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Abstract

Congenital heart disease is the most frequent birth defect and the leading
cause of death for the fetus and in the first year of life. The wide phenotypic
diversity of congenital heart defects requires expert diagnosis and sophis-
ticated repair surgery. Although these defects have been described since
the seventeenth century, it was only in 2005 that a consensus international
nomenclature was adopted, followed by an international classification in
2017 to help provide better management of patients. Advances in genetic
engineering, imaging, and omics analyses have uncovered mechanisms of
heart formation and malformation in animal models, but approximately
80% of congenital heart defects have an unknown genetic origin. Here,
we summarize current knowledge of congenital structural heart defects,
intertwining clinical and fundamental research perspectives, with the aim to
foster interdisciplinary collaborations at the cutting edge of each field. We
also discuss remaining challenges in better understanding congenital heart
defects and providing benefits to patients.
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CHD: congenital
heart defect

1. INTRODUCTION

Malformation of the heart is the most frequent congenital defect, affecting 1% of live births, and is
a major cause of pregnancy termination and fetal death (61, 112). Congenital heart defects (CHDs)
are a major public health issue: These defects are the leading cause of death in the first year of life,
cause morbidity and hospitalization in children, and often require lifelong follow-up. Collectively,
CHDs are common, but individually they may correspond to rare or ultrarare disorders, requiring
expert diagnosis and sophisticated repair surgery.

The genetic origins of CHDs provide diagnostic tools and help families understand why their
children are affected, but they remain unknown in approximately 80% of cases. These origins
have been identified in syndromic forms (e.g., Down syndrome, 22q11.2 deletion, Holt-Oram
syndrome, and Alagille syndrome) and in most cardiomyopathies (hypertrophic, dilated, and re-
strictive cardiomyopathies; left ventricular noncompaction; and arrhythmogenic right ventricular
dysplasia) (112, 147). Beyond the molecular aspect, deciphering the embryological emergence
of CHDs requires fundamental research to develop and analyze animal models. From the work
of pioneering embryologists to contemporary research using the latest technological advances
in genetic engineering, molecular screening, spatiotemporal imaging, and computational analy-
ses, mechanisms of heart development relevant to CHDs have been uncovered in fish, chick, and
mouse models. Knowledge of the pathophysiological mechanisms is crucial in order to target the
cause of the disease beyond symptomatic management.

Addressing CHDs requires the integration of different types of expertise and, thus, interactions
between clinicians (pediatric cardiologists, surgeons, anatomists, fetopathologists, radiologists,
and obstetricians) and researchers (epidemiologists, geneticists, developmental biologists, and
computational scientists). This review aims to promote such interactions by providing up-to-date
knowledge of mammalian heart development mechanisms beyond the anatomical aspects that
are usually covered by medical training. In addition, we summarize the rationale for the CHD
nomenclature, since research articles that improperly phenotype CHDs prevent the utilization
of mechanistic insights into diseases. We do not address cardiomyopathies or heart rhythm
disorders (which impair the contractile function), the underlying mechanisms of myocardium
growth and architecture, or the formation of the cardiac conduction system, innervation, and
vascularization. We rather focus on structural CHDs (which impact the establishment of the
double blood circulation) and the underlying mechanisms of cardiac compartmentalization.

2. NOMENCLATURE AND CLASSIFICATION OF CONGENITAL HEART
DEFECTS

The majority of CHDs have been described and named since the seventeenth century. The first
attempt to create a nomenclature was by Maude Abbott (1) in her Atlas of Congenital Heart
Disease, in which she established the basis for all systems of classification of CHDs by describing
the morphology of the most frequent individual lesions.

The study of postmortem cardiac specimens has led to enormous progress in the anatomical de-
scription of CHDs, mainly from the outstanding contributions of the pioneer cardiac anatomists
Stella and Richard Van Praagh in Boston and Robert H. Anderson in London. In the segmen-
tal approach for the analysis of complex CHDs (137), as well as the sequential approach (4), the
spatial positions of the main cardiac compartments (atria, ventricles, and great arteries) are de-
scribed, as well as the connections and alignments between them. The fundamental principle of
these approaches is that each segment should be analyzed independently, according to its mor-
phology (Table 1). For example, the left ventricle is not defined based on its position on the left
side or its functional contribution to the systemic circulation; rather, it is defined based on its own
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Table 1 Segmental analysis of congenital heart defects

Segment Letter Description

Definition

Atria S Solitus

left atrium on the left

Morphological right atrium on the right, morphological

I Inversus
atrium on the right

Morphological right atrium on the left, morphological left

A Ambiguus

Impossibility of differentiating the two atria

Ventricles D D-loop

left ventricle on the left

Morphological right ventricle on the right, morphological

L L-loop
left ventricle on the right

Morphological right ventricle on the left, morphological

Great arteries (concordant S Solitus
ventriculo-arterial connections, anterior and on the left:

usually spiraling great arteries) .

Aorta posterior and on the right, pulmonary artery

I Inversus
and on the right:

Aorta posterior and on the left, pulmonary artery anterior

Great arteries (discordant D
ventriculo-arterial connections, anterior):

usually parallel great arteries) .

D-malposition

Aorta on the right of the pulmonary artery (usually

L L-malposition
anterior):

Aorta on the left of the pulmonary artery (usually

A Anteroposterior malposition

Aorta strictly anterior to the pulmonary artery:

Table based on information from Reference 137. In the great-arteries segments, the red circle represents the position of the aortic valve, and the black circle

represents the position of the pulmonary valve, from a basal view of the heart.

morphology (smooth septal surface, fine apical trabeculations, and lack of septal attachments of
the atrioventricular valve). To quote Anderson (3, p. 902), “when using the segmental approach to
diagnosis. . .as modified to take note of the connections between the cardiac segments, even the
most complex cardiac malformations can now be described in simple, accurate, and unambiguous
fashion.” These approaches have thus been of great help to clinicians, enabling a huge step for-
ward in the analysis of the various cardiac lesions. The segmental approach, commonly used in
echocardiography by pediatric cardiologists, is also applicable to recent 3D imaging techniques,
such as computed tomography (CT) scans or magnetic resonance imaging (MRI) performed by
radiologists. Although the segmental analysis is invaluable for describing all the components of a
given cardiac defect, it is not a classification and does not include the pooling of phenotypes into
specific spectra, potentially reflecting a common pathophysiological mechanism.

CHDs exhibit considerable phenotypic diversity, and itis essential for clinicians to use the same
terminology in the same way, so as to unify the diagnostic process and optimize the therapeutic
management of patients (83). This need for standardization led to the creation, in 2005, of the
International Paediatric and Congenital Cardiac Code IPCCC), which can be viewed and down-
loaded at http://www.ipccc.net. Since then, the International Society for Nomenclature of Pae-
diatric and Congenital Heart Disease (ISNPCHD) has developed, maintained, and updated the
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ICD: International
Classification of
Diseases

CAT': common arterial
trunk

DORYV: double-outlet
right ventricle

VSD: ventricular
septal defect

TAA: interrupted
aortic arch
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Table 2 The 10 major categories (level 1 terms) of congenital heart defects in the 11th
iteration of the International Classification of Diseases
Number

Category

Congenital anomaly of position or spatial relationships of thoraco-abdominal organs (heterotaxy)

Congenital anomaly of an atrioventricular or ventriculo-arterial connection

Congenital anomaly of mediastinal veins (systemic and pulmonary veins)

Congenital anomaly of an atrium or atrial septum

Congenital anomaly of an atrioventricular valve or atrioventricular junction

Congenital anomaly of a ventricle or the ventricular septum

Functionally univentricular heart

Congenital anomaly of a ventriculo-arterial valve or adjacent regions

O 0 | &N | B W] | =

Congenital anomaly of great arteries including arterial duct

—_
(=}

Congenital anomaly of coronary arteries

Table adapted from Reference 12.

thousands of entries of the IPCCC (12), reflecting a consensus view among anatomists, pediatric
cardiologists, and surgeons. In 2010 and 2011, three classifications were published, taking into ac-
count physiology and anatomy (130), embryology and epidemiology (16), and anatomy and clinical
management (54), the last of which incorporates IPCCC codes. More recently, the ISNPCHD,
together with the World Health Organization, published a classification of CHDs that forms the
CHD section of the 11th iteration of the International Classification of Diseases ICD-11), which
includes 318 terms with their definitions and synonyms (38); by comparison, the CHD section
in previous versions of ICD was much less developed, including only 73 items in ICD-10 and
29 in ICD-9. The current 318 items are grouped into a tree view starting from 10 main categories
(Table 2). The greatadvantage of ICD-11 is thatit represents an international consensus about the
classification and definitions of the most frequent CHDs in humans, providing a comprehensive
and standardized system of coding and classification that is easy to use for clinicians, basic scien-
tists, and administrators all over the world and has been translated into multiple languages (38).
Classification of CHDs aims to guide surgical and interventional treatment as well as medical
management of patients and is key for epidemiological (61) and recurrence (36) studies. The
grouping of phenotypes into large families of malformations is meant to provide insight into the
underlying mechanisms and therefore reflect a specific developmental origin. Classification is
thus not a definitive overview of CHDs and is likely to mature along with scientific discoveries.
Recent classifications are not based on genetics, because a very small proportion of CHDs have
an identified genetic cause, and most CHDs are sporadic. With advances in cardiac embryology,
in the two last decades, mechanistic insights from animal models have been included in the most
recent classifications. Most families of CHDs are due to a developmental anomaly in a specific cell
population of the heart at a specific stage of cardiac development. This is best exemplified by the
cardiac neural crest and anterior second heart field defects, commonly referred to as conotruncal
defects. This group of CHDs includes common arterial trunk (CAT), tetralogy of Fallot with or
without pulmonary atresia, outlet malalignment ventricular septal defects (VSDs), double-outlet
right ventricle (DORV) with a subaortic or juxta-arterial VSD, and interrupted aortic arch (IAA)
type B. Genetically, these defects can be associated with DiGeorge syndrome, caused by 22q11
microdeletions (including 7?x1), which is predominantly expressed and required in the anterior
second heart field (151). During cardiac development, abnormal migration of cardiac neural crest
cells compromises the addition of myocardial cells from the anterior second heart field. This
impairs the elongation of the outflow tract and leads to various degrees of abnormal rotation
and septation of the outflow tract, accounting for the spectrum of conotruncal defects (140)
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(see Sections 3 and 4). Anatomically, all of these defects include an outlet VSD corresponding to
various anomalies in the development and position of the outlet septum (102).

Some CHDs have been considered an arrest of development (136), in the sense that the patho-
logical configuration is reminiscent of an earlier embryonic stage. DORYV, for example, is the nor-
mal mode of ventriculo-arterial connection during heart development until the wedging stage,
and double-inlet left ventricle is the normal mode of atrioventricular connection before the estab-
lishment of the right atrioventricular junction. By contrast, other defects have no developmental
counterpart and thus seem to result from a deviating mechanism. This is the case for double-outlet
left ventricle and double-inlet right ventricle.

Itis important to note that families of CHDs comprise a continuum of defects with overlapping
zones, introducing dynamics into the CHD nomenclature, which is reviewed occasionally. This
has been well demonstrated for outflow tract malformations (Figure 1). In this group of CHDs,
which have in common an outlet VSD, the rotation of the outflow tract is reflected anatomically
by the position of the aorta relative to the left ventricle, and the spiraling of the great vessels.
Variations in the rotation have been correlated with the different positions of the coronary arterial
orifices on the aortic root, which vary according to the type of conotruncal defect, as well as with
variation in the phenotype of the outlet VSD (53, 102). Such studies illustrate how a detailed
anatomical analysis of the malformed human heart can corroborate embryological knowledge
acquired from animal models. Another example is the classification of VSDs, as incorporated into
ICD-11. This classification aimed to unify the terminology used to describe different categories
of congenital cardiac malformations “in which there is a hole or pathway between the ventricular
chambers,” according to the ISNPCHD definition (38, p. 1919). It is based primarily on the
position of the hole relative to the anatomical landmarks on the right side of the ventricular
septum, with four main categories (central perimembranous, inlet, trabecular muscular, and outlet
VSDs; Figure 2), but also takes into account the borders of the defect, which are important
indicators for the surgeon of the degree of vulnerability of the conduction pathways (83). This
system of classification is consistent with the current knowledge of the development of the
ventricular septum, with each of the four types of VSD corresponding to different developmental
processes (7) (see Sections 3 and 4).

The mouse heart has a very similar anatomy to the human heart. Among the small differences
is the venous return: Four pulmonary veins connect individually to the left atrium in humans,
whereas they connect to an intermediate collector in the mouse. Unlike in humans, the left supe-
rior caval vein is persistent in mice and connects to the right atrium via a dilated coronary sinus.
Atrial appendages have a distinct external shape only in humans—a triangular shape with a large
orifice on the right, and a finger-like shape with a narrow orifice on the left. Differences between
the trabeculation of the left and right interventricular septal surfaces are less obvious in mice.
The septal band is difficult to detect on the septal surface of the mouse right ventricle, and the
moderator band is higher and thinner than it is in the human heart. Apart from these variations,
the clinical nomenclature of CHDs applies well to the mouse, making the mouse a good model
to study the embryological mechanisms of CHDs. A thorough and accurate description of lesions
in the many mouse models with CHDs is currently lacking in many research articles. Such de-
scriptions are crucial to making relevant comparisons and thus to better deciphering the origins
of CHDs.

3. HEART DEVELOPMENT

One function of the heart is to orchestrate a double blood circulation. This circulation relies on
the partitioning of the heart into right and left halves, driving the pulmonary and systemic blood
circulations, respectively. Failure to establish this partitioning impairs the oxygenation level of the
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Figure 1

Spectrum of outflow tract defects, showing anomalies resulting from an abnormal rotation of the outflow tract, which may be absent (in
DORYV with a subpulmonary VSD, T'GA, and CAT), incomplete (in DORV with a subaortic or doubly committed VSD, tetralogy of
Fallot, or outlet malalignment VSD), or excessive (IAA type B). With the exception of some TGAs, these defects share the same
anatomical type of VSD—namely, an outlet VSD with a malaligned and/or fibrous outlet septum. The anterior second heart field is
involved in all outflow tract anomalies, in association with laterality abnormalities in TGA and DORV with a subpulmonary VSD, or in
association with defective cardiac neural crest in a category commonly referred to as conotruncal defects. Abbreviations: CAT, common
arterial trunk; DORV, double-outlet right ventricle; TAA, interrupted aortic arch; TGA, transposition of the great arteries; VSD,
ventricular septal defect. We thank D. Rocancourt for the heart schemes.

blood, thus compromising organ functions. In the early embryo, the primordium of the heart is a
tube, raising the question of how two circulations can emerge from a single tube.

3.1. Heart Patterning

Organogenesis is based on the coordination of cell behavior to shape tissues and position organs
relative to each other. Thus, preceding the emergence of shape are molecular regulations that
provide positional information to cells, a process referred to as patterning. This is usually based
on gradients of morphogens, which activate transcriptional networks.

The heart tube forms at Carnegie stage 9 (CS9) in humans, at approximately 20 days of
pregnancy (123), and embryonic day 8.5¢ (E8.5¢) in mice, i.e., the ninth day of gestation (70)
(Figure 3). Experiments in animal models have shown that the early heart tube is already
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Figure 2

Classification of VSDs in ICD-11, showing a schematic representation and photograph of the septal surface
in the human right ventricle. The outlet VSDs (blue) are cradled between the two limbs of the septal band
and lie below the pulmonary valve. The inlet VSDs (red) are located behind the entire length of the septal
leaflet of the tricuspid valve. The central perimembranous VSDs (purple) lie under the ventriculo-
infundibular fold, behind the papillary muscle of the conus and behind the septal leaflet of the tricuspid
valve. The trabecular VSDs (green) are located in the rest of the ventricular septum and can be anterior,
posterior, midmuscular, basal, or apical. Abbreviations: ICD-11, 11th iteration of the International
Classification of Diseases; VSD, ventricular septal defect. We thank G. André for the scheme.

patterned, as are the neighboring cardiac precursor cells, which lie in the dorsal pericardial
wall from an anatomical perspective, also referred to as the lateral plate mesoderm or heart
field from an embryological perspective (Figure 4). Patterning of cardiac cells is not intuitive
(i-e., does not follow the logic of functional or anatomical segmentation) but rather follows the
embryonic signaling cascade and evolutionary constraints. Well before the heart tube forms, at
the gastrulation stages (mouse E6.5 stage, equivalent to human CS7-8, at approximately 15—
19 days of pregnancy), clonal analyses have revealed the existence of two populations of myo-
cardial precursor cells, the first and second lineages (73, 91). These lineages, which ingress
sequentially through the primitive streak, have overlapping contributions to the right ventricle,
atrioventricular canal, and atria and a specific contribution to the left ventricle (first lineage) and
outflow tract (second lineage). Recent advances in single-cell transcriptomics have refined the
molecular definitions of these lineages (31), their dynamic localization at sequential stages in the
firstand second heart fields, and their routes and timing of incorporation into the heart tube (135).

Another patterning important for heart morphogenesis is left/right, initiated in the left/right
organizer and mediated mainly by the secreted factor Nodal (105). Precisely timed gene expres-
sion analyses and drug treatments have shown that Nodal is required at E8.5¢—d (i.e., before the
formation of the heart tube) to specify a left identity in myocardial precursor cells (32). Dil la-
beling (34), clonal analyses (71, 72), and genetic tracing of Nodal (32) enable the contributions of
the left/right second heart field to be traced: At E9.5, left precursors contribute to the left sinus
venosus, the dorsal left atrium, the superior atrioventricular canal, and the left outflow tract, and at
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Figure 3

Mouse heart patterning. (#) First (red) and second (green) myocardial cell lineages ingress sequentially through the primitive streak at
gastrulation. At E7.5, the first lineage has started differentiating into cardiomyocytes of the cardiac crescent, while the second lineage
remains as progenitors in the second heart field. Further subdivisions (yellow, light green, and dark green) of the second heart field are
shown at E8.5, along with their respective contributions to the fetal E14.5 heart. Colored dots indicate the regions of the heart with a
dual origin. (/) Asymmetric Nodal signaling in the node and left lateral plate mesoderm is detected at E8.5¢. Derivatives of the left (dark
blue) and right (light blue) second heart fields are shown at E8.5j and E14.5. Discrepancies between the embryological left/right origin
shown at E14.5 and the physiological left/right partitioning of the neonatal heart are outlined in yellow. (c) The anteroposterior
gradient of retinoic acid signaling, produced by Aldhla2- and Rdh10-synthesizing enzymes, is antagonized by the degrading enzymes
Cyp26al/cl and Fgf signaling. This subdivides the second heart field at E9.5 into anterior and posterior domains, contributing to the
arterial and venous poles, respectively. Lateral views are shown at E6.5, E7, E8.5 (in panel #), and E9.5, and frontal views are shown at
E7.5,E8.5 (in panel /), and E14.5. Abbreviation: E, embryonic day.

E14.5, they contribute to the left superior caval vein, the pulmonary vein, the left atrium, and the
pulmonary trunk. This indicates that the embryological left/right origin is not equivalent to the
physiological left/right partitioning of blood circulation in the heart: The aorta belongs physio-
logically to the left segment of the heart (systemic circulation) but has a right origin, whereas the
pulmonary trunk and left superior caval vein belong physiologically to the right heart (pulmonary
circulation) but have a left origin. The left atrium has a double left/right origin (Figure 35).
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Figure 4

Mouse heart development. After gastrulation, cardiac progenitors migrate laterally toward the head folds at E7.5, where the cardiac
crescent forms upon cardiomyocyte differentiation. At E8.51, a straight heart tube composed of an inner layer of endocardium and an
outer layer of myocardium (inset) elongates by incorporation of second heart field cells at both the arterial and venous poles. It is
attached dorsally by the dorsal mesocardium (inset), which is progressively broken down as heart looping progresses. The arterial pole
undergoes a rightward rotation (#770w), leading to the rightward tilting of the heart tube at E8.5g. Asymmetric cell ingression results in
the leftward displacement of the venous pole (#770w). At E8.5j, heart looping is complete, and the heart tube has acquired a helical
shape. Later convergence of the heart tube poles is shown by an arrow. At E9.5, neural crest cells (pink) migrate toward the arterial pole,
and the endoderm (green) is a source of Shh signaling. At E10.5, septation of the outflow tract, ventricles, and atria is underway. The
outflow tract continues its rightward rotation. At E14.5, the aortic valve has wedged between the atrioventricular valves (inset).
Septation is complete in the fetal heart, with the exception of bypasses at the level of the arterial duct and atrial secondary foramen.
These bypasses are closed at birth, so that the double blood flow is established in the neonate heart. Lateral views are shown at E7.5 and
E9.5, and frontal views are shown at other stages. Abbreviation: E, embryonic day.

Additional patterning along the anteroposterior axis regulates the spatiotemporal incorpora-
tion of cardiac precursor cells at the venous (posterior) and arterial (anterior) poles. An important
determinant of this patterning is posterior retinoic acid signaling, which is antagonized by
anterior Fgf signaling (14). Mouse mutant analyses and drug treatments have shown that retinoic
acid and Fgf signaling, starting from E7.5, are required to define the size of the heart field
(113) at the expense of limb precursors (104, 142), and later, at E9.5, to subdivide the heart
field into an anterior and posterior domain, expressing the transcription factors Tbx1 and TbxS3,
respectively, and providing cells to the arterial and venous poles of the heart, respectively (27).
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The functional cardiac segments form sequentially along the axis of the cardiac tube—from the
venous pole to the arterial pole, the left/right atria, the atrioventricular canal, the left ventricle,
the right ventricle, and the outflow tract. The heart tube primordium, which is composed mainly
of the left ventricle (149), elongates by incorporation of cardiac precursor cells at the venous
and arterial poles. The identities of cardiac segments are progressively defined anatomically,
as well as by the expression of transcription factors, such as Nr2f2 in the atria, Tbx2/3 in the
atrioventricular canal, Irx4 in the ventricles, or the expression of specific sarcomeric genes, such as
Mpyl2 and Myl7 in the ventricles and atria, respectively. Single-cell transcriptomics have provided
a more extensive profiling of cardiac regions (75), but mouse mutant analyses are necessary to
demonstrate gene requirements for cardiac cell patterning.

Perturbations in heart patterning might be expected to impair the development of the left
ventricle, a first lineage derivative—for example, in hypoplastic left heart syndrome (HLHS). This
complex CHD has been recently modeled in the mouse by the double inactivation of Szp130 and
Pcdba9, which are involved in the chromatin-remodeling complex and cell adhesion, respectively
(81). However, whether these genes play a role in heart patterning remains poorly understood. The
contribution of the second heart field to both the arterial and venous poles of the heart is consistent
with the association of conotruncal defects with anomalous pulmonary venous connections (10).
Impairment of left/right patterning leads to heterotaxy, as shown in the mouse (114, 128). Human
pathogenic variations in the Mmp21, Zic3, Cfap52/54, Nphp4, Acvr2b, Cfcl, Foxh1, Gdfl, Lefty2,
or Nodal genes, which are required for the formation and function of the left/right organizer, are
associated with the heterotaxy syndrome (44).

3.2. Alignment of Cardiac Segments

When the heart tube forms, the right ventricle is cranial (or superior; see E8.5f in Figure 4)
to the left ventricle, whereas the atria are positioned on the left and right sides. In addition,
the inflow and outflow tracts are continuous with the left and right ventricles, respectively
(Figure 3). Thus, considerable morphogenetic movement is required to align cardiac chambers
in the definitive configuration and bisect the heart into distinct blood flows, including heart
looping, rotation of the outflow tract, pole convergence, wedging of the aorta, and rightward
expansion of the atrioventricular canal.

The first step is heart looping, during which the cardiac tube acquires a helical shape. It occurs
at mouse E8.5 (70) and at human CS9-11, at approximately 20-24 days of pregnancy (123). The
loop shape has been proposed to provide a functional advantage, by increasing pumping efficiency
and reducing retrograde flow before the formation of valves (47). Heart looping is also crucial to
reposition the right ventricle from a cranial to a right position relative to the left ventricle. Early
embryologists focused on the direction of the heart loop (28); thus, heart looping has been classi-
cally described as rightward (in a normal condition) or leftward (in laterality defects). Discovery of
the mechanism of symmetry breaking in the left/right organizer, the node (118), has further sup-
ported the binary description of heart looping as a readout of the symmetry-breaking event and
the resulting left-sided Nodal signaling. In this context, the positions of the ventricles after birth
in the clinical nomenclature are described as D-loop or L-loop (139), although the relationship
between the orientation of the embryonic loop of the heart tube and the positions of the ventricles
after birth has never been demonstrated experimentally.

Laterality defects cannot be described solely in terms of inverted asymmetry (situs inversus)
or abnormal symmetry (isomerism), as compared with normal asymmetry (situs solitus). In fact,
heterotaxy is equivalent to situs ambiguus, meaning that left anomalies can be associated with
right anomalies between different organs or between different heart segments. Furthermore, these
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associations are not stereotyped, and the clinical picture of heterotaxy is highly variable. Looking
at a single structure, such as the atria, one can see that the asymmetry parameters of the anatomy
of the appendages and of the connection of the inferior caval vein are not always concordant
(133). This lack of concordance is the basis of debates on the nomenclature of heterotaxy for the
qualification of isomerism, i.e., bilateral symmetry (56), and shows that summarizing left/right
asymmetry by a single symmetry-breaking event in the left/right organizer is not sufficient to
understand laterality defects.

The heart loop has a 3D shape, a helix, which requires more parameters to describe its geom-
etry than just its direction. To understand the mechanism of heart looping, 3D reconstructions of
the dynamic shape changes and computer simulations have been performed [see video 2 in Ref-
erence 70 (https://doi.org/10.7554/eLife.28951.013)]. These are compatible with a buckling
mechanism of heart looping (70, 109): The heart tube is physically deformed when it grows lon-
gitudinally, while the distance between the poles is fixed. The random deformations of buckling
are biased by left/right asymmetries, to generate a helical shape of reproducible configuration.
Quantitative analyses of the 3D shape and cell-labeling experiments have uncovered two sequen-
tial left/right asymmetries at the heart tube poles: A rotation of the arterial pole at E8.5f is fol-
lowed by asymmetric cell incorporation at the venous pole at E8.5g (70). These asymmetries are
not only sequential but also opposite (a rightward deformation at the arterial pole, and a leftward
deformation at the venous pole), demonstrating that left/right asymmetry is not a single event.

Signaling by the left determinant Nodal does not interfere with the buckling mechanism;
rather, it is essential for the amplification and coordination of left/right asymmetries at the heart
tube poles (32). Thus, Nodal is necessary not only to control the direction of the heart loop
(normally rightward) but also to shape the loop. In keeping with this finding, mice and patients
with Nodal pathogenic variants do not display situs inversus; instead, they exhibit complex CHDs,
including transposition of the great arteries (TGA), DORV, and atrioventricular septal defects
(AVSDs) (96, 32). In the absence of Nodal in the mouse, four categories of embryonic heart loop
shapes are produced, with the right ventricle cranial to the left, and in all possible lateral config-
urations (right/left ventricle positioned on the right/right, left/left, left/right, or right/left sides,
respectively) (Figure 5). Further highlighting the role of Nodal in shaping, not just orienting, the
heart loop, the leftward loop is not a mirror image of the control situation. This result may explain
why situs inversus totalis (incidence 3/100,000) is not always a simple mirror image of the normal
body plan, but can be associated with anomalies in the heart, spleen, and intestinal rotation (77).
Another parameter of heart looping comes from mechanical constraints dorsally, when the heart
tube is attached to the dorsal pericardial wall by the dorsal mesocardium. This tissue breaks down
during heart looping, under the control of Sonic hedgehog (Shh) signaling (70).

Taking into account these few parameters (buckling, left/right asymmetries, and dorsal
mesocardium breakdown), computer simulations can predict a range of heart loop shapes, some
of which reproduce variations detected in mutant hearts [see figure 7 in Reference 70 (https://
doi.org/10.7554/eLife.28951.014)]. This indicates that heart looping is a more complex
process than initially thought, leading not only to leftward/rightward loops but also to specific
configurations of cardiac chamber positions. The previous focus on the symmetry-breaking event
as a binary decision (left or right) has masked the dynamics of left/right patterning. The clinical
variability of heterotaxy may relate to the facts that left/right asymmetry is regulated indepen-
dently at different levels and that asymmetry factors regulate different processes, including the
initiation of the asymmetry, the fold difference between the left and right, and the laterality of
the difference, i.e., whether a left determinant is localized on the anatomical right or left side.
Abnormal alignment of cardiac chambers is a feature of 20% of CHDs, raising the possibility that
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Figure 5

The diversity of heart loop shapes, showing 3D reconstructions of (#) the heart loop at E9.5 in wild-type
mice, along with abnormal heart loops in () Shh~'~ and (e~f) Nodal*/":Hoxb1"*/+ mutants. The white
dotted line indicates the midline of the embryo, in a ventral view. Abbreviation: E, embryonic day. For more
details, see References 32 and 70. We thank A. Desgrange for the 3D reconstructions.

looping anomalies lead not only to heterotaxy but also to complex malformations such as TGA,
DORYV, AVSDs, congenitally corrected TGA, supero-inferior ventricles, and crisscross hearts.
The rightward rotation of the arterial pole seen in the early embryo at E8.5 (70) continues until
the fetal stages, as detected by cell labeling and transgenic markers (9, 131). This rotation underlies
the spiraling of the great arteries. In mutants for the Nodal target Pitx2, TGA and DORV are as-
sociated with abnormal patterning of the transgene, indicative of abnormal rotation. The absence
of spiraling of the great arteries, usually associated with an abnormal position of the aorta re-
maining on the right, above the right ventricle, is an anatomical marker of defective outflow tract
rotation. CHDs resulting from an abnormal alignment of the great arteries with the ventricles
(outflow tract defects) include conotruncal defects, TGA, and DORV (Figure 1). DORV is a type
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of ventriculo-arterial connection in which both great arteries arise predominantly from the mor-
phologically right ventricle (38). However, different phenotypes exist according to the position
of the VSD relative to the great vessels, with specific impacts on blood circulation: committed
to the aorta (outlet subaortic VSD), committed to the pulmonary artery (outlet subpulmonary
VSD), committed to both great arteries (outlet doubly committed VSD), or noncommitted (74).
The commitment of the VSD to the great vessels depends on the position of the outlet septum
relative to the septal band on the right ventricular septal surface (5): posterior in DORV with
a subpulmonary VSD (developmentally related to TGA) or anterior in DORV with a subaortic
VSD (developmentally related to outlet VSDs or tetralogy of Fallot).

The venous pole—which is initially, at E8.5, the caudal aspect of the heart tube—converges
to the cranial arterial pole after looping, between E9.5 and E10.5, thus lying dorsal to it (109).
The mechanism controlling the distance between the poles is currently unclear; a caudal move-
ment of the outflow tract relative to the pharyngeal region has been observed, as the arch arteries
open sequentially (141), and an association with the cervical flexure has been proposed (87). The
outflow tract forms initially on the right side of the heart, continuous with the right but not the
left ventricle, whereas the atrioventricular canal forms on the left, continuous with the left but
not the right ventricle. At birth, both structures are medial, lying above one another, and have
been connected to each ventricle, thus implying a displacement (135). Advanced 3D imaging of
the heart anatomy has shown that a leftward shift of the aortic root occurs just before birth in
the mouse, between E16.5 and E18.5 (97), often referred to as wedging of the aortic valve be-
tween the atrioventricular valves (11) (E14.5 in Figure 34). In humans, wedging is completed at
the end of the embryonic period (CS23). By contrast, the atrioventricular canal is displaced right-
ward from the mouse E11 and human CS15 stages, thus allowing a direct connection between
the right atrium and the right ventricle. The underlying mechanism potentially involves growth
by enlargement of the atrioventricular canal and/or remodeling of the inner curvature, as tracked
by clonal analysis and genetic markers, respectively (69, 92, 143). Incomplete alignment between
the atria and the ventricles might be associated with a lack of ventricular growth or an absent
or anomalous development of the right atrioventricular junction. This is the case in double-inlet
ventricle, tricuspid or mitral atresia, and ventricular hypoplasia.

3.3. Heart Septation

When the cardiac segments are correctly aligned, independent growth of septa bisects the ventri-
cles, the atria, and the outflow tract (Figure 3).

Ventricular septation begins at mouse E10.5 and at human CS14, at approximately 31-35 days
of pregnancy (6, 37, 121), through the outgrowth of a muscular ridge at the level of the sulcus
between the left and right ventricles. Ventricular septation has been proposed to depend on the
coalescence of trabeculations, based on cell labeling in the chick model (45) and anatomical ob-
servations (13). This idea is further supported by the phenotypic association in mouse models
of muscular VSDs with trabecular compaction defects (132). Lineage analyses have shown that
the ventricular septum receives a contribution from both the right and left ventricles (37). The
septum forms at the boundary of gene expression, such as that of the transcription factors Tbx5
and Tbx18 (19, 37); shifts in the ThxS expression boundary result in septation abnormalities (64).
This is in keeping with the ventricular septation defects associated with human pathogenic vari-
ation in 7bx5 in Holt-Oram syndrome (76). Septation is completed by fusion with mesenchymal
cells of the outflow cushions and the atrioventricular cushions, thus composing the membranous
part of the interventricular septum at mouse E13.5 or human CS22 (29, 66, 97). The clinical
nomenclature of VSDs, based on the locations of the defects in the ventricular septum, reflects
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the embryological sequence and tissue contribution: Anomalies in the formation of the muscular
ridge lead to muscular VSDs, failure to remodel the primary atrioventricular communication by
the rightward expansion of the atrioventricular canal results in inlet VSDs, failure to remodel the
ventriculo-arterial communication by rotation and wedging of the aorta results in outlet VSDs,
and failure to complete septation by the membranous septum derived from the atrioventricular
cushions results in central perimembranous VSDs (7) (Figure 2).

Atrial septation, similar to ventricular septation, is initiated at mouse E10.5 or at human CS14,
at approximately 31-35 days of pregnancy (66), by an outgrowth in the roof of the left atrium.
The left origin of this primary atrial septum is shown by a transgenic marker that reports signal-
ing by the left determinant Nodal (39). In Nods/ mouse mutants, atrial septation is consistently
absent, in association with right atrial isomerism (32). At the leading edge of the muscular pri-
mary atrial septum, an endocardial thickening, referred to as the mesenchymal cap (8), progresses
until fusion with the atrioventricular cushions. A secondary nonmuscular contribution to atrial
septation is from the so-called dorsal mesenchymal protrusion, which is derived not from the en-
docardium but from the Is/I-positive second heart field, to which the heart is dorsally connected
(124). Complete fusion of the dorsal mesenchymal protrusion, mesenchymal cap, and atrioven-
tricular cushions results in the closure of the primary atrial foramen. The secondary atrial foramen
forms by fenestrations of the primary atrial septum along its attachment to the dorsal roof of the
atrium (98). By E14.5, mesenchymal components of the atrial septum are muscularized, and an-
other muscular ridge forms by invagination of the roof of the right atrium, which is a tertiary
component to atrial septation (the superior interatrial fold, or so-called septum secundum) (98).
This muscular ridge fuses to the primary atrial septum after birth, closing the oval foramen.

Signaling by Shh is essential for atrial septation. Shh is secreted by the pulmonary endoderm
and received, between E8 and E10, by cells in the posterior second heart field, traced by the ex-
pression of the Shh target G/iI (50). These cells migrate through the dorsal mesocardium to the
primary atrial septum and dorsal mesenchymal protrusion. When the cells are rendered unrespon-
sive to Shh, they populate the atrial free wall rather than the septum. Glil genetically interacts
with TbxS5 in the second heart field to coactivate downstream targets, including the transcription
factors Osr1 and Foxf1, and promotes the proliferation and specification of atrial septum progeni-
tors (51, 152). Human pathogenic variations in 7hx5 in Holt—-Oram syndrome are associated with
atrial septal defects (ASDs). The majority of ASDs correspond to excessive or ectopic fenestrations
in the primary atrial septum (defects in the oval fossa, also called secundum ASDs). Rarer forms
include abnormal communications between right pulmonary veins and caval veins (sinus venosus
defects) and partial or complete absence of the wall of the coronary sinus (coronary sinus defects).
In AVSDs, there is a common atrioventricular junction, including various degrees of inlet VSD,
persistence of the primary atrial foramen (also called primum ASDs), and a common atrioventric-
ular valve with one or two orifices. AVSDs result predominantly from a deficiency of the dorsal
mesenchymal protrusion, which is itself derived from the posterior second heart field (15, 17).

In the outflow tract, septation begins at mouse E9.5 or at human CS13, at approximately
28-32 days of pregnancy (122), with the formation of endocardial cushions, which correspond to
a bulge of extracellular matrix colonized by mesenchymal cells (90). The overlying myocardium,
which is prepatterned by the expression of transcription factors such as Tbx2 (46), secretes
cardiac jelly (117) and promotes the epithelial-mesenchymal transition of endocardial cells via
TGFB (115) and Bmp (62, 79) paracrine signaling. When they form, outflow cushions have a
spiral arrangement (65, 97), which reflects the rightward rotation of the outflow tract. While the
outflow tract myocardium grows by addition of cells from the second heart field (60), outflow tract
cushions are invaded from E9.5 by another type of mesenchymal cell, derived from the neural
crest, as evidenced by grafts and genetic tracing (57). Condensation of this outflow mesenchyme
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triggers the fusion of cushions and the rupture of the endocardium in between. This process
is initiated around E11.5 in the aortic sac and progresses in the truncus or distal outflow tract,
toward the conus or proximal outflow tract. This forming aorticopulmonary septum, which has a
spiral shape, separates the trunks of the aorta and pulmonary artery distally and the outlets of the
left and right ventricles proximally (outlet septum). The distal septum differentiates into smooth
muscle (57), whereas the proximal septum of the outflow tract is secondarily myocardialized (145).

Ablation or impaired migration of cardiac neural crest cells impairs outflow tract septation,
leading to CAT, DORV, outlet VSDs, and abnormal patterning of the aortic arch arteries (24, 63)
(Figure 1). Bmp signaling, secreted by the myocardium and sensed by the cardiac neural crest, is
essential for outflow tract septation, by orchestrating the progressive zipper-like septum formation
in time and space. Reducing Bmp signaling by depletion of either Bmp4 or the receptor Bmprla
or by forced expression of the antagonist Smad7 impairs cushion formation and septation of the
outflow tract (79, 125, 129). Conversely, enhancing Bmp signaling by depletion of the inhibitor
Ctdnepl in the neural crest cells leads to premature mesenchyme condensation and septation of
the outflow tract, as well as pulmonary artery stenosis (26). One effector of Bmp signaling is the se-
creted factor Sema3c (26, 79). Cardiac neural crest cells transit through the branchial arches, where
they surround a core of other mesodermal cells from the anterior second heart field. These cell
types interact so that disruption of cardiac neural crest cell migration has secondary consequences
for the proliferation of second heart field cells and their differentiation into cardiomyocytes, thus
shortening the outflow tract and preventing completion of heart looping (140, 146). Reciprocally,
inactivation of Thx1, which is expressed in the second heart field but not in cardiac neural crest
cells, impairs outflow tract septation and cardiac neural crest cell migration (151). Thx1 is the ma-
jor causative gene of 22q11.2 deletion syndrome (also known as DiGeorge or velo-cardio-facial
syndrome) (93), which presents a spectrum of conotruncal malformations, including CAT, DORV
with a subaortic or juxta-arterial outlet VSD, tetralogy of Fallot, outlet malalignment VSDs, and
TAA type B. Another important signaling for outflow tract septation is Shh, which is secreted by
the pharyngeal endoderm and received, between E8 and E10, by progenitors of the anterior sec-
ond heart field, stimulating their incorporation into the subpulmonary myocardium (50), as well
promoting cardiac neural crest cell survival (42).

The circuitry underlying the double blood circulation is thus established during fetal life. How-
ever, before the lungs become functional at birth, bypasses are present between the atria (oval
foramen) and between the great arteries (arterial duct). Septal defects are the most frequent forms
of CHDs: 35-50% are VSDs, 20% are outflow tract defects, and 6-15% are ASDs (61, 82).

3.4. Valvulogenesis

Important for the unidirectional blood flow is the formation of valves at the entrance and exit of
the ventricles. Valvulogenesis begins with the formation of endocardial cushions in the outflow
tract and atrioventricular canal. Whereas the main (septal) cushions required for septation are
already detectable at E9.5, additional cushions—referred to as intercalated cushions in the outflow
tract and lateral cushions in the atrioventricular canal—emerge at mouse E11.5 (30, 35, 95, 97) or
at human CS16, at approximately 38-41 days of pregnancy (121). The main outflow tract cushions
give rise to the left and right valve leaflets of each semilunar valves, whereas the intercalated cush-
ions form the anterior pulmonary and posterior aortic leaflets (65) (E14.5 in Figure 3#). Similarly,
the main (superior/inferior) atrioventricular cushions contribute to the anterior mitral leaflet
and the septal tricuspid leaflet (30), whereas the lateral cushions become the posterior mitral and
the anterior and postero-inferior tricuspid leaflets. Genetic tracing experiments have uncovered
the origin of valve cells. Valves are derived predominantly from the endocardium (30, 78). The
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epicardium contributes valvular interstitial cells to the lateral atrioventricular cushions (144). The
aortic and pulmonary semilunar valves receive a contribution from cardiac neural crest cells in the
left and right leaflets (57, 106), whereas the posterior aortic and anterior pulmonary valve leaflets,
corresponding to the intercalated cushions, are colonized by second heart field cells (35, 95).

Similar to the mechanism in the outflow tract, the formation of atrioventricular cushions de-
pends on Bmp and TGFp signaling (18,41, 85). In addition, Notch1 signaling in the endocardium
is required for the initiation of the epithelial-mesenchymal transition and interacts with Bmp?2 in
the overlying myocardium (84). Ablation or impaired migration of cardiac neural crest cells leads
to aortic valve defects (106, 111).

The septal and postero-inferior leaflets of the tricuspid valve detach sequentially from the
myocardium through a process of delamination starting at human CS20, at approximately 8 weeks
of pregnancy (59, 68). This is also the case for the mural leaflet of the mitral valve, but not for the
semilunar valves. Valve primordia elongate from the cushions, by cell proliferation and secretion
of extracellular matrix (48), under the positive control of Bmp and Fgf signaling and the negative
control of Egf and Notch (22, 86, 126). The tendinous cords, tethering atrioventricular valves to
the ventricular papillary muscles and the fibrous annulus, corresponding to the valve insertion at
the atrioventricular junction, develop at fetal stages and are derivatives of the endocardium (30,
107). The valve primordia are remodeled postnatally into stratified leaflets, composed of three
layers of extracellular matrix (fibrosa, spongiosa, and ventricularis/atrialis) interspaced with valve
interstitial cells, and covered by valve endothelial cells.

Valve diseases are most commonly found in the mitral and aortic valves, i.e., in the systemic
circulation (49). The most frequent congenital valve anomalies include bicuspid aortic valve,
in which two leaflets form instead of three, and myxomatous mitral valve disease, in which the
extracellular matrix is disorganized, leading to valve thickening, deformation, and regurgitation.
In several cases, valve diseases are associated with the reactivation of developmental pathways (67).
An example of this is mitral valve prolapse associated with Marfan syndrome, a disease caused by
mutations in a component of the extracellular matrix Fbnl, which limits TGF signaling (103).
Another example is aortic valve disease associated with Nozch1 mutations (40). Since the main out-
flow and atrioventricular cushions contribute to both septation and valve formation, valve defects
in patients are commonly associated with VSDs, DORYV, and multilevel left heart obstruction,
including aortic coarctation. In the physiologically right heart, tricuspid anomalies are severe
for their hemodynamic consequences during fetal life and are the leading cause of fetal demise.
Ebstein anomaly of the tricuspid valve is defined by a lack of delamination of the septal and/or
inferior leaflets associated in the most anatomically complex forms with abnormal development of
the subvalvar apparatus (tendinous cords and papillary muscles) of the anterior leaflet. Dysplastic
tricuspid valve displays normally delaminated but dysplastic leaflets with short or absent tendinous
cords. Severe tricuspid regurgitation potentially caused by these tricuspid abnormalities can lead
to progressive hypoplasia or even closure of the pulmonary valve (21). This illustrates the major
role of fetal hemodynamics in the detrimental progression of left and right heart valvar obstructive
disease. Similarly, any reduction in blood flow through the left ventricle can lead to abnormal
development of the mitral valve, the left ventricle, the aortic valve, and the aortic arch (2).

4. STATE OF THE ART AND FUTURE CHALLENGES

In the last few decades, refinement of the classification of CHDs and advances in the experimental
elucidation of developmental mechanisms of heart formation and malformation have changed our
understanding of CHDs and greatly improved patient management. However, several challenges
lie ahead to explain the phenotypic diversity of structural CHDs, uncover their genetic and
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nongenetic origins, and characterize associated deficiencies that can continue to affect patients
after surgical repair.

4.1. Mechanisms Leading to Congenital Heart Defects

As seen in the previous sections, from the parallel increase in anatomical observations and ex-
perimental results in the animal models, the mechanisms of conotruncal defects, AVSDs, ASDs,
VSDs, and valve defects have been well explored. More complex CHDs are currently unresolved,
including congenitally corrected T'GA, crisscross hearts, anomalous pulmonary venous connec-
tions, and pulmonary atresia with intact ventricular septum. The etiology of functionally univen-
tricular hearts also remains poorly understood.

As shown in the case of conotruncal defects (Figure 5), CHDs can form a spectrum. This is
the case when variations in the same genetic pathway or same developmental process result in
distinct but related CHDs, because of common features, such as the outlet VSD in the case of
conotruncal defects. The numbers and extent of the phenotypic spectra of structural CHDs are
currently unknown. In the case of the heterotaxy syndrome, which has been clearly associated with
anomalies in the formation and function of the left/right organizer (44, 114, 128), the origin of the
phenotypic variability of associated CHDs remains poorly understood. In the mouse, a single-gene
inactivation is associated with a spectrum of defects, some of which have partial penetrance (32,
33). This points to the need to uncover the mechanisms of asymmetric organogenesis beyond the
left/right bias provided by the left/right organizer. In particular, the mechanisms of outflow tract
rotation, convergence of the arterial and venous poles, and wedging of the aortic valve remain
unclear. In addition, for any single gene, the spatiotemporal context of gene function has to be
dissected. This is illustrated by Notch signaling, which depends on paralog ligands and receptors
and plays sequential roles in different embryological processes, including left/right patterning,
myocardium differentiation and trabeculation, valve formation, and coronary development (86).

In reverse, close variations of a specific CHD can correspond to different embryological
mechanisms. This is illustrated by DORV, an anomaly of the outflow tract, which has a range of
phenotypic variations. DORV with a subaortic or doubly committed juxta-arterial outlet VSD
is considered part of the anatomical spectrum of cardiac neural crest and anterior second heart
field defects (conotruncal defects), because of the anatomical similarities with tetralogy of Fallot
and similar orientation of the coronary orifices (53). DORV is also frequently encountered in
heterotaxy, especially in association with AVSDs. Genetic mutations in CFC1, NODAL, or ZIC3
are found in humans and mice in association with heterotaxy, DORV, and TGA, indicating that
some isolated forms of TGA and DORV could be part of the spectrum of laterality defects (43). A
recent study has shown that DORV with a subpulmonary outlet VSD is closely related to TGA in
terms of coronary patterning (138) or the outflow tract type of cleft mitral valve. Finally, DORV
with noncommitted VSD (inlet or muscular VSD) involves an earlier stage of interventricular
septation and is associated with more severe CHDs (hypoplastic ventricle or heterotaxy). This
suggests an earlier embryological anomaly, in heart patterning, rather than in outflow tract
formation. The mechanisms by which anomalies in left/right patterning or in the deployment
of the cardiac neural crest/anterior second heart field lead to distinct types of VSDs remain an
open question. In the future, it will be important to distinguish the types of VSDs associated with
DORYV when phenotyping mouse models.

The same anatomical CHD can result from distinct processes. This is best shown for AVSDs.
Hierarchical clustering analysis of the co-occurrence of specific CHDs in families has highlighted
two types of AVSD—isolated cases and cases associated with CHDs in the setting of heterotaxy
syndromes (36)—suggesting distinct genetic mechanisms. Mouse studies of AVSDs associated
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with variants of ciliary genes are consistent with this clustering (20). During development, cilia
are required for two distinct processes: primary and motile cilia for left/right symmetry breaking
in the left/right organizer, and primary cilia for Hedgehog (Hh) signaling in the posterior sec-
ond heart field. Genetic mutations that affect cilium motility and thus left/right patterning, but
not the second heart field, were found in AVSD cases associated with heterotaxy. Mutations in
ciliary genes found in isolated AVSD cases, without heterotaxy, affect the second heart field but
not left/right patterning. Finally, a group of AVSDs irrespective of heterotaxy are associated with
variants of ciliary genes that affect both the second heart field and left/right patterning (20).

Confusions in the field of CHDs have arisen from a lack of interdisciplinarity. Although
anatomical correlations can lead to relevant hypotheses, they are not sufficient to draw conclu-
sions about causality, which must be experimentally established in animal models using multiscale
(molecular, cellular, tissue, and organ) analyses. Conversely, superficial and nonquantitative phe-
notyping of CHDs in animal and genetic studies prevents the integration of mechanistic data into
the classification of CHDs. In the future, the general use of ICD-11 anatomical criteria will be
essential for sharing a common language, comparing data sets, and thus combining knowledge
across disciplines. Resolution of the fine anatomical details is best provided by 3D imaging, in
which different section planes can be used to diagnose distinct anatomical features, compared
with traditional histological sections. In the mouse, micro-MRI, micro-CT, high-resolution epis-
copic microscopy, and episcopic confocal microscopy are now available (33, 80, 97) and will be
applicable to postmortem human specimens.

4.2. Genetics of Structural Congenital Heart Defects

Compared with syndromic diseases with CHDs (112) and most cardiomyopathies (147), the ge-
netic origin of nonsyndromic structural CHDs is more complex. With the development of next-
generation sequencing and bioinformatic and statistical analyses, the number of rare sequence
variants identified in children with CHDs is exploding, with an estimated 392-440 genes with de
novo mutations associated with CHDs (52, 58). However, in most patients, a single-gene muta-
tion can explain neither their phenotype nor the large variability of the phenotypes for a given
malformation. Thus, establishing the disease causality of a specific variant remains a challenge.
Most CHDs (97.8%) are sporadic, i.e., with no affected first-degree relatives (108), which might
suggest a role for de novo mutations (150) in accordance with an increased paternal age at con-
ception. However, de novo mutations were found in only 10% of CHDs, and single-gene variants
were found in 3.5% (150). The increased incidence of CHDs in populations with high levels of
consanguinity also suggests a role for recessive genetic contributions (116). Inherited variants are
more frequently associated with nonsyndromic CHDs, compared with syndromic cases (119); 2%
of CHD cases were found to be attributable to inherited autosomal recessive variants (58).

Rates of recurrence among first-degree relatives of patients with CHDs suggest an overall risk
of 5-10% for any CHD when either one parent or more than two siblings are affected, or ap-
proximately 3% when one child is affected (112). This suggests that the majority of CHDs have
a multifactorial origin. In most families, only one person has a CHD; however, the risk of CHDs
increases for children born into families already affected. Heterotaxy and right ventricular outflow
tract obstructive lesions display the highest relative risk of recurrence (79% and 48.6%, respec-
tively), followed by AVSDs (24.3 %), left ventricular outflow tract obstructive lesions (12.9%), and
conotruncal defects (11.7%) (108). Analysis of the recurrence of distinct CHDs in the same fam-
ily indicates that there are common genetic pathways underlying a spectrum of CHDs. Using the
IPCCC codes and a hierarchical clustering of the log-odds ratio, researchers have identified pat-
terns of familial co-occurrence of CHDs, highlighting 10 distinct groups. Several of these groups
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are consistent with known developmental processes, corresponding to ASDs, AVSDs, right ven-
tricular outflow tract obstruction, left ventricular outflow tract obstruction, outflow tract defects,
and left/right anomalies, and some new groups have been identified (36).

There is thus accumulating evidence of a genetic origin of structural CHDs. The incomplete
segregation of familial CHDs could be attributable to incomplete penetrance, oligogenic origins
of CHDs, or both (150). This has been demonstrated for HLHS. Based on a forward genetic
screen in the mouse using the clinical nomenclature, 330 genetic variants associated with HLHS
have been identified. A combination of two variants is sufficient to generate HLHS with a 26%
penetrance among a spectrum of defects, including bicuspid aortic valve, isolated hypoplastic left
ventricle or aorta, and DORV (81). In the future, more complex modes of inheritance will have
to be considered, wherein, for example, a heterozygous mutation requires a modifier mutation
or the absence of a protective variant to manifest as disease, or a convergence of hypomorphic
mutations in several components of a single pathway must reach a threshold to manifest as
disease. Another approach is a gene burden system, combining a series of genomic alterations of
different weights, some inherited, some de novo. In either case, the contribution of variants in
noncoding DNA remains underexplored. To conduct these complex genetic analyses, the ongoing
sharing and harmonization of data in large-scale consortia will be key, associated with precise and
standardized phenotype annotations, the development of algorithms to extract information from
big data, and the development of tailored animal models to test specific genetic hypotheses.

4.3. Gene-Environment Interactions

In addition to genetic factors, the role of epigenetic mechanisms—chromatin remodeling, DNA
methylation, and histone modifications—in CHDs is emerging (112). The list of gene variants
associated with CHDs contains many chromatin-modifying genes (52, 150). Epigenetic factors
influence the regulation of transcription factors, like Tbx1, which is affected by 22q11 microdele-
tion, and could explain the variability of phenotypes in DiGeorge syndrome (99). CHDs are ob-
served in cohesinopathies, in which the cohesin protein complex is affected, which disrupts 3D
DNA loops that control gene regulation (99). This is the case for Cornelia de Lange syndrome,
which is associated with CHDs such as tetralogy of Fallot, septal defects, and pulmonary stenosis.
Since many of the proteins mediating epigenetic regulations are widely expressed, how they play
a role in specific CHDs remains unknown.

Environmental factors can also interact with genetic factors and partly explain the variable pen-
etrance and expressivity of genetic variants. For example, gestational hypoxia has been recognized
as a triggering mechanism of CHDs in genetically susceptible mouse embryos (100). In these
mice, hypoxia disrupted Fgf signaling in the second heart field, along with important transcrip-
tion factors involved in heart development, such as Tbx1, Tbx5, and Nkx2-5. CHD penetrance
increased as oxygen levels decreased, whereas the same genetically modified mice did not exhibit
any CHDs in the absence of hypoxia. Some teratogens, such as tobacco, as well as high altitude
and obesity of the mother, can induce CHDs similarly to hypoxia (23,127, 148). CHDs have been
associated with other environment factors, including drugs and toxic products (anticonvulsants,
antidepressants, alcohol, and isotretinoin), as well as diabetes in the mother (100). The impact of
pesticides in CHDs awaits a comprehensive analysis.

Hemodynamics also plays a major role during fetal life as a modifier of an initial perturbation of
normal cardiac development in the embryo, especially in left and right ventricular obstructive le-
sions (2). Hemodynamics could also intervene much earlier in cardiac development, acting directly
on cardiomyocytes and endocardial cells in endocardial cushions and through mechanosensors and
mechanotransducers, including primary cilia (25). A recent experimental study in chick embryos,
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using different degrees of outflow tract banding or ligation of the right vitelline vein early in car-
diac development, demonstrated that the type of malformation obtained (VSDs, DORYV, tetralogy
of Fallot, or anomalies of the pharyngeal arches) varies with the degree of banding and between
the banding and vein ligation groups. The vein ligation group exhibited isolated malformations
of the pharyngeal arches with hypoplastic aorta, which were distinct from the malformations of
the aortic arches associated with DORV or tetralogy of Fallot that were observed after banding
of the outflow tract. The degree of hemodynamic impairment at the heart tube stage is thus pre-
dictive of distinct CHD phenotypes, which could be due at least in part to perturbations of the
epithelial-mesenchymal transition in the outflow tract cushions (94). Genetic and hemodynamic
factors are thus tightly intertwined.

4.4. Association of Congenital Heart Defects with Other Organ Defects

Among children with CHDs, 13 % have associated extracardiac malformations, compared with 7%
in the general population (150). Many of these anomalies are found in the setting of syndromes,
including heterotaxy and chromosomal abnormalities, thus pointing to a common genetic origin.

As the vast majority of neonates with CHDs survive well beyond infancy, neurodevelopment
constitutes a major issue. Neurodevelopmental disabilities affect 10% of children with mild CHDs
and up to 50% of those with severe CHDs that required surgical repair during infancy (150).
White matter alterations and immaturity are commonly associated with CHDs (101). The preva-
lence of attention deficit and/or hyperactive disorder is increased two- to fourfold in children with
CHDs compared with the general population (89, 134). Children with ASDs and VSDs are at a
higher risk of developing autism (120). In HLHS, the incidence of neurodevelopmental disabil-
ities reaches 70% (89). Some CHDs, such as HLHS, may have a common genetic or epigenetic
cause with abnormal brain development. A candidate gene is RBFOX2, which encodes a regulator
of RNA splicing (52). For a long time, most of the neurodevelopmental disabilities were thought
to result from oxygenation changes during cardiac bypass surgery. However, there is increasing
evidence that neurodevelopmental impairments in children with CHDs are also secondary to im-
paired cardiovascular physiology in the fetus (110). In addition, fetal cerebral blood flow is altered
in fetuses with HLHS, suggesting a role of fetal hemodynamics in the neurological outcome of
children with CHDs (101).

4.5. Adults with Congenital Heart Defects

Following the tremendous advances in the surgical repair of CHDs in children during the last
half century, along with advances in prenatal and postnatal diagnosis and in medical management
of neonates, including the use of prostaglandin E1 to keep the arterial duct open, the epidemi-
ology of CHDs in developed countries has changed considerably. Although CHDs remain the
first cause of neonatal mortality, approximately 30% of children born with a CHD require surgi-
cal or transcatheter intervention in the first year of life, and the survival rate is now above 90%
(88). However, surgery has not solved all the deficiencies, which raises emerging problems for the
long-term follow-up of patients: There is an increased burden of heart failure and arrhythmias in
the adult population, and approximately 30% of adults operated on in childhood for a CHD will
need reintervention (55).

5. CONCLUSIONS

With the enormous progress in clinical and basic research, most CHDs are no longer unavoidably
fatal at birth. However, they are incompletely understood and remain a major medical issue. The
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complexity of the genetic inheritance and phenotypic variability of CHDs is among the challenges
to address, abandoning the overly simplistic association of one gene with one embryological pro-
cess with one disease. With the advent of big data in omics and imaging and the development of
analytic algorithms, heart development and CHDs can be investigated more quantitatively, taking
into account the multiplicity of molecular pathways and their dynamic spatiotemporal context.
Further deciphering CHDs will be possible only through close interactions among all the ac-
tors in the diagnosis, treatment, and physiopathology of CHDs, including pediatric cardiologists,
congenital cardiac surgeons, radiologists, cardiac anatomists, fetopathologists, obstetricians, and
basic scientists involved in the embryology, genetics, and epigenetics of CHDs, in epidemiology,
and in the development of computational tools. The nomenclature and classifications of CHDs
provide a standardized phenotyping to integrate knowledge across disciplines. Interdisciplinary
interactions, in turn, are expected to refine the current classifications, to better identify families
of CHDs with a shared mechanistic origin. Ultimately, close collaboration between clinicians and
researchers is beneficial for all patients born with congenital cardiac malformations.
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