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Abstract

The mature outflow tract (OFT) is, in basic terms, a short conduit. It is a simple, although vital,
connection situated between contracting muscular heart chambers and a vast embryonic vascular
network. Unfortunately, it is also a focal point underlying many multifactorial congenital heart
defects (CHDs). Through the use of various animal models combined with human genetic
investigations, we are beginning to comprehend the molecular and cellular framework that
controls OFT morphogenesis. Clear roles of neural crest cells (NCC) and second heart field (SHF)
derivatives have been established during OFT formation and remodeling. The challenge now is to
determine how the SHF and cardiac NCC interact, the complex reciprocal signaling that appears to
be occurring at various stages of OFT morphogenesis, and finally how endocardial progenitors
and primary heart field (PHF) communicate with both these colonizing extra-cardiac lineages.
Although we are beginning to understand that this dance of progenitor populations is wonderfully
intricate, the underlying pathogenesis and the spatiotemporal cell lineage interactions remain to be
fully elucidated. What is now clear is that OFT alignment and septation are independent processes,
invested via separate SHF and cardiac neural crest (CNC) lineages. This review will focus on our
current understanding of the respective contributions of the SHF and CNC lineage during OFT
development and pathogenesis.

INTRODUCTION

Congenital heart defects (CHD)! are the most common developmental anomaly and account
for nearly one third of all major congenital anomalies.23 Within the scope of CHDs, cardiac
outflow tract (OFT) defects and abnormalities of the great arteries that exit the heart are
estimated to cause approximately 30% of these CHDs,* causing significant morbidity and
mortality in both children and adults. A variety of OFT defects result from disturbance of
the morphogenetic patterning of the anterior pole of the heart, which is essential for the
establishment of separate systemic and pulmonary circulations in higher vertebrates.>~7
Because proper formation of the OFT requires intricate coordination in space and time
between multiple extra-cardiac progenitor populations, it is particularly susceptible to
congenital anomalies. Specifically, this review will focus on the major OFT structural
vascular defects including: persistent truncus arteriosus (PTA), in which there is only a
single undivided OFT exiting the heart; double outlet right ventricle (DORV), in which the
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divided aorta and pulmonary trunks both exit the right ventricle (RV) only; transposition of
the great arteries (TGA), in which the aorta and pulmonary trunks are fully septated but the
aorta arises from the RV and the pulmonary trunk arises from the left ventricle (LV); and
overriding aorta (OA), which is an OFT alignment defect usually associated with Tetratolgy
of Fallot (TOF) [a spectrum that also includes pulmonary stenosis (PS), right ventricular
hypertrophy and concomitant interventricular septal defects], summarized in Table 1 and
illustrated in Figure 1. Other serious patient cardiovascular defects of the great arteries and
veins exiting the heart not discussed here include®~": coarctation/interruption of the aorta
(CoARC); vascular ring; aberrant subclavian artery; PS; patent ductus arteriosus (PDA);
persistent left superior vena cava; and anomalous pulmonary venous connection (APVC). In
addition, there is a wide spectrum of OFT valvular defects including, aortic and pulmonary
valve sub/supravalvular stenosis and bicuspid aortic valve that can often occur (reviewed
expertly elsewhere®-19): and several of these CHDs can occur in various combinations.
However, the underlying pathologies of these defects (i.e., COARC, PS, APVC) remain
unclear due to a lack of available experimental models that faithfully replicate great artery,
vein, and valvular defects. In contrast, transgenic mouse mutants have been more instructive
as to developmental etiologies of structural OFT defects, although many developmental
processes remain opaque. It is not all doom-and-gloom, as remarkable surgical and medical
advances now allow more than 90% of the children who survive surgery to live into
adulthood, establishing the field of “adult CHDs” which can have ongoing consequences
over decades.1! Moreover, advances in developmental biology have resulted in
identification of numerous transcriptional factors, signaling molecules and structural genes
that are now known to be critical for normal cardiac morphogenesis.11-14 This improved
understanding of the molecular aspects of heart development has assisted the discovery of
CHD-causing genes, identified using positional cloning and/or candidate gene screening
approaches.13.15 Unfortunately the etiology of most CHDs, including the predominant
structural OFT defects, remains unknown because of their multifactorial nature1216 and the
fact that several extra-cardiac progenitor lineages are required to combine seamlessly in
order to form the mammalian OFT conduit. A greater understanding of possible genetic
causes would provide insight into the pathogenesis perhaps even the prevention of CHDs as
well as allow for better assessment of disease risk and prenatal diagnosis.

The most severe structural OFT defect in patients is thought to be PTA, as it is often
associated with an unfavorable prognosis and complete surgical repair is not always
possible.1” PTA is principally caused by defective septation of the initial single embryonic
OFT into separate aortic and pulmonary trunks.>7 On the basis of transgenic mutant mice
and chick embryo surgical ablation studies, abnormal development of cardiac neural crest
(CNC) cells, an ectoderm-derived extra-cardiac cell lineage, contributes significantly to the
pathology of OFT defects including PTA.18-24 During early embryogenesis, CNC cells arise
from the dorsal neural tube and migrate ventrally as mesenchymal cells to populate the OFT,
where they merge with other cell lineages to form the aorticopulmonary septum. This
septum divides the initially single embryonic OFT (also called truncus arteriosus) into
separate aortic and pulmonary arteries, resulting in the establishment of separate systemic
and pulmonary circulations.1® Transgenic mis-expression or deletion of genes in mice has
revealed critical pathways, signaling cascades, and cell lineages essential for CNC
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morphogenesis and, thus, OFT formation (listed in Table 2). Beyond the extensive role of
CNC cells, other lineages are emerging as important contributors to OFT formation. More
recent studies have shown that reciprocal signaling between the CNC and cells derived from
the pharyngeal mesoderm (or second heart field, SHF), which subsequently give rise to
OFT/subpulmonary myocardium, is also required for OFT and heart development?>:26 and
the surgical removal of SHF progenitors2 results in other OFT defects (listed in Table 2).
Additionally, endothelial cells that line the interior of the OFT vessels and a sub-region of
the endothelial cells within the OFT (termed “endocardial cells' in the heart) undergo
epithelial-mesenchymal transformation (EMT), to give rise to the endocardial cushions, that
together with the invading CNC, form the OFT septum. The OFT endocardial cushions then
undergo remodeling to form the semi-lunar valves that help maintain unidirectional blood
flow.28-30 A range of transgenic mouse mutant studies have revealed that abnormal EMT
(resulting in either deficient OFT cushion formation3! or excessive cushion formation32:33)
can also give rise to structural OFT defects, particularly alignment defects (listed in Table
2). Although CNC cells are known to contribute a significant proportion of the endocardial
cushion mass (likely important in early prevention of retrograde blood flow), CNC are not
typically considered to have a direct role in semi-lunar valve formation.34 However, exciting
recent data suggest that the CNC lineage is in close apposition to SHF precursors within the
ventral pharynx during migration to the OFT endocardial cushions, and together they may
provide instructive signals to orchestrate apoptosis and changes in extracellular matrix
(ECM) production during valve remodeling.3® Hence, during OFT morphogenesis and
creation of the distinct pulmonary and systemic conduits, multiple cell types arise from very
distinct progenitor populations to undergo remodeling and accommodate ever-changing
requirements of the developing embryo. Thus, CNC must interact with SHF myocardium
and endocardial cushion mesenchyme for normal heart development to occur. As the role of
the endocardial cushions/valves in CHDs has been expertly reviewed elsewhere,”36-39 this
review will therefore focus principally on the CNC lineage and also the SHF during OFT
defect pathogenesis.

GENESIS OF THE OFT

The mammalian OFT conduit is composed of migratory progenitor cells (i.e., CNC, SHF,
and resident primary heart field cells) that give rise to endocardial and myocardial cells as
well as cells derived from EMT within the OFT itself (i.e., endocardial cushion cells; Figure
2). Not only are multiple lineages and extra-cardiac colonization of the heart/OFT from
distinct embryonic regions required for dynamic OFT development, migration of these
extra-cardiac lineages into the heart requires precise spatiotemporal regulation and lineage—
lineage signaling/feedback for normal morphogenesis to occur. Compounding this
complexity, the beating heart is becoming coupled to the metabolic needs of the developing
embryo even as the OFT is being formed from several disparate cell types.88.89

