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Abstract

Background: Congenital heart disease (CHD) is resulted from the interaction of genetic aberration and environmen-
tal factors. Imprinted genes, which are regulated by epigenetic modifications, are essential for the normal embryonic
development. However, the role of imprinted genes in the etiology of CHD remains unclear.

Methods: After the samples were treated with bisulfate salt, imprinted genes methylation were measured by matrix-
assisted laser desorption/ionization time-of-flight mass spectrometry. T test and One-way ANOVA were performed to
evaluate the differences among groups. Odds ratios (ORs) were performed to evaluate the incidence risk of CHD in
relation to methylation levels.

Results: We investigated the alterations of imprinted gene germline differential methylation regions (gDMRs) meth-
ylation in patients with CHD. Eighteen imprinted genes that are known to affect early embryonic development were
selected and the methylation modification genes were detected by massarray in 27 CHD children and 28 healthy
children. Altered gDMR methylation level of 8 imprinted genes was found, including 2 imprinted genes with hyper-
methylation of GRB10 and MEST and 6 genes with hypomethylation of PEG10, NAP1L5, INPP5F, PLAGL1, NESP and MEGS3.
Stratified analysis showed that the methylation degree of imprinted genes was different in different types of CHD. Risk
analysis showed that 6 imprinted genes, except MEST and NAPTL5, within a specific methylation level range were the
risk factors for CHD

Conclusion: Altered methylation of imprinted genes is associated with CHD and varies in different types of CHD.
Further experiments are warranted to identify the methylation characteristics of imprinted genes in different types of
CHD and clarify the etiologies of imprinted genes in CHD.

Keywords: Congenital heart disease, Imprinted gene, Methylation modification, Germline differential methylation

regions
Background

*Correspondence: zhanghui7012@aliyun.com; jiali_beijing@126.com Congenital heart disease (CHD) is the most com-
Shaoyan Chang and Yubo Wang have contributed equally to this work . . .
% Department of Cardiac Surgery, Children's Hospital Affiliated mon type‘ of congemtal malforrr.latlons.‘ The etlology
to Capital Institute of Pediatrics, No. 2 Yabao Road, Chao Yang District, for CHD is complex, due to the interaction of genetic
Beijing 100020, China aberration and environmental factors, profoundly influ-
Clinical Physiology Laboratory, Institute of Pediatrics, Guangzhou ‘s . . . . _
Women and Children’s Medical Center, Guangzhou Medical University, e.nced by conditions in fetal life [1] Desplte the diver
No. 9 Jinsui Road, Tianhe District, Guangzhou City 510000, Guangdong sity of the CHD category, there appear to be shared
Province, China epigenetic factors in the etiology of CHD for a couple

Full list of author information is available at the end of the article

©The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://orcid.org/0000-0002-8637-5959
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12920-020-00848-0&domain=pdf

Chang et al. BMC Med Genomics (2021) 14:4

of reasons. First, approximately 500 genes have been
related to CHDs, but only accounting for 10% of CHD
cases [2]. Second, recent research has shown that gene
expression can be altered by chemical modifications
to the DNA and associated proteins in the nucleus,
the epigenome. These modifications can be altered in
response to environmental factors, such as ambient air
pollution and maternal cigarette smoking after adjust-
ing for socioeconomic status, etc. [1].

Among the different epigenetic mechanisms, the
potential relationship between abnormal DNA methyl-
ation and CHD has been increasingly recognized. DNA
methylation has been found to be highly dynamic with
the feature of demethylation in cardiomyocyte-associ-
ated gene sets during cardiomyocyte development [3].
Studies have shown that there are hypermethylation of
myocardial-related genes in myocardial tissues of CHD,
which is closely related to gene downregulation [4, 5].
In patients with CHD, decreased transcriptional activ-
ity of CITE2, ZIC3, NR2F2 and BRGI is associated with
abnormal methylation [6-9].

DNA methylation has a major influence on the estab-
lishment of imprinting markers [10]. Several human
disorders have been found to be associated with var-
ied methylation modifications at imprinting control
regions. For example, Silver-Russell syndrome is char-
acterized by hypomethylation and Prader-Willi Syn-
drome by hypermethylation of the related imprinted
genes [11]. Epigenetic imprinting is particularly vul-
nerable in early embryonic development. Exploring the
epigenetic modification of imprinted genes may pro-
vide etiologies of congenital disorders including CHD.

In placental mammals, the imprinted genes regulate
embryonic development. At present, about 94 human
imprinted genes have been identified [12]. It has been
proposed that /IGF2 and GRBI0 and co-regulated genes
of PEGI/MEST, GTL2/MEG3, CDKNIC, PLAGLI and
DLKI regulates embryonic growth and development
by forming a proposed "imprinted gene network" [13].
The most well-studied example of involving in cardiac
development is DLK1-DIO3, encoded ncRNAs, which
participate in the commitment of the mesoderm to dif-
ferent subsets of a specific cardiac cell lineage through
many DLKI-DIO3 ncRNAs [14]. However, there
has been no study on the epigenetic modification of
imprinted genes in CHD.

Therefore, we investigated the alterations of
imprinted gene methylation in patients with CHD
through methylation modification. We selected 18
imprinted genes that are known to play an important
role in early embryonic developments [15].
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Methods

Sample collection

The study was approved by the Ethics Committee of the
Capital Institute of Pediatrics. Written informed con-
sent was obtained from parents of the children. These
samples were obtained from children with CHD who
visited the Capital Institute of Pediatrics during the
biennium 2014-2015, and were diagnosed as CHD by
echocardiography and other related tests, ranging in
age from 1 to 120 months. According to the Interna-
tional Classification Standard of Diseases, the diagnosis
of existing cases was strictly classified, and a complete
database of CHD research is established. Moreover, the
children with CHD were excluded from other congeni-
tal and acquired abnormal diseases, such as congeni-
tal mental retardation, genetic metabolic diseases, etc.
As control group, 28 controls of blood samples were
selected from the physical examination children. They
were same age and race and had no developmental
deformities or other diseases. Peripheral blood sam-
ples were collected from 27 children with CHD and
28 healthy children as controls in Capital Institute of
Pediatrics (Table 3). In details, 2 ml venous blood was
collected into the evacuated tubes without anticoagu-
lant (Becton Dickinson). Blood samples were immedi-
ately centrifuged at 2500 rpm for 10 min. The separated
plasma was aliquot without reducing agent and stored
at—20 °C.

DNA extraction

Genomic DNA was extracted from peripheral blood
with the Blood and Tissue DNA Kit (65904, QIAGEN,
Dusseldorf, Germany) according to manufacturer’s
instructions. The concentration and purity of the DNA
were determined by nanodrop and agarose gel electro-
phoresis. DNA with an OD260/280 absorbance ratio of
1.8 was used for subsequent work (Additional files 1-9:
Figures S1-S9).

Bisulfite treatment

A total of 500 ng genomic DNA from each sample
underwent bisulfite treatment using the EZ DNA meth-
ylation kit (D5001, Zymo Research, Irvine, CA, USA)
according to the manufacturer’s instruction. The qual-
ity of the bisulfite conversion was controlled by using
PCR products that had no methyl group. Sequencing
results confirmed that 96.6% of cytosine residues were
converted in previous research [16].

PCR amplification
Eighteen imprinted genes were selected according to
WAMZDEX, Gene imprint, Catalogue of Imprinted
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Genes and other imprinted gene analysis resources
(Additional file 10: Table S1). gDMRs sequences of the
selected imprinted genes were retrieved to confirm
using the UCSC database (Additional file 11: Table S2).
The primers were designed for the quantitative analysis
of the methylation level with Methprimer (http://epide
signer.com/). An additional T7 promoter tag was added
to each reverse primer for in vivo transcription, and a
10-mer tag to the forward primer to balance the melt-
ing temperature.

Sap reaction

The sap reaction was performed to eliminate residual
dNTP in PCR products to facilitate mass spectrometry
detection. The specific steps were to add 2 ul sap mix-
ture into 5 ul PCR product, and to conduct vortex mixing
before centrifugation. The reaction conditions were 37 °C
for 20 min and 85 °C for 5 min.

Methylation analyses

As the previously published method [16], the Sequenom
MassARRAY platform (CapitalBio, Beijing, China) was
used to perform the quantitative methylation analysis of
the imprinted genes. This system uses matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF)
mass spectrometry in combination with RNA base-spe-
cific cleavage (MassCLEAVE). A detectable pattern was
then analyzed for its methylation status. The spectral
methylation ratios were generated using Epityper soft-
ware version 1.0 (Sequenom, San Diego, CA, USA).

Statistical analyses

Data are presented as mean and standard deviation.
The methylation levels in the gDMRs of imprint genes
were compared between CHD and control groups by
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independent samples t-test. One-way ANOVA was per-
formed to evaluate the differences among different CHD
subtypes and control groups. Odds ratios (ORs) was per-
formed to evaluate the incidence risk of CHD in relation
to methylation levels. P <0.05 was considered significant.
GraphPad Prism 7 software (GraphPad Software, San
Diego, California, USA) was used to visually display the
results of analysis. Data were stored in the EPI 3.1 Data-
base (EpiData Association, Odense, Denmark) and ana-
lyzed with the SPSS 18.0 software package (McGraw-Hill
Inc., New York, NY, USA).

Results

Comparison of the altered methylation levels

of the imprinted genes between CHD and control groups
Table 1 showed the values and statistical results(detailed
results including mean methylation and CpG sites meth-
ylation of each printed genes studied in Additional
file 12: Table S3 and Additional files 13-30: Table S4—
S21, respectively). Compared with control group, 8 of the
18 selected genes were found to be significantly different
in CHD group; two of them were hypermethylated and
6 hypomethylated. The two hypermethylated-imprinted
genes were GRB10 and MEST, in which GRBI0 increased
from 43.42% in the normal group to 51.12% (P<0.01) in
the CHD group and MEST increased from 53.22 to 56.6%
(P<0.05). The 6 hypomethylation-imprinted genes were
PEGI10, NAPILS, INPP5SF, PLAGL1, NESP and MEGS3,
in which PEG10 decreased from 50.92% in control to
45.17% in CHD group (P<0.01), NAPIL5 decreased
from 68.86 to 62.12% (P<0.01), INPP5F decreased
from 73.17 to 67.02% (P<0.01), PLAGL1 decreased
from 42.80 to 40.97%,(P<0.05), NESP decreased from
41.12 to 31.31% (P<0.01), and MEG3 decreased from

Table 1 Type of CHD and gender distribution in CHD and control groups

Type of CHD Number of cases Pvalue
Male Female
CHD
Ventricular septal defect 10 7 0.71
Atrial septal defect 6 6 040
Valvular malformation 3 4 0.30
Tetralogy of Fallot 4 0 0.15
Patent ductus arteriosus 1 3 0.13
Coarctation of aorta 2 1 093
Others 2 1 093
Total CHD 17 10 092
Controls 18 10

Others included pulmonary vascular obstruction (n = 2) and congenital diaphragmatic hernia (n = 1); valvular malformation included aortic (n =4) and mitral (n=3)

valve stenosis or regurgitation
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Fig. 1 Altered methylation level of 18 imprinted genes between CHD and control groups. Methylation level of 18 imprinted genes between
CHD and control groups. Compared with the normal group, 8 of the 18 imprinted genes in CHD showed abnormal methylation modification
including GRB10, MEST, PEG10, NAP1L5, INPP5F, PLAGL1, NESP and MEG3. Among them, the two genes including GRB10 and MEST showed increased
methylation, while the others showed decreased methylation. *P < 0.05; **P <0.01

45.31 to 39.53%(P<0.01) (Fig. 1; Additional files 1-8:
Figures S1-S8).

Altered methylation levels of imprinted genes in CHD
classifications

CHD was classified into four groups including atrial and
ventricular septal defect (ASD and VSD), valvular mal-
formation (aortic and mitral stenosis or regurgitation),
thoracic vascular malformation (coarctation of aorta,
patent ductus arteriosus) and Tetralogy of Fallot (ToF).
In ASD and VSD patients, 9 genes showed methyla-
tion changes, as compared with control group, whereby
2 imprinted genes (the GRBI0 and MEST) were hyper-
methylated (Fig. 2a, b; Additional file 9: Figure S9a) and
7 (PEG10, NAPILS, INPPSF, PLAGL1, NESP, MEG3
and H19) hypomethylation (Fig. 2c—i; Additional file 9:
Figure S9a). In valvular malformation group, the meth-
ylations of 5 imprinted genes were lower than that of
control group, including PEGI10, NAPIL5, INPPSF,
NESP and MEG3 (Fig. 3; Additional file 9: Figure S9b).
In ToF group, methylation of 5 imprinted genes changed,
including GRBI0 with higher methylation than that in
control group (Fig. 4a; Additional file 9: Figure S9c) and
PEG10, INPP5F, MEG3 and H19 with lower methylation
(Fig. 4b—e; Additional file 9: Figure S9c). There were dif-
ferences in methylation of 6 imprinted genes between
thoracic vascular malformation and control groups,
including hypermethylation of the GRBIO gene and
hypomethylation of PEG10, INPP5F, NESP, MEG3 and

KCNQI1OT1 respectively (Fig. 5; Additional file 9: Figure
S9d). Taken together, 3 imprinted genes (PEG10, INPP5F
and MEG3) were hypomethylated in all four CHD clas-
sifications. NESP hypomethylation occurred in all CHDs
except ToF, while GRB10 hypermethylation occurred in
all CHDs except valvular malformation.

Risk analysis between germline differential
methylation regions (JDMRs) methylation levels

of imprinted genes and CHD

In order to develop a model for assessing the risk of CHD
based on the amplitude of methylation levels of gDMRs
of imprinted genes, CHD samples were categorized as
Q1-Q4 according to the quartiles of methylation levels
in control group. As shown in Table 2, the gDMRs of 8
differentially imprinted genes were further analyzed to
examine the relationship between methylation changes
of these genes and risk of CHD. Compared to control
group, the gDMRs methylation level of NESP gene was
lower in all CHDs. Methylation modification of two
imprinted genes were elevated at 75th percentile level
in CHD, with GRBI0 in 21 of 25 patients and MEST in
10 of 20 patients. There were 4 imprinted genes whose
methylation level of gDMRs were lower at 25th percen-
tile level in CHD including14 of 25 cases of PEG10, 17 of
22 cases of INPPSF, 11 of 26 cases of PLAGLI and 16 of
20 cases of MEG3 respectively. When logistic regression
analysis was used with adjustment to sex and compared
with control group, the risk of CHD was 21 times higher
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Fig. 2 Altered methylation level of the imprinted genes between ASD and VSD and control groups. a, b Imprinted genes up-regulated by
methylation between ASD/VSD and control groups. There were two imprinted genes with increasing methylation including GRB10 and MEST in ASD
and VSD groups, compared with the normal group. ¢, i Imprinted genes up-regulated by methylation between ASD and VSD and control groups.
Compared with the normal group, 7 of the 18 imprinted genes in ASD and VSD showed decreasing methylation modification including PEGT0,
NAPIL5, INPP5F, PLAGL1, NESP, MEG3 and H19. ASD and VSD, atrial and ventricular septal defect. *P < 0.05; **P<0.01

than that of control group when GRBI0 methylation was
higher than 44%(P<0.05). When the methylation lev-
els of PEG10, INPP5F, PLAGLI and MEG3 were lower
than 45.2%, 70.39%, 40.76% and 41.83%, respectively, the
risk of CHD increased by 16.8(P<0.05), 11.06(P<0.01),
11(P<0.05) and 12(P<0.01)times. Due to the small sam-
ple size, confidence intervals were wide (Table 3).

Discussion

It is well known that the epigenetic regulation of
imprinted genes is involved in many embryonic devel-
opmental processes, including cardiac development [17,
18]. At present, DNA methylation disorder is consid-
ered as one of the important factors in the occurrence
and development of CHD [4]. However, the specific role
of the imprinted gene methylation regulation on cardiac
development remains unclear. In this study, we found for
the first time the abnormal gDMR methylation changes

of 8 imprinted genes (GRB10, MEST, PEG10, NAPILS,
INPPSF, PLAGL1, NESP and MEG3) in patients with
CHD. The methylations of imprinted genes varied with
the heterogeneity of CHDs. Six of them were associated
with significantly higher risk of CHD except MEST and
NAPILS.

The etiology of CHD is complex, involving the inter-
action of environmental and genetic factors, leading to
developmental phenotypes that regulate morbidity and
severity. The potential relationship between alterations
of genomic methylation and CHD is increasingly rec-
ognized. The dynamic changes of DNA methylation in
cardiomyocyte-related gene sets during cardiac devel-
opment suggest that DNA methylation modification is
essential for the occurrence of cardiac diseases [3, 4].
One study has confirmed that there are significant dif-
ferences in methylation of genes associated with muscle
contraction and cardiomyopathy in CHD [4]. Genomic
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imprinting is a process of epigenetic modification, and  establishment of gene imprinting by targeting imprinted
loss of imprinting may lead to abnormal embryonic gene. Deletion or abnormal methylation of DMR might
development [13]. DMR plays an important role in the result in the expression disorder of the imprinted gene
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Fig. 5 Altered methylation level of the imprinted genes between thoracic vascular malformation and control groups. a Hypermethylation of
GRB10 gene between thoracic vascular malformation and control groups. b—f Hypomethylation of PEG10, INPP5F, NESP, MEG3 and KCNQ10OT1
respectively between thoracic vascular malformation and control groups. Compared with the normal group, 5 of the 18 imprinted genes in thoracic
vascular malformation showed decreasing methylation modification including PEG10, INPP5F, NESP, MEG3 and KCNQ1OT1.TVM, thoracic vascular

cluster [19]. Specifically, we selected DMRs in the
imprinting control region of imprinted genes studied, i.e.,
gDMRs, which are established during gametogenesis and
play a key role in the imprinting of imprinted gene clus-
ters [19, 20]. The small changes in gDMRs found in our
study might be relevant in the etiology of CHD, which
was supported by the stratified analysis. The relatively
wide confidence interval in the risk analysis was due
largely to the small sample size in this pilot study.

Some imprinted genes have key functions influenc-
ing the proper embryonic growth and development by
forming "imprinted gene network”, including GRB10 and
MEST as the core molecules [13]. GRB10, as an impor-
tant growth-limiting factor, has a wide range of effects
on embryonic development. Maternal GRB10 knock-
out results in embryonic overgrowth, and the change of
ICR of GRBIO gene results in obvious dysplasia [21, 22].
Previous studies have found an increase methylation of
GRBI0 in fetal samples of spontaneous abortion [23]. It
has been found that the Ddc gene in mice, involved in the
development of trabecular cardiomyocytes of the embry-
onic and neonatal heart, displays tight conserved link-
age with the methylated GRBI0 gene [24]. In the present
study, we found that the gDMR methylation of GRB10
imprinted gene in CHD was increased except for valvar
defects. It is hinted the methylation disorder of GRBI0
may be involved in the development of heart through the

interaction with Ddc. Hypermethylation of GRB10 might
inhibit its expression and regulate the growth through
insulin pathway such as IGF2, potentially leading to car-
diac dysplasia. MEST is a maternal imprinted gene and
widely expressed throughout the embryonic period [25].
Mest-knockout mice exhibited embryonic and placen-
tal growth retardation and postnatal growth inhibition,
while loss of the imprinted gene resulted in postnatal
weight gain and multiple organ hypertrophy [26, 27].
King et al. have found that Mest specifically expressed
myocardial trabeculae in developing atria and ventricles
of mice. Mest-knockout mice showed subtle changes of
myocardial trabeculae, which displayed an increase in
thickness and reduction in density of the compact myo-
cardium, similar to that in human heart disease, which
hinted MEST is closely related to heart disease [28]. The
increased methylation of gDMR of MEST imprinted gene
in CHD was also found in our data, especially in ASD and
VSD. Potentially, MEST expression disorder via altered
methylation of the gene might be involved in the occur-
rence of CHD by affecting the development of myocar-
dial trabecula.

PEG10, a paternally expressed imprinted gene, is
expressed in embryonic tissues and placenta, and par-
ticipates in cell proliferation, differentiation and apop-
tosis [29, 30]. The Pegl0-knockout mice exhibited early
embryo death and placental defects [31]. A study has
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Table 2 Risk analysis results of DMRs methylation levels of imprinted genes and CHD occurrence

Imprinted genes Quantile percentages Controls CHD Adjusted OR? Adjusted P

n (%) n (%) (95% CI?) value

GRB10 Q,“ (<39.67%) 6(26.1%) 1(4%) 1(reference)
Q,-Q; 4 (39.67%-44%) 11(47.8%) 3(12%) 1.64(0.14-19.39) 0.696
Q,° (>44%) 6(26.1%) 21(84%) 21.00(2.10-210.14) 0.01

MEST Q; (<49.36%) 5(22.7%) 1(5%) 1(reference)
Q,—-Q; (49.36%-56.07%) 12(54.5%) 9(45%) 3.75(0.371-37.95) 0.263
Q, (>56.07%) 5(22.7%) 10(50%) 10.00(0.907-110.28) 0.06

PEGT10 Q, (<45.2%) 5(22.7%) 14(56%) 16.80(1.60-176.23) 0.019
Q,-Q; (45.2%-55.7%) 11(50%) 10(40%) 5.46(0.56-53.52) 0.145
Q4 (>55.7%) 6(27.3%) 1(4%) 1(reference)

NAPI1LS Q, (<67.14%) 6(26.1%) 9(45%) 3.50(0.64-19.20) 0.149
Q,—-Q; (67.14%-71.29%) 10(43.5%) 8(40%) 1.87(0.36-9.64) 0456
Q, (>71.29%) 7(30.4%) 3(15%) 1(reference)

INPPSFf Q; (<70.39%) 4(23.5%) 17(77.3%) 11.06(2.47-49.53) 0.002
Q,-Q4 (>70.39%) 13(76.5%) 5(22.7%) 1(reference)

PLAGLT Q, (<40.76%) 6(24%) 11(42.3%) 11.00(1.06-114.09) 0.045
Q,—Q; (40.76%-45.82%) 13(52%) 14(53.8%) 6.46(0.68-61.16) 0.104
Q, (>45.82%) 6(24%) 1(3.8%) 1(reference)

MEG3' Q, (<41.83%) 6(25%) 16(80%) 12.00(2.86-50.31) 0.001
Q,-Q4 (>41.83%) 18(75%) 4(20%) 1(reference)

@ Odds ratio

b Confidence interval
€ 25th percentile
4 25th percentile to 75th percentile

¢ 75th percentile. Cut-off value was defined as 25th and 75th percentiles of the control group methylation level. Adjusted for sex by logistic regression

f Indicates that the maximum value of the imprinting gene cases was less than 75% of control group and could not be calculated, so there were divided into two

groups

found that the expression of PEGI0 in the heart was very
low, indicating that trace PEGI0 could maintain the nor-
mal development of the heart [29]. On the contrary, we
found abnormal hypomethylation of PEG10 in CHD.
Overexpression of PEG10 may be involved in the inva-
sion and metastasis of malignant tumors, such as hepato-
cellular carcinoma and endometrial cancer etc., through
the epithelial mesenchymal transition (EMT) [32, 33].
Therefore, the low methylation of PEG10 might cause
abnormal elevation of expression, and induce abnormal
migration of related cells through EMT pathway, poten-
tially leading to abnormal cardiac development.

INPPSF encodes inositol 1,4,5-trisphosphate (InsP3)
5-phosphatase, which is an important functional endog-
enous regulator. It has been found that INPPSF regulated
the size of cardiac myocytes and cardiac stress response,
increased the hypertrophy and activation of the fetal gene
program in the stress response in Inpp5f-knockout mice,
and decreased the hypertrophic response in InppSf-over-
expressed mice [34, 35]. INPPSF can be used as a negative
feedback regulator of insulin signal and downregulation
of INPPSF in diabetes mellitus has cardioprotective effect

[36]. Consistent with previous studies, we found that
INPP5F methylation was reduced in a variety of CHDs
and increased CHD risk, suggesting that INPP5F might
be a protective factor for cardiac development.

MEGS3 is a maternal-expressed imprinted gene that is
expressed in many normal tissues. It inhibits the pro-
liferation of tumor cells in vitro. It also interacts with
tumor suppressor p53 to regulate the expression of p53
target genes [37]. Consistent with this effect, MEG3 has
an impact on cardiac remodeling induced by pathologi-
cal hypertrophy by regulating the binding of p53 to other
gene promoters [38]. Other studies have shown that
MEGS3 participates in the development of myocardial
fibrosis and prevents myocardial remodeling by regulat-
ing the production of MMP-2 by CFs in vitro and in vivo
[39]. In consistency to previous studies, our results also
found that methylation of MEG3 was reduced and associ-
ated with the increased risk of CHD.

We also detected hypomethylation of gDMRs of other
3 imprinted genes including NAPILS, PLAGLI and
NESP in CHD. Stratified analysis revealed that different
CHDs showed specific methylation patterns, such as
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Table 3 Risk analysis results of gDMRs methylation levels of imprinted genes and CHD occurrence

Imprinted genes Quantile percentages Controls CHD Adjusted OR?

n (%) n (%) (95% CI°)

GRB10 Q,“(<39.67%) 6(26.1%) 1(4%) 1(reference)
Q,-Q; © (39.67%-44%) 11(47.8%) 3(12%) 1.64(0.14-19.39)
Q,° (>44%) 6(26.1%) 21(84%) 21.00(2.10-210.14)

MEST Q; (<49.36%) 5(22.7%) 1(5%) 1(reference)
Q,—-Q; (49.36%-56.07%) 12(54.5%) 9(45%) 3.75(0.371-37.95)
Q, (>56.07%) 5(22.7%) 10(50%) 10.00(0.907-110.28)

PEGT10 Q, (<45.2%) 5(22.7%) 14(56%) 16.80(1.60-176.23)
Q,-Q; (45.2%-55.7%) 11(50%) 10(40%) 546(0.56-53.52)
Q, (>55.7%) 6(27.3%) 1(4%) 1(reference)

NAPILS Q, (<67.14%) 6(26.1%) 9(45%) 3.50(0.64-19.20)
Q,-Q; (67.14%-71.29%) 10(43.5%) 8(40%) 1.87(0.36-9.64)
Q, (>71.29%) 7(30.4%) 3(15%) 1(reference)

INPPSFf Q, (<70.39%) 4(23.5%) 17(77.3%) 11.06(2.47-49.53)
Q,-Q4 (=70.39%) 13(76.5%) 5(22.7%) 1(reference)

PLAGLT Q, (<40.76%) 6(24%) 11(42.3%) 11.00(1.06-114.09)
Q,—-Q; (40.76%-45.82%) 13(52%) 14(53.8%) 6.46(0.68-61.16)
Q, (>45.82%) 6(24%) 1(3.8%) 1(reference)

MEG3' Q, (<41.83%) 6(25%) 16(80%) 12.00(2.86-50.31)
Q,-Q4 (=41.83%) 18(75%) 4(20%) 1(reference)

@ Odds ratio

b Confidence interval

c

25th percentile
4 25th percentile to 75th percentile
e
f

groups

hypomethylation of the 3 genes in ASD and VSD, hypo-
methylation of NAPIL5 and NESP in valvular malfor-
mation, hypomethylation of NESP in thoracic vascular
malformation, and no significant change in ToF.

As a pilot study, it is subject to a couple of limitations.
First, we studied a small and heterogeneous group of
patients with CHD. A large sample size is warranted
to identify the methylation characteristics and risk fac-
tors of imprinted genes in relation to the types of CHD.
Second, the causal relationship between methylation
alterations of imprinted genes and CHD remains to be
explored in further experimental studies to examine
their potential impact on RNA expression and CHD
development on cellular and organ levels in animal
models.

Conclusion

Methylation of gDMRs of 8 imprinted genes was altered
in white blood cells in patients with CHD. Further exper-
iments are warranted to identify the methylation charac-
teristics of imprinted genes in different types of CHD and

75th percentile. Cut-off value was defined as 25th and 75th percentiles of the control group methylation level. Adjusted for sex by logistic regression

Indicates that the maximum value of the imprinting gene cases was less than 75% of control group and could not be calculated, so there were divided into two

clarify the pathogenesis mechanism of imprinted genes
in CHD.
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Additional file 5: Fig. S5. Analysis of methylation level of INPP5F. a The
mean methylation of gDMR of INPP5F between CHD group and control
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lar septal defect. *P<0.05; **P<0.01.

Additional file 10: Table S1. gDMR sequence information of 18
imprinted genes.

Additional file 11: Table S2. Primer sequence information of 18
imprinted genes.

Additional file 12: Table S3. The average methylation levels of 18
imprinted genes detected in CHD patients and healthy individuals.

Additional file 13: Table S4. CpG sites methylation level of 18 imprinted
genes detected in CHD patients and healthy individuals.

Additional file 14: Table S5. CpG sites methylation level of 18 imprinted
genes detected in CHD patients and healthy individuals.

Additional file 15: Table S6. CpG sites methylation level of 18 imprinted
genes detected in CHD patients and healthy individuals.

Additional file 16: Table S7. CpG sites methylation level of 18 imprinted
genes detected in CHD patients and healthy individuals.

Additional file 17: Table S8. CpG sites methylation level of 18 imprinted
genes detected in CHD patients and healthy individuals.

Additional file 18: Table S9. CpG sites methylation level of 18 imprinted
genes detected in CHD patients and healthy individuals.

Additional file 19: Table S10. CpG sites methylation level of 18 imprinted
genes detected in CHD patients and healthy individuals.

Additional file 20: Table S11. CpG sites methylation level of 18 imprinted
genes detected in CHD patients and healthy individuals.

Additional file 21: Table S12. CpG sites methylation level of 18 imprinted
genes detected in CHD patients and healthy individuals.

Additional file 22: Table S13. CpG sites methylation level of 18 imprinted
genes detected in CHD patients and healthy individuals.

Additional file 23: Table S14. CpG sites methylation level of 18 imprinted
genes detected in CHD patients and healthy individuals.

Additional file 24: Table S15. CpG sites methylation level of 18 imprinted
genes detected in CHD patients and healthy individuals.

Additional file 25: Table S16. CpG sites methylation level of 18 imprinted
genes detected in CHD patients and healthy individuals.

Additional file 26: Table S17. CpG sites methylation level of 18 imprinted
genes detected in CHD patients and healthy individuals.

Additional file 27: Table $18. CpG sites methylation level of 18 imprinted
genes detected in CHD patients and healthy individuals.

Additional file 28: Table S19. CpG sites methylation level of 18 imprinted
genes detected in CHD patients and healthy individuals.

Additional file 29: Table S20. CpG sites methylation level of 18 imprinted
genes detected in CHD patients and healthy individuals.

Additional file 30: Table S21. CpG sites methylation level of 18 imprinted
genes detected in CHD patients and healthy individuals.

Abbreviations

ASD: Atrial septal defect; CHD: Congenital heart disease; gDMRs: Germline
differential methylation regions; ToF: Tetralogy of Fallot; VSD: Ventricular septal
defect.

Acknowledgements
Not available.

Authors’ contributions

SC wrote the manuscript; YW and YX conducted the experiment; YW and

SC analyzed data; SW, YL and HZ performed interpretation of the data; LW
and JL designed the study and finalized the manuscript. All authors read and
approved the final manuscript.

Funding

This project was supported by the National Natural Science Funds of China
(81670802 and 81701452), National Key Research and Development Program
(2016YFC1000502), CAMS Innovation Fund for Medical Sciences (2016-12M-
1-008), Medicine Research, BJ (2016-04). The Key-Area Research and Develop-
ment Program of Guangdong Province (No. 2019B8020227001). The Special
Fund of The Pediatric Medical Coordinated Development Center of Beijing
Municipal Administration (XTZD20180301) and Beijing Municipal Administra-
tion of Hospitals (XMLX201712), Beijing Hospital Administration “Peak Climb-
ing"Talents Training Program (DFL20181301).

Availability of data and materials
The dataset generated and analyzed during the present study are presented
in the supplementary files.

Ethics approval and consent to participate

The study was approved by the Ethics Committee of the Capital Institute of
Pediatrics. Written informed consent was obtained from the parents of the
participants.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

! Beijing Municipal Key Laboratory of Child Development and Nutriomics,
Capital Institute of Pediatrics, Beijing 100020, China. 2 Department of Cardiac
Surgery, Children’s Hospital Affiliated to Capital Institute of Pediatrics, No. 2
Yabao Road, Chao Yang District, Beijing 100020, China. * Clinical Physiology
Laboratory, Institute of Pediatrics, Guangzhou Women and Children’s Medical
Center, Guangzhou Medical University, No. 9 Jinsui Road, Tianhe District,
Guangzhou City 510000, Guangdong Province, China. * Guangdong Provincial
Key Laboratory of Research in Structural Birth Defect Disease, Guangzhou




Chang et al. BMC Med Genomics

(2021) 14:4

Women and Children’s Medical Center, Guangzhou Medical University, Guang-
zhou 510000, Guangdong Province, China.

Received: 22 November 2020 Accepted: 3 December 2020
Published online: 06 January 2021

References

1.

Wong P, et al. Early life environment and social determinants of cardiac
health in children with congenital heart disease. Paediatr Child Health.
2018;23(2):92-5.

Gelb BD, Chung WK. Complex genetics and the etiology of human con-
genital heart disease. Cold Spring Harb Perspect Med. 2014;4(7):a013953.
Gilsbach R, et al. Dynamic DNA methylation orchestrates cardiomyocyte
development, maturation and disease. Nat Commun. 2014;5:5288.
Serra-Juhé C, et al. DNA methylation abnormalities in congenital heart
disease. Epigenetics. 2015;10(2):167-77.

Grunert M, et al. Comparative DNA methylation and gene expression
analysis identifies novel genes for structural congenital heart diseases.
Cardiovasc Res. 2016;112(1):464-77.

Xu M, et al. CITED2 mutation and methylation in children with congenital
heart disease. J Biomed Sci. 2014;21:7.

Xiaoyun W, et al. To detect and explore mechanism of CITED2 mutation
and methylation in children with congenital heart disease. In: Nakanishi
T, et al, editors. Etiology and morphogenesis of congenital heart disease:
from gene function and cellular interaction to morphology. Tokyo:
Springer; 2016. p. 377-8.

Qian'Y, Xiao D. Hypomethylation and decreased expression of BRG1 in
the myocardium of patients with congenital heart disease. Birth Defect
Res. 2017;109(15):1183-95.

Lyu G, et al. Genome and epigenome analysis of monozygotic twins
discordant for congenital heart disease. BMC Genomics. 2018;19(1):428.
Ferguson-Smith AC. Genomic imprinting: the emergence of an epige-
netic paradigm. Nat Rev Genet. 2011;12(8):565-75.

Elhamamsy AR. Role of DNA methylation in imprinting disorders: an
updated review. J Assist Reprod Genet. 2017,34(5):549-62.

Baran Y, et al. The landscape of genomic imprinting across diverse adult
human tissues. Genome Res. 2015;25(7):927-36.

Plasschaert RN, Bartolomei MS. Genomic imprinting in development,
growth, behavior and stem cells. Development. 2014;141(9):1805-13.
Dill TL, Naya FJ. A hearty dose of noncoding RNAs: the imprinted DLK1-
DIO3 Locus in Cardiac Development and Disease. J Cardiovasc Dev Dis.
2018;5(3):37.

Tomizawa S, et al. Dynamic stage-specific changes in imprinted dif-
ferentially methylated regions during early mammalian development
and prevalence of non-CpG methylation in oocytes. Development.
2011;138(5):811-20.

Wang L, et al. Relation between hypomethylation of long interspersed
nucleotide elements and risk of neural tube defects. Am J Clin Nutr.
2010;,91(5):1359-67.

Dindot SV, et al. Epigenetic profiling at mouse imprinted gene clusters
reveals novel epigenetic and genetic features at differentially methylated
regions. Genome Res. 2009;19(8):1374-83.

Cassidy FC, Charalambous M. Genomic imprinting, growth and maternal-
fetal interactions. J Exp Biol. 2018;221(Pt Suppl 1);jeb164517.

20.
AR

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

Page 11 of 11

Tilghman SM. The sins of the fathers and mothers: genomic imprinting in
mammalian development. Cell. 1999,96(2):185-93.

Feinberg AP. Methylation meets genomics. Nat Genet. 2001;27(1):9-10.
Charalambous M, et al. Disruption of the imprinted Grb10 gene leads to
disproportionate overgrowth by an Igf2-independent mechanism. Proc
Natl Acad Sci U S A. 2003;100(14):8292-7.

Shiura H, et al. Paternal deletion of Meg1/Grb10 DMR causes maternali-
zation of the Meg1/Grb10 cluster in mouse proximal Chromosome 11
leading to severe pre- and postnatal growth retardation. Hum Mol Genet.
2009;18(8):1424-38.

LiuY, et al. Impact of abnormal DNA methylation of imprinted loci on
human spontaneous abortion. Reprod Sci. 2018;25(1):131-9.
Menheniott TR, et al. Genomic imprinting of Dopa decarboxylase in heart
and reciprocal allelic expression with neighboring Grb10. Mol Cell Biol.
2008;28(1):386-96.

Kaneko-Ishino T, et al. Peg1/Mest imprinted gene on chromosome 6
identified by cDNA subtraction hybridization. Nat Genet. 1995;11(1):52-9.
Lefebvre L, et al. Abnormal maternal behaviour and growth retarda-

tion associated with loss of the imprinted gene Mest. Nat Genet.
1998;20(2):163-9.

Ineson J, et al. Somatic reactivation of expression of the silent maternal
Mest allele and acquisition of normal reproductive behaviour in a colony
of Peg1/Mest mutant mice. J Reprod Dev. 2012;58(4):490-500.

King T, et al. Expression of Peg1 (Mest) in the developing mouse heart:
involvement in trabeculation. Dev Dyn. 2002;225(2):212-5.

Fagerberg L, et al. Analysis of the human tissue-specific expression by
genome-wide integration of transcriptomics and antibody-based prot-
eomics. Mol Cell Proteomics. 2014;13(2):397-406.

Chen H, et al. Silencing of paternally expressed gene 10 inhibits tropho-
blast proliferation and invasion. PLoS ONE. 2015;10(12):e0144845.

Lux H, et al. Genetic and molecular analyses of PEG10 reveal new aspects
of genomic organization, transcription and translation. PLoS ONE.
2010;5(1):e8686.

Li CM, et al. PEG10 is a c-MYC target gene in cancer cells. Cancer Res.
2006;66(2):665-72.

Zhang M, et al. PEG10 is imperative for TGF-betal-induced epitheli-
almesenchymal transition in hepatocellular carcinoma. Oncol Rep.
2017,37(1):510-8.

Trivedi CM, et al. Hdac2 regulates the cardiac hypertrophic response by
modulating Gsk3 beta activity. Nat Med. 2007;13(3):324-31.

Zhu W, et al. Inpp5f is a polyphosphoinositide phosphatase that regulates
cardiac hypertrophic responsiveness. Circ Res. 2009;105(12):1240-7.

Bai D, et al. Hyperglycemia and hyperlipidemia blunts the Insulin-Inpp5f
negative feedback loop in the diabetic heart. Sci Rep. 2016;6:22068.

Wu H, et al. Long noncoding RNA Meg3 regulates cardiomyocyte apop-
tosis in myocardial infarction. Gene Ther. 2018;25(8):511-23.

Uchida S. Besides imprinting: Meg3 regulates cardiac remodeling in
cardiac hypertrophy. Circ Res. 2017;121(5):486-7.

Piccoli MT, et al. Inhibition of the cardiac fibroblast-enriched INcCRNA
Meg3 prevents cardiac fibrosis and diastolic dysfunction. Circ Res.
2017;121(5):575-83.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	DNA methylation abnormalities of imprinted genes in congenital heart disease: a pilot study
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Sample collection
	DNA extraction
	Bisulfite treatment
	PCR amplification
	Sap reaction
	Methylation analyses
	Statistical analyses

	Results
	Comparison of the altered methylation levels of the imprinted genes between CHD and control groups
	Altered methylation levels of imprinted genes in CHD classifications

	Risk analysis between germline differential methylation regions (gDMRs) methylation levels of imprinted genes and CHD
	Discussion
	Conclusion
	Acknowledgements
	References


