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from the anterior region of the right atrium [36]. Growth of the septum secundum covers
the foramen secundum but does not fully cover the posterior inferior surface of the
septum primum, leaving an opening that is called foramen ovale (Figure 1.2 F) [36]. The
physiological significance of foramen ovale will be discussed in the fetal heart

physiology sections.

Figure 1.2. Formation of atrial septum.

A) Four-chambered heart structure prior to septation. Note blood flows from both atria to
the left and right ventricles. Blood from both ventricles flows to a common outflow tract
(OFT). B-F) Lateral view of atria and ventricle demonstrates stages of atrial septum
development. Refer to the text for detailed explanation. A: atria, EC: endocardial
cushion, FO: foramen ovale, FP: foramen primum, FS: foramen secundum, LA: left atria,
LV: left ventricle, MC: mesenchymal cap, OFT: outflow tract, RA: right atria, RV: right
ventricle, SP: septum primum, SS: septum secundum, V: ventricle. Adapted with

modifications from Sylva, et al. Am J Med Genet A 2014, 164A(6):1347-1371.
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1.2.4 Septation of the Outflow Tract

Early in heart development, the right and left ventricles share a common OFT
called truncus arteriosus. Septation of the truncus arteriosus begins at E9.5, dividing it
into the aorta and pulmonary artery by E14.5 [42]. During OFT septation, a spiral septum
forms in the midline of the truncus arteriosus and will grow down towards the
interventricular septum and fuse with it [36,42]. This process will form an entwined
structure of aorta and pulmonary artery which links the aorta to the left ventricle and
pulmonary to the right ventricle. The OFT septum creates two same size arteries with
dorsal-ventral orientation [42]. Loss of the dorsal-ventral patterning results in abnormal
connection of aorta and pulmonary arteries to ventricular chambers. These malformations

will be discussed in details in future sections.

1.2.5 Physiology of Fetal Heart

Due to the fetus’ dependence on the mother’s circulation, fetal blood circulation
differs from postpartum circulation [43]. In the adult heart, deoxygenated blood flows
from the inferior and superior vena cava to the right atrium and is pumped into the right
ventricle. Venous blood in the right ventricle is then pumped to the pulmonary circulation
via the pulmonary artery. Oxygenated blood from the lungs flows back via pulmonary
veins to the left atria, pumped into the left ventricle and then ejected to systemic arteries
via the aorta to distribute to all body organs [43]. In the fetus, oxygen is transferred via
the placenta since the lungs are not functionally active. Thus, the fetal heart develops
structural adaptations, called shunts to pass blood in different directions. An important

blood shunt in the fetal heart is the ductus arteriosus that links the pulmonary artery to the



aorta. Fetal oxygenated blood received from placenta flows via the umbilical veins
through the interior vena cava to the right atrium and then some is pumped to the right
ventricle. When the right ventricle pumps blood towards the pulmonary artery, most of
the blood is shunted through the ductus arteriosus and into the dorsal aorta due to the
high-pressure resistance of the pulmonary artery. During fetal development, high oxygen
tension and prostaglandin levels secreted from the placenta keep the ductus arteriosus
opened [44]. The other important fetal shunt is the foramen ovale that shunts blood
between the right and left atria. Increased pressure of right atria passes some of the
oxygenated blood via the foramen ovale to the left atria. Following the first breath, the
neonate’s lungs inflate and resistance in the pulmonary veins will significantly decrease,
allowing more blood flow to the pulmonary circulation. In addition, due to reduced
oxygen and increased pressure in the left atria, the septum secundum covers the foramen
ovale and blocks atria blood shunt. Within hours to days after birth, with reduction of
prostaglandin levels in the neonate, the ductus arteriosus is closed to avoid the mixture of
oxygenated and deoxygenated blood [44]. Therefore, partitioning of the heart is

functionally complete.

1.2.6 Molecular Regulators of Early Heart Development

1.2.6.1 Nkx2.5

One of the early markers of cardiomyocyte specification is Nkx2.5 (NK2
transcription factor, locus5) that is expressed in the cardiac crescent (starting at E7 in
mice) and in their myogenic descendants [45,46]. Although the homologue of Nkx2.5 in

Drosophila, Tinman, is essential for heart tube formation [47], Nkx2.5 expression in mice
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is dispensable for heart tube formation [48], but it is specifically required for left
ventricular chamber development [49]. Nkx2.5 is a DNA binding transcription factor that
is expressed in both FHF and SHF during embryogenesis and demonstrates robust
expression in adult cardiomyocytes as well [45,50,51]. Importantly, Nkx2.5 regulates
expression of cardiac genes that determine terminal differentiation of cardiomyocytes
[52]. Additionally, Nkx2.5 is robustly expressed in specialized cardiac conducting cells
during embryogenesis, suggesting its possible role in development of the conduction
system [53]. Nkx2.5 null mice demonstrate impaired cardiac morphogenesis including
reduced myocardial growth and trabeculation [52]. Therefore, loss of Nkx2.5 results in
arrest of heart development in early stages of embryonic development after heart looping

[48,52].

1.2.6.2 GATA4,5,6

The GATA family is a group of zinc finger transcription factors, which interact
with the guanine-adenine-thymine-adenine (GATA) binding site of DNA to regulate
expression of downstream genes. Six isoforms of the GATA transcription factor have
been identified in vertebrates, three of which are expressed in cardiac progenitors:
GATA4, GATAS and GATAG6 [54]. GATA4 is expressed in embryonic and adult
cardiomyocytes [55,56]. Although, GATA4 expression is not critical for cardiac lineage
specification [57], loss of Gata4 in endoderm is lethal due to impairment of cardiac
morphogenesis [58,59]. Specifically, in Gata4 null mice, the lateral cardiac crescents fail
to fuse, thus the heart tube will not form, leading to formation of cardiac bifida [58,59].
In addition, GATA4 directs transcriptional activation of factors that regulate

cardiomyocyte proliferation and differentiation [60,61]. Furthermore, epicardial
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expression of GATA4 and GATAG are essential for development of endocardial cushion
and cardiac vasculature [62,63]. GATAS expression in the heart is identified as early as
E9.5 in endocardial cells and later on in the endocardial cushion up to E12.5 in mice [64].
GATAS plays a critical role in endocardial differentiation, aortic valve development and
through interaction with GATA4 and GATAG®, it contributes to formation of the OFT [64-
66]. In addition to their role in regulation of cardiac development, GATA4 and GATAS
regulate cardiomyocyte proliferation cooperatively [67]. There have been limited
numbers of studies on the role of GATA6 in mammalian heart development. Early
investigation demonstrated that GATAG6 expression is essential for development of extra-
embryonic tissues at early embryonic stages, and full body knockout embryos die before
implantation [68]. Studies in amphibians demonstrated that GATAG6 is required for
cardiac maturation, and its loss in cardiac progenitors delays cardiomyocyte terminal
differentiation [69]. Notably, GATA4 and GATA6 double mutants demonstrate loss of
cardiac differentiation resulting in acardia phenotype in mice [70]. With recent reports of
GATA6 mutations in cases with CHDs, a more thorough analysis of GATA6 function in

heart development is essential [71,72].

1.2.6.3 TBXS

TBXS (T-box 5) transcription factor expression is observed in the cardiac crescent
as early as E8 in mice, and then it is observed in the posterior part of the linear heart tube,
corresponding to the region that will form the future sinus venosus and atria. TBX5
expression in the myocardium of the linear heart tube will become more robust and
restricted to the left ventricle as the heart tube loops to the right. The asymmetric pattern

of TBXS5 expression persists up to E11.5, leaving no expression in the right ventricle and
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OFT. At E13.5, expression of TBXS will be more robust in the left superior vena cava,
atria walls, septum primum and secundum [73,74]. 7hx5 null mutation disrupts
expression pattern of several genes including Gata4, resulting in hypoplasia of the
primitive atria, inflow tract and left ventricle, leading to arrest of cardiac development by
E9.5 [75]. A 50% reduction of Tbx5 mRNA levels in 7hx5"" mice caused defects in
formation of atrial septum secundum and primum and occasionally defects in the

ventricular septum.
1.2.6.4 MEF2

Monocyte enhancer factor 2 (MEF2) is a transcription factor that binds to
adenine-thymine (AT) rich DNA domains to regulate expression of muscle specific genes
[76]. In the mouse MEF2 family, there are four genes: Mef14, Mef2B, Mef2C and Mef2D.
Although all of the genes are expressed during early heart development, Mef2C received
considerable attention as the first Mef2 factor to be expressed in cardiac precursors and its
requirement for heart looping [77,78]. SHF precursor cells residing medial to the cardiac
crescent express MEF2C and this expression will continue in the OFT and right ventricle
[79]. Null mutations in Mef2c results in impaired heart looping, absence of right ventricle
formation and reduced expression of cardiac alpha-actin [78]. Expression of Mef2C is
regulated through specific interactions of transcription factors GATA4 and ISL1 with its

promoter [79].

1.2.7 Transcription Factor Interactions

Regulation of heart development by transcription factor activity is a sophisticated

phenomenon. Often individuals with mutations in different transcription factors
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demonstrate the same cardiac abnormality. As an example, mutations in Gata4, Nkx2.5 or
Thx5 may manifest as septal defects in the atria or ventricles or other CHDs that are often
associated with conduction defects [23,80,81]. There has been accumulating evidence
that transcription factors work in combinations to activate expression of downstream
genes. As an example, functional interaction of NKX2.5 with TBX5 or GATA4, and
functional interaction of GATA4 with TBXS5 has been demonstrated to be essential for
regulation of downstream genes controlling cardiomyocytes differentiation or septal
development [82-84]. Moreover, cardiac transcription factors may activate transcriptional
expression of their cofactors. As an example, GATA4 activates transcriptional expression
of Nkx2.5 through interaction with the GATA binding sites on the Nkx2.5 promoter
region [85] and Nkx2.5 activates expression of GATAG6 through interaction with its
promoter [86]. Thus, when analyzing the genetics of CHD, a sophisticated model of

interacting transcription factors should be considered.

1.2.8 Regulators of Endocardial Cushion Development

Endocardial cushion development is critical for normal heart development and its
malformation is associated with severe septal and valvular defects [87]. Formation of
cellular structures in the endocardial cushion is initiated by activation of endocardial cells
to undergo epithelial to mesenchymal transition (EndMT). This process has three
essential stages: 1) activation of endothelial cell transformation in response to paracrine
and autocrine signals from the myocardium and endocardium, respectively, 2)

modulation of cell-cell adhesion and acquisition of a mesenchymal phenotype, and 3)
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migration and residing in the cardiac cushion. The following is a description of growth

factors and signalling molecules that are essential to form endocardial cushion structures.

EndMT is initiated upon receiving signals from the myocardium [88]. The two
important classes of signalling molecules in the initiation of EndMT are bone
morphogenic proteins (BMPs) and transforming growth factor § (TGF-f) that are
members of the TGF-3 superfamily. There are three isoforms of TGF-p: TGF-f1, 2, and
3. Around the time of endocardial cushion development, TGF-f1 shows ubiquitous
endocardial expression that will gradually be restricted to endocardial cells at the AV and
OFT [89]. TGF-B2 expression is restricted to the OFT and AV myocardium. TGF-f33
expression is not detectable until after formation of the cardiac cushion, and it is
expressed in the myocardial as well as in endothelial and mesenchymal cells [90-92]. Due
to the broad activity of the TGF-f3 family during early embryogenesis, null mutations in
Tgf-p1 [93-95], Tgf-p2 [96] and Tgf-p3 [97,98] cause a wide range of developmental
defects and early lethality in mice. Therefore, most studies on TGF-f3 regulation of EMT
have been performed on endocardial cushion explants. These studies demonstrated that
addition of either TGF-f2 or 3 or a combination of both stimulates EndMT induction in
chick AV explant culture [92,99,100]. However, the significance of TGF-f3 isoforms
varies in different species. In contrast to observations in chicks, TGF-3 knockout mice
do not exhibit overt endocardial cushion defects [97], and the role of TGF-f2 in the
regulation of EndMT seems to be more prominent [101]. Differences in the temporal and
spatial patterning of TGF-f2 and 3 expression suggests that TGF-B2 and TGF-B3 are

sequentially and separately involved in the process of EMT in mice. While TGF-32
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mediates the 1initial endothelial cell-cell separation, TGF-B3is required for
the cell morphological changes that enable migration of cells into the underlying

extracellular matrix [102].

The BMP family has numerous isoforms with distinct or overlapping functions.
The important BMP ligands that participate in endocardial cushion formation are BMP2
and BMP4 that are expressed in the myocardium of the AV cushion in the same temporal
and spatial pattern as TGF-f3 expression [103,104], indicating functional interaction
between TGF-# and BMPs. Knockouts of Bmp2 or Bmp4 are both embryonic lethal
before E9.5 making in vivo analysis difficult to perform [105,106]. However,
development of antisense technology has made it feasible to examine the significance of
BMPs in the regulation of EndMT [107]. These experiments demonstrated that although
BMP?2 is required for the initiation of EndMT, it is not sufficient to induce EMT in
endocardial cells. These studies also demonstrated that BMP2 acts synergistically with

TGF-P3 in the induction and regulation of EMT [108,109].

A common mediator of BMP and TGF-f3 signalling in the regulation of EndMT is
the SMAD protein family [110,111]. Through distinct signalling pathways, both BMP
and TGF-f phosphorylate and activate different family members of SMADs, which leads
to nuclear localization of SMAD4 for regulation of downstream target genes such as
Snaill, an important regulator of cell migration [112,113]. Another pathway that

regulates Snaill expression is the Notchl signalling pathway that works in parallel with
TGF-f in regulation of EndMT. Notchl is expressed in endocardial cells and promotes

TGF-pB2-induced EMT through transcriptional activation of Snaill expression [114,115].
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Mutations in NOTCHI1 or its ligand (DELTA or JAGGED) are associated with aortic

valve or OFT defects, respectively [116,117].

Apart from differentiation, proliferation of endocardial cells is an essential part of
endocardial cushion formation. Vascular endothelial growth factor A (VEGF-A) is an
important growth factor that is expressed in endocardial and myocardial cells during early
embryogenesis. During heart development, VEGF-A expression is gradually restricted to
endocardial cells adjacent to the AV cushion and OFT region [118]. Myocardial
overexpression of VEGF-A at E9.5 inhibits endocardial cushion formation in mice and
induces CHDs [119]. Additionally, overexpression of VEGF-A in endocardial cells in
mice resulted in severe abnormalities in ventricular septation and OFT remodelling,
causing embryonic lethality by E12 to 14.5 [120]. NFAT (nuclear factor in activated T
cells) is a transcription factor that is expressed in endocardial cells covering AV cushion,
and it is crucial for endocardial cushion development [121,122]. Loss of NFATc1 in mice
results in defects of endocardial cushion development, as a result of impaired cell
proliferation. Importantly, VEGF is upstream regulator of this NFAT activation and
nuclear localization [88,123]. Overall, these studies suggest that VEGF-A is an important
regulator of endocardial cushion development and any alterations in VEGF-A dosage

impairs cardiac development [88].

1.2.9 Morphological Aspect of Coronary Artery Development

The coronary vasculature originates from the ascending aorta at the sinus of the
aortic valves to distribute oxygenated blood to the heart [124]. Coronary arteries branch

from the base of the aorta and travel along well-defined paths to reach the cardiac apex.
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Arteries form a vascular network to ensure an efficient supply of oxygenated blood to the
myocardial cells. Deoxygenated blood is collected into capillary veins, which drain into
the right atrium, inferior to the opening of superior vena cava. Structurally, coronary
arteries are composed of three cell layers: endothelium, smooth muscle cells and
fibroblasts. In the following, I will describe the process of coronary network formation

during embryogenesis.

The coronary network in the myocardium forms during two processes:
vasculogenesis and angiogenesis [125]. Vasculogenesis refers to de novo formation of the
primitive vessels network and angiogenesis refers to growth and remodeling of the
primitive network into a complex network. During heart development, vasculogenesis
initiates after the formation of an epicardial cell layer at E10.5, followed by development
of the vascular network through the process of angiogenesis. Here, I will review the
morphological aspects of vasculogenesis in the embryonic heart and then describe

essential molecular factors in the regulation of coronary artery formation in the heart.

Early precursors that participate in the formation of the vascular network in the
heart emerge from outside of the heart field around E9.5 in mice [126], form a structure
called the proepicardium organ (PEO). The PEO are a group of cells that emerge from a
region close to the sinus venosus and the liver primordium. During E9.5 to E10.5 in mice,
cells of the PEO migrate toward the heart and proliferate to expand over the myocardium
and form the epicardial cell layer [127-129]. While epicardial cells proliferate to cover
the myocardium, some of the epicardial cells undergo epithelial to mesenchymal
transition (EMT) and dissociate from the epicardial cell layer to invade the myocardium

[130]. Cells of epicardial origin that undergo EMT are called epicardial derived cells
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(EPDCs). EPDCs primarily reside in the subepicardial space and after migration into the
myocardium, they differentiate into a variety of cell types including smooth muscle cells,
perivascular and interstitial fibroblasts [131-133]. The endothelial capillary network
works as a scaffold for EPDCs, where they differentiate into smooth muscle cells and
fibroblasts to establish the coronary artery network at E14.5. Interaction of smooth
muscle cells and endothelial cells is critical since vessels will regress easily if they are

not covered with smooth muscle cells [134].

The developmental origin of coronary endothelial cells has been the subject of
many experimental studies and still remains a controversial issue [135-137]. Primarily,
endothelial progenitors have been reported in the subepicardial space, growing into the
myocardium and eventually connecting to the aortic root [138-140]. Studies on quail-
chick chimera embryos demonstrated that coronary endothelial cells emerge from the
PEO, where they arise as EPDCs and form primary endothelial tubes in the myocardium
[136,141-143]. However, this developmental model was later challenged in epicardial
lineage tracing studies of mice where very few Wtl™ and no Tbx18" EPDCs in the
myocardium obtained an endothelial cell fate [137,144]. Recent studies have provided a
better understanding of endothelial cell origin by demonstrating that endothelial cells
originate from the endothelial sprouts of the sinus venosus, which is located in the
subepicardial space. Endothelial cells later on migrate into the subepicardial space and
then the myocardium to form the endothelial cell population of coronary arteries
[145,146]. This conflict appeared to be resolved after a group of researchers
demonstrated that a subpopulation of cells from the PEO contribute to the formation of

the sinus venosus and also cardiac endothelial cells [147]. Additionally, fate mapping and
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clonal analysis demonstrated a subset of endothelial cells originated from endocardial
cells [148]. Overall, coronary endothelial cells originate from a mixed precursor
population. Both EPDCs and subepicardial endothelial cells contribute to the development

of coronary arteries with minor contribution from the endocardium.

1.2.10 Molecular Regulators of Coronary Artery Development

Transcription factors, signalling molecules and growth factors that regulate
formation of the epicardium and EPDCs are numerous [149]. Signals that regulate
coronary artery development arise from two sources: epicardial and myocardial cells.
Epicardial and myocardial cells signal to each other to coordinate formation of the
vascular network and growth of the myocardium [150]. It is believed that hypoxia is the
initial signal that drives vasculogenesis. Hypoxia inducible factor 1 (HIFI) is a
transcription factor that is expressed during hypoxia and oxygen levels will alter its
stabilization or degradation [151]. HIF1 will activate transcriptional expression of several
pathways including genes that are involved in angiogenesis, cell proliferation, apoptosis,
glucose metabolism, and cell survival [152,153]. HIF1 transcription factor is composed
of two isomers called a and (, which dimerize for transcriptional activity [154].
Functional studies in embryos revealed high activity of HIFla in the regulation of

vasculogenesis. Reduced HIF1o expression impairs normal coronary artery development

[155,156]. One of the downstream targets of HIF1a that has a pivotal role in coronary
vasculature formation is Wilms tumor-1 (Wtl) [157]. During cardiac development, Wtl

is a key regulator in the formation of the PEO and epicardial cells [158]. Conditional
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knock out of Wt/ in epicardial cells results in loss of coronary artery development and

fetal lethality between E16.5 to E18.5 [159].

A prominent downstream target of Wtl in the regulation of epicardial EMT are
the transcriptional factors Snaill and Slug that belong to the family of zinc finger
transcription factors [159-162]. Slug expression is detected in the PEO, epicardial cells as
well as epithelial and mesenchymal cells in the avian heart [163]. Snaill expression is not
detected in the PEO but it is present in epicardial and subepicardial cells at E10.5-12.5 as
well as in EPDCs at E14.5-16.5 in mice [164]. Snaill and Slug promotes EMT through
repressing the expression of E-cadherin, a transmembrane protein that forms cellular
junctions and inhibit cell migration. However, in comparison to Snail, Slug demonstrates

less ability to inhibit E-cadherin expression [162,165].

Retinoic acid (RA), the active derivative of vitamin A, has a prominent role in the
development and growth of the myocardium and coronary vasculature [166]. In
particular, RA signalling mediates vasculature development by maintaining myocardial
and epicardial cell adhesion that is essential for proper signalling between the
myocardium and epicardium. As well, RA signalling promotes epicardial EMT, EPDCs
differentiation and cardiomyocyte proliferation through activation of bFGF secretion
from the myocardium [167,168]. RA depletion during early embryogenesis impairs
growth and development of the early heart tube and also diminishes Gata4 transcriptional
expression [169,170]. In addition, depletion of RA signalling during vasculogenesis
impairs epicardial cell layer formation, myocardial growth and formation of the vascular
network [168,171]. Notably, Wtl and retinaldehyde dehydrogenase (RALDH2), the

enzyme that catalyzes a critical step in RA production, have an epicardial expression
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pattern [158,172]. Recent studies demonstrated that Wtl regulates epicardial expression
of RALDH?2 [173,174] in the regulation of coronary vasculogenesis in mice [175 ].
Hence, through various mechanisms, RA regulates myocardial growth and vascular

development of cardiac progenitors in the heart.

1.3 CONGENITAL HEART DEFECTS

As discussed in the previous sections, heart development is ruled by precise
regulation of gene expression and signalling molecules. Modifications to gene expression
during heart development will lead to abnormalities in heart structure and impair heart
function. The morphological defects that occur during heart development in embryos are
called congenital heart defects (CHDs). The incidence of CHDs in the general population
is 1-5% [176,177]. With advances in cardiac repair surgeries, many children born with
CHDs will survive to adulthood, thus, genetic factors that induce cardiac defects will be
more likely to be passed onto the next generation [178]. Based on recent reports, the
prevalence of CHDs in infants born to mothers with CHDs is 2-20% [179]. This raises a
public health concern and demonstrates a critical need to understand the underlying
molecular mechanism of CHD and development of preventative and therapeutic

strategies.

1.3.1 Genetics and Environmental Basis of CHDs

Abnormalities in cardiovascular development are caused by inherited or non-
inherited factors [180,181]. Inherited factors are presented as chromosomal disorders,

Mendelian syndrome or non-syndromal single gene mutations. Chromosomal disorders
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account for 8 to 10% of CHDs, Mendelian syndrome accounts for 3 to 5% of CHDs and
non-syndromal single mutation accounts for a very small population of CHDs [181].
Thus, at present, only about 15% of CHDs can be attributed to a genetic factor while the
cause of the other 85% of CHDs still remains unknown. Non-inherited factors refer to
environmental conditions that increase the prevalence of CHDs in infants. These factors
include maternal alcohol consumption, nicotinic smoke, and maternal illness such as
pregestational diabetes [12]. Collectively, it is speculated that the majority of CHDs have

a multifactorial origin, referring to a combination of genetic and environmental factors.

1.3.2 Types of Congenital Heart Defects

CHDs studied in this thesis can be divided into four groups: septal, conotruncal,
valvular and coronary artery malformations. Septal defects include malformation of the
atrial or ventricular septum. Conotruncal defects include tetralogy of Fallot (TOF),
pulmonary atresia, double outlet right ventricle (DORV), and dextro-transposition of
great arteries (d-TGA or TGA). Cardiac valve defects include malformation of aortic or
atrioventricular valves, and coronary artery malformations include formation of
hypoplastic coronary arteries. The following section is a description of the origin of these

defects and their genetic basis.

1.3.3 Atrial Septal Defects

Atrial septal defect (ASD) occurs when there is a failure in formation of the
septum between the right and left atria, thus blood shunts between atrial chambers. ASD

is a common type of CHDs with a worldwide prevalence of 1.6 per 1000 live births
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[182]. ASD reduces heart function but it is not a cyanotic type of heart defect, meaning
that it does not cause blue coloring of the skin or lips. This is due to the fact that the
higher pressure in the left atrium will direct oxygenated blood into the deoxygenated
right atrium. ASDs may occur in the septum primum or septum secundum. Defects in
formation of the septum primum occur as a result of failure in fusion of the septum
primum to the endocardial cushion. Thus, ASD primum defects may rise due to
decreased cell proliferation of the septum primum or abnormal development of
endocardial cushion [183]. Secundum ASD is persistence of the foramen ovale, which
may occur as a result of inadequate growth of septum secundum or excess apoptosis in
septum primum. As discussed in previous sections, foramen secundum forms by
apoptosis (Figure 1.1). However, excessive apoptosis in the septum primum could result
in an oversized foramen secundum that does not cover up the septum secundum
membrane. Holt Oram syndrome, associated with 7BX5 mutation and DiGeorge
syndrome, associated with 7BX/ mutation, are both chromosomal abnormalities that
result in ASD secundum defects [184]. In addition, non-syndromal familial single
mutations in NKX2.5 [185], TBX5 and GATA4 [84] are also associated with secundum
defects. Recent reports indicated a molecular interaction of GATA4, NKX2.5 and TBXS,

which is required and critical for formation of the atrial septum [186].

1.3.4 Ventricular Septal Defects

As mentioned before, the ventricular septum is composed of membranous and
muscular structures. The membranous septum is a small part of the ventricular septum

and is located beneath the AV valves at the base of the heart. The muscular septum
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extends from the apical side of the ventricles to the membranous septum. Septal defects
can occur either in the muscular or membranous part of the ventricular septum [187]. The
worldwide prevalence of ventricular septal defect (VSD) is 2.6 per 1000 live births [182].
Interruption in formation of the membranous septum or fusion of the membranous to
muscular ventricular septum results in an opening in the septum that allows blood flow
communication between oxygenated and deoxygenated blood of the two ventricles.
Mutations in NKX2.5 and GATA4 genes have been reported in cases with VSD [188-
193]. Additionally, Holt-Oram syndrome or 7BX5 mutation is associated with VSD [84].
Notably, human genetic studies reported a GATA4 mutation that impairs its functional
interaction with TBX5 and is associated with familial incidence of VSD [84,194]. This
data implies that functional interaction of GATA4, NKX2.5 and TBXS5 may be essential

for ventricular septum development.

1.3.5 Atrioventricular Septal Defects

Atrioventricular septal defect (AVSD) or atrioventricular canal defect (AVCD) is
occurrence of an ASD at the site of ostium primum that is higher than the AV valves
accompanied by a membranous VSD [195]. Structurally, AVSD is caused by
malformation of the endocardial cushion and is often associated with abnormal AV valve
(mitral and tricuspid) formation. AVSD has a 48% postnatal mortality rate [196] and with
the prevalence of 0.24-0.31 per 1000 live births, it is considered a rare type of CHD
[197,198]. The incidence of AVSD in neonates with trisomy 21 (Down’s Syndrome) is
17% [199,200]. The genes involved in non-syndromic AVSD include NKX2.5, GATAA4,

and T7BX5 [201-205]. Although the mechanism underlying this defect is not fully
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understood, pre-gestational diabetes significantly increases the risk of both syndromic

[206] and non-syndromic complete AVSD [207].

1.3.6 Tetralogy of Fallot

The most common cyanotic defect is tetralogy of Fallot (TOF), which originates
due to malformation of the aorticopulmonary septum. This defect includes four elements:
pulmonary stenosis, right ventricular hypertrophy, overriding aorta and VSD. Pulmonary
stenosis occurs as a result of unequal partitioning of the OFT. Thus, the aorta is wider and
the pulmonary artery is narrowed. The second element of TOF is overriding aorta, which
is the opening of the aorta over both ventricles. Overriding aorta occurs due to
misalignment of the OFT septation which slightly shifts the OFT to the right and it
straddles over both ventricles. The third element of TOF is a VSD, which is due to
abnormal formation of the interventricular septum. The forth element is hypertrophy of
the right ventricle, which is a physiological response to the narrowed pulmonary artery.
Since the pulmonary artery is narrowed it has a higher resistance and the right ventricle
must pump with more force to overcome the resistance, resulting in right ventricle
hypertrophy. The consequence of TOF is shunting of the deoxygenated blood from the

right ventricle to left ventricle through the VSD and misaligned aorta.

TOF is reported in 3.3 per 10,000 live births and corresponds to 6.8% of all types
of CHDs [182,208]. TOF may occur as a result of anomalies in chromosomes 8 and 22
[209,210]. In chromosome 22 anomaly (DiGeorge syndrome), the 7BXI gene lies within
the deleted region. Additionally, 7BX/ polymorphism has been reported in individuals

with OFT defects [211]. Single gene mutations in JAG-1, a Notchl ligand, VEGF-a,
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NKX2.5, GATA4 and its cofactor FOG2, have been identified in individuals with TOF
[181,212-214]. However, these mutations are identified in a limited population of TOF
patients. As an example, only 1-4% of TOF patients have a mutation in the NKX2.5 gene
[215,216] and only 1.3% of TOF patients have mutations in FOG2 [215,217 1].
Additionally, despite a report on VEGF-a mutation in patients with TOF, a recent meta-
analysis of a large population of TOF patients did not find a significant contribution of
VEGF-a mutation to the incidence of TOF [218]. Therefore, our knowledge on genetic
regulators of TOF is still limited. The environmental risk factors of TOF include maternal
alcohol consumptions, RA (vitamin A) deficiency and maternal illnesses such as

diabetes, rubella and phenylketonuria [181].

1.3.7 Dextro-Transposition of the Great Arteries

In the normal heart, the aorta originates from the left ventricle and the pulmonary
artery originates from the right ventricle. Septation of the aorta and pulmonary artery
occurs after formation of a spiral shaped aorticopulmonary septum. In the case of dextro-
transposition of great arteries (d-TGA or TGA), the aorticopulmonary septum does not
form in a spiral shape and instead it forms a straight septum [182,219]. This division
causes the aorta to open into the right ventricle and the pulmonary trunk to open into the
left ventricle. Consequently, in the case of TGA, the pulmonary artery transfers
oxygenated blood to the lungs and aorta caries deoxygenated blood to the body.
Prenatally, this defect will not cause death due to the placenta blood transfer. Babies with
TGA are born alive due to the opening of the ductus arteriosus, which is a vessel that

links the aorta and pulmonary and allows mixture of oxygenated and deoxygenated
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blood. However, corrective surgery is required otherwise death will occur. The
worldwide prevalence of TGA is 3.5 per 10,000 live births [182,219]. Mutations in
NKX2.5 and NODAL are associated with non-syndromal causes of TGA. Environmental

conditions such as maternal diabetes is a risk factor for TGA [181].

1.3.8 Double Outlet Right Ventricle

Double outlet right ventricle (DORV) occurs as a result of disruption in
remodeling of the OFT. In this type of defect, both the aorta and pulmonary are
connected to the right ventricle. Hearts with DORV have an obligatory VSD for
circulation of blood between the heart chambers. The incidence of DORYV is estimated to
be 1.6 per 1000 live births [213]. A small percentage of DORV is associated with
chromosomal abnormalities such as trisomy 18 [181,220] or chromosomal deletion of
22q11 [221-223]. Single gene mutations in NKX2.5 or GATA4 have a rare contribution to
the incidence of DORV [220,224]. Mutation in the GATA4 cofactor, FOG2 was
identified in 15% of patients with DORV [215]. Additionally, DORV demonstrated

strong association with pregestational diabetes [225].

1.3.9 Hypoplastic coronary artery disease

Hypoplastic coronary artery disease refers to abnormal development of coronary
arteries, with marked reduction in the length or diameter of one or more major branches
[226]. This condition may severely affect the heart’s function and results in sudden
cardiac arrest in young or middle age adults [227-231]. Hypoplastic coronary artery is a
silent disease and usually unexpectedly identified during angiography [232] or the
autopsy following sudden cardiac death [233]. The incidence of coronary artery
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anomalies in patients that are suspected for coronary artery obstruction is about 1% [234-
237]. Our knowledge on the genetic roots or environmental conditions that result in
hypoplastic coronary artery disease is limited. A recent study showed that deficiency in
nitric oxide release from endothelial nitric oxide synthase during heart development
diminishes W¢I and Gata4 transcript levels and results in formation of hypoplastic

coronary arteries and consequently myocardial infarction in neonatal mice [238].

1.4 MECHANISM OF CHDS IN PREGNANCIES AFFECTED BY

DIABETES

As discussed in previous sections, maternal diabetes before pregnancy elevates
the risk of CHDs in the offspring. A combination of in vivo and in vitro experiments has
been performed to enhance our understanding of the factors that induce congenital
anomalies in pregnancies affected by diabetes. Primarily, studies in the 80’s
demonstrated that the teratogenic effect of diabetes is related to elevation of blood
glucose levels and not decreased insulin levels [239-243]. In vitro, addition of high
glucose interrupted embryonic development and induced major embryonic malformations
[244-246]. Supplementation of insulin-treated serum from diabetic mice to embryonic
cultures reduced congenital malformations but did not prevent the risk of abnormalities
[247,248], suggesting that serum of diabetic mice contains other teratogenic factors that

were not eliminated by insulin treatments.

The predominant form of glucose transportation in the placenta and embryonic
heart tissue is glucose transporter 1 (GLUT1) [249,250] that is independent of insulin.
Females with hyperglycemia will have excess glucose that is freely transported across the
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placenta and metabolized in the embryonic tissue [251]. Increased glucose levels will
increase glycolysis and this will lead to increased levels of NADH and FADH2, which
are the electron donors for the electron transport chain of mitochondria. Increased
mitochondria respiratory chain activity leads to increased oxygen consumption and ATP
production. As a result of this process, superoxide generation that is a by-product of ATP
production will be increased [252,253]. Interaction of superoxide with other molecules
generates a combination of reactive oxygen species (ROS) that are highly reactive and
can damage DNA or proteins. Additionally, diabetes is often associated with attenuation
of antioxidant bioavailability. Overall, this condition that is defined as excess ROS
generation and reduction of antioxidants levels is called oxidative stress and it is

detrimental to embryonic growth, organogenesis and remodelling [254].

In physiological conditions, excess ROS is depleted by an antioxidant defense
system including catalase, superoxide dismutase and glutathione peroxidase. Glutathione
peroxidase is an important antioxidant enzyme in depletion of ROS. In this enzymatic
reaction, glutathione peroxidase breaks down H»O, to H,O and O, with the consumption
of reduced glutathione (GSH) and converts it to oxidized glutathione (GSSG) [255]. In
diabetic conditions, due to increased activity of glutathione peroxidase [256], reduced
GSH are mostly oxidized. In addition, de novo GSH synthesis is diminished [256] that
leads to reduced antioxidant capacity. Thus, H,O, will be converted to hydroxyl radicals
(OH"), which will cause extensive damage to molecular and cellular structures including
DNA and proteins [254]. Overall, several studies have suggested a strong correlation of

hyperglycemia with oxidative stress and congenital defects in embryos. However, the
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