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Congenital heart defects represent the most common malformation at birth, occurring also in »50% of individuals
with Down syndrome. Congenital heart defects are thought to have multifactorial etiology, but the main causes are
largely unknown. We have explored the global methylation profile of fetal heart DNA in comparison to blood DNA from
control subjects: an absolute correlation with the type of tissue was detected. Pathway analysis revealed a significant
enrichment of differential methylation at genes related to muscle contraction and cardiomyopathies in the developing
heart DNA. We have also searched for abnormal methylation profiles on developing heart-tissue DNA of syndromic and
non-syndromic congenital heart defects. On average, 3 regions with aberrant methylation were detected per sample
and 18 regions were found differentially methylated between groups. Several epimutations were detected in candidate
genes involved in growth regulation, apoptosis and folate pathway. A likely pathogenic hypermethylation of several
intragenic sites at the MSX1 gene, involved in outflow tract morphogenesis, was found in a fetus with isolated heart
malformation. In addition, hypermethylation of the GATA4 gene was present in fetuses with Down syndrome with or
without congenital heart defects, as well as in fetuses with isolated heart malformations. Expression deregulation of the
abnormally methylated genes was detected. Our data indicate that epigenetic alterations of relevant genes are present
in developing heart DNA in fetuses with both isolated and syndromic heart malformations. These epimutations likely
contribute to the pathogenesis of the malformation by cis-acting effects on gene expression.

Introduction

Epigenetic mechanisms contribute to the regulation of multi-
ple physiological processes during development or aging.1

Among the different epigenetic mechanisms, aberrant DNA
methylation has been clearly associated to several diseases includ-
ing cancer,2,3 diabetes,4,5 or psychiatric disorders.6-8 DNA meth-
ylation, by the addition of a methyl group in the 50 carbon of
cytosine, alters the structure of the DNA molecule resulting in
possible modifications of gene expression patterns. Thus, aber-
rant DNA methylation through its transcriptional consequences
may have an important role in human disease.

Congenital heart defects (CHD) represent a high percentage
of clinically significant birth defects, occurring in »8 per 1,000
live births and being the most common malformation and an
important public health burden.9 Although there is strong

evidence that genetic alterations, including point mutations and
chromosomal abnormalities,10–13 play a relevant role in the etiol-
ogy of CHD, the molecular bases remain unclear in the majority
of cases and environmental factors are also likely to contribute.
Down syndrome (DS, [MIM 190685]), or trisomy 21, represents
one of the most common causes of CHD, with a prevalence rang-
ing between 43% and 58%.14,15 Given that all individuals with
DS carry an identical chromosomal alteration, additional factors,
genetic and/or epigenetic, must contribute to the development of
CHD in this disorder.

A possible contribution of methylation abnormalities to CHD
has been recently explored by studying the methylation regula-
tory folate-pathway.16,17 Maternal folic acid supplementation has
been reported to decrease the risk of CHD associated with DS.18

Several SNPs in the folate transporter gene SLC19A1 (solute car-
rier family 19, [MIM 600424]) showed significant association
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with the incidence of CHD in DS cases. Over-transmission to
DS cases with CHD of functional alleles at theMTHFR (methyl-
enetetrahydrofolate reductase, [MIM 607093]) gene, encoding a
rate-limiting enzyme in the methyl cycle, also suggested that dis-
ruption of this pathway may contribute to CHD in DS.16 Several
studies and a confirmatory meta-analysis also showed association
of MTHFR variants with increased risk for isolated CHD.17 In
addition, an excess of de novo mutations in histone-modifying
genes has been described in a cohort of patients with CHD,13

pointing out another source of epigenetic variation as a contrib-
uting factor in the etiology of heart malformations.

However, methylation profiles and other potential epigenetic
abnormalities have not been explored in relation to CHD to
date. Considering the relevant role of epigenetics in the regula-
tion of gene expression in development and the increasing
evidence linking epigenetic alterations with congenital malforma-
tions, we have searched for potential abnormal methylation pro-
files on developing heart-tissue DNA in samples with syndromic
and non-syndromic CHD compared to controls. Our data indi-
cate a relevant role of methylation abnormalities in both syn-
dromic and non-syndromic CHD.

