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Abstract

Objective: To investigate the incidence of aneuploidy in fetuses with congenital heart defects
(CHDs) and to further identify submicroscopic changes and global DNA methylation levels as
potential biomarkers in complex CHD cases.

Methods: Fetuses at high risk for birth defects or with obvious sonographic anomalies were
recruited at the Prenatal Diagnosis Center and Ultrasonic Diagnosis Center. Elective fetal kary-
otyping and DNA copy number and promoter methylation analyses were carried out following
parental consent. G-banded karyotyping was performed to detect fetal aneuploidy. Copy number
variations (CNVs) were detected using the Affymetrix SNP Array 6.0 and validated by real time
PCR. Global DNA methylation analyses were conducted using a Roche NimbleGen Human DNA
Methylation 3x720K Array, and DNA methylation differences were assayed by a Sequenom
MassARRAY EpiTYPER.

Results: Conventional karyotyping identified 30 cases with aneuploidy in 179 CHD fetuses.
Various CNVs were found in two aneuploid fetuses and in five euploid CHD fetuses. Verified
segmental deletion or duplications were not directly associated with cardiovascular malformations
except in DAAMI and GATAG. Verifiable aberrant DNA methylation could not be identified in
three complex CHD fetuses.

Conclusions: In this study, Trisomy 18, Trisomy 21 and 45,XO were the most common aneu-
ploidies identified in CHD fetuses. In the affected samples, only DAAMI deletion and GATAé6
amplification could be associated with cardiovascular biological processes.

Key words: Congenital heart defect, Karyotyping, Copy number variants, Methylation level.

Introduction

Congenital heart defects (CHDs) are the most  mal aberrations, prognosis can be worse due to the
common birth defects and are the leading cause of  impact of other genetic anomalies. [2, 3] Advances in
infant morbidity and mortality.[1] Despite early sur-  ultrasound resolution have helped detect fetal struc-
gical palliation of CHDs in neonates with chromoso-  tural malformations earlier in gestation.
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Many etiological factors, including embryonic
chromosomal abnormality, gene mutation, maternal
age, disease, malnutrition, hypoxia, radiation, micro-
bial infection and chemical agents, are closely associ-
ated with CHD.[1, 4] However, even though syn-
dromic CHDs have similar genetic etiologies, the ge-
netic basis and fundamental etiology for the majority
of CHDs remains largely unknown.[5] Karyotyping is
typically used in individuals with congenital mal-
formations to identify chromosome defects, including
aneuploidy, polyploidy, deletion, duplication, inver-
sions and translocations. Genome-wide copy number
analysis can be used to identify chromosomal submi-
croscopic deletions or duplications in a range of target
genetic loci. In addition to primary genetic factors,
epigenetic modification may play an important role in
CHD causation. For example, folate deficiency, which
is associated with fetal CHD and Down syndrome [6]
and is a risk factor for developmental abnormalities, is
related to the maternal DNA hypomethylation status.

Recurrent chromosomal microdeletions or mi-
croduplications can cause CNVs that affect genes in-
volved in cardiac development.[7] CNVs at 1q21.1
and deletions at 15q11.2 or implicating Wnt signaling
have been strongly associated with the risk of spo-
radic, nonsyndromic CHD. [8] The epigenetic status
of genes or repeat sequences has a profound effect on
cell physiology and long-term developmental effects
of the fetus. Thus, changes in DNA methylation may
have serious consequences for embryonic and fetal
development.[9] In this study, we investigated the
incidence of chromosomal abnormalities in CHD fe-
tuses to identify regions harboring disease-related
genes and epigenetic changes that may contribute to
CHD pathophysiology. We performed DNA CNV
and methylation analyses on samples from fetuses
with complex CHD to determine biomarkers that may
be useful for early prenatal diagnosis. Finally, since
many fetuses with aneuploidy have normal cardiac
development and some fetuses with complex CHDs
have extra-cardiac malformations and a normal kary-
otype, we also evaluated potential environmental risk
factors for adverse fetal effects.

Methods

Ethical approval and recruitment protocol

All clinical research protocols were approved by
the Hospital Ethics Committee in Chongqing. After
identifying a fetus with CHD, the parents were ap-
proached to request consent for records and genetic
testing. Signed informed consent was essential before
any fetus was entered into the study. Detailed infor-
mation from the original medical records and reports
was collected from the Prenatal Diagnosis Center and

the Ultrasonic Diagnosis Center at the Southwest
Hospital in Chongqing, China.

Routine prenatal screening for fetal defects

Antenatal care in China includes active prenatal
screening in the late first and early second trimesters
to detect severe birth defects. Amniocentesis was of-
fered at 19-23 weeks and cordocentesis at 24-40 weeks
gestation for fetal karyotyping and DNA testing if the
fetal nuchal translucency measurement was = 2.5 mm
at 11-13 weeks gestation following an ultrasonic scan,
the maternal reproductive age was = 35 years, or the
maternal serum triple test [Alpha-fetoprotein (AFP),
human chorionic gonadotrophin beta subunit
(B-hCG) and unconjugated Estriol (u-Es)] at 15-20
weeks gestation indicated an elevated risk of Trisomy
21 (T21; risk threshold > 1:250), Trisomy 18 (T18; risk
threshold > 1:350) or a neural tube defect (AFP MoM =
2.5). In addition, a detailed ultrasound scan was per-
formed at 22-28 weeks gestation, with particular at-
tention to cephalofacial, limb and major visceral organ
development. Any structural anomalies diagnosed by
ultrasound scanning were monitored and investigat-
ed by the registry staff. Definitive CHDs were diag-
nosed by echocardiography or fetal cardiovascular
magnetic resonance imaging (MRI) (repeated 4-6
weeks later if necessary).

Investigating pathogenic factors for CHD

To investigate correlations between family his-
tory and CHDs, a detailed questionnaire was given to
the parents. The questionnaire requested information
regarding any physical or mental illnesses affecting
the parents, as well as information regarding any
known teratogenic exposure or occupational or lei-
sure time exposure to drugs and environmental
chemicals known to cause congenital malformations,
such as steroids, antipsychotics, antihistamines, diu-
retics, cancer chemotherapeutic agents, insect repel-
lents and others. Data on maternal or paternal smok-
ing, drinking, vitamin use, and age were also collect-
ed.

Microscopic and submicroscopic chromosomal
imbalance studies

With a signed informed consent, fetal cells were
sampled from amniotic fluid via amniocentesis
and/or cord blood by cordocentesis before legal ter-
mination of the pregnancy using mifepristone and
misoprostol or in combination with rivano.

Using the Promega Wizard DNA extraction kit
(Promega Corp., Madison, WI, USA), DNA from fe-
tuses with severe cardiac anomalies or a single car-
diovascular malformation with or without extracar-
diac malformations was obtained from umbilical cord
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blood and/or frozen myocardial tissue collected
during autopsy after elective pregnancy termination.
Samples of parental peripheral blood were also col-
lected for genetic analysis. Other control samples
were collected from umbilical cord blood of unrelated
normal neonates, fetuses terminated for nonmedical
reasons, and peripheral blood from healthy volun-
teers. Samples were processed immediately or stored
at -20 °C for a maximum of 1 month or at -80 °C for
longer periods to ensure sample quality.

G-banded karyotyping was performed to detect
gross genetic changes at the Prenatal Diagnosis Cen-
ter. Submicroscopic genetic variations were detected
using the Affymetrix SNP Array 6.0 at the National
Engineering Research Center for Beijing Biochip
Technology in Beijing, China. DNA copy numbers
less than 1.5 were regarded as deletions, while DNA
copy numbers more than 2.5 were considered as am-
plifications. DNA was extracted from umbilical cord
blood and frozen myocardial tissue and compared to
whole blood from the parents, healthy volunteers and
unrelated neonates. Significant copy number ampli-
fications and deletions were validated by quantitative
real time polymerase chain reaction (qQPCR) using a
Roche Lightcycler™ automatic quantitative PCR an-
alyzer at the National Engineering Research Center
for Beijing Biochip Technology. [10] All validated
CNVs were queried in the Database of Genomic Var-
iants (http://projects.tcag.ca/variation/) and the
UCSC Genome Browser (http://genome.ucsc.edu/
cgi-bin/hgGateway). Information regarding genes
affected by the CNVs was identified using the Human
Genome Browser (NCBI36/hg18) [11].

Epigenetic mechanism studies

A global methylation assay of CHD fetuses was
carried out using a Roche NimbleGen Human DNA
Methylation 3x720K CpG Island Plus RefSeq Pro-
moter Array Kit at the National Engineering Research
Center for Beijing Biochip Technology. The CHD fe-
tuses were compared with normal fetuses (controls)
matched for gender, gestational age at birth and ma-
ternal age. The 3x720K microarrays focused on bio-
logically significant genomic regions, including 27,728
CpG Islands and 22,532 RefSeq gene promoters
(UCSC, hgl8), for unbiased discovery of methylated
DNA regions. Global DNA methylation levels be-
tween CHD fetuses and controls were measured sim-
ultaneously with the same NimbleGen Array kit.
DNA methylation changes between CHD cases and
controls were assayed again using the same cord
blood DNA with a Sequenom MassARRAY EpiTYP-
ER at the National Engineering Research Center for
Beijing Biochip Technology to further validate and
assess the reliability and validity of their pathogenic

potential.

Genetic Testing Quality Assurance

All the samples were analyzed within 1 month of
collection, and thus genetic testing was carried out
over a 4-year period. To ensure that the assays func-
tioned correctly, the following quality assurance sys-
tems were used.

All laboratories participated in external quality
assurance schemes for genetic testing. When it was
necessary to transfer samples between laboratories,
specimens were transported by air with dry ice.

Stored DNA from previous studies was analyzed
to ensure similar results. After UV spectrophotometry
for the quantitative analysis of nucleic acids and aga-
rose gel electrophoresis of DNA, an aliquot of ampli-
fied DNA was stored at -80 °C for use as a control for
the next experiment.

In addition, internal quality control samples
were used. Before a DNA microarray experiment,
quality control samples were used to test the UV
spectrophotometry and gel electrophoresis systems.

Statistical analysis

Results were expressed as mean * standard error
of the mean for parametric data. The rate of chromo-
somal imbalances and risk factors in pregnancy were
estimated by respective percentage. CNVs were de-
termined with qPCR probe signals (in log2 ratios)
using the hierarchical mode analysis (HMA) algo-
rithm [11]. Real-time qPCR verification of the micro-
array CNVs was carried out using unpaired students
t-tests. [10] Genome-wide DNA methylation analyses
in CHD fetuses were based on a case-control study
design. P<0.05 was considered to be significant.

Results

Karyotyping of fetuses with heart defects

In total, 1,660 birth defect cases, including 537
CHD cases, were diagnosed prenatally during Janu-
ary 2008 to December 2011 in the Southwest hospital.
Of the 537 CHD cases, 33.3% (179/537) were conven-
tionally karyotyped, of which the majority (83.2%,
149/179) had a normal karyotype. Only 16.8%
(30/179) of the karyotyped cases showed aneuploidy,
including 9 fetuses with T21, 14 fetuses with T18, 1
with Trisomy 13 (T13), 5 with monosomy X (45,XO)
and 1 with 69,XXX. T21, T18 and 45,XO were more
frequent among aneuploidy fetuses with CHD (Table
1).

During the 4-year period, CHD-related aneu-
ploidy occurred in 96 cases of diverse birth defects,
including 30 CHD cases (Table 2). There were 64
prenatally-detected cases of T21 (including 8 mosaics
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and 2 translocations). The CHD incidence of T21 was
therefore 14.1% (9/64). Similarly, there were 19 cases
of T18, with a CHD incidence of 73.7% (14/19). 45,XO
occurred in 11 fetuses, including a
45,X0(40)/46,XX(11) mosaicism and a structural ab-
erration of 45X0/46,X,r(X) (71.7%: 28.3%), with a
CHD incidence of 45.5% (5/11). Both cases of T13 and
69,XXX showed CHDs. Overall, the incidence of fetal
cardiac malformations in CHD-related aneuploidy
cases was 31.3% (30/96).

Table |. Frequency of echocardiographic diagnosis of
CHD in the 179 fetuses reported by karyotype.

Heart defects Normal Trisomy Trisomy 45, Trisomy 69,
karyotype 18 21 (n=9) XO 13 (n=1) XXX
(n=149) (n=14) (n=5) (n=1)
VSD 45 9 7 2 1 0
AVYV dysplasia 34 1 1 1 0 0
ECD 21 6 2 0 0 1
ASD 17 0 0 0 0 0
PS 17 0 0 0 0 0
PTA 16 1 3 0 0 0
Dextrocardia 15 0 0 0 0 0
TGA 14 0 0 0 0 0
Hyperplastic 13 1 0 1 0 0
ventricle
TOF 11 1 2 0 0
Arrhythmia 1 1 1 0
Pericardial 1 0 0 1 0 0
effusion
AVSD 8 4 0 1 0 0
Right AA 8 0 0 0 0 0
PLSVC 6 1 1 0 0 0
Expansionof 6 1 1 0 0 0
cs

Abbreviations: AA-aortic arch, ASD-atrial septal defect,
AVSD-atrioventricular septal heart defect, AVV dysplasia -atrioventricular
valve dysplasia (mitral and/or tricuspid stenosis, regurgitation), CS-coronary
sinus, ECD-endocardial cushion defect, PS-pulmonary stenosis,
PTA-persistent truncus arteriosus, PLSVC-persistent left superior vena cava,
TGA-transposition of great arteries, TOF-tetralogy of Fallot, VSD-ventricular
septal defect.

Table 2. Incidence of cardiac and extra-cardiac malfor-
mations in fetuses with CHD-related karyotypes.

Karyotype (n) One heart >1 heart Extracardiac

defect, n (%)  defect,n (%) malformations,
n (%)

Normal karyotype 41 (27.5) 108 (72.5) 42 (28.2)

(149)

Trisomy 21 (64) 3(4.7) 6(9.4) 64 (100)

Trisomy 18 (19) 4(21.1) 10 (52.6) 19 (100)

Monosomy X (11) 2 (18.2) 3(27.3) 11 (100)

Trisomy 13 (1) 1 0 1

Triploidy (1) 0 1 1

Major congenital malformations of CHD fe-
tuses

A list of the heart defects identified in the 179
cases is presented in Table 1. Ventricular or atrioven-
tricular septal defects and endocardial cushion defects
(ECD) comprised 71.5% of the heart defects. One car-
diovascular malformation occurred in 21.2% (38/179)
of the cases. Most cases were complex cardiac mal-
formations (70.9%, 127/179) and/or were associated
with extracardiac malformations (40.2%, 72/179). The
most common extra-cardiac malformations occurred
in the gastrointestinal system, central nervous system
and urinary tract. All of the CHD aneuploidy cases
(30) had various extra-cardiac malformations. In con-
trast, only 28.2% (42/149) of the CHD cases with a
normal karyotype had extra-cardiac defects. Polyhy-
dramnios or oligohydramnios, single umbilical artery
(SUA), or an elevated umbilical artery peak-systolic to
end-diastolic blood flow velocities ratio (S/D values)
occurred in 70.0% (21/30) of the CHD fetuses with
aneuploidy, but occurred in only 8.72% (13/149) of
the CHD fetuses with normal karyotypes. Detailed
cardiac abnormalities are shown in Table 1 and Table
2.

The aneuploidy most frequently associated with
CHDs was T18, which had characteristic large,
prominent ventricular septal defects (VSDs, 9/14),
ECDs (6/14), atrioventricular septal defects (AVSD)
(4/14) and Tetralogy of Fallot (TOF) (4/14). So-
nographic markers of T18 were cephalofacial anoma-
lies and anomalies of the extremities, including cho-
roid plexus cysts (n=5), cleft lip and palate (CLP, n=3),
low-set ears (n=2), micrognathia (n=2), a short radius
and ulna (n=2), and overlapping fingers with
clenched fists and club feet (n=1). Polyhydramnios
(8/14) and SUA (6/14) were also identified.

The most common aneuploidy was T21 (64 cas-
es). Heart malformations identified in 9 cases includ-
ed peri-membranous VSD (n=7), persistent truncus
arteriosus (PTA) (n=3), ECD (n=2), TOF (n=1) and
arrhythmia (n=1). Extra-cardiac malformations were
characterized by the absence or hypoplasia of the na-
sal bone (n=7), gastrointestinal anomalies (n=4), cer-
ebral ventricular dilatation (n=2), micrognathia (n=1),
ocular hypertelorism (n=1), an extended tongue (n=1),
polyhydramnios (n=6), and elevated umbilical artery
S/D values (n=4).

The 45,XO cases (5) were associated with VSD,
TOF, AVSD, edema, nuchal cystic hygroma, and oli-
gohydramnio. The case with 69,XXX had complete
ECD, intrauterine growth restriction and oligohy-
dramnio. The T13 case had a large VSD (4.1 mm di-
ameter), prominent microphthalmia, and microceph-

aly.
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DNA CNYV analyses of CHD fetuses

Seven CHD fetuses with particularly complex
anomalies underwent genome-wide CNV analysis,
including 5 with a normal karyotype, 1 with T18, and
1 with 45, XO. Besides previously implicated candi-
date genes related to cardiac development, a diverse
range of 50 Kb-1.6 Mb DNA copy number amplifica-
tions or deletions were present in the 5 fetuses with a
normal karyotype. However, most of the apparently
significant CNVs were false positives that could not
be verified by real-time qPCR when compared with
the parents, 6 healthy volunteers and 8 unrelated ne-
onates. [10] A previously undescribed 286 Kb sin-
gle-copy deletion at 14q23.1 from 58678231 to
58964009 (NCBI36/hgl8), which contained whole
DAAM1 and KIAA0666 genes, existed in one normal
karyotype fetus, which was diagnosed with a single
atrium, pulmonary stenosis, double outlet right ven-
tricle (DORYV), dextrocardia, complete ECD and hy-
dropericardium. Although this verified deletion could
not with certainty be associated with these heart de-
fects, [10] studies using DAAM1-deficient mice re-
vealed that DAAMI was essential for cardiac mor-
phogenesis. [12]

In the genome of the T18 fetus, over 60 segments
(56 Kb-1.2 Mb) had copy number amplifications and
contained protein-coding genes, non-coding RNA
(ncRNA) genes, open reading frames, and
pseudogenes. The identified copy number amplifica-
tion genes, such as ZNF521, RNF138, RABI12,
ATP5A1, PTPN2 and CTAGE], are involved in mul-
tiple cellular processes, including transcription, pro-
liferation, differentiation, migration and immunity.
On chromosome 18 (Hsal8), GATA6 was the only
critical gene involved in cardiac differentiation and
cardiomyocyte proliferation. Triploid GATA6 might
have been significantly related to the high incidence
of CHDs in T18 cases [13].

In the 45,XO fetal genome, there were approxi-
mately 45 discrete regions on the X chromosome with
a single copy number, including 7 segments from 243
Kb to 1.7 Mb. These copy number deletion regions
contained various protein-coding genes, ncRNAs and
pseudogenes involving system, anatomical structure
and organismal development. However, the identi-
fied CNVs that spanned genes on the X chromosome
were not clearly involved in cardiovascular biological
processes.

DNA methylation detection in CHD fetuses

Umbilical cord blood samples from three fetuses
with a single atrioventricular valve, ECD and trans-
position of great vessels were analysed for their DNA

methylation state. Three normal fetuses were matched
by gender (2 male and 1 female), gestational age
(24-28 weeks) and maternal age (24~27 years) as con-
trols. The Logy-ratio of methylation and unmethyla-
tion intensities for quantifying methylation levels in-
creased on average by 0.41-0.59 in three affected cases
in the promoter region of RADIL (Figure 1),
CHRNA10 and APOB genes (data not shown). In
contrast, the ratio was reduced by 0.34-0.62 in the
promoter region of NXPH3, ZNF408 and ABL1 in the
affected cases (data not shown). The relative hyper-
and hypomethylated candidate genes were identified
from UCSC human genome  annotations
(GRCh37/hg19) for their potential biological signifi-
cance, and methylation regions with dramatic chang-
es were selected for subsequent analyses using a Se-
quenom MassARRAY system with the same cases and
controls. Quantitative methylation analyses in the
same promoter region of the above genes within CpG
islands did not show noticeable low or high methyla-
tion levels, including ZNF408, ABL1, APOB and
RADIL (Figure 2). Gene-specific methylation patterns
did not deviate significantly as previously observed.

Potential risk factors for CHDs

The family history data did not indicate a famil-
ial origin for CHD in any of the 179 fetuses. However,
other factors did indicate significant differences. The
mean maternal age of a CHD fetus with aneuploidy
was 4.6 years older than that with a normal karyo-
type. Detailed information of maternal age is pre-
sented in Table 3. Environmental factors reported for
CHD risk included a history of cold (n=35), fever
(n=12), medicine (n=49), recent housing renovation
(n=20), living close to high-voltage electricity pylons
(n=2), and living close to a leather workshop (n=2)
during early gestation.

Table 3. Maternal age of the CHD fetuses.

Groups of CHD Mean mater-  Number of Number of

fetuses nal age (years) mother over 30 mother over
years (%) 35 years (%)

aneuploidy (30) 32.3+5.8 19 (63.3) 10 (33.3)

Normal karyotype 27.7+4.9 39(26.2) 12(8.1)

(149)

All CHD cases 28.2+5.3 58 (32.4) 22 (12.3)

(179)
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Figure 1. SignalMap software graph of differential DNA methylation in the promoter region of RADIL using a Human Meth 3x720K microarray. Upper
green bars match Log,-ratio and region features of the RADIL gene. The differentially methylated region in chromosome 7, 4891350-4892250, was identified
with cases (lower three strips on the above |/3 part) higher than 0.81-1.08 when compared with controls (upper three strips on the above |/3 part) using
NimbleScan software. Lower green horizontal bars demonstrate the methylation peak score that showed significant methylation differences. Middle black,
brown and blue horizontal bars indicate CpG islands, primary transcripts and tiled regions, respectively, on the array design. The light blue box highlights
the differentially methylated region between the cases and controls.
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Figure 2. Hypermethylated RADIL region in 4891333-4891902 of chromosome

7 was assayed again with the Sequenom MassARRAY system using the same

cases and controls. The automated analysis result indicated no methylation differences in the promoter of RADIL between the cases (No.20, 95, 97) and
controls (No.83, 88, the remaining DNA of the other control was not sufficient for the following test).

Discussion

Prenatal screening for birth defects can be per-
formed starting at the late first trimester (9-11 weeks
onwards).[14] Nuchal thickening is used as an index
of aneuploidy and is associated with fetal cardiac
strain, AVSD or VSD, a narrow aortic isthmus, hypo-
plastic left heart, and abnormal development of lym-
phatic vessels and the jugular vein.[1, 3] Aneuploidy
causes altered gene dosage and results in develop-
mental abnormalities, including Down, Edwards,
Patau and Turner syndromes. [15, 16] CHDs compli-
cated by significant extra-cardiac malformations
suggest karyotypic abnormalities. There are multiple
loci involved in cardiogenesis, including chromo-
somes 1, 3, 4, 8, 11 and 22.[17] Therefore, in this study,
we investigated the abnormal karyotype incidence in
a small group of CHD fetuses. Syndromic CHDs were
commonly associated with T18, T21 and 45,XO, but
the majority of CHD cases were non-syndromic car-
diac malformations. We focused on DNA CNV and
global methylation changes for their potential use in
genetic counseling and risk assessment.

In this study, there were fewer aneuploidy cases
than in other studies. This may be due to the small
number of patients that underwent routine karyo-
typing, a lack of autopsy in most cases, an incomplete
penetrance phenotype for some extra-cardiac mal-
formations, or differential referral patterns to special-
ized centers.[3, 18] Also, with extensive use of se-
cond-trimester fetal anomaly scanning, craniofacial
defects and abnormal gastrointestinal tracts suggest
aneuploidy and many parents now opt for invasive
diagnostic testing with prompt karyotyping or spe-
cific qPCR before obstetric management.

Trisomies cause a plethora of phenotypic altera-
tions due to extra genetic material affecting cell and
tissue homeostasis.[19] Overexpression of COL6A1

and COL6A2 in T21 induces collagen type VI for-
mation along the epidermal basement membrane of
the subcutis, causing increased nuchal translucen-
cy.[20] In our study, CNV analyses showed that some
genes and ncRNA had a 50% copy number amplifica-
tion in T18, a 50% decrease in 45,XO, and various
CNVs in cases with normal karyotypes. However,
only DAAM1 was associated with cardiac morpho-
genesis. [21] Interestingly, this finding was consistent
with previous analyses in DAAMI1-mutant mice,
which had DORV, VSD and pericardial effusion.
These similar cardiac defects were probably caused by
abnormal DAAMI1-mediated actin cytoskeletal regu-
lation and cardiogenesis.[12] Thus, copy number de-
leted regions on 14q23.1 may be implicated in the eti-
ology of complex CHDs.

Human heart development requires an orderly
coordination of transcriptional programs with the
transcription factors GATA4, GATA6, Tbx5, NKX2-5,
and others. Lack of NKX2-5 in animal models has
been shown to cause degeneration of cardiac myo-
cytes, impairment of cardiac looping and embryonic
lethality.[22] Nearly 100% of mice heterozygous for
GATA4 and Tbx5 gene defects suffered embryonic or
neonatal lethality. Common defects in these animals
included complete AVSDs with a single AV valve and
myocardial thinning.[13] Mutations in GATA4 and
NKX2-5 resulted in transcriptional inactivation and
were subsequently responsible for VSD, TOF, ECD,
hypoplastic ~ left  heart syndrome, = DORYV,
L-/D-transposition of the great arteries, tricuspid
valve abnormalities, and conduction anomalies.[23]
However, these causal links are only able to explain a
very small fraction of human CHDs. Over-expression
of Hsal8 genes interact with GATA4, Tbx5, NKX2-5
or MYH6, may disrupt cardiovascular development,
and increase the risk of CHD in Edwards’ syn-
drome.[13] Moreover, defects in GATA6 increase the
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incidence of CHD.[19] However, not all T18 exhibit
syndromic CHDs due to Hsal8 gene duplication. In
addition, fetuses with a 45,XO karyotype and unbal-
anced X:A expression ratios are known as nuchal
cystic hygroma due to jugular lymphatic obstruction.
Consequently, hemodynamic disturbances and heart
valve regurgitation secondarily perturb cardiac mor-
phogenesis, resulting in hypoplastic great vessels and
partial heart hypertrophy. In this study, a potential X
chromosome region was not associated with human
cardiovascular morphogenesis in our CHD cases.

Endothelial cells play a crucial role in the for-
mation of the endocardial cushion and AV valves and
septa. However, the transformation mechanisms of
endothelial cells to mature mitral and tricuspid valves
and AV septa are not well understood.[25, 26] Per-
turbation signals, including variant genes and adverse
environmental triggers, may disrupt proliferation and
differentiation of endocardial cells, causing AV septal
and valve defects.[25] Nutritional deficiencies, tobac-
co and alcohol consumption, toxoplasma or viral in-
fections, illness, radiation and toxic chemicals may
play a crucial role in CHD development.[17, 22, 27, 28]
The incidence of CHDs can be decreased by 25-50%
with folic acid supplements due to the protective ef-
fects of folic acid on embryonic and fetal cardiomyo-
cytes against environmental toxins and parental dis-
eases.[17]

The methylation status of CpG islands in the
promoter region of genes has a profound effect on cell
physiology, histological differentiation and embry-
onic development. During embryogenesis and the
early development of the fetus, DNA methylation
undergoes dramatic reprogramming and varies de-
pending on cell type.[29] Inefficient epigenetic repro-
gramming can decrease cell proliferation and impair
embryonic development.[9] Aberrant DNA methyla-
tion patterns can lead to birth malformations and
human carcinoma.[30] In this study, we determined
whether CHD fetuses suffered CHD-specific methyl-
ation pattern disturbance. The results showed no
drastic changes in the DNA methylation patterns, but
there were alterations of methylation levels in the
promoter regions of several genes, such as the hy-
permethylation of RADIL and hypomethylation of
ZNF408. RADIL is required for cell adhesion and mi-
gration of neural crest precursors during develop-
ment, while ZNF408 is related with heart develop-
ment (GRCh37/hgl19). Using the Sequenom Mas-
sARRAY system, no significant methylation differ-
ences could be demonstrated in the promoter regions
between the CHD cases and controls. A larger study is
therefore advisable in the future to clarify epigenetic
mechanisms in CHD pathophysiology.

Although elucidating the molecular basis of a

given heart defect is challenging, complex trait anal-
yses and causal investigation of CHDs can further our
understanding and lead to better genetic counselling
of patients with CHDs. The maternal serum “triple
marker screen” and ultrasound scans are available as
prenatal noninvasive screening tests of some serious
congenital anomalies. Invasive diagnostic tests, in-
cluding chorionic villus sampling, amniocentesis and
cordocentesis, are performed for fetal karyotyping,
DNA analysis and biochemical testing to help further
understand the genetic basis of some CHDs.
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