PHF and SHF Lineages

The primitive embryonic heart tube begins beating within hours of formation, around
embryonic (E) day 8-8.5 in mice,2%:90 and days 21-23% in human embryos. As briefly
revealed above, different segments of the OFT arise from distinct progenitor pools both
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from within the looped heart itself, as well as distinct populations of invading extra-cardiac
cells. The initial linear heart tube is derived from the paired lateral precardiac mesoderm of
the primary heart field (PHF), and contributes primarily to the eventual LV and parts of the
atria.92 Subsequently, additional cardiomyocytes migrate into the heart from SHF
pharyngeal mesoderm (E8 in mice?3-9 and end of the third week in humans); and these
later additions contribute to the RV, ventricular septum (or a part of ventricular septum), and
OFT, while other cells contribute to areas of the atria.?”:96-98 The SHF grows out from the
cardiac crescent to the arterial pole of the primitive LV and forms a primitive outlet, the
OFT precursor. At this stage, the PHF cells occupy the greater part of the single straight
heart tube, and despite the use of several transgenic marking systems the early contribution
of SHF to the heart tube is still imprecise.?9-101 Moreover, the mechanisms governing SHF
migration into the heart are unclear: for instance, it remains to be determined whether SHF
cells migrate individually or as a sheet, how they communicate with each other and the PHF
derivatives, and if the SHF cells respond to stimuli from the PHF. Additionally, the SHF is
heterogeneous and some SHF cells may populate the endocardial cushions,26:94 although
whether they migrate into the endocardial cushion or enter as a result of EMT from the
endocardium remains ambiguous.192 Simultaneous with rightward looping of the heart tube,
a rapid increase in the length of the primitive OFT occurs with the addition of SHF-derived
myocardial precursors from the pharyngeal mesoderm.96:101.103 Ag SHF derivatives
colonize the primitive OFT there is a co-incident downregulation of SHF progenitor
proliferation markers (including CTNNB1, SHH, BMPs) and activation of early markers of
the cardiomyocyte lineage (including Nkx2.5, Thx5, Thx20, Gata4, Gata5, and Gatab;
reviewed in Ref 100). The OFT is often described as two regions, the “truncal’ portion being
adjacent to the RV and the truncal portion being further away from the heart and adjacent to
the pharyngeal arches. Conal myocardium is added before truncal myocardium and hence is
proximal to the distal truncal myocardium (Figure 2). Although adjacent to each other in the
elongated OFT, the conal and truncal OFT have distinct characteristics and the truncal/conal
boundary is thought to play an important role in remodeling of the heart. The interface of the
conal (EMT-derived) and truncal (CNC-derived) endocardial cushions is believed to be
important for the remodeling process of the systemic and pulmonary circulations and to help
establish positioning of the emergent semi-lunar valves.30.104.105 Directional signaling from
the myocardial sheath surrounding the OFT is important for normal endocardial cushion
morphogenesis, and there is evidence that the conal and truncal myocardium have distinct
characteristics from chick studies.1%4 It seems reasonable to consider that conal and truncal
myocardium exert distinct influences on the EMT and CNC-derived cushions in mice;
however, it remains unclear whether the conal and truncal myocardium in higher vertebrates
maintain the unique properties that have been observed in avian species. Preceding
differentiation into mature cardiomyocytes, SHF-derived myocar-dial precursors may also
directly influence semi-lunar valve formation.3* Moreover, the conal myocardium is non-
trabeculated and is able to induce endocardial EMT to seed the proximal OFT endocardial
cushions, which is central during closure of the ventricular septum and semi-lunar valve
development.1%In vitro approaches indicate that chick myocardial differentiation of SHF
progenitors requires BMP signaling combined with downregulation of the FGF/Ras/Erk
pathway, and that the FGF signaling cascade may maintain proliferation of SHF progenitors
until OFT colonization.197 After addition of the myocardium to the truncal myocardial cuff
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around the OFT, SHF cells differentiate into smooth muscle cells near the base of the
remodeling aorta and pulmonary artery and populate regions adjacent to the more distal
walls of the great arteries that are CNC-derived.198 Indeed, impaired SHF proliferation and
function can lead to severe conotruncal hypoplasia and concomitant CHDs.%4109-111 Early
conotruncal hypoplasia is primarily a defect in SHF colonization of the arterial pole of the
primitive heart tube, and the importance of SHF in heart tube and OFT elongation has been
demonstrated using several distinct approaches. Moreover, surgical removal of chick SHF
progenitors leads to OA and pulmonary stenosis or atresia, which are key components of
TOF.27 Ablation of genes that are highly expressed in mouse SHF (such as 1SL1112 and
MEF2c113), conditional inhibition of Notch signaling in SHF derivatives, 114 and regional
application of a cell cycle inhibitor to the anterior pharyngeal mesoderm prior to migration
of SHF derivatives® all resulted in failed heart tube elongation, looping, and hypoplastic
right-sided heart, atria, and OFT, underscoring the importance of this specialized cell lineage
in OFT development.

Endocardial Cell Lineage

The endothelial cells closely juxtaposed to the myocardium in the heart, termed the
endocardium, are derived from early cardiac mesoderm.11> However the origin of the
cardiac endocardial lineage remains uncertain as different experimental systems have
provided divergent models. From data obtained mainly from mouse models and cell lineage-
mapping approaches, it is thought that mammalian endocardial and myocardial cells are
derived from a common multipotent progenitor within the cardiac mesoderm.102.116-119
However, using both chick and zebrafish embryo methodologies, it believed that endocardial
cells within the cardiac mesoderm are pre-specified during primitive streak stages, prior to
migration to the cardiac crescent, to become endocardium.120.121 Fyrthermore, cell fate
approaches using precise inducible lineage-mapping techniques, clonal analysis and
multicolor reporter constructs (i.e. those reviewed in Ref 122), as well as birth dating and
live imaging of the progenitor cell populations may help in resolving these inconsistencies.
Nevertheless, the endocardium plays two key roles during OFT morphogenesis, principally
during endocardial cushion morphogenesis and also as a regulator of OFT myocardial
proliferation.

In response to conal OFT myocardial signals to the adjacent endocardium, the endocardium
undergoes EMT to give rise to a migratory population of mesenchymal cells that seed the
acellular endocardial cushion prior to normal semilunar cardiac valve development. Multiple
signaling pathways and transcription factors, including TGFB, BMP, FGF, and WNT
signaling,33:36.123-125 yeqylate this EMT process and subsequent cardiac valve development.
The early cardiac cushions are required to prevent retrograde blood flow. Significantly,
abnormal regurgitant flow in the aorta evident as early as E12.5 within Nfatcl null embryos
has been shown to result in altered physiological parameters that may culminate in the mid-
gestational lethality observed.2® Indeed, recent mouse lineage-mapping experiments using
the Nfatcl promoter have revealed that NFATC1 transcription factor plays a key role in
coordinating the timing and location of EMT within the OFT via suppression of Snail and
Snai2, two key transcriptional factors for initiation of EMT.30 After fusion of the OFT
cushions and septation, the truncal OFT endocardial cushions further remodel into the
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mature aortic and pulmonary valves.3%126 Additionally, the endocardium is known to play a
critical role during heart development via the regulation of cardiomyocyte proliferation.
Multiple pathways, including the NRG1/ERBB2/B4, Notch, VEGF, ANG, and FGF
signaling pathways, are important for endocardial myocardial signaling and many of these
act as mitogens and promote cardiomyocyte differentiation.125127,128

CNC Lineage

Disruption of neural crest cell (NCC) development, either cell-autonomously or non-cell
autonomously, results in many forms of human birth defects, including Waardenburg,
DiGeorge, Neurofibromatosis, Hirschsprung, Treacher-Collins, Leopard, Axenfeld-Rieger,
and CHARGE syndromes; many of which include defects in pharyngeal arch arteries (AAS)
and/or cardiac OFT, such as congenital vascular rings, PTA, or pulmonary atresia. The
neural crest (NC) related congenital defects are often called neurocristopathies.129

NCC derivatives are absolutely essential for OFT remodeling,130 specifically during the
OFT septation process and for patterning of the great vessels. NCCs compose a multipotent
migratory embryonic lineage that is derived from the border zone of the neural plate/surface
ectoderm.131 NCC specification occurs embryonic (E) days 7.75-8 (corresponding to day
16/17 in human embryos) within mouse neural folds in the dorsal domain of the developing
NT/spinal cord. The CNC is a subset of the NC that originate from the lower hindbrain
between the otic placode and fourth somite and is absolutely required for normal heart
development.22:23.132-134 Eo|lowing specification, EMT confers morphological changes that
allow E8-E8.5 CNC subpopulation to migrate over and through a meshwork of loose ECM
or along dense basement membranes and where they encounter a great diversity of
substrates13° on their way to the aortic sac and further on into the OFT truncal cushions.
Several key signaling molecules (BMP, FGF, Notch, RA, WNT) are thought to participate in
both induction and later steps of NCC development. The induction of NCC emigration from
within the neural tube triggers the expression of a specific set of transcription factors,
collectively known as border specification genes (including Msx1, Msx2, Pax3, and Zicl)
that, along with signaling molecules, are thought to direct the expression of NCC
transcriptional specifiers (including Tfap2a, Foxd3, Crabpl, Snai2, and Sox10). These
specifiers in turn regulate the appearance of later NCC effector genes responsible for NCC
migration and differentiation (including Sox9, Sox10, Cdh7, Col2al, Neurogl, and Plxna2).
The expression of these genes appears in a temporal fashion during embryogenesis, and
marks the progression of NCC morphogenesis (reviewed in Ref 136).Cell-cell interactions
[via Connexins and Cadherin 2 (CDH2), formerly known as N-cadherin] between NCC
within the same migratory stream are thought to contribute to the generation of cell polarity
and guide overall direction.237 In addition, interactions with neighboring non-NCC lineages
are thought to be essential for the interpretation of external cues.138-142 NCC migration is
followed by terminal differentiation at sites of colonization,143 but the specifiers and signals
responsible for cessation of CNC migration and differentiation during mesenchymal
condensation and formation of the muscular OFT septum are yet to be identified.

Specifically, the CNC subpopulation is thought to migrate via the aortic sac and begin to
colonize the truncal OFT cushions from E9 onwards in mouse embryos (corresponding to
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days 20-22 in human) and continue to populate the truncal cushions until approximately
E11 and give rise to the aorticopulmonary septa.>7:2224 The aortic sac is the non-
muscularized connection between the primitive OFT and the arch arteries (AAs; Figure 2).
The OFT septum, which physically divides the systemic circulation from the pulmonary
circulation, begins as a shelf-like structure distal to the OFT.39 The shelf forms between the
fourth aortic AA (eventual aorta) and sixth aortic AA (eventual pulmonary artery) and it
grows into the distal OFT toward the proximal OFT.7:22:24.144 ghsequently, as the shelf
grows proximally, it comes into continuity with the bulging spiraling OFT cushions.3°
Rotation of the OFT is a seminal event in proper OFT alignment, 145 and reduced rotation
has been correlated to DORV, OA, and other OFT remodeling defects in humans.146 The
OFT shortens at the same time it undergoes rotation and shifts to a medial position above the
presumptive ventricular septum. Thus, OFT septation of the elongated spiraling OFT occurs
with fusion of the single aorticopulmonary septum and enlarged endocardial cushions
following significant CNC colonization of the truncal cushions. Subsequently, the arrest of
NCC migration is sometimes coupled with a reaggregation processl4’; however, the
environmental signals that directly influence when, where, and how the CNC subpopulation
migrates and begins to differentiate are yet to be identified.