Results

Developing a heart methylation profile
We studied 22 DNA samples of fetal heart tissue from medi-

cally terminated pregnancies: 4 with normal development, 6 with
DS without CHD, 6 with DS and CHD, and 6 with isolated
CHD (iCHD) (Table 1). In order to establish the methylation
profile for developing heart tissue and analyze the global perfor-
mance of the assay, we first compared the methylation levels
between fetal heart tissue and blood samples from a control
cohort (656 subjects from 19 to 101 y old studied using Illumina
Infinium HumanMethylation450 BeadChip Kit).19 This analysis
revealed remarkably different profiles between tissues as shown
by the well defined and tissue dependent clustering in a Principal
Component Analysis with all samples (Fig. 1A). A total of 465
CpGs contiguous to 407 genes were found hypomethylated in
heart tissue when compared to blood; likewise, 407 CpGs corre-
sponding to 339 genes were identified as hypomethylated in
blood. As expected, ontology and pathway-based analyses
revealed strong differences in enriched sets of genes with differen-
tial methylation per tissue, further indicating the relevance of

Table 1. Phenotype data and most relevant alterations. List of the studied samples with information on gender, gestational age and phenotype (specifying
the heart malformation) of the 16 fetuses with syndromic (DS) and isolated congenital heart defect (iCHD). The most relevant regions showing aberrant
methylation per sample and the status and location of the aberrant methylation with respect to the closest gene are displayed in the 2 last columns. TOF:
tetralogy of Fallot; RHH: right heart hypoplasia; HAA: hypoplasia of the ascending aorta; LHH: left heart hypoplasia; VSD: ventricular septal defect; D-TGA:
dextro-transposition of the great arteries; L-TGA: levo-transposition of the great arteries; AVSD: atrioventricular septal defect; MVA: mitral valve atresia; ADA:
aneurismatic dilatation of the atrium; AVA: aortic valve atresia; TAV: tricuspid aortic valve; DORV: double outlet right ventricle, CoA: coarctation of the pre-
ductal aorta; TVS: tricuspid valve stenosis; TA: truncus arteriosus; ADA: absent ductus arteriosus; PFO: patent foramen ovale

Sample Gender
Weeks of
gestation Phenotype

Regions with altered
methylation profile Genes included in the regions (region and status)

Control_1 Female 20 Normal development — —
Control_2 Female 15 Normal development — —
Control_3 Female 15 Normal development — —
Control_4 Male 20 Normal development — —
DS_1 Female 19 DS — —
DS_2 Female 22 DS — —
DS_3 Female 22 DS — —
DS_4 Female 22 DS — —
DS_5 Female 18 DS — —
DS_6 Male 20 DS — —
DS-CHD_1 Female 22 DS and VSD 5 HTR3C (hypo), MT1X (hyper), IDH3G (hyper), GZMH

(hypo), TCL1B (hyper), TCL6 (hyper), TML1 (hyper)
DS-CHD_2 Female 22 DS and VSD 4 CD80 (hypo), IGDCC3 (hypo), IGDCC4 (hypo),

FFAR3 (hypo), CBR1 (hyper), SETD4 (hyper)
DS-CHD_3 Female 18 DS, AVSD and CoA 2 DOK7 (hyper), NOS3 (hypo)
DS-CHD_4 Female 19 DS and TOF 1 SLC2A1 (hyper)
DS-CHD_5 Male 22 DS and VSD 3 ZFP2 (hyper), RAET1L (hyper), KIAA0101 (hyper),
DS-CHD_6 Female 18 DS, LHH and HAA 5 BIN1 (hyper), UBE2H (hyper), CHP (hyper), NXN (hyper),

TCL1B (hyper), TCL6 (hyper), TML1 (hyper)
iCHD_1 Male 22 DORV, VSD and HAA 3 MSX1 (hyper), CST8 (hypo), GZMH (hypo)
iCHD_2 Female 22 TOF 8 RPL10A (hyper), PIM1 (hyper), C7orf25 (hyper), NPR2

(hyper), KRT71 (hypo), HRK (hyper), LZTR1 (hyper),
SERHL (hyper),

iCHD_3 Female 21 LHH, MVA, AVA and HAA 1 TNR (hypo)
iCHD_4 Female 22 DORV, PFO, VSD and CoA 2 IGFBP3 (hyper), MTHFS (hyper)
iCHD_5 Female 22 TVS, RHH, VSD, MVA and AA 3 CHST11 (hypo), MYO1E (hyper), TCL1B (hyper),

TCL6 (hyper), TML1 (hyper)
iCHD_6 Female 22 TA-type II, ADA, TAV, VSD 0 —
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methylation patterns in the
epigenetic regulation of tis-
sue functions (Table 2).

Whole genome
methylation pattern

Among all the 22 heart
tissue DNA samples, a total
of 17,877 CpGs (64.8%)
were found hypomethylated,
5,370 hemimethylated
(19.5%), and the remaining
4,331 hypermethylated
(15.7%). A Manhattan den-
drogram with all samples
showed random clustering
regardless of phenotype or
gender, after excluding X
chromosome signals
(Fig. 1B). A Manhattan
dendrogram per groups was
also obtained. Significant
differences in methylation
profiles were only present
between fetuses with DS
and fetuses with a normal
karyotype, since the two
groups with DS clustered
closer than those with nor-
mal development and
iCHD, even when chromo-
some 21 data was excluded
from the analysis (Fig. 1C). No clustering was detected depend-
ing on gestational age or gender. Therefore, mildly differentiated
methylation patterns were identified among some of the groups
analyzed, although this did not allow individual sample
classification.

