identified differently methylated regions (DMRs)
using Fisher’s exact test implemented in the DSS r package. The criteria for selecting DMRs are as
follows: The methylation level difference between patients and controls should be at least 0.2. The g-
value (adjusted p-value) should be <0.05. On the DAVID bioinformatics server (https://david.ncifcrf.gov),
DMRs were mapped to genes based on their proximity to promoter regions. GO and KEGG pathway
analyses were conducted.

3 Statistical Analyses

GraphPad Prism 5.0 (GraphPad Software Inc., San Diego, USA) was used for all non-bioinformatic
statistical analyses. If the samples followed a normal distribution, either the #-test or one-way ANOVA
(Analysis of Variance) was used. However, if the variances were not equal, or if a certain sample did not
follow a normal distribution, Statistical analyses were performed using the Kruskal-Wallis rank sum test.
p < 0.05 and p < 0.01, respectively, was taken as significance. For bioinformatics analysis, Benjamin’s
correction procedure used FDR (False Discovery Rate) p < 0.05. Only statistically significant gene sets
were used for GO analysis and KEGG analysis.

4 Result

4.1 Characteristic of Monozygotic Twin Pairs

Table 1 shows the characteristics of 18 CHD-discordant monozygotic twin pairs (18 CHD cases and
18 unaffected siblings) that were DNA methylated. The types of CHD include coarctation of aorta (CoA),
ventricular septal defect (VSD), atrial septal defect (ASD), total anomalous pulmonary venous connection
(TAPVC), pulmonary atresia (PA), double outlet of the right ventricle (DORV), transposition of the great
arteries (TGA) and single ventricle (SV).

Table 1: Description of twin pairs

Pair Sex Status Age (months) Type
MZ1 F A 31 CoA/PDA
F U 31 —
MZ2 M A 15 VSD
M U 15 -
MZ3 M A 14 VSD
M U 14 -
MZ4 M A 0.3 TAPVC
M U 0.3 -
MZ5 M A 5 VSD
M U 5 -

(Continued)
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Table 1 (continued)

Pair Sex Status Age (months) Type

MZ6 F A 45 PA/IVS
F U 45 -

MZ7 F A 0.1 PS
F U 0.1 —

MZ8 F A 31 ASD
F U 31 -

MZ9 M A 66 PA/VSD
M U 66 —

MZ10 F A 59 VSD
F U 59 -

MZ11 M A 52 PA/VSD
M U 52 -

MZ12 F A 31 DORV
F U 31 -

MZ13 M A 116 ASD
M U 116 -

MZ14 F A 18 TGA/PA
F U 18 -

MZ15 F A 4 VSD
F U 4 -

MZ16 F A 2 VSD/CoA
F U 2 -

MZ17 F A 2 VSD
F U 2 -

MZ18 M A 14 VSD
M U 14 —

Note: MZ, monozygotic, M, male; F, female; A, affected; U, unaffected; Age, sample collecting age. CoA,
coarctation of aorta; VSD, ventricular septal defect; ASD, atrial septal defect; TAPVC, total anomalous
pulmonary venous connection; PA, pulmonary atresia; DORV, double outlet of the right ventricle; TGA,
transposition of the great arteries; SV, single ventricle.

4.2 DNA Methylation Profiles of CHD

Based on RRBS, DNA methylation profiles were highly correlated among individuals, indicating that
the DNA methylation levels of individuals were conserved. Co-twins showed a higher correlation
between their methylation patterns than unrelated individuals, indicating low within-pair variation in
methylation (Fig. 1A, r for twins = 0.999, and r for unrelated individuals = 0.97). We analyzed the
methylation levels of gene regions across various samples by heat-map and Methylation levels of gene
regions were not significantly different across individuals (Fig. 1B).
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Figure 1: MZ twins for CHD are highly correlated with DNA methylation. (A) Pearson’s correlation
coefficients comparing intra-twin and unrelated methylation levels, *p < 0.05. (B) Heat-map of methylation
levels of gene region
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4.3 Differentially Methylated Regions (DMRs) of CHD

Based on systematic regional analyses, we identified DMRs in 18 MZ CHD discordant twin pairs
ranging in number from 138401 in MZ13 to 188746 in MZ4 (Fig. 2A). Introns and intergenic regions of
gene bodies were highly enriched with DMRs, but the overall distribution pattern between groups did not
differ significantly. To further investigate the relationship between DNA methylation and CHD, we
identified a total of 4004 DMRs for all groups, the DMRs were annotated to a total of 2826 genes. GO
analysis of DMR-associated genes identified terms such as actin cytoskeleton organization, regulation of
small GTPase-mediated signal transduction, and modulation of synaptic transmission (Fig. 2B). KEGG
analysis showed that pathways including axon guidance, efferocytosis, and adherents junction were
related to DMRs-associated genes (Fig. 2C).