In addition to controlling OFT remodeling, CNC-derivatives are essential for E10
pharyngeal AAs remodeling that gives rise to the great vessels exiting the heart.
Specifically, CNC contribute to vascular smooth muscle cells of the aortic arch and
eventually differentiate to form some of the smooth muscle cells within the adult arterial
wall. Mammals have five branchial arches, each of which contains an AA (numbered 1-4
and 6). Blood flows out of the heart via branchial AAs to circulate throughout the embryo.
Although the arterial system initially forms symmetrically, in the mature organism, the left
fourth and sixth AAs persist and give rise to the aortic arch and pulmonary trunk, whereas
the right fourth and sixth AAs regress.22 Although CNC colonize the fourth and sixth AAs
equivalently,130 and reduced CNC function invariably results in a wide variety of AA
defects,22:24.50.148,149 CNC are thought to be essential for the persistence of an AA but not
its formation.159 CNC also colonize the dorsal root ganglia (DRG), thyroid, and parathyroid
and are the precursors of the Schwann cell lineage.132:133.151,152 Recent lineage-mapping
data suggest that CNC may also orchestrate E11-E13 valve remodeling3®126 and give rise
to glia cells around the conduction system193.154: however, their precise role in these
unexpected locations remains to be fully elucidated and these lineage-mapping results are
yet to be tested functionally.

Aberrant CNC morphogenesis is associated with an astonishing array of structural CHDs
including severe conotruncal defects (e.g., PTA and concomitant membranous VSDs) and
less severe cardiac phenotypes (e.g., DORV). The range of CNC-associated phenotypes
suggests a continuum where the relative severity of NC deficiency dictates the severity of
the CHD. Identification of the molecular mechanisms underlying CNC specification has
remained elusive. Similarly, there is almost nothing known about the role of CNC within the
OFT itself, nor the reason why so many mouse KO and chick NC ablations almost
uniformly result in early embryonic lethality,19:132.155 a5 the presence of ductus arteriosus
and placenta preclude the requirement of septation of the OFT and division of pulmonary
and systemic circulations until birth. Moreover, our understanding of NCC development in
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human embryos remains largely uncharacterized, despite the role the NCC plays in several
human pathologies. However, examination of several molecular markers identified in mouse
studies has revealed conservation in human embryos from Carnegie Stages 12 to 18.156
Significantly, expression of Sox9, Sox10, and Pax3 transcription factors was demonstrated
within premigratory NCC, while actively migrating NCC display the additional transcription
factors Pax7 and Tfap2a. Combined, this has meant elucidation of a CNC-specific role
causing actual functional in utero lethality during heart development remain vague, although
their requirement during structural remodeling is unquestioned.

What Developmental Biology Can Tell Us About the Mechanism/s that Cause Persistent
Truncus Arteriosus

PTA, also known as common arterial trunk, is defined by a single undivided arterial trunk
exiting the heart and is principally thought to be a result of OFT septation failure. The lack
of OFT septation prevents separation of pulmonary and systemic circulations at birth,
usually requiring neonatal surgical repair to prevent cyanosis and pulmonary failure due to
the presence of a concomitant VSD. In humans, the common trunk may arise from the RV
or LV, or more commonly, the PTA may override the VSD.17 Intriguingly, PTA typically
arises from the RV in most mouse mutants, particularly when NCC and SHF restricted Cre
recombinase drivers are used. However, recent conditional inactivation of the histone
trimethyltransferase Ezh2 using Nkx2.5-Cre resulted in overriding PTA.198 It is unclear why
there appears to be a species-specific difference between mouse and human in the location
of PTA. Further studies are required to determine whether mutations within distinct
progenitor cell populations, developmental timing of genetic insults, unique physiological
demands, or hemodynamic stresses primarily mediate the final position of PTA.

Clinically, PTA is classified into type-I (reflecting partial septation of the OFT once it has
exited the heart, as the OFT partially divides into separate pulmonary and aortic arch
elements); type-11 (in which only a single OFT exits the heart), and type-111 (in which there
are two lateral pulmonary arteries). However, from a developmental perspective these types
more likely reflect a continuum of severity and the degree to which CNC morphogenesis is
compromised. Multiple underlying cellular mechanisms can give rise to the same
phenotypic structural PTA defect.? This complicates the analysis of the contributory primary
defects and lineages involved in OFT pathogenesis. Nevertheless, the CNC lineage is known
to play a fundamental and unquestioned role during OFT septation, initially demonstrated
via landmark surgical neural fold ablation studies performed in chick embryos.18 These
microablation studies confirmed the importance of CNC cells to normal cardiovascular
development, as PTA invariably resulted following their removal at the neural plate stage.
These ablations often led to failed OFT elongation,108.159.160 sypporting a cell-autonomous
role of CNC and further suggesting that the CNC may directly contribute to OFT elongation.
However, using a transgenic model employing Cre/loxP technology and spatiotemporally
restricted expression of a diphtherotoxin (DTA) subunit with the NCC-specific Wnt1-Cre
driver, genetic ablation of the mouse CNC results in fully penetrant PTA, but a normal
length OFT, despite absence of any CNC migration from the neural tube (previously
demonstrated by Olaopa et al.24 and illustrated in Figure 3). Combined, these NCC ablation
approaches confirm that the absence of CNC subpopulation causes PTA due to a lack of
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mesenchymal contribution to the aorticopulmonary septum and failed septation. However,
the role of the CNC within OFT elongation remains unclear, and this ambiguity could be
due to species-specific effects, the extensiveness of the CNC ablation or an indirect non-
cell-autonomous effect upon adjacent lineages.

Congenital malformations are due primarily to aberrant gene expression, which ultimately
leads to poor cardiac output both in utero and after birth.161 Moreover, the identification of
genes that mark specific cardiac lineages and are mis-expressed during CHD
pathogenesis!2:13:16,22,24,132-134 hag enabled investigators to molecularly monitor and
analyze the fate of the CNC lineage. The advent of transgenic Cre recombinase mouse lines,
which allow Cre/loxP-mediated lineage traces to be performed of the marked CNC and their
progeny without changing the properties of the marked cells, has provided a number of
important insights. Several transgenic mouse Cre lines are now used to study CNC cell
migration (listed in Table 3), providing a comprehensive atlas of the structural contribution
of CNC cells and their derivatives to the OFT. The most extensively employed NCC-
restricted Cre line within heart development is Wnt1-Cre.230 The Wnt family of
transcription factors has a proven and critical role within early CNC specification,162 and
Whnt1-Cre marks NCCs within the cranial neural tube beginning E8 and within the
emigrating CNC approximately E8.25.24.163 Similarly, transgenic 1.6 kb Pax3-Cre linel64
also drives dorsal neural tube and NCC-restricted reporter expression from E8 to E8.25
onwards;163 while PO-Cre drives NCC-specific reporter expression, including the CNC
subpopulation, only after they have emigrated from the neural tube.16% Several other Cre
lines are also used for OFT analysis (Table 3), including the Tfap2a-Cre knock-in line166
that is expressed earlier than Wnt1-Cre within the CNC lineage at E8,24 but is additionally
expressed within the surface ectoderm. Interestingly, global Wnt1 knockout embryos do not
exhibit any NCC abnormalities nor CHDs, but double Wnt1/Wnt3a knockouts are lethal by
E10 and the NCC are stuck within the dysmorphic neural tube.167 However, both global
Pax3 and Tfap2a mutants exhibit OFT defects.19.168 Although we are fortunate to have
several CNC Cre lines at our disposal, it should be noted that it has not yet been established
whether any of these important mouse tools comprehensively mark all CNC and whether
any of them are expressed early or extensively enough to mark the different waves of
emigrating NCC subpopulations.

Although it is well established that a combination of BMP, WNT, FGF, retinoic acid (RA),
and Notch/Delta signaling are important for the specification of NCC lineage from dorsal
neural progenitors162.188.189: gyrprisingly, the mechanism responsible for specification and
induction of the CNC subpopulation is less well understood. However, BMP signaling is
thought to be important in regulating a subset of CNC cells as they undergo migration to the
OFT, as BMP-dependent NCC have been shown to be important during OFT remodeling. In
mouse embryos where combined TGFB and BMP signaling were significantly
downregulated via Wnt1-Cre-mediated Smad7 antagonist overexpression, CNC migration
was impaired due to elevated CNC-specific apoptosis leading to PTA.50 Similarly, Wnt1-
Cre conditional deletion of the downstream TGFB and BMP signaling co-effector Smad4,
results in elevated CNC apoptosis, hypocellular OFT cushions, and PTA.#849 In chick
embryos, retrovirally induced Noggin overexpression in developing hearts leads to
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decreased CNC migration into the OFT and a variable array of OFT defects (possibly
dependent on intra-experimental variance in viral efficacy) including DORV and PTA.190
These results are consistent with additional studies in chick that exogenously applied
Noggin91:192 and surgical implantation of Noggin-expressing notochords into the open
neural folds192 (notochord is known to inhibit NCC migration93) all of which resulted in
failed NCC migration from the neural tube. While excessive Noggin results in reduced CNC
migration to the OFT, global loss of Noggin in mouse results in increased apoptosis within
the NCC-containing neural tube at £9.0.194 Given the extensive efforts to delineate the
importance of BMP signaling in NCC function and cardiac development, future studies
should focus on temporal or spatially restricted modulation of Noggin expression to
determine what role it may play in OFT morphogenesis itself.