In order to validate the Methylation array Platform results, we
used 3 additional techniques, EpiTYPER, Methylation Specific
Multiple Ligation-Dependent Probe Amplification (MS-MLPA)

and bisulfite sequencing, targeting a selected subset of 21 differ-
entially methylated (DM) CpGs (DMCpGs) from 18 different
regions and using the same DNAs studied by Methylation array
Platform. By MS-MLPA, we validated the hypermethylation
found in several intragenic CpGs of the MSX1 gene (homolog of
Drosophila muscle segment homeobox 1, [MIM 142983]) in a
single sample. Using EpiTYPER, 6 alterations were clearly
detected and 3 additional DMCpGs gave results with the same

Figure 1. A: Principal Component Analysis revealed remarkably different methylome profiles between blood (in
gray) and fetal heart DNA (in black) as shown by the well-defined clustering. B: Manhattan dendrogram with the 22
samples included in the study; samples clustered randomly considering gender and group (X chromosome was
excluded). C: Manhattan dendrogram with the 4 different groups used in the study. DS samples (with and without
CHD) clustered closer together compared to iCHD samples and fetuses with normal development.

Table 2. Over-representation analyses in blood and heart tissue. The five top enriched gene ontology-based sets, and the top enriched pathways-based sets
are shown, along with the P-value and Q-value for each set. Only gene-sets with a Q-value < 0.05 were considered

Enriched gene ontology-based sets P-value Q-value Enriched pathways-based sets P-value Q-value

Heart tissue
Contractile fiber part 1.62e–18 8.6e–17 Striated muscle contraction 9.73e–12 5.31e–09
Single-organism cellular process 1.17e–11 9.04e–10 Muscle contraction 3.58e–11 6.51e–09
Single-multicellular organism process 2.29e–11 9.04e–10 Hypertrophic cardiomyopathy 1.23e–06 0.000168
Single-organism developmental process 2.8e–08 7.38e–07 Dilated cardiomyopathy 2.79e–06 0.000305
Anatomical structure development 2.24e–07 4.42e–06

Blood
Immune response 3.91e–42 3.33e–40 Immune system 7.77e–11 5.37e–08
Leukocyte activation 6.46e–28 2.75e–26 TCR 3.14e–09 7.37e–07
Response to stress 4e–26 1.13e–24 Cell adhesion molecules 3.2e–09 7.37e–07
Cellular response to stimulus 8.04e–19 1.71e–17 Tuberculosis 8.95e–08 1.27e–05
Plasma membrane 1.5e–18 5.07e–17 TCR signaling in na€ıve CD4C T cells 9.19e–08 1.27e–05
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tendency, but less strong than the Methylation array Platform
results. However, it was not possible to conclude if the methyla-
tion pattern was different than in controls at 7 sites, due to either
lack of validation or technical problems of EpiTYPER. Four
alterations detected in several samples were analyzed by bisulfite
sequencing and 2 out of 4 were confirmed. In summary, differen-
ces in methylation patterns were clearly validated at 12 of the 21
sites, with dubious results at 7 sites and apparent lack of valida-
tion at 2 of the recurrent sites. Given the lack of a consensus gold
standard for methylation quantification, we consider that the
global validation of the Methylation array Platform results with
an additional technique (57–90%) was quite appropriate but far
from perfect, indicating that a validation would be especially rele-
vant for each potentially pathogenic aberration.

Differential methylation analyses

DMCpGs in single cases
Each subject with CHD was compared to the control group as

a pool, because no clustering was seen depending on gestational
age or gender among the samples analyzed. For each DS-CHD
subject, a comparison with the group of DS without CHD was

also done. Individual findings per sample are
summarized in Table 1.

A total of 24 DMCpGs corresponding to
17 regions were found in iCHD cases
(70.6% hyper / 29.4% hypomethylated)
with a mean of 2.8 DMCpGs per sample
(Supplementary Table S1). Most DM
regions (70.6%) were located in the tran-
scriptional regulatory region (TRR, §
500 bp from predicted transcription start
sites), 17.6% in the gene body and 11.8% in
intergenic regions.

The comparison between individual
DS-CHD cases with 2 control groups
(normal development and DS without
CHD) revealed 22 DMCpGs (68.4%
hyper / 31.6% hypomethylated) corre-
sponding to 19 regions (Supplementary
Table S2). On average, 3.3 DMCpGs
were identified per sample. Regarding loca-
tion, 79% sites lied in TRR, 15.8% in the
gene body, 5.3% in intergenic regions, and
5.3% in both gene body and TRR for the
nearby gene.