4.4 Differentially Methylated Regions (DMRs) of VSD

To understand the role of DNA methylation in different types of CHD, we first analyzed DMRs
in 7 pairs of MZ twins with VSD. VSD was diagnosed by echocardiography without other
complex cardiac malformations. We identified a total of 1614 DMRs for all groups, the DMRs were
annotated to a total of 1443 genes. The identified DMRs were highly enriched in introns and
intergenic regions. Fig. 3A shows that DMR-associated genes were highly related to the binding of
calcium ions to membranes, cell-cell adhesion, and establishment of cell polarity. KEGG analysis
showed that pathways including arrhythmogenic right ventricular cardiomyopathy, cGMP-PKG
signaling pathway, cellular senescence, and Rapl signaling pathway were related to DMRs-associated
genes (Fig. 3B).
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Figure 2: Differentially methylated regions (DMRs) in the MZ CHD discordant twins. (A) Number of
DMRs in MZ discordant twins. (B) GO analysis of DMRs associated genes. (C) KEGG analysis of
DMRs associated genes
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Figure 3: Differentially methylated regions (DMRs) in the VSD discordant twins. (A) GO analysis of
DMRs associated genes in the VSD discordant twins. (B) KEGG analysis of DMRs associated genes in
the VSD discordant twins

5 Discussion

The MZ twin study provides a unique opportunity for studying epigenetic variation. The advantage of
using MZ twin samples in epigenetic studies was that MZ twins have an almost identical genetic makeup,
sharing 100% of their DNA. This genetic similarity allows researchers to study the effects of
environmental factors on gene expression and epigenetic modifications without confounding genetic
differences. According to the MZ twin discordance, environmental and epigenetic factors play an
important role in the etiology of the disorder. Epigenetic modifications contribute to various biological
processes and diseases [25,26]. Cardiac development and function are under the regulation of
complicated mechanisms including epigenetic modifications [27-29], and aberrant alteration of
epigenetics can induce heart diseases such as CHD [30]. DNA methylation of cardiomyocytes is dynamic
during development and disease, which plays a role in cardiomyocyte maturation and adaptation [31].
Our study demonstrates that phenotypic discordance may be related to differences in DNA methylation in
MZ twins that were discordant for CHD.

Here, CHD is not associated with global changes in DNA methylation status, as shown by the similar
average genomic methylation levels between CHD and non-CHD individuals. The dynamic changes in DNA
methylation profiles during individual development remain relatively stable [32]. However, DNA
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methylation changes at individual gene loci can indeed occur, and these changes result in altered expression
of genes with important biological functions and disease [33,34]. Different types of CHD have different
levels of methylation of imprinted genes. The methylation of imprinted genes is associated with CHD [35].

We found that DMRs associated genes were significantly enriched for AMPK signaling pathway,
efferocytosis, and axon guidance. And GO terms directly related to actin cytoskeleton organization,
regulation of small GTPase mediated signal transduction, and modulation of synaptic transduction.
Previous studies have shown that axon guidance and adherents junction are involved in the development
of cardiovascular disease [36,37]. However, further experiments are needed to verify how methylation
changes in DMRs related genes lead to congenital occurrence.

The most common form of CHD is VSD [2,3], and epigenetic factors play an important role in this
condition. To further investigate the role of DNA methylation in VSD, data from MZ twin pairs with
VSD were analyzed. DMRs associated genes were highly related to arrhythmogenic right ventricular
cardiomyopathy and cGMP-PKG signaling pathway. Calcium signaling pathways were involved in a
majority of DMR-associated genes, such as ANXA2, ATP2A3, and CACNA2D3. Calcium signaling
pathways play a key physiological and pathological role in heart function [38]. Calcium-handling genes
are important for cardiomyocyte contraction, and mutations in these genes can lead to arrhythmias [39].
In cardiomyocytes, calcium also modulates transcription through a complex signaling network [40]. In
animal studies, calcium signaling was vital for heart development. Disruption of NFATCI caused
embryonic lethality and ventricular septal malformation in mice [41]. Calreticulin-deficient mice were
rescued from developmental defects by overexpressing activated calcineurin [42]. In humans, mutations
in calcium-signaling genes were linked to CHD patients [43]. We speculate methylation changes of
calcium signaling genes may related to VSD occurrence, but further experiments are needed to verify.

As a study, we included 18 pairs of twins with different affection statuses and phenotypes, but given the
complexity of CHDs, this is not a significant limitation. We did not further analyze the DNA methylation
profiles in other CHD except VSD. In future experiments, we will continue to increase the number of
cases and analyze the DNA methylation profiles of different CHD. Furthermore, blood DNA methylation
profiles were obtained due to the difficulty in obtaining heart samples, and epigenetic markers can vary
according to cell type. Blood DNA has significantly enriched pathways associated with the immune
response, whereas heart tissue DNA relates to muscle contractions and cardiomyopathies. It demonstrates
that tissues differ in their methylation levels. The findings provided evidence that DNA methylation, at a
global and very distinct level, plays a pivotal role in CHD, despite its limitations.

6 Conclusions

A difference in DNA methylation has been found among MZ twins discordant with CHD. DNA
methylation may play an important role in the etiology of CHD, and methylation of calcium signaling
genes may contribute to VSD development. Our findings suggest that environmental and stochastic
factors may play a role in the etiology of epigenetic differences and the subsequent discordant CHD
phenotypes. It is therefore imperative that further research be undertaken into the possible variations
occurring in twin pregnancies that might impart these epigenetic changes between otherwise genetically
identical twins.
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