The role of directional BMP signaling directly to the CNC during OFT morphogenesis is
further supported by failed CNC morphogenesis resulting in PTA following cardiac-specific
deletion of Bmp4.174195Bmp4 expression within SHF derivatives, including the OFT
myocardial cuff, is critical for OFT septation and conditional ablation of Bmp4 via Mef2c-
Cre results in PTA, as previously demonstrated by McCulley et al.19 and illustrated in
Figure 4. Furthermore, NCC-restricted deletion of Acvrl (formerly known as Alk2) BMP
receptor signaling also resulted in PTA and abnormal maturation of the aortic arch,
reminiscent of common forms of human CHD.40 Type-II Bmp receptors are also critical for
OFT morphogenesis and while global Bmpr2 deletion is not instructive in cardiac
development (mutants die during gastrulation1®?) global Bmpr2 hypomorphism results in
PTA.198 Similarly, migration of mutant Acvrl CNC to the OFT was impaired, and
differentiation of CNC into smooth muscle cells surrounding the aortic AAs was deficient.
However, Wntl-Cre targeted deletion of Bmprla (formerly known as Alk3) resulted in a
shortened OFT with defective septation leading to PTA despite normal CNC migration and
colonization of the OFT.199 Although marker gene analysis or organization of the CNC
within the Bmprla mutant OFT septum itself was not analyzed, these data were interpreted
as Bmprla may not be necessary for early CNC biology. An intriguing alternative is that the
hyperplastic OFT cushions within these Bmprla;Wnt1-Cre mutant mice precluded any
functional need for the CNC to mediate OFT septation. The apparent discrepancy regarding
the importance of BMP signaling for CNC morphogenesis may also be due to the respective
cell-autonomous requirements and redundancy of ubiquitous Acvrl versus ubiquitous
Bmprla or it could be that the timing of NCC-restricted deletion may explain differential
effects upon CNC morphogenesis. Specifically, global Bmprila nulls fail to gastrulate200
while global Acvrl nulls arrest at early gastrulation. Alternatively, the finding that Nkx2.5-
Cre deletion of Bmp4 (an Bmprila ligand) results in defective OFT septation, aortic arch
interruptions, abnormal AA remodeling with decreased smooth muscle recruitment, and
hypoplastic conotruncal cushions.19> As Nkx2.5-Cre is absent from the CNC lineage and a
known SHF marker, this suggests that indirect reciprocal BMP signaling from the SHF to
CNC is also key during normal OFT septation.

Normal SHF morphogenesis is critical for OFT septation; as deletion of
Thx1,52:53.2011511 94Mef2c,109Tbx20,5% and Aldh1a2292 all result in SHF dysmorphism and
cardiac defects (including failed OFT formation, rotation, and septation). Due to complex
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genetic interactions between genes critical for SHF morphogenesis, it has remained difficult
to define the precise signaling and transcriptional cascades within the SHF that are important
for OFT formation and remodeling. However, exciting work has begun to delineate a few of
the key upstream factors involved in SHF signaling. As a prime example, TBX1 provides
critical transcriptional regulation of SHF morphogenesis. TBX1 has been tightly associated
with DiGeorge syndrome (22q11DS) through several important studies.52-54.203.204 \\hile
Thbx1 null mice develop fully penetrant PTA (including other main aspects of the DiGeorge
syndrome), Thx1 heterozygotes develop normal, fully septated OFTs and do not develop the
full spectrum of 22q11DS-associated defects, although they do infrequently present AA
remodeling defects.53:205 This is in contrast to humans who develop malformations
associated with 22q11DS in a haplo-insufficient manner, suggesting either a species
difference in DiGeorge syndrome pathogenesis between mouse and human or the possibility
that additional gene(s) and/or genetic deletions may contribute to DiGeorge syndrome in
humans.2%8 Global and mesodermal specific (T-Cre transgene) deletion of Thx1 results in
structural heart defects including PTA, as well as increased expression of Aldhla2, Thx5,
and Gata4, and decreased expression of Isl1 and Nkx2—6.110 Interestingly, overexpression of
Thx1 also results in cardiac and OFT defects despite decreasing the expression of Aldhla2,
Tbx5, and Gata4, and increasing the expression of Nkx2—6 (opposite effect of Thx1
ablation!10). It is important to understand that while TBX1 may transcriptionally regulate
Aldhla2 (responsible for RA synthesis), RA conversely inhibits Thx1 expression in vivo and
in vitro.207 Considering the acknowledged importance of RA for CNC morphogenesis in
normal OFT septation (see below), an intriguing possibility arises whereby Thx1 deficiency
may affect not only SHF cells, but also CNC cells that are involved in OFT remodeling.
However, whether there is functional overlap or signaling between SHF and CNC in Thx1
deficiency is not clear, especially considering the apparent inter-lineage signaling that is
critical for normal OFT formation.

In attempting to elucidate the early NCC signaling germane to cardiac development, mouse
PAX3 has become an interesting avenue of investigation. Mouse PAX3 is a paired and
homeobox-containing transcription factor that is one of the earliest expressed NCC genes
(approximately E7.5) and maintains dorsally restricted expression throughout neural tube
closure, following which Pax3 expression is ventrally expanded.29¢ Global Pax3 knockout
mice exhibit significantly reduced CNC migration resulting in PTA and mid-gestation
lethality,19.24.151,.209.210 and NCC-restricted deletion reveals Pax3 is essential for early CNC
progenitor formation, but is not required for subsequent CNC progeny morphogenesis
involving their migration to the heart or during septation of the OFT itself.24 Within a small
minority of CNC-related mouse mutants, Pax3 null mice exhibit severe CNC emigration and
migration deficiencies (previously demonstrated by Olaopa et al.24 and illustrated in Figure
5; similar to the chick microsurgical and DTA genetic cell ablation models), rather than the
more usual post-migratory NC differentiation defects often seen in many Wnt1-Cre-driven
conditional knockout models.24 Using a conditional approach, it has been recently
demonstrated that Pax3 acts upstream of (or earlier than) Wnt1-Cre and co-incident with
Tfap2a-Cre temporal expression within NC cells.24 This demonstrates that PAX3 is likely to
be one of the first NCC-restricted transcription factors required for CNC specification and
generation of sufficient CNC numbers required for completion of OFT septation.
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Downstream, Pax3 has been shown to be required to repress Msx2 transcription factor
expression.?!1 Significantly, Msx2 is co-expressed with Pax3 within NCC-containing dorsal
neural tube domain. Intercrossing Pax3 mutant allele and Msx2 global nulls (viable and
without CHDs), revealed that CNC deficiency in Pax3 mutants is caused by upregulation of
Msx2, as Pax3/Msx2 double mutant embryos no longer exhibited the PTA defects seen in
Pax3 mutants alone. More recently, the widely expressed PBX1 homeodomain transcription
factor has been shown to be able to directly activate Pax3, leading to repression of its target
gene Msx2 in NCC lineage.163 PBX1 forms heterodimeric complexes with several neural
tube-restricted Hox homeodomain proteins, as well as MEIS/PREP proteins, and global
deletion of Pbx1 results in PTA. Moreover, global Pbx1 mutant embryos lose a transient
burst of Pax3 expression in premigratory CNC that ultimately specifies CNC function for
OFT development, but does not regulate subsequent CNC migration to the heart. Thus, Pbx1
is thought to act upstream and directly activate the Pax3 transcriptional promoter to drive
Pax3 expression within the neural tube.163 Combined, these data suggest that PBX1-induced
Pax3 expression is required to repress Msx2 within the neural tube. Furthermore, these data
suggest that partial rescue of OFT defects observed in Msx2/Pbx1 double knockouts may
further indicate that PBX1 regulates expression of other, unidentified transcription factors in
the CNC lineage independent of the Pax3-Msx2 regulatory pathway.

Although there is continued uncertainty regarding CNC lineage pre-specification within the
dorsal neural tube prior to emigration versus post-migratory specification of CNC
progenitors within the aortic arches and OFT, the extra-cardiac CNC follow a well-described
migratory pathway to the heart, prompting investigators to search for chemotactic guidance
effectors. Targeted inactivation of Nrp1, a membranous protein that functions as a receptor
for class 3 inhibitory axon guidance semaphorin signals, resulted in various types of
vascular defects, including impairment in neural vascularization, agenesis and TGA, PTA,
and insufficient development of vascular networks within the yolk sac.*3 Lack of
semaphorin signaling in Nrpl null mice results in an embryonic lethal phenotype; embryos
die at E13 and fail to form the left sixth AA causing the distal end of the pulmonary channel
to merge with the aortic arch, and also have an absent left fourth AA that results in a right-
sided aortic arch.3 Semaphorins are secreted, transmembrane, and GPI-linked proteins,
defined by cysteine-rich semaphorin protein domains, which have been demonstrated to play
an important role during CNC OFT development.2! Unlike the Pax3 and NCC ablation
models in which initial NCC migration is deficient, Semaphorin3c (Sema3c) mutant CNC
cells migrate normally but then fail to invade the OFT cushions. These mutant mice have
PTA and interrupted aortic arch, but do not appear to have any complications with other
NCC subpopulations.29Sema3c is expressed in the cardiac OFT myocardial cuff as the CNC
colonize it, and it is believed that signaling to the CNC, which reciprocally expresses its
receptor PLXNA2,2! is important for directing CNC migration and colonization of the OFT.
Indeed, Plxna2 is expressed by both migrating and post-migratory CNC and is absent in
Pax3 null OFT cushions.2! Significantly, it has been found that the Gata6 transcription
factor can directly regulate Sema3c and PIxna2, and that GATA6 mutations can cause PTA
in patients,212 strengthening the likelihood that animal studies envisaging the underlying
genetic and molecular basis of OFT defects are clinically applicable. Indeed, there are
several other examples of complementary expression of proteins and their receptors in CNC
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cells and their surrounding environment (e.g., BMP4 and ACVR1/BMPR1A, VEGF and
NRP1). In fact, a particularly intriguing case is that of RA and its role in CNC migration and
differentiation. RA is the active form of vitamin A, and either an excess or reduction of RA
levels affects cardiac development. RA functions via its ligand-activated receptors that work
as transcription factors. These receptors include the RA receptors (RARs) and Retinoic X
receptors (RXRs), which function as both heterodimers and homodimers to transduce RA
signaling. Mice deficient for different combinations of these receptors display OFT defects
including PTA.213 Interestingly, Wnt1-Cre-mediated lineage tracing revealed that these
mutants exhibit normal CNC migration and OFT colonization and suggested that normal
aorticopulmonary septation requires not only a sufficient threshold of CNC, but also the
normal function of these cells either during their migration or upon their arrival at the
OFT.148 This result is different from the reduced CNC colonization of the OFT observed in
Pax3 and Sema3c models, which require normal complementary expression of ligand and
receptors in both migratory CNC and their surroundings.

While a plethora of signals are required in a delicate spatiotemporal balance just to facilitate
SHF and CNC cell colonization of the OFT, the story of OFT development does not end
there. In response to CNC infiltration and endocardial cushion EMT and proliferation,
endocardial ridges swell until they meet in the middle of the OFT. At the midline of the OFT
the endocardial ridges fuse to form a spiral septum. Initial fusion of the spiral septum is
dependent on a bulging compact mesenchymal shelf derived from CNC that forms between
the fourth and sixth AAs. This spiral septum extends along the axis of the OFT, thus
beginning a process that segregates the aortic and pulmonary circulatory systems.
Effectively, conditional deletion of focal adhesion kinase (Ptk2) in NCCs using Wnt1-Cre
results in normal SHF colonization of the OFT, CNC migration and colonization of the
endocardial cushions, and myocardialization of the OFT sheath, but an inability of the OFT
to rotate following remodeling. This results in incomplete OFT septation, and a high
incidence of PTA.#5 PTK2 is a cytoplasmic protein that is activated by integrin and growth
factor signaling and is typically associated with migration, proliferation, and
differentiation.24 Intriguingly, while CNC differentiation into smooth muscle cells was
normal within the OFT wall of Wnt1-Cre mediated conditional Ptk2 mutants, there was
reduced smooth muscle differentiation within the AAs, which may have contributed to
concomitant AA remodeling defects. Significantly, Ptk2 null CNC failed to form condensed
mesenchyme during endocardial ridge fusion as the OFT remodeled, primarily mediating
failed OFT septation and resultant PTA. Furthermore, microarray analysis revealed
disrupted expression of several genes important in ECM composition; both Heparan sulfate
proteoglycan 2 (Hspg2) and SEMA3C were greatly reduced, suggesting CNC are required
for normal ECM deposition within the condensed mesenchyme of the OFT endocardial
cushions. Indeed a striking example of the importance of the OFT endocardial cushions in
OFT septation is provided by the SOX4 transcriptional activator.>1Sox4 null embryos
exhibit PTA, yet Sox4 is expressed neither in the CNC nor in SHF derivatives, and no
abnormalities are observed in either lineage. However, Sox4 is expressed within the
endocardial cushion and Sox4 nulls exhibit totally absent conal OFT cushions which
explains the presence of PTA in this model, reinforcing the importance of endocardial
cushions to OFT development.
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Following CNC colonization of the OFT endocardial cushions, extensive remodeling-
associated apoptosis is detectable within the endocardial cushions and during ridge fusion
and OFT septation.215-217 However, neither the extent of apoptosis within the CNC nor the
exact function of the observed apoptosis within endocardial ridge fusion is understood, but
as CNC are the most abundant cell type in the OFT endocardial cushions®® and the “hot spot'
of apoptosis is at the base of the OFT, it seems reasonable that CNC themselves may
undergo apoptosis or regulate adjacent conal cushion apoptosis during normal OFT
septation. Unfortunately, it is difficult to directly assess this hypothesis as there are a lack of
cellular markers and lineage-mapping tools for post-migratory CNC following colonization
of the OFT.22 In other words, there are no tools available to examine the CNC
subpopulation that colonizes the OFT in isolation; as any Wnt1-Cre or Pax3¢"-mediated
recombination event will affect the NCC from specification onwards. Given the intricate
interactions of CNC with the pharyngeal arch mesoderm during migration and their
necessity for OFT morphogenesis, understanding the role of a gene in the CNC post-
colonization is difficult with many potentially confounding influences of OFT, SHF, and
CNC morphogenesis. This is a major obstacle in understanding the role that CNC and SHF
cells fulfill following initial colonization of the OFT as all current tools are active prior to
colonization. In this respect, temporal Cre (Wnt1-CreERT2169 and Pax3C"™ERT2) and/or an
inducible system (i.e., Dox induction in Tang et al.>%) would be useful. Unfortunately there
is a current lack of inducible Cre recombinases available for selective use in SHF and NCC
lineages. This is unlike the case of cardiomyocytes where MerCreMer is a highly efficient
and inducible Cre recombinase specific to cardiomyocytes.181 Future research would benefit
from considering temporally restricted genetic manipulation in addition to spatial, cell
lineage restricted genetic manipulation.

What Developmental Biology Can Tell Us About the Mechanism/s that Cause DORV

DORV, which accounts for 1-3% of all CHDs,218 occurs when both the aorta and
pulmonary trunk arise from the RV.212 A key feature that distinguishes DORV from other
OFT defects is that the aorta and pulmonary trunk are recognizable as distinct vessels, but
the aorta is improperly aligned over the RV. Thus, DORYV is not usually considered an OFT
septation defect, but rather a defect in OFT alignment. There are no animal models of
isolated DORV, as DORV typically occurs in concert with additional aortic AA, myocardial,
and ventricular septation defects. DORV often occurs with partial penetrance in genetic
models typically utilized to study other developmental cardiac defects. Given these facts,
our ability to understand the underlying etiologies of DORV remains limited.

Elongation is one of the first events during OFT remodeling that is critical for OFT
alignment and is thought to be dependent on colonization via the SHF lineage of the arterial
pole of the primitive heart tube. Deletion of genes responsible for SHF morphogenesis
results in failure of right ventricular formation and abnormal OFT formation, including
Is11,94Mef2c,113.220-222F gxh1 223Foxc1, and Foxc2.224:225 However, there remains
considerable controversy as to how cells derived from the SHF are specified to become
either myocardial or endocardial cells.192 Using IsI1¢"¢, Mef2c-Cre, and Nkx2.5-Cre lineage
mapping it has been revealed that the SHF may contribute to multiple parts of the heart
including RV, ventricular septum, OFT myocardial cuff, coronary arteries, endocardial
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cushions (partial), and even LV (occasionally).26:94.226 Yet, the question remains as to
whether the SHF contributes as broadly to the developing heart as described in the lineage-
mapping studies or whether it primarily contributes cellular mass to the myocardium and
endocardium of the right heart and the transgenic lineage-mapping tools available are simply
more broadly expressed to include other cell lineages inhabiting the Isl1/Mef2c/Nkx2.5 gene
expression domain. A recent study that used both experimental chick and transgenic mouse
embryo approaches provides compelling evidence that the endocardium of the developing
heart may be derived from endothelial cells (Mesp1€'e or Tie2-Cre positive cells) that
inhabit the SHF prior to delamination and migration and not from the 1sI1"€ expressing
cells of the SHF.227 In this carefully designed study, Milgrom-Hoffman et al. utilized
several models and experimental approaches, including Dil fate mapping in chick, quail-
chick chimeras, time-lapse video tracing of cell migration, Cre/loxP transgenic reporter fate
mapping, and transgenic ablation of Kdr in the SHF lineage (via Mesp1©'@ and Is11°"¢) and
endothelial cells (via Tie2-Cre). Although these studies did not address the role of the
Mef2c-Cre expressing cells of the SHF, they do suggest that the OFT endocardium is
derived, at least in part, from vascular endothelial cells that have diverged from myocardial
lineages within SHF progenitors.

In contributing to the developing embryonic heart, the SHF relies on several signaling
pathways to mediate its effects. Specifically, FGF signaling critically intersects with SHF
function during OFT development. Ablation of Fgfl15 results in OFT defects, including
DORV and PTA,228 while global deletion of Fgf8 results in early embryonic death?2% and
Fgf10 results in normal heart development239 (not informative for OFT morphogenesis).
Milder assault in Fgf8 hypomorphs demonstrate dysfunctional OFT remodeling with a range
of defects including high penetrance of DORYV and a relatively low penetrance of TGA and
PTA.62:63 Styudies utilizing a myriad of SHF- and NCC-specific Cre's to conditionally ablate
Fgf8 have demonstrated an autocrine loop of FGF8 signaling from within the SHF that in
some yet-undefined way affects CNC morphogenesis in a paracrine manner. Both autocrine
and paracrine FGF8 signaling are critical for OFT morphogenesis as conditional ablation of
Fgf8 utilizing Is11€" results in fully penetrant PTA at E18-P0.172 Remarkably, Fgf8
heterozygotes developed normally, indicating functional allelic reserve. Additionally,
genetic deletion of the sequences that code for the “¢' isoforms of FGFR1 and FGFR2 in
Isl1Creexpressing cells results in failed SHF morphogenesis and defective cardiac formation,
including DORV and PTA (demonstrated previously by Park et al.®* and illustrated in
Figure 6). Caveats exist as there is interaction between Fgf8 and genes critical for SHF
morphogenesis. For example, conditional ablation of Fgf8 in Isl1¢"expressing cells results
in diminished expression of early embryonic Bmp4, Mef2c, Isl1, Wnt11 (disruption of each
is independently associated with OF T defects including TGA and PTA73195.196.231) Fyrther
supporting genetic interaction between Isl1 and Fgf8, global deletion of Isl1 results in
downregulation of Fgf8 within the SHF.94 It is important to note that the I1sI1C used in the
Fgf8 conditional knockout studies is a loss-of-function allele, and therefore may cause off-
target defects due to genetic interaction with genes that are targeted for ablation; however,
no apparent morphological or molecular disturbances were observed in isolation with mice
containing Isl1C" 172 Additionally, several fate-mapping studies have demonstrated that Isl1
transgene expression is broad (including cells that form the right as well as LV, OFT, and
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atria), and recent intersectional fate mapping utilizing both Flp and Cre recombinases
demonstrate that some CNC (but certainly not all) can also transiently express the IsI1C"¢
transgene during migration through the SHF (demonstrated by Engleka et al.187 and shown
in Figure 7). In light of these data, the promiscuous expression of 1sI1€"¢ must be taken into
consideration when interpreting the functional role of genes critical for OFT morphogenesis.
These data also underscore the importance of discovering and designing specific tools to
demarcate and conditionally manipulate specific lineages involved in OFT development and
remodeling. For example, the Isl1 F2 enhancer transgene is more limited in expression
pattern than the full length Isl1"promoter,232 and, as such, may prove to be a viable tool
for segregating SHF and NCC contribution to OFT morphogenesis. Mef2c demonstrates
restricted expression within the SHF lineage of the developing heart, with strong expression
within the RV and OFT myocardium but is excluded from the LV and atria.2Mef2c
expression may also occur in the endocardium and endocardial cushions of the OFT conus
and truncus; however, recent data have demonstrated that Mef2c-Cre fails to ablate
calcineurin B expression within endocardial cells and endocardially derived mesenchymal
cells.3# Combined, these data suggest that either the Mef2c-Cre may demonstrate
differential functional expression patterns based on background genetics or that Mef2c-Cre
expressing SHF lineage may not contribute to the endocardium or endocardial cushions as
previously suggested. Regardless, it is clear that new and better defined (or more restricted)
recombinase and lineage-mapping tools are required to fully elucidate mechanisms critical
for OFT morphogenesis. Additional resources on cutting edge techniques and future
directions of recombinase technologies for cardiac development are reviewed elsewhere.233

In addition to SHF contribution to the OFT endocardium, EMT is also critical for conal OFT
remodeling. Conditional deletion of the EMT regulator Nf1 via Tie2-Cre within the
endothelial lineage results in enlarged hyperproliferative OFT cushions resulting in failed re-
alignment and DORYV in mice.87 Tie2-cre is initially expressed within the overlying
endocardial cells and later in cells having undergone EMT that are detected as early as
E9.25 in the OFT conal endocardial cushions (reviewed in Ref 234; Table 3). Additionally,
CNC colonization of the OFT truncus is not altered following Tie2-Cre-mediated Nfl
deletion and septation also occurs normally following Wnt1-Cre- and 1.6 kb Pax3-Cre-
mediated Nf1 deletion.8” Similarly, TGFB signaling within the OFT is vital for normal OFT
remodeling.>7:70.:235.236 Although TGFB1, 2, and 3 ligands each exhibit restricted
spatiotemporal expression patterns within the developing OFT, only global Tgfb2 knockout
embryos exhibit enlarged OFT cushions and DORV.’% While conditional deletion of Smad4,
a downstream regulator of TGFB signaling, within CNC via Wnt1-Cre results in PTA (see
PTA section above), conditional deletion of Smad4 within the myocardium utilizing a
skeletal muscle actin Cre (Mu-Cre), results in DORV with concomitant VVSD, thinned
myocardium, reduced trabecularization, and mid-gestational lethality.5® These results
demonstrate a multi-lineage TGFB signaling requirement during OFT septation and suggest
that TGFB signaling plays a cell-autonomous role in both CNC morphogenesis as well as
myocardial reorganization that affects OFT alignment. Perhaps more intriguing is the role of
Smad4 within the myocardium (unveiled using Mu-Cre mediated recombination) that has a
non-cell-autonomous effect on endocardial cushions that mediate OFT alignment. Both
conus (endothelial derived) and truncus (CNC derived) endocardial cushions have been
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implicated in controlling OFT alignment and are both spatiotemporally adjacent to the SHF-
derived myocardial cuff during OFT alignment. These results may also indicate that, while
CNC primarily mediate OFT septation, failed OFT alignment is a convergent phenotype for
multiple mechanisms operating within several cellular lineages of the developing heart.
These data also support a separate contribution of CNC and endothelial cells to the truncus
and conus endocardial cushions, respectively.

Although BMP signaling is critical for conus cushion formation and truncal cushion
septation, BMP signaling has also been implicated in OFT alignment as Bmp2/Bmp4 double
heterozygous embryos exhibit partially penetrant DORV.50 Further, global Bmpr2l deletion
results in fully penetrant DORV with associated VSD, atrioventricular canal defects, and
valve leaflet thickening.51 However, both OFT alignment and myocardial development was
normal when the Bmpr2 was deleted in either myocardial or conal Tie2-Cre-positive lineage,
but the aorta was abnormally positioned when Bmpr2 was deleted within the CNC via
Whntl-Cre. These results further established that truncal endocardial cushions (as well as
conal cushions) are required for proper positioning of the aorta. Combined, these results
underline the critical necessity of BMP signaling within the endocardial cushions for normal
OFT development.

Signaling factors outside the TGFB superfamily have also been shown to play significant
roles in cardiac development such as Presenilinl and Notch signaling. Presenilinl
enzymatically regulates intracellular cleavage of multiple signaling molecules and
transcription factors, including Notch.237 Notch is a membranous protein that, upon binding
to its ligand Jagged1, recruits the -y -secretase Presenlin-1 (PSEN1) complex to promote
cleavage of the Notch intracellular domain that translocates to the nucleus and forms
transcriptional complexes with coactivators to mediate transcriptional regulation.
Significantly, Notch signaling has been directly implicated in septation and OFT alignment.
While dominant-negative inhibition of Notch signaling within the CNC lineage results in
OA (see OA section below), global deletion of Psenl results in fully penetrant DORV with
concomitant VVSD and pulmonary stenosis.238 Significantly, Notch inhibition within the
SHF affected the development of neighboring OFT lineages, including reduced CNC
migration and defective EMT within the OFT endocardial cushions resulting in hypoplastic
cushions and reduced BMP signaling.114 These results not only demonstrate a clear role for
Notch signaling in OFT morphogenesis, but suggest that OFT alignment defects occur on a
sliding scale or continuum. Complete inhibition of Notch signaling by deletion of its
downstream effector Psenl results in the severe OFT alignment defect of DORV, but Notch
inhibition by a competitive antagonist results in the mild OFT alignment defect of OA.

As expected, regulation of cell survival within the primitive conal endocardial cushions
following EMT is critical for normal OFT morphogenesis and prevention of DORV. BIRC5
(formerly known as Survivin) is a key member of the inhibitor of apoptosis family that
prevents cell-programmed death.23? Indeed, targeted deletion of Birc5 in endothelial cells
utilizing Tie1l-Crel84 greatly reduces conal endocardial cushion size and results in failed
alignment of the OFT.59 Although normal CNC migration and colonization of the OFT
truncus results in correct septation, the hypoplastic Tiel-Cre;Birc5 mutant conal cushions
prevent normal OFT remodeling, rotation, and alignment resulting in DORV. These data
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further emphasize the distinct roles of the truncal and conal endocardial cushions and
significance of apoptosis regulation during OFT remodeling. Similarly, studies using
retrovirus overexpression of HIF1A in embryonic chick OFT myocardium prevented
apoptosis of OFT cardiomyocytes, resulting in malrotation of the aorta, defects in the
subpulmonic infundibulum associated with a small RV, and increased OFT mesenchyme
with failure of semil-unar valve formation.240 These studies establish that selective
disruption of endothelial-derived conus cushion remodeling without affecting CNC-derived
truncus cushion septation can result in DORV. Additionally, myocardial cuff apoptosis plays
arole in chick OFT rotation, although this mechanism of OFT remodeling has not been
formally demonstrated in mammals. Furthermore, CNC-mediated septation of the OFT
truncus is not dependent on the function of conus endocardial cushions (endothelial-derived)
during OFT alignment.

What Developmental Biology Can Tell Us About the Mechanism/s that Cause TGA

TGA is the most common cyanotic CHD present in neonatal patients. In TGA, the aorta
aberrantly exits from the anatomical RV whereas the pulmonary trunk aberrantly exits from
the anatomical LV. There are two types of TGA: D-type and L-type. D-type TGA is very
common and accounts for 5% of all cases of CHD?4 with an incidence of 1 in 3500-5000
live births,242 while the relatively uncommon L-type TGA occurs when the ventricular
morphology is interchanged in conjunction with exchanged great arteries. Given its clinical
significance, we will focus on D-type TGA (herein referred to as TGA). TGA can occur
either in tandem with a VSD or in isolation and is principally a result of failed OFT rotation
and is governed by endocardial cushion formation and remodeling.

Organ heterotaxy is commonly associated with TGA. Normal left-right patterning depends
on asymmetric TGFB signaling on the left side of the embryo.243244 Abnormalities in left-
right signaling may be evident as soon as the linear heart tube begins to loop and the embryo
undergoes ventral folding.24%:246 Of particular importance, the activin-like subclass of
TGFB receptors have been tightly linked to left-right heterotaxy and TGA in both humans
and mouse models. Global deletion of Acvr2b results in laterality defects and nearly full
penetrance of TGA in mice.”3 CFC1, another activin-like TGFB receptor, is important for
normal development of the OFT as both global deletion in mice’4 or mutations of the human
ortholog CFC1247 result in aberrant left-right patterning and TGA pathogenesis. As left-
right patterning is initiated early in development, usually preceding heart tube elongation,
these effects suggest that activin-like TGFB receptors play an early role in embryogenesis of
OFT morphogenesis. Moreover, activin-like TGFB receptor ligands have also been
implicated in TGA, further strengthening the association between left-right heterotaxy,
TGFB signaling, and TGA. For instance, GDF1 is an endogenous ligand of activin-like
TGFB receptors and global deletion of Gdf1 in mice results in TGA. Significantly, TGA
can also be found in patients with genetic mutations of GDF1.248 Furthermore, ectopic
expression of mouse GDF1 protein within developing Xenopus embryos results in laterality
defects,249 suggesting TGFB in left-right signaling is evolutionarily conserved. Finally, a
congenital splice site mutation in NODAL (a ligand-agonist of activin-like TGFB receptors)
has also been directly associated with TGA and heterotaxy.2%0

Wiley Interdiscip Rev Dev Biol. Author manuscript; available in PMC 2014 May 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Neeb et al.

Page 19

Although both TGFB receptor mutation and agonist mis-expression studies have
demonstrated the importance of left-right patterning, transcriptional regulation upstream of
NODAL has also been associated with TGA and heterotaxy. Inactivating mutations in the
gene that codes for ZIC3, a zinc finger transcription factor that regulates Nodal expression in
the early embryo, also result in heterotaxy and TGA.251 Combined, these results
demonstrate that TGFp signaling via ZIC3-NODAL/GDF/CFC1 pathway critically mediates
left-right patterning responsible for normal OFT development. Intriguingly, although
missense mutations in human ACVR2B can result in heterotaxy, it does not result in

TGA 252 Thus, left-right asymmetry in itself is not sufficient to produce TGA, and while
strong and divergent evidence support a role of TGFB in TGA, the mechanisms and cell
lineages underlying left-right signaling to induce appropriate OFT rotation are not well
described.

As discussed previously, both ECM-rich conal and truncal endocardial cushion
morphogenesis are critical for normal OFT rotation and septation. Interestingly, global
knockout of Hspg2, which is highly expressed in extracellular matrices, results in failed
OFT rotation and TGA76-78 associated with abnormal cushion morphogenesis. Unlike many
other genetic models that have a relatively low penetrance of TGA, global loss of Hspg2
causes almost full penetrance of TGA with a very low incidence of other cardiac defects.”’
In Hspg2-null mice, truncal endocardial cushions are initially hyperplastic early in OFT
remodeling, possibly due to increased CNC migration into the OFT.253 Although the
endocardial cushions surprisingly return to normal size during later remodeling events, early
hyperplasia of the truncal endocardial cushions in Hspg2-null mice appears sufficient to
impede OFT rotation, thereby preventing appropriate orientation of the aorta and pulmonary
trunk culminating in TGA.253 Intriguingly, the conal endocardial cushions of Hspg2 nulls
did not exhibit any hyperplasia, and as these are not populated by CNC derivatives,’’ this
may suggest that CNC primarily mediate Hspg2-dependent OFT rotation. Combined, these
data suggest cellular interactions between CNC-derived truncus and endothelial-derived
conus cushions play a crucial role in OFT orientation and prevention of TGA. Additional
potential mechanisms include hemodynamic changes due to restricted blood flow through
the OFT adversely affecting OFT alignment, although the molecular mechanisms underlying
this hypothesis remain undefined.

What Developmental Biology Can Tell Us About the Mechanism/s that Cause OA

OA is defined as abnormal positioning of the aorta directly above the ventricular septum.
There are no clear molecular mechanisms that have been directly linked to OA, and OA is a
common comorbidity of both Alagille syndrome and TOF. The development of OA in TOF
is likely a secondary effect of altered hemodynamics implicating a uniquely strong role for
normal blood flow and pressure in OA. Due to the paucity of isolated OA models we will
include discussion of mouse models that develop Alagille syndrome and TOF in this section.

Notch signaling has been implicated in several human diseases, 2> including Alagille
syndrome, which is an autosomal-dominant multisystem disorder with frequent OA. Patients
typically present within 3 months of life with intrahepatic cholestasis, but CHDs and OFT
defects (including OA) are the most common comorbidities.2%® Mutations in either

Wiley Interdiscip Rev Dev Biol. Author manuscript; available in PMC 2014 May 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Neeb et al.

Page 20

Notch2,256 or its ligand Jagged1,25” have been causatively linked to Alagille syndrome and
OFT defects. Further supporting an instrumental role for Notch signaling in OFT
remodeling, mice heterozygous for both Notch2 and Jagl exhibit fully penetrant OA with
frequent pulmonary stenosis, VSD, and atrial-septal defects (ASD).2%8 Global deletion of
Hes1, a mediator of Notch signaling expressed within the pharyngeal mesoderm and
endoderm, results in decreased SHF proliferation and CNC colonization in the RV and OFT,
respectively, with OA and VSD at low penetrance.84 Furthermore, conditional inhibition of
Notch signaling, using a dominant-negative inhibitor of Notch (DNMAML2%9), induced
within Wnt1-Cre or Pax3-Cre CNC resulted in OA, pulmonary stenosis, VVSD, and ASD.81
CNC migration and cell numbers were not altered by inhibition of Notch signaling within
the CNC, although CNC differentiation into smooth muscle cells surrounding the AAs was
greatly diminished. These results suggest that Notch signaling is not important for
appropriate CNC number, specification, or migration. However, the similar phenotypes in
both Notch2/Jagl heterozygotes and conditional pan-Notch inhibition within the CNC
suggest that NOTCH2/JAG1 signaling within CNC is critical for terminal function of the
CNC following colonization of the OFT.

Altered SHF morphogenesis has also been shown to result in OA. Ablation of arterial pole
progenitors located on the right side of chick embryos leads to OA and pulmonary stenosis
or atresia, which are key components of TOF.27 Moreover, similar to the Hes1 mouse
knockout data described above, manipulations in chick embryos that interfere with
proliferation of SHF progenitors can also cause OA.23:97

OA is rarely reported in mouse models of OFT defects, and there are currently no genetic
models of isolated OA. It is interesting to note that the defining characteristics of OA and
the much more commonly reported DORYV are very similar. In fact, the only structural
distinction between DORV and OA is the relative positioning of the aorta with respect to the
ventricular septum. OA, DORV, and TGA (also a rotational defect) may represent a
common mechanism that occurs along a continuum of disease severity. In other words, mild
(OA), moderate (DORV), and severe (TGA) OFT rotation failure may arise from mild to
severe presentation of common mechanisms critical for OFT rotation. Data gathered from
patients and human embryos suggest that the OFT rotates during remodeling.20 Although
some investigators have called for more formal studies to extensively define OFT
rotation, 101 studies using radioactive tattoos in chick embryos support the necessity of OFT
rotation in normal morphogenesis.14> Some have noted that DORV and TGA share failed
OFT rotation, but that TGA also demonstrates a leftward shift to allow pulmonary
communication with the LV.261 In this sense, it is reasonable to think that OA would be
failed rotation of the OFT that does not shift leftward quite as much as TGA, but more than
DORYV. It will be interesting in the future to determine whether OA, DORV, and TGA
defects may all share a common mechanism underlying defective OFT rotation and medial
movement.

SUMMARY

The advent of new cell lineage, fate mapping, and gene trapping tools will enable more
precise conditional manipulation within the CNC, SHF, myocardium, endocardium, and
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various cushions during cardiac development. This will be vital to establishing a full
understanding of their respective contributions during OFT development. Moreover, the
ever-increasing stock of mouse mutants with OFT defects will provide fresh opportunities to
define hierarchies and pathways. The convoluted interactions of the multitude of different
signaling pathways in different cell lineages at various times may require thoughtful
compound genetic mouse models to begin to unravel the spatiotemporal intricacies at work
in OFT development. Additionally, the expanding list of animal models with structural OFT
defects that exhibit normal CNC and SHF function will have to be addressed, and functional
analysis may aid with these exciting investigations. The ability to establish more concretely
the timeframe, cell lineages, and genetic interactions critical to the pathomechanism of
CHDs will undoubtedly provide insight into the pathogenesis, and, eventually, the
prevention or genetic intervention of CHD.
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FIGURE 1.
Schematics of the four major structural outflow tract (OFT) defects. Simplified illustration

of a normal heart and OFT, including separate aorta (A) and pulmonary trunks (P), that exit
the fully divided left (LV) and right ventricles (RV) respectively. Persistent truncus
arteriosus (PTA), in which there is only a single undivided OFT exiting the RV of the heart.
The blood exits the LV via an interventricular septal defect (VSD), indicated via broken line
between RV and LV. Double outlet right ventricle (DORV), in which the divided aorta (A)
and pulmonary trunks (P) both exit the RV only and the interventricular septum fails to close
resulting in a VSD. Transposition of the great arteries (TGA), in which the aorta (A) and
pulmonary trunks (P) are fully septated, but the aorta arises from the RV and the pulmonary
trunk arises from the LV. Overriding aorta (OA) where the aorta is positioned directly over a
VSD, instead of over the LV.
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FIGURE 2.
Genesis of the OFT. (a,b) E9.5 mouse embryo illustrating origin (black outline) and

migration pathways of CNC (blue in a) to OFT truncal cushions and SHF (red in b) to OFT
myocardial cuff and overlying endocardial cells within truncal region. (c) Schematic shows
the locations of OFT colonization by the extra-cardiac CNC (blue), SHF (red) and the
location of the EMT-derived conal endocardial cushions (green). Additionally, the position
of the aorticopulmonary septum is indicated by * symbol. a, atria; AS, aortic sac; AVC,
aorto-ventricular cushions; otic, otic placode; optic, optic placode, 1-6, first to sixth aortic
arches; LV left ventricle; RV, right ventricle.
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FIGURE 3.
Genetic neural crest cells (NCC) ablation in Wnt1-Cre;R26-EGFP-DTA embryos results in

gross morphological defects including persistent truncus arteriosus (PTA). Gross
examination under UV light demonstrates lack of craniofacial structures (a, open arrowhead)
and internalized eyes following genetic NCC ablation in Wnt1-Cre;R26-EGFP-DTA
embryos (a) compared to R26-EGFP-DTA alone (b) and littermates lacking the transgene
(c) at E15 (with brightfield insets). Subsequent transverse sectioning and counterstaining
with aSMA immunohistochemistry (brown DAB staining) demonstrates reduced outflow
tract (OFT) smooth muscle cells surrounding a grossly abnormal heart and OFT with PTA in
Whntl-Cre;R26-EGFP-DTA embryos (d) compared to normal OFT morphogenesis in R26-
EGFP-DTA controls (). Note that PTA OFT has four valve leaflets (indicated by * in d)
compared to two normal pulmonary leaflets in normal hearts (indicated by * in €). Panels (f)
and (g) illustrate the associated interventricular septal defects Wnt1-Cre;R26-EGFP-DTA
embryos with OFT defects (f) compared to closed septum between left and right ventricles
in control (g) embryos. (Reprinted with permission from Ref 24. Copyright 2011 Elsevier
Ltd)
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FIGURE 4.
Bmp4 expression in Mef2cCre expressing cells is necessary for outflow tract (OFT)

septation. Transgenic Mef2c-Cre is expressed in second heart field (SHF)-derived structures
of the right heart and OFT (b and c¢). Bmp4 is expressed in the pharengeal ectoderm (d) and
OFT myocardium (e). Conditional ablation of Bmp4 in Mef2c-Cre expressing cells reduces
Bmp4 expression in OFT myocardium (g) and results in persistent truncus arteriosus (PTA).
(Reprinted with permission from Ref 196. Copyright 2008 John Wiley and Sons).
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Wnt1-Cre; R26r

FIGURE 5.
Reduced neural crest cells (NCC) emigration and migration in mice embryos lacking Pax3

expression. Dorsal (a) and left lateral (b) views of E9.0 Pax32° null embryos (a and b, right)
demonstrate decreased NCC emigration and migration toward the second PA (indicated by
*), when compared to wild-type littermates (a and b, left). First pharyngeal arch and cranial
NCC migration are unaffected in Pax32° nulls. (c) Right lateral views of E9.5 demonstrate
that fewer CNC populate the heterozygous third, fourth, and sixth pulmonary artery (PAs)
(c, middle embryo), and still even less cardiac neural crest (CNC) colonize the Pax3 null
3/4/6th arches (c, right embryo indicated by white *) compared to wild-type littermates (c,
left). Cranial NCC migration is unaffected by loss of Pax3. (d,e) Histology of Pax325 null
embryos demonstrated a lack of Wnt1Cre-marked CNC within the fourth PA (d), AP septum
(indicated by * in wild-type in e), and OFT cushions compared to wild-type controls.
(Reprinted with permission from Ref 24. Copyright 2011 Elsevier Ltd)
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FIGURE 6.
FGF signaling within the 1sI1C® lineage critical for outflow tract (OFT) morphogenesis.

Deletion of the sequences that code for the “c' isoforms of FGFR1 and FGFR2 in double
heterozygote mice demonstrate grossly (a,b) normal OFT rotation, septation, and
orientation. However, Isl1C"-conditional Fgfric and 2c isoform mutants demonstrate
double outlet right ventricle (DORV) (c,d) and PTA (e,f). Histological analysis confirmed
that OFT develop normally in Fgfrlc/Fgfr2c double heterozygote mice (b), but that
combined conditional ablation of Fgfric and Fgfr2c isoforms results in OFT defects
including DORV (d) and type-I persistent truncus arteriosus (PTA) (f). Ao, aorta; co, conus;
PA, pulmonary artery; RV, right ventricle; TA, truncus arteriosus. (Reprinted with
permission from Ref 181. Copyright 2008 The Company of Biologists Ltd)
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FIGURE 7.
IsI1C7e is functionally expressed in migrating neural crest cells (NCC). Using intersectional

fate mapping via IsI1°" and Wnt1-Flpe along with the RC::FrePe indicator mouse line
(which reports dual Flpe and Cre recombination87), it has been recently demonstrated that
some Isl1 derivatives in the cardiac outflow tract (OFT) can derive from Wnt1-expressing
NCC. (a) RC::FrePe mouse embryos positive for Wnt1-FIpe develop normally, and when
IsI1C"e lineage is fate mapped using mCherry red fluorescence, NCC migrating into the
craniofacial region maintain mCherry fluorescence in the absence of IsI1C" expression (b,
arrowhead). Additionally, Wnt1-Flpe mapped NCC-derived dorsal root ganglia (DRGS)
demonstrate eGFP fluorescence (c, arrows). However, cardiac neural crest (CNC)
populating the OFT cushions demonstrate both mCherry (d) and eGFP (e) fluorescence
suggesting that some (but certainly not all) of Wnt1-Flpe marked CNC populating the OFT
endocardial cushions have expressed Isl1C" at some time earlier. (Reprinted with
permission from Ref 187. Copyright 2012 Wolters Kluwer Health)
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TABLE 1

Major Cardiac Defects of the Mammalian Outflow Tract

OQutflow Tract Defect Clinical Definition

Persistent truncus arteriosus (PTA) An abnormal single artery resulting from failure of OFT septation exits the heart, resulting in mixing
of systemic and pulmonary circulations

Double outlet right ventricle (DORV)  Both great arteries originate from the RV, frequently accompanied by a ventricular septal defect and
sometimes pulmonary stenosis

Transposition of the great arteries The positioning of the septated aortic and pulmonary arteries is reversed, thus the aorta abnormally
(TGA) arises from the RV and the pulmonary trunk arises from the LV
Overriding aorta (OA) The OFT and aortic valve is positioned directly over a ventral septal defect and receives blood from

both the right and left ventricles
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Page 43

Examples of Transgenic Mouse Models Exhibiting Some of The Principal OFT Defects Observed in Patients

Primary Defect  Primary Lineage Affected Additional Cardiac Defects Gene M odification
PTA NC migration Arch artery Acvrl 40 Whntl-Cre targeted deletion
NC differentiation in OFT Disorganized CNC-derived Cdh2 4 Whntl1-Cre targeted deletion
mesenchyme and thinned
ventricular myocardium
NC proliferation PA hypoplasia Ctnnb1l 2 Whntl-Cre targeted deletion
NC ablation PS, AA Diphtheria toxin24  Genetic ablation of Wnt1-Cre
positive cells
Endothelium Disorganized yolk sac Nrp1 43 Global deletion
vascularization, AA
OFT myocardium proliferation Right-sided heart hypoplasia Pitx2 44 Mef2c-Cre or IsI1° targeted
deletion
NC differentiation OA, valve defects, AA Ptk2 45 Whntl-Cre targeted deletion
Post-migratory NC-derived mesenchyme ~ SMC differentiation, AA Racl 46 Whntl-Cre targeted deletion
NC deficiency Arch artery Rara, Rarb, Rarg4’  Global deletion
NC migration DORV, AA Sema3c 20 Global deletion
NC apoptosis/colonization EC and PA hypoplasia, AA Smad4 4849 Whntl-Cre targeted deletion
NC differentiation PA hypoplasia Smad7 50 Inducible Smad7
overexpression in Wnt1-Cre
expressing cells
Endocardium DORV, AA Sox4 51 Global deletion
SHF morphogenesis Arch artery Thx] 52-54 Global deletion
SHF morphogenesis Right-sided heart hypoplasia Thx20 55 Hypomorphic deletion
NC morphogenesis Arch artery Tgfbrl %6 Whntl-Cre targeted deletion
NC morphogenesis Arch artery Tgfbr2 57 Whntl-Cre targeted deletion
Whnt5a signaling to NC from pharyngeal  DORV, TGA, AA Wnt5a 58 Global deletion
mesoderm
DORV Endocardial EMT EC hypoplasia, vascular Birc5 59 Tiel-Cre targeted deletion

Cardiomyocytes

Mesenchymal BMP signaling

CNC apoptosis

OFT myocardium defects

CNC proliferation and migration
CNC migration/apoptosis

Endothelial cell proliferation

CNC specification

Myocardial function during OFT
alignment

CNC specification

Endocardial maturation

hemorrhage
OA

AV cushion, thickened valve
leaflets

TGA, PTA, AA

PTA, valve dysmorphism

PTA, TOF, valve hypoplasia

EC hyperplasia, myocardial
hypoplasia

VSD

Myocardial hypoplasia

PTA, TOF, PS, AA
OA

Bmp2 and Bmp4 60
Bmpr2 61

Fgfg 6263
Fgfrlc/2c isoforms 6
Hand2
Msx1 and 2 66
Nf1 67

Pax3 24

Smad4 68

Tfap2a %
Tgfb2 7071
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Primary Defect  Primary Lineage Affected Additional Cardiac Defects Gene M odification
Endothelial cell-derived OFT Thinned myocardium Zfpm1 72 Global, Wnt1-Cre or Tie2-Cre
endocardial cushion targeted deletion
TGA Left-right patterning DORV, heterotaxy, AA Acvr2b 73 Global deletion
Left-right patterning Heterotaxy Cfc 74 Global deletion
Left-right patterning Heterotaxy GdfL 75 Global deletion
Conotruncal rotation Coronary artery defects, EC Hspg2 76-78 Global deletion
hyperplasia
OA CNC PTA, DORV, AA Cited2 79:80 Global deletion
Decreased function within post- PS DNMAML 81 Wnit1-Cre and Pax3°¢'e
migratory NC inhibition of Notch
CNC PTA, DORV, AA ECE] 8283 Global deletion
CNC PTA, DORV, AA ECEl and ECE28  Global deletion
Decreased SHF proliferation and CNC Arch artery Hes] 8485 Global deletion
numbers
CNC PTA, DORV, AA Spp1 82:86.87 Global deletion

AA, arch artery; CNC, cardiac neural crest; DORV, double outlet right ventricle; EC, