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Abstract: Congenital heart diseases (CHDs) are recognized as the most common type of birth malformations. Although 
recent advances in pre- and neonatal diagnosis as well as in surgical procedures have reduced the morbidity and mortality 
for many CHD, the etiology for CHD remains undefined. In non-syndromic and isolated (without a familial history or a 
Mendelian inheritance) forms of CHDs, a multifactorial pathogenesis with interplay between inherited and non-inherited 
causes is recognized. In this paper, we discuss the current knowledge of the potential molecular mechanisms, mediating 
abnormal cardiac development in non-syndromic and isolated CHD, including mutations in cardiac transcription factors, 
the role of somatic mutations and epigenetic alterations as well as the influence of gene-environment interactions. In the 
near future, the advent of high-throughput genomic technologies with the integration of system biology will expand our 
understanding of isolated, non-syndromic CHDs for their prevention, early diagnosis and therapy. 
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INTRODUCTION 

 Congenital heart disease (CHD) is the most common type 
of congenital malformation affecting 1.35 million newborns 
each year. Nowadays, excluding the infectious causes of 
death, CHD represents the first non-syndromic, sporadic 
defect in the first year of life [1, 2]. However, the worldwide 
prevalence of all CHD may exceed these estimates. Un-
doubtedly, CHD defines a large set of structural and func-
tional defects that arise during embryogenesis, including 
mild lesions which are clinically quiescent for decades such 
as bicuspid aortic valve (with a prevalence of 0.5-0.9% [3]). 
A recent meta-analysis showed that the prevalence of CHD 
varies across countries and continents, with a higher preva-
lence in Europe than in the North America [4]. The recent 
advances in pre- and neonatal diagnosis as well as in surgical 
procedures have reduced morbidity and mortality for many 
CHDs, although substantial risks remain for the most severe 
forms of CHD [5-7]. Today, more than 75% of CHD chil-
dren who survive the first year of life, including those with 
complex malformations, will live to adulthood [8]. As a re-
sult, an increasing cardiovascular disease population, with a 
high risk of transmitting the disease, will reach the reproduc-
tive age [7]. Such a population poses physiological and so-
cioeconomic challenges not only for patients and their 
families but also for all of the society. Thus, a greater un-
derstanding of CHD’s genetic and molecular mechanisms 
is fundamental, in order to improve diagnosis and genetic 
counseling.
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 Multiple and sophisticated experimental animal models, 
produced by perturbing selected genes that work in cardiac 
developmental pathways (such as myocytes, neural crest, 
proepicardium, or endocardium specification, differentia-
tions and morphogenesis), have provided important insights 
into CHDs’ molecular mechanisms. In humans, the basis of 
these cardiac perturbations is more complex and remains
poorly understood. Moreover, most of the cases of CHDs are 
diagnosed as non-syndromic, sporadic defects. Thus, neither 
a family history nor a clear Mendelian inheritance of the 
disease may be recognized. In these cases, a multifactorial 
pathogenesis with a strong interplay between inherited and 
non-inherited causes is recognized [8, 9]. 
 The purpose of this paper is to discuss the current knowl-
edge of the molecular mechanisms mediating abnormal car-
diac development in non-syndromic and isolated CHD, in-
cluding mutations in the components of the cardiac transcrip-
tion factor (TF) network, the potential role of somatic muta-
tions and epigenetic alterations as well as the influence of 
gene-environment interactions.

GENETIC CAUSES OF ISOLATED CHD 

 The list of gene point mutations that cause isolated, non-
syndromic CHD is rapidly expanding [10, 11] (Table 1). A 
specific class of genes involved in transcriptional controls, 
the so-called TFs, has been identified as the major player in 
cardiac development (Fig. 1) [12, 13]. 
 TFs minutely drive specific events in the complex proc-
ess of cardiogenesis regulating each other’s expression, in 
order to stabilize and reinforce the cardiac gene program. 
Indeed, cardiovascular structure development requires the 
generation of diverse cell types, including cardiomyocytes,
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Table 1. Transcription factors implicate in cardiac morphogenesis. 

Gene Cardiac Phenotypes OMIM 

ANKRD1 Total Anomalous Pulmonary Venous Return 609599 

CITED2 
Ventricular Septal Defect 

Atrial Septal Defect 
602937 

GATA4 
Atrial Septal Defect 

Atrioventricular Septal Defect 
600576 

FOXH1
Tetralogy Of Fallot 

Congenital Heart Malformation 
603621 

GATA6 Persistent Truncus Arterious Pulmonary Valve 601656 

HAND2 Tetralogy Of Fallot 602407 

HEY2 Tricuspid Atresia 604674 

IRX4 Ventricular Septal Defect 606199 

NKX2-5 

Atrial Septal Defect- Atrioventricular-Block 
Tetralogy Of Fallot 

Hypoplastic Left Heart, 
Interrupted Aortic Arch 

Heterotaxy 
Transposition Of The Great Arteries 

Double Outlet Right Ventricle 
Ventricular Septal Defect 

600584 

NKX2-6 Persistent Truncus Arterious 611770 

TBX1 
Ventricular Septal Defect 
Interrupted Aortic Arch 

602054 

TBX5 Atrial Septal Defect, Ventricular Septal Defect, Atrioventricular Septal Defect 601620 

TBX20 

Atrial Septal Defect, Coa 
Ventricular Septal Defect 
Patent Ductus Arterious 

Hypoplastic Left Ventricle 
Atrial Septal Defect 

606061 

TFAP2B Patent Arterial Duct 601601 

ZFPM2 
Tetralogy Of Fallot 

Double Outlet Right Ventricle 
603693 

ZIC3 

Heterotaxy 
Transposition Of The Great Arteries 

Atrial Septal Defect 
Pulmonary Valve 

300265 

conduction system, smooth muscle, valvular and endothelial 
cells, in a defined spatio-temporal coordinated manner. The 
availability of experimental models in which specific genes 
are inactivated or over expressed has allowed the identifica-
tion of several TFs highly conserved in organisms ranging 
from insects to higher vertebrates, and their involvement in 
heart development [14-16] (Fig. 2). The interconnections 
between numerous TFs, their downstream target genes, and 
upstream signaling pathways activate the expression of 
genes that control cardiac cell fates and morphogenesis of 
cardiac structures deriving from the early embryonic heart 
field [8, 15].  

 For instance, Hiroi et al. [16] provided evidence that 
Tbx5 (T-box 5) is associated with Nkx2-5 (NK2 homeobox 
5) and synergistically promotes cardiomyocyte differentia-
tion. Indeed, by using the yeast two-hybrid system, these 
authors showed that Tbx5 and Nkx2-5, synergistically bind-
ing the promoter of Nppa (cardiac-specific natriuretic pep-
tide precursor type A), are able to activate this gene inducing 
cardiac development. Animal experimental studies showed 
that embryos of mice knockout for Gata4 (GATA binding 
protein 4) gene died just before the heart tube fusion [17, 
18]. Gata4 heterozygote mice are phenotypically normal, but 
mice homozygous for a hypomorphic Gata4 allele show a 



392 Current Genomics, 2014, Vol. 15, No. 5 Vecoli et al.

spectrum of embryonic cardiac abnormalities such as atriov-
entricular septal defects [19]. Already in 1997, Durocher et
al. showed that GATA-4 and Nkx2-5 interact physically and 
synergistically to activate cardiac transcription [20]. A study 
of large pedigrees with familial CHD led to the discovery of 
a strict interaction between Gata4 and Tbx5 [21]. Specifi-
cally, identified a missense mutation in Gata4 (that disrupted 
a highly conserved glycine residue) has been identified, able 
to disrupt the Gata4-Tbx5 interaction, maintaining the 
Gata4-Nkx2.5 interaction. Since in previous studies Tbx5 
has been shown to interact with Nkx2.5, this study supported 
evidence that all the three transcription factors could physi-
cally interact in vitro [16]. Altogether, these papers suggest a 
functional convergence of different pathways involved in the 
cardiac development and any mutation in any of these three 
genes can result in a cardiac defect. Consistent with this, also 
mutations in MYH6, a specific target of GATA4 and TBX5, 
have been associated with atrial septal defects [22]. Further-
more, other interaction partners have been identified (for 
major details see the reviews [23-26]) and it has been ob-
served that the loss of function of different TFs has dramatic 
consequences in cardiovascular development. 

Fig. (1). Example of how three kind of congenital heart defects 
(atrial septum defects, ventricular septum defects and vessels and 
valve defects) are associated with gene mutations in TFs and signal-
ing molecules. 

 In humans, the clinical spectrum of malformations which 
arise from single TF mutations is extremely broad and the 
genotype-phenotype associations is complex; a given struc-
tural defect can be caused by more than one gene, because of 
TFs network. Mutations in GATA4 gene can cause not only 
inherited septation defects [27], but also atrioventricular ca-
nal defects [28]. Mutations in NKX2.5 were identified as a 
genetic cause of several CHD phenotypes (e.g. atrial 
/ventricular septal defects, coarctation of aorta) including 
electrophysiological alterations similar to TBX5 gene [29]. 
However, the frequency of mutations in TF genes in spo-
radic, non-syndromic cases of CHD is very low (0- 3%) [30-
32]. Thus, several authors have suggested the involvement of 
other genes and molecular mechanisms. 

 Mutations in a variety of genes that encode molecules 
participant in development signaling pathways have been 
shown to occur in different forms of sporadic congenital 
cardiac defects. As example, Notch signaling is a well-
known vital pathway for the cardiac development including 
cardiac fate determination, patterning of the primitive heart 
and cardiac morphogenesis. NOTCH1 mutations have been 
associated with dominantly inherited BAV [33-36], and, 
more recently, also with left ventricular outflow tract mal-
formations [36, 37]. Additionally, mutations in cardiac struc-
tural proteins have been identified as monogenic cause of 
CHD. Mutations in elastin ELN gene have been found in 
same sporadic cases of supravalvolar aortic stenosis [38]. 
Similarly, rare missense mutations in MYH6 gene (cardiac 
muscle protein-coding gene) can cause sporadic atrial septal 
defects [39, 40]. 
 Rare (�1% population frequency) copy number variants 
(CNVs), that are large deletions or amplifications of DNA 
segments arising mainly from inappropriate recombination, 
seem to be the cause of 5%-10% of sporadic, non-syndromic 
CHDs [41]. Large de novo CNVs (present in probands but 
absent in both parents) have been reported in tetralogy of 
Fallot [42], left-sided lesions [43] and other isolated cases of 
CHDs [44-46]. Some CNVs have been identified in previ-
ously classified CHD genes. For instance, recurrent CNVs in 
GATA4 gene have been found in CHD cases [47], and 
CNVs at chromosome 20p12.2 and 9q34.3 impact members 
of Notch signaling pathway (JAG1 and NOTCH1) [48]. Last 
year, in an elegant study of exome sequencing performed in 
parent-offspring trios, Zaidi et al. found a marked excess of 
de novo mutations in genes involved in normal heart devel-
opment [49]. The mutations also impacted genes causing 
Mendelian CHDs, although a variable expressivity and a 
broader phenotypic spectrum resulted from mutations at 
known disease loci. These findings implicate de novo point 
mutations in several hundred genes that collectively contrib-
ute to ~10% of severe CHD. 

SOMATIC MUTATIONS AND CHD 

 In 2004, Reamon-Buettner et al. [50] showed “for the 
first time that malformed hearts are affected by multiple so-
matic NKX2–5 mutations” paving the way to the somatic 
mutations hypothesis as a novel genetic mechanism for 
CHDs [50]. Somatic mutations can arise in distinct cell line-
ages in embryonic development or during postnatal life. Fur-
thermore, the mutation analysis is usually performed in con-
stitutional DNA, whereas the mutations might be somatic 
and limited to only a subset of cells or tissues, leading to 
mosaicism, with two or more genetically distinct cell lines 
within the same organism. The result may be a milder dis-
ease phenotype or can unmask the expression of a mutation 
that would otherwise be lethal to the embryo. Somatic muta-
tions are mostly recognized as a key factor in the genetics of 
cancer and a multitude of somatic mutations from cancer 
genomes have been reported [51]. Idiopathic forms of human 
disease are rarely considered having a genetic origin but, in 
some cases, somatic mutations were found to be the cause of 
different sporadic diseases [52, 53]. In CHDs, somatic muta-
tions have been reported in NKX2.5, TBX5, GATA4 and 
HAND1 in DNA extracted from tissues of malformed hearts, 
fixed in formalin and stored for more than 20 years at the 
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University of Leipzig [54-56]. However, later studies in 
fresh frozen cardiac tissues did not confirm the abundance of 
somatic mutations previously published [57-59]. However, 
the identification of cardiac-specific somatic mutations of 
the connexin 40 (Cx40) and connexin 43 (Cx43) genes in 
sporadic atrial fibrillation strongly supports that somatic or 
tissue-specific genetic variants can cause cardiac defects [60, 
61]. Similarly, a more recent study identified two novel het-
erozygous mutations of GATA6 (p.G367X and p.G394C) in 
the malformed heart tissues of patients with tetralogy of Fal-
lot. The mutant alleles were absent in the cardiac tissues of 
patients with rheumatic heart disease and in the peripheral 
blood samples of the participants [62]. From these evidences, 
we cannot completely exclude low-level of somatic changes 
in the pathogenesis of CHD (likely undetectable by using 
conventional sequencing) although it is assumed that they 
are very minor contributors. 

EPIGENETICS AND CHD 

DNA Methylation and Histone Modifications 

 The genotype of most cells of a given organism is the 
same (with the exception of gametes and the cells of the im-
mune system), while cellular phenotypes and functions differ 
radically. This discrepancy can be due to differential epige-
netic regulation. As proposed by Conrad Waddington in the 
1950s, “An epigenetic trait is a stably heritable phenotype 
resulting from changes in a chromosome without alterations 
in the DNA sequence” that can involve the heritability of a 
phenotype, passed on through either mitosis or meiosis. 
 Thus, these DNA or chromatin modifications can arise 
during both cell differentiation and embryonic morphogene-
sis, or during the mitotic divisions of a cell and play a critical 

role in the regulation of different genomic functions. DNA 
methylation was the first epigenetic mechanism discovered 
and is involved in a variety of biological process including 
embryonic development, X-chromosome inactivation and 
genomic imprinting [63]. Altered methylation status has 
been widely described in carcinogenesis as a major mecha-
nism of gene silencing [64]. 
 A similar mechanism of gene silencing has been recently 
shown in patients with sporadic tetralogy of Fallot, where an 
aberrant methylation status of NKX2-5 and HAND1 (heart 
and neural crest derivatives expressed transcript 1) has been 
found [65]. Indeed, the authors demonstrated that this ab-
normal methylation is negatively correlated with the mRNA 
expression of NKX2-5 and HAND1 in cardiac tissue. This 
evidence suggests that DNA methylation changes can con-
tribute to a transcription down-regulation of two genes es-
sential for the heart development [65]. 
 Furthermore, a case-control study showed an association 
between high levels of methylation biomarkers and complex 
syndromic CHD in very young children [66]. In a different 
study, a global hypomethylation state in mothers and in their 
children with Down’s syndrome and cardiac defects sug-
gested the heritability of global methylation state as well as a 
possible role in the segregation of chromosomes. Indeed, 
accumulating evidence strongly suggested that environ-
mental exposures 'in utero' can influence the so-called 'epi-
genome', resulting in cardiac defects or diseases developed 
later in life. In addition, abnormal DNA methylation patterns 
in sperm may be another critical mechanism, resulting in 
impaired fertility and compromising spermatogenesis [67]. 
 Chromatin remodeling and histone modification have 
substantial roles in activating or silencing gene expression 

Fig. (2). The complexity of development varies among organisms despite the conserved core of transcription factor genes. In the figure, the 
most important evolutionarily conserved transcription factors (NK2, MEF2, GATA, Tbx, and Hand) known to control cardiac human cell 
fates are reported in different classes of organisms. In Nematodes NK2, MEF2, Tbx has been found (internal line); in Cnidaria NK2, MEF2, 
GATA and Tbx have been found (middle line) while in Antropodos, Cephalochordates, Fish, Amphibians, and Amniotes all the TFs (NK2, 
MEF2, GATA, and Tbx) are conserved (external circle line).
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[68, 69]. It is known that the function of TFs is strongly as-
sociated with the status of the chromatin. The major modula-
tors of the chromatin structure are the actions of ATP-
dependent chromatin remodeling complexes such as BAF 
chromatin remodeling complexes and chemical modification 
of histones [69]. The BAF chromatin remodeling complexes 
are polymorphic assemblies of more components able to 
modify DNA–nucleosome interactions thereby remodeling 
chromatin [70]. 
 In the developing heart, BAF60c, a subunit of the 
SWI/SNF-like BAF chromatin remodeling complex (also 
called Smarcd3), is highly expressed. In vitro BAF60c medi-
ates the interaction of cardiac TFs (GATA4, NKX2.5, and 
TBX5) with the SWI/SNF complex ATPase Brg1, potentiat-
ing their transcriptional activation [71].  
 More recently, Baf60c has emerged as a rate-limiting 
factor in de novo activation of the cardiac program, in con-
cert with Gata4 and Tbx5 [72]. How TFs interact with 
BAF60c and more generally how they induce cardiogenesis 
are incompletely understood so far. 
 From a molecular point of view, histone modification is 
considered a central epigenetic mark like methylation but, to 
date, little is known about its roles in embryonic develop-
ment. In a study, Miller et al. demonstrated that T-box fac-
tors are able to alter the state of chromatin at their target 
genes [73]. 
 Specifically, the authors showed that “T-box family pos-
sesses both the capability to alleviate repressive as well as 
establish permissive epigenetic states through their interac-
tion with H3K27-demethylase and H3K4-methyltransferase 
activities, respectively” [73]. 
 The effect of this mechanism on heart development is not 
known. Conversely, it is known that several mutations dis-
rupting the interactions between the T-box domain and these 
epigenetic-modifying proteins are associated to human ge-
netic diseases [73]. Between the chromatin-modifying en-
zymes, histone deacetylases (HDACs) play a major role 
since, by removing acetyl groups from histone tails, they 
compact the chromatin and repress transcription [74]. In an 
experimental model of conditional knockout mice, Mont-
gomery et al. showed that the global deletion of HDAC1 led 
to an earlier embryonic death than the global deletion of 
HDAC2. Indeed, HDCA2 knockout mice survived until the 
perinatal period but died early with several cardiac defects. 
Conversely, the cardiac-specific deletion of one of two genes 
did not induce a specific phenotype, whereas if both genes 
were lacking at cardiac levels, cardiac arrhythmias, dilation 
as well as the up-regulation skeletal muscle-specific contrac-
tile proteins and calcium channels caused a neonatal death. A 
key regulatory role of histone modification is therefore con-
ceivable in controlling the expression of genes codifying for 
protein involved in cardiac morphogenesis, growth, and con-
tractility during development and also throughout life [75]. 

MicroRNA 

 In recent years, the discovery of small non-coding RNAs 
known as microRNAs (miRNAs, non-protein-coding small 
molecules of RNA, 20-22 nucleotides) has provided evi-
dence for crucial post-translational mechanisms that are clas-

sified as new epigenetic markers. The specific biological 
roles of most miRNAs are still unknown. Several studies 
have showed their control of several cellular pathophysi-
ological pathways that play a significant role in the patho-
genesis of many disease states.  
 Notably, studies showed that miRNAs mainly hybridize 
with specific sequence in the 3'UTR of specific targets regu-
lating different processes of animal development and physi-
ology [76, 77]. 
 In 2005, miR-1 was identified to play a key role in car-
diomyocyte differentiation [78-80]. miR-1, specifically ex-
pressed in cardiac precursor cells, is a direct transcriptional 
target of muscle differentiation regulators. During cardio-
genesis, an excess of miR-1 decreased the number of prolif-
erating ventricular cardiomyocytes modulating regulatory 
proteins involved in the differentiation/proliferation balance 
control. In addition, overexpression of miR-1 decreased the 
level of Hand2 protein without changing its mRNA level, 
suggesting that Hand2 is a target of miR-1 during heart de-
velopment [78]. Deletion of miR-1-2 results in heart defects 
that include ventricular septum defects leading to defects in 
conduction system and in increased cardiomyocyte prolifera-
tion [80]. Recently, by sequencing the GATA4 gene, we 
found several variants in its 3’UTR region [81]. The pres-
ence of genetic variants such as single nucleotide polymor-
phisms (SNPs) in 3’UTR may affect the bond strength of a 
specific miRNA, so that one allele may reduce or eliminate 
the binding [82-85], modulating gene expression. By using a 
computational approach followed by an in vitro functional 
analysis, we found that +1521C > G in the 3’UTR of 
GATA4 gene is a functional variant that can influence the 
susceptibility to CHD by affecting the post-transcriptional 
control by miRNAs [81]. 
 Recent studies have also shown that miRNA profile can 
change in relation to the exposure to several environmental 
factors such as air pollution, metals and cigarette smoking 
[86, 87]. It has been hypothesized that environmental chemi-
cals induce miRNA expression alterations via increasing 
oxidative stress and/or triggering inflammatory processes. 
Whether and how environmental exposure affects miRNA 
expression remains to be determined. 

THE BIOLOGICAL IMPACT OF ENVIRONMENTAL 
FACTORS

 Little is known regarding risk factors for CHDs, although 
numerous, easily modifiable ‘‘environmental exposure’’ 
factors (referring to any non-genetic factor and more specifi-
cally to the fetal-placental-maternal environment) have been 
shown to play a major role in the development of CHDs. The 
proportion of CHDs potential prevention through changes in 
the fetal environment is unknown, but around 30% has been 
estimated for some defects [88]. Up to now, few data on 
modifiable risk factors do not allow to develop strategies to 
assist couples in making lifestyle choices to reduce the prob-
ability of having a child with a CHD [9]. 
 Since the critical period for cardiac development is be-
tween 2 and 7 weeks of gestational age, the major impact of 
environmental risk factors is limited to parental conditions 
and environmental exposures during the periconceptional 
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period (generally defined as 3 months before pregnancy 
through the first trimester of pregnancy) [9, 89]. 
 Exposure to toxic agents (such as smoking, alcohol con-
sumption or exposure to chemicals) [9] during the pre-
conceptional period plays a relevant role in the risk of CHD 
because the DNA in each human cell (and so also in sper-
matozoa and in oocytes) can be affected by exposure to envi-
ronmental toxicants. Gametic DNA mutations preceding 
conception can induce miscarriage, death or congenital de-
fects. 
 Potential environmental risk factors known to increase 
the incidence of CHD are maternal exposure, such as mater-
nal smoking, alcohol consumption, rubella virus infection, 
and maternal exposure to chemicals at work during the 3-
month pre-conception period or during the pregnancy [9]. 
The use of some drugs such as barbituric acid or chemother-
apy agents, exposure to organic solvents and pesticides and 
the onset of gestational diabetes have been identified as po-
tential environmental risk factors for CHD [90, 91]. Con-
versely, it is known that multivitamin use contributes to the 
prevention of CHD [92, 93], while the use of folate antago-
nists, dihydrofolate reductase inhibitors or antiepileptics in-
creases CHD risk [94, 95].  
 The effect of paternal environmental exposure as a risk 
factor for CHD has scarcely been evaluated, but experimen-
tal and more recent epidemiological evidences highlight its 
major role. In addition to toxicant compounds that can be 
adsorbed by sperm and introduced directly into the egg at 
fertilization, any contaminants (such as pesticides, metals, 
nicotine and its metabolites or aromatic hydrocarbons) in 
semen are transmitted (through ejaculation) to a woman. 
Once in the woman’s body, the contaminant may reach and 
affect the current pregnancy or remain to influence future 
pregnancies [96, 97]. The effects of paternal exposures on 
offspring health have been documented in animal models 
[98]. In humans, there is evidence of paternally mediated 
Mendelian genetic defects, chromosomal aberrations, and 
aneuploid sperm [96]. However, further well-designed stud-
ies are necessary to explain the biological mechanisms of 
exposure–mediated abnormal cardiac development.  

GENE-ENVIRONMENTAL INTERACTIONS 

 Nowadays it is clear that people have different suscepti-
bilities to the effects of toxic agent exposure [99]. There is a 
growing number of allelic variants (genetic polymorphisms) 
of genes encoding enzymes involved in biotransforma-
tion/detoxification of toxicants and in DNA repair, that may 
be responsible for a different susceptibility toward environ-
mental toxicants [100]. Indeed, the personal genetic back-
ground significantly contributes to predisposing a person to 
an illness during environmental exposure. Thus, new re-
search approaches focusing on studying the individual (ge-
netic) susceptibility to environmental toxicants may be a 
critical component of molecular epidemiology, especially for 
congenital defects [101, 102].  
 For instance, a strong interaction between polymor-
phisms in genes involved in detoxification pathways and 
maternal cigarette smoking has been reported on orofacial 
defects [101]. Glutathione S-transferase (GST) GSTM1 and 
GSTT1 are fundamental enzymes in the detoxification sys-

tem. In a recent study, we showed that specific and common 
genetic variants in GSTM1 and GSTT1 genes can modify a 
person's risk of toxicant exposure-induced disease [103]. In 
this study, we clearly showed that parental exposure to toxi-
cants (such as paternal smoking) increased the risk of having 
children with CHDs, proving evidence of the influence of 
environmental factors for congenital malformations. 
 In the last decade, among the non-genetic causes of 
CHD, a major role seems to be played by assisted reproduc-
tive techniques although the risk varies with the method of 
assisted reproductive technique [104]. The authors speculate 
that this may not only be due to the reproductive technology 
but also due to the underlying reason for infertility of the 
couple strongly related to the environmental conditions. 
 In a recent review focused on epigenetics in cardiovascu-
lar disease, Ordovás and Smith [105] indicated as a key point 
that “the prenatal environment can induce changes in gene 
expression that are independent of the DNA sequence and 
arise as a result of epigenetic mechanisms”. As previously 
mentioned, accumulating evidence suggests that the epige-
nome is particularly susceptible to environmental factors 
during embryogenesis, when the DNA synthesis rate is high 
and the DNA methylation pattern is established [105, 106]. 
In 2011, Chowdhury et al. [107] provides the first evidence 
of association between maternal gene-specific DNA methy-
lation and CHD by a case-control study of genome-wide 
maternal DNA methylation. They identified more than 400 
CpG sites differentially methylated between cases and con-
trols involving more than 400 genes. Interestingly, the list of 
differentially methylated genes included 14 miRNA sites 
while the differentially methylated genes were involved in 
fetal development [107].  
 The importance of these results is emphasized since more 
studies show that the environment-dependent epigenetic 
gene regulation may persist transgenerationally [108, 109]. 

NEW STRATEGIES FOR DEFINING THE GENETIC 
ARCHITECTURE OF CHD 

 Due to the expected multifactorial nature of isolated 
CHD, the identification of causal genes through direct se-
quencing of candidate target genes has not been very suc-
cessful. High-throughput whole genome, exome sequencing 
or target resequencing has opened a new era of DNA analy-
ses in which thousands of variations can be screened. Simi-
larly, by using both microarray platforms and high-
throughput RNA sequencing, also differences in gene ex-
pression (transcriptomics) can be assessed [110]. System 
biology which integrates complex datasets of cogent path-
ways obtained from animal models to humans that operate in 
multidimensional spaces, provides new strategies for eluci-
dating the pathogenesis of CHDs. Using bioinformatics and 
computational algorithms, able to integrate different datasets 
from different studies of CHD in both humans and model 
organisms, system biology will allow us to explore system-
atically the relationship between CHD (genetic and non-
genetic) risk factors and responses [111-114]. 

CONCLUSION 

 CHDs represent a considerable burden of personal suffer-
ing and societal cost. Although enormous progress has been 
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made in understanding the complexity of cardiac develop-
ment, the fundamental etiology for congenital heart defects 
remains undefined.  
 From the data collected in this review, it is clear that the 
genetic causes identified so far as well as the only environ-
mental exposure are unable to account for the population 
prevalence of sporadic CHD.  
 At present, too many questions remain open regarding 
the disease. Future integrative studies including different 
causative aspects are needed to provide a better understand-
ing of the molecular basis of CHD. This integrative revision 
of CHD genetics, epigenetics and exposure risk factors sug-
gests a complex pattern of interaction that modulates critical 
biological systems during cardiogenesis. A single specific 
mechanism cannot explain the complex etiology of CHD and 
the phenotypic heterogeneity observed in CHD patients. As 
speculated by Lage et al. [2012]: “ …malformations arise 
from a multidimensional combinatorial space of perhaps 
tens or hundreds of sequence and structural variants that 
may perturb several different members of large developmen-
tal networks in a single patient. The individual genetic risk 
factors might be very rare, and the specific combination of 
risk factors in many patients unique, which could account for 
the considerable phenotypic heterogeneity observed in CHD 
patients with identical mutations in established CHD genes” 
[113]. Thus, a two-hit model is plausible where inherited 
genetic variants predispose the heart but require a second 
(genetic or environmental) hit to cause the disease. Large 
longitudinal studies in which robust analysis of genome, 
exome, and mRNA expression (reflecting the genetic and 
epigenetic transcription level) together with a deep evalua-
tion of environmental exposure (as well as lifestyle) would 
be the potential to test this two-hit model hypothesis. This 
approach could aid to find the functional convergence of risk 
factors in highly polygenic disorders such as CHD, suggest-
ing new prevention strategies and diagnostic methods based 
on genetics. The power of more cost-effective high-
throughput sequencing approaches (from exome to transcrip-
tome through genome) and the access to data from large in-
ternational efforts will provide the opportunity to carry out 
more accurate multi-disciplinary studies. International net-
works will also be crucial for providing comprehensive study 
of genetic, epigenetic, and environment crossroads to 
achieve greater power to disentangle the complexity of iso-
lated, non-syndromic CHDs. 
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