In case iCHD_1, a fetus presenting with
double outlet right ventricle, ventricular sep-
tal defect and hypoplasia of the ascending
aorta, hypermethylation of a cluster of 8
contiguous CpG sites located in the MSX1
gene body was identified (Fig. 2A). Hyper-
methylation was then validated by both MS-
MLPA and EpiTyper. Sanger sequencing of
the region and 1.2 kb flanking interval
(chr4:4863673–4864873) did not reveal any

genetic alteration associated to the hypermethylation state. By
quantitative real-time PCR (qRT-PCR) of heart tissue mRNA,
significantly increased expression of MSX1 was observed in
iCHD_1 (»3-fold) with respect to controls (Fig. 2B).

In case iCHD_4, a fetus presenting double outlet right
ventricle, patent foramen ovale, ventricular septal defect and
coarctation of the preductal aorta, a hypermethylated CpG
was detected in the TRR of the MTHFS gene (5,10-methe-
nyltetrahydrofolate synthetase, [MIM 604197]), related to
folate metabolism. The flanking region was sequenced by
Sanger to discard a genetic alteration. By qRT-PCR of heart
tissue mRNA, significantly decreased expression of MTHFS
was observed in iCHD_4 with respect to 3 controls. As
MTHFS has 2 different transcripts (A: ENST00000258874,
protein coding; and B: ENST0000050919, putative nonsense
mediated decay), a semi-quantitative analysis was done to
determine whether the methylation alteration resulted in iso-
form-specific alterations, using RIMBP2 [MIM 611602] as a
control gene considering its uniform expression in heart. A
decreased expression of both A and B MTHFS transcripts
was evident in sample iCHD_4, although the reduction was
higher for transcript B (Fig. 3).

Figure 2. Hypermethylation of 8 CpG sites at a CpG island located within the MSX1 gene in
iCHD_1. A: The position of the gene with respect to the chromosomal band 4p16.2 is shown
(Hg19), as well as the location of the CpGs with respect to the 2 exons of the gene and the hyper-
methylated sites (in red). The MSX1 gene has been implicated in cardiac development in animal
models. B: Relative MSX1 mRNA levels in heart tissue of the case iCHD_1 and controls by qRT-
PCR (scale on the left) along with absolute methylation levels (b values, scale on the right). For
mRNA levels, data were normalized such that the level of one control was 1.0 represented by
the gray line and the results represent the mean C/¡ SD of 3 independent experiments con-
ducted in triplicate.
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Recurrent alterations
A total of 6 DMCpGs corresponding to

6 regions were identified in more than one
sample of fetuses with CHD, after exclud-
ing those located in CpGs containing rela-
tively common SNPs (>0.5%) that could
interfere with the analysis. Two regions
were discarded after Sanger sequencing, as
the same single nucleotide change was
found in both samples, suggesting the exis-
tence of a population-specific SNP at that
position. The remaining 4 regions were ana-
lyzed by bisulfite sequencing and 2 regions
were validated, next to the GZMH (Gran-
zyme H, [MIM 116831]) and TCL1B (T-
cell lymphoma/leukemia 1B, [MIM
603769]) genes (Supplementary Table S3).
In GZMH, an epigenetic alteration and a
genetic variant preventing the methylation
of the CpG were found at the same location
in 2 different samples.

Comparisons between groups
Only a few DMCpGs were identified

when comparing the different groups of
cases with controls. For some comparisons
no DMCpGs were found. A total of 8
DMCpGs were identified between DS
(with or without CHD) and controls, corre-
sponding to 8 different regions in chromo-
somes other than 21: 7 CpGs were located
in TRR and 1 in the gene body. In 7 of
these 8 loci, case samples showed relative
hypermethylation with respect to controls
(Supplementary Table S4).

Comparing all cases (DS, DS-CHD and
CHD) with controls, 13 DMCpGs corre-
sponding to 8 different regions were identi-
fied, being 6 in TRR, 5 in gene bodies and
2 in intergenic regions. At 75% of them,
cases presented hypermethylation when
compared to controls (Supplementary
Table S5).

Hypermethylation of multiple CpGs in the GATA4 (GATA
binding protein 4, [MIM 600576]) gene body was seen in the
entire group of cases compared to controls (Fig. 4A and B). In
order to explore the functional consequences of GATA4 hyper-
methylation, we quantified GATA4 mRNA levels in heart tissue
samples of 5 cases and 2 controls by qRT-PCR. Significantly
higher expression of GATA4 transcript was evident in cases, with
exception of a single DS sample (Fig. 4C and D).

Enrichment analyses
Two different overrepresentation analyses (pathways and

ontology terms) were done using all genes located next to
DMCpGs per group of patients. In the group of iCHD, a

significant enrichment of the anatomical structure morphogenesis
and postembryonic development ontology terms as well as the
insulin-like growth factor regulating pathway was observed. In
DS-CHD, the prostaglandin formation and the doxorubicin
pathways were found enriched, while the Parkinson disease path-
way was enriched in the entire group of DS cases. The gene
ontology term or pathway, the genes contained in the set and the
P- and q-values are detailed in Table 3.

Discussion

We have explored for the first time the global methylation
profile of fetal heart DNA in comparison to blood DNA from

Figure 3. Hypermethylation at one CpG located in the TRR of MTHFS in case iCHD_4. A: Relative
MTHFS mRNA in heart tissue of the case and controls by qRT-PCR. Data were normalized such
that the level of another control was 1.0 represented by the gray line. The results represent the
mean C/¡ SD of 2 independent experiments conducted in triplicate. B: Relative MTHFS mRNA in
heart tissue of the case and one control by semiquantitative analysis using agarose gel. Two tran-
scripts of MTHFS were quantified using RIMBP2 as a control gene. The results represent the mean
C/¡ SD of 3 independent experiments.
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Figure 4. Hypermethylation at several CpGs at GATA4 locus in cases with respect to controls. A: The location of the GATA4 gene with respect to the chro-
mosomal band 8p23.1 is shown (Hg19), as well as the CpGs analyzed. In gray, GATA4 CpGs analyzed in this study; in red, the CpGs significantly altered in
patients. B: Beta value of the CpGs in controls (black) with respect to the 3 groups of patient samples (colored lines, one per sample). C: Relative GATA4
mRNA in heart tissue of several patients and controls by qRT-PCR. Data were normalized such that the level of another control was 1.0 represented by
the gray line. The results represent the mean § SD of 2–4 independent experiments conducted in triplicate. D: Methylation levels (in b values) at all the
GATA4 CpG sites of the same samples studied by qRT-PCR are shown. Cases with abnormal expression and higher methylation (cases DS_1, DS-CHD_1,
DS-CHD_6, iCHD_1) have been grouped in both panels.

Table 3. Over-representation analyses of differentially methylated genes. Enriched pathways, genes included in the pathway, P-value and
Q-value (corrected for multiple testing using the false discovery rate method) for each pathway are shown. Only gene-sets with a Q-value lower than 0.05
were considered

Enriched gene ontology-based sets Genes P-value Q-value

iCHD
Anatomical structure morphogenesis CHST11; KRT71; TNR; MYO1E; RPL10A; MSX1; LZTR1 0.0010 0.022
Cell death CHST11; PIM1; GZMH; IGFBP3; HRK; MSX1 0.0022 0.022
Anatomical structure development CHST11; NPR2; KRT71; TNR; MYO1E; IGFBP3; RPL10A; MSX1; LZTR1 0.0023 0.022
Post-embryonic development CHST11; MYO1E 0.0028 0.022
Cell growth IGFBP3; TNR; MSX1 0.0036 0.022

Enriched pathway-based sets Genes P-value Q-value

iCHD
Regulation of Insulin-like Growth Factor (IGF)
Transport and Uptake by Insulin-like Growth Factor
Binding Proteins (IGFBPs)

IGFBP3, GZMH 0.0002 0.0010

DS-CHD
Doxorubicin Pathway (Pharmacokinetics and
dynamics, Cardiomyocytes)

NOS3; CBR1 0.0006 0.0040

Anti-Inflammatory metabolism (Prostaglandin,
Arachidonic acid, Thromboxanes)*

CBR1; SETD4 0.0031 0.0093

DS, DS-CHD
Parkinson disease pathway* SEPT5; UBA7 0.0022 0.0022

*More than one pathway source reported the same enriched pathway.
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control subjects. Two clearly distinguished groups of DM regions
and genes were evident with an absolute correlation with the type
of tissue, allowing the perfect classification of individual samples.
While in blood DNA the most significantly enriched pathways
were related to the immune response, pathways related to muscle
contraction and cardiomyopathies were identified as DM in the
developing heart tissue DNA. These data highlight the relevant
methylation differences between tissues and the strengths of ana-
lyzing the tissue affected.

We have also addressed the possible contribution of epimuta-
tions altering DNA methylation in fetal heart cells to the devel-
opment of CHD, either idiopathic or associated with trisomy 21.
Although no clearly differentiated general patterns of abnormal
methylation were identified in any group of CHD, a few remark-
able changes were defined mostly in individual cases. In order to
minimize false positive signals and other bias secondary to the
complexity of Methylation array Platform data analysis,20 we
used very stringent filtering and threshold criteria for the final
definition of DMCpG sites, along with validation by additional
techniques in the relevant cases. Interestingly, most DMCpG
sites in CHD cases were hypermethylated (75.4%) with respect
to controls, and were located in the TRR (70.2%). We also docu-
mented the functional correlate of several methylation aberra-
tions in the same tissue. In all tested cases, intragenic
hypermethylation was associated with overexpression of the
affected gene, reassuring the presence of the aberrant epigenetic
mark and indicating its functional relevance on gene expression,
most likely by cis-acting regulation. The association of intronic
hypermethylation with overexpression in cis is not that surpris-
ing. While promoter hypermethylation is generally related to
repressed expression of the downstream gene,21,22 methylation
alterations outside promoters may have different regulatory
impacts on gene expression.23

When comparing the methylation patterns between groups,
the only highly relevant difference was at several sites of the
GATA4 gene, hypermethylated in cases with respect to controls.
This hypermethylation, present in all fetuses with DS (with or
without CHD) and iCHD, was also associated with increased
GATA4 expression in the affected tissue. GATA4 encodes a mem-
ber of the GATA-binding protein family expressed in yolk sac
endoderm and embryonic heart that regulates downstream genes
critical for myocardial differentiation and function. Deletions
and point mutations of GATA4, as well as gene duplications,
have been associated with CHD, including septal and conotrun-
cal defects.24-27 Given the consistently abnormal methylation in
all DS samples, deregulation of GATA4 methylation is likely a
consequence of trisomy 21 that might contribute to the high risk
of CHD in DS. However, methylation or expression levels were
not different between the groups of DS with and without CHD,
implying other still unknown modifiers for the penetrance of this
phenotype in DS. In addition, abnormal GATA4 hypermethyla-
tion and overexpression were also found in fetuses with iCHD,
presumably caused by heterogeneous etiologies. Thus, GATA4
hypermethylation could be a consequence of expression deregula-
tion in cardiac tissue secondary to several underlying causes of
CHD. Interestingly, increased rate of cardiac defects and

alteration in the methylation pattern of the GATA4 gene pro-
moter in the heart has also been demonstrated in the offspring of
vitamin A-deficient weaning rats.28 Our data reinforce the idea
that GATA4 may be a dosage-sensitive major player in heart
development, as different genetic and genomic mutations as well
as primary or secondary epigenetic marks appear to contribute to
the risk of CHD.

Some of the detected methylation abnormalities represent
clear candidate epimutations for direct involvement in the patho-
genesis of the disease. Hypermethylation of a CpG island in the
MSX1 gene with associated 3-fold increase in MSX1 expression
was documented in a single fetus with double outlet right ventri-
cle, ventricular septal defect and hypoplasia of the ascending
aorta. MSX1 encodes a member of the muscle segment homeo-
box gene family and its expression is associated with epithelio-
mesenchymal interactions at many locations during embryogene-
sis in vertebrates.29,30 Heterozygous mutations in MSX1 have
been associated with non-syndromic cleft lip and/or palate
[MIM 608874], Witkop-type (tooth and nail) ectodermal dys-
plasia 3 [MIM 189500], and autosomal dominant hypodontia
[MIM 106600], while its haploinsufficiency is thought to con-
tribute to the developmental anomalies of the Wolf-Hirschhorn
syndrome [MIM 194190] caused by terminal 4p16 microdele-
tions.31,32 A relevant role ofMSX1 and its paralogMSX2 (Muscle
segment homeobox 2, [MIM 123101]) in cardiac development
has been demonstrated in mice.33 Both genes regulate outflow
tract morphogenesis by protecting secondary heart field precur-
sors against apoptosis and by inhibiting excessive proliferation of
cardiac neural crest, endothelial and myocardial cells in the cono-
truncal cushions.33 Disruption of Msx1 and Msx2 in mice causes
outflow tract alignment defects including double-outlet right
ventricle, overriding aorta and pulmonary stenosis, being also
associated with reduced expression of Hand1 (Heart and neural
crest derivatives-expressed 1, [MIM 602406]) and Hand2 (Heart
and neural crest derivatives-expressed 2, [MIM 602407]).34

Additional evidence implicating MSX1 in human CHD has been
recently reported. A genome-wide association study for atrial sep-
tal defects revealed a strong signal on chromosome 4p16, next to
the MSX1 gene.35 A 3.8 Mb de novo duplication of the region
containingMSX1 was also described in a woman with aortic valve
dysplasia as the only phenotype.12 Exome sequencing in individ-
uals with CHD revealed a high de novo mutation load in histone-
modifying genes,13 altering proteins such as H1B that cooperate
with MSX1 to control transcription and myogenesis.36 There-
fore, we propose that the single-gene epimutation of unknown
cause identified in case iCHD_1 heart DNA could be causative
of the abnormal cardiac development through impaired MSX1-
dependent mesenchymal embryogenesis.

In case iCHD_4, an epimutation in the folate metabolic path-
way gene MTHFS associated with reduced mRNA levels in heart
tissue was detected. This pathway has been previously explored
in relation to different malformations including CHD and DS.
Maternal folate deficiency and hypomorphic alleles in the folate
synthetic pathway37,38 have been reported in association with
increased risk in the offspring of both iCHD and trisomy
21.16,18,37,38 The findings on iCHD_4 further reinforce the
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hypothesis that deregulation of the folate pathway, either by
genetic mutations or epigenetic mechanisms, can contribute to
CHD.

Remarkably, two DMCpGs were recurrently identified in
more than one case of CHD. A hypermethylation at the TCL1B
gene was detected in three samples, two DS with CHD and one
iCHD. TCL1B enhances the phosphorylation and activation of
AKT1 (V-akt murine thymoma viral oncogene homolog 1) and
AKT2 (V-akt murine thymoma viral oncogene homolog 2), two
proteins involved in heart function and heart development. Dis-
ruption of Akt1 in mice causes CHD with a reduction in cell pro-
liferation.39 Mutations in other genes related to cell growth such
as Hes1, or apoptosis such as Alk5, have already been associated
to CHD in animal models. Hes1 knockout mouse embryos dis-
play defects in proliferation at early developmental stages, which
induce a reduction in cardiac neural crest cells and failure to
completely extend the outflow tract.40 Increased post-migratory
neural crest cell apoptosis in mice defective for Alk5 leads to
severe outflow tract defects.41 Deregulation of TCL1B expression
by epimutation could therefore contribute to CHD by secondary
disruption of AKT signaling. The unavailability of additional tis-
sue from these cases with TCL1B epimutations precluded further
functional analyses.

Interestingly, an epigenetic alteration and a single nucleotide
change that modify the methylation of a CpG were found at the
same location in two different samples. In case iCHD_1, hypo-
methylation with no sequence change at a CpG in the promoter
region of GZMH was validated by bisulfite sequencing; in case
DS-CHD_1, a homozygous SNP changing the G nucleotide and
preventing methylation of CpG was also found (rs66505306).
The frequency of this SNP considering data from the 1000
Genomes Project is 6.46%, with estimated homozygosity of
0.42%. The occurrence in two different samples of an epigenetic
event and a rare genetic variant altering methylation at the same
CpG exemplifies the relevance of both types of alterations in
expression regulation and suggests GZMH as another candidate
gene to contribute to CHD susceptibility.

Overrepresentation analysis with the genes located next to the
DMCpG identified cell growth and cell death pathways signifi-
cantly enriched in iCHD samples. The regulation of both pro-
cesses is essential for morphogenesis in development, as the
formation of several structures requires a precise control of cell
and tissue growth. At early stages in development, cardiomyo-
cytes have a high proliferation rate, which decreases progressively
in late gestation.24 As an example, a proliferating-center in the
caudal coelomic wall has been proved to be crucial in the elonga-
tion of the heart tube at both its venous and arterial pole, provid-
ing a morphological mechanism for early heart formation. When
this process fails, the formation of the atria and the right ventricle
results impaired.42 Therefore, the misregulation of pathways
related to cell growth and death at early stages in development
could lead to an abnormal heart development.

In summary, our data strongly indicate that some epigenetic
alterations are present in the DNA of developing heart tissue of
fetuses with CHD, both isolated and syndromic. These methyla-
tion aberrations contribute to the etiology and/or pathogenesis of

the malformation through deregulation of gene expression, pro-
viding evidences of novel genes and pathways relevant for heart
development. Given that lineage commitment of stem or progen-
itor cells is tightly regulated by epigenetic mechanisms further
work is granted to better define the role of epigenetic aberrations
in CHD and their relationship with genetic sequence and
environment.

Materials and Methods

Samples
We selected heart tissue samples from four different groups of

fetuses from medically terminated pregnancies: with normal
development (n D 4), with DS without CHD (n D 6), with DS
and CHD (n D 6) and with CHD not presenting DS (n D 6). In
addition to fetal ultrasounds (including echocardiography), a
detailed necropsy report was available for all samples included in
the study (Table 2) (Supplementary material). To minimize the
potential bias introduced by other variables known to influence
methylation profiles, case and control samples were matched by
gender and gestational age.43,44 As dendrogram showed no clus-
tering depending on gestational age and gender in our cohort, all
samples were pooled together. Matching for the type of CHD
between DS and no-DS samples was not possible. All samples of
fetuses with CHD also underwent chromosomal microarray anal-
ysis to discard copy number changes potentially related to the
CHD.10

Whole heart tissue was used in all cases for nucleic acid isola-
tion (Supplementary material).

Methylation array
All 22 samples were studied by using the Illumina Infinium

HumanMethylation27 array Platform, which covers 27,578 cyto-
sine positions located in genes, intergenic regions and miRNA.
Samples from different groups were randomly distributed in the
chip to avoid position bias. Biological and technical replicas were
also included in order to determine the quality of the experiment
(Supplementary material).

Bioinformatics and statistical analyses
Two different types of data analysis were performed in order

to detect methylation alterations between groups and also in indi-
vidual samples, with and without previous data normalization
(Supplementary material). The results of both analyses were
similar.

Developing a heart methylation profile
In order to explore the methylation profile in developing

heart, methylation data from fetal heart tissue DNA was com-
pared to data obtained from blood DNA. The entire dataset of
22 fetuses was used to establish the methylation profile in devel-
oping heart in comparison with a data set from 656 blood DNA
samples from adult control subjects (age range, 19–101 y old).
The control dataset was generated with the Illumina Infinium
HumanMethylation450 BeadChip Kit.19 Only CpGs present in
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both platforms were identified and used for the comparative anal-
yses (Supplementary material).

Differential methylation analyses

DMCpGs in single cases
Considering the probable heterogeneity of causes underlying

CHD, we compared the methylomic data of individual samples
with respect to controls. Each sample of iCHD was compared
with the control group (n D 4); each sample of DS with CHD
was compared with the control group and with the group of DS
without CHD. A CpG was considered to be DM when the b
value difference was greater than §0.25 in not normalized data.
In the analyses with normalized data, DM was considered signifi-
cant if the log fold change was greater than §1.8 and with an
adjusted P-value <0.05. All CpGs that could be altered by
described SNPs (dbSNP138) were discarded.

Recurrent alterations
A recurrent alteration was considered when two samples with

CHD harbored the same aberration (hyper- or hypo-methylation)
at the same CpG. Recurrent CpGs were selected if at least one
sample presented a log fold change grater that §1.8 (M-value)
and an additional sample presented the same type of aberration
even with a log fold change lower than §1.8 (at least higher than
0.9).

For recurrent abnormalities, the presence of a SNP at the
CpG was also explored. CpGs that could be altered by SNPs
with population frequency higher than 0.5% were discarded. For
recurrent alterations in positions with low frequency SNPs or
without reported SNPs, Sanger sequencing was used in order to
find or exclude genetic changes.

Comparisons between groups
Comparisons between groups were also done with the

Genome Studio and R packages considering different group
combinations (patients vs. controls, all patients with CHD vs.
controls, all patients with DS vs. controls, patients with DS and
CHD vs. patients with DS without CHD, patients with iCHD
vs. controls, patients with iCHD vs. patients with DS-CHD).
Since no DMCpG between groups were found using Genome
Studio, comparisons were performed using normalized data.
Only DMCpGs with a P-value lower than 0.05 and a log Fold
change greater than §0.7 were considered.

Validations
To validate the alterations detected by the Illumina Infinium

HumanMethylation27 array Platform, three different techniques
were used: Methylation Specific Multiple Ligation-Dependent
Probe Amplification (MS-MLPA), EpiTYPER analysis and bisul-
fite sequencing (Supplementary material). We decided which tech-
nique to use depending on technical requirements. We also
explored by Sanger sequencing the presence of genetic alterations
as potential causes of methylation aberrations in cases with relevant
findings and in recurrent alterations, as it was mentioned above.

Quantification of mRNA
The expression of three genes (GATA4, MSX1 and MTHFS)

was evaluated by quantitative real-time PCR (qRT-PCR) (Sup-
plementary material). Amplification of the AGPAT1 transcript
was used as mRNA control for relative quantification.

A semiquantitative approach was used for MTHFS in order to
detect the relative expression of two different transcripts, using
RIMBP2 as a control gene.

Enrichment analyses
The closest genes to the DMCpGs were analyzed using a

computational resource, Consensus Path DB,45 to obtain an
overview of the pathways or the ontology terms which could be
altered, with the aim of identifying overrepresented sets. Genes
nearby tissue-specific DMCpGs (either blood or heart) were ana-
lyzed to define enriched pathways and ontology-based sets in
each tissue. Genes close to DMCpGs identified in individual
heart sample analysis (Supplementary material, Tables 1 and 2),
as well as the ones detected in the group comparisons (Supple-
mentary material, Tables 4 and 5), were also used for the path-
way enrichment analysis. The P-value and Q-value of each
enriched set was considered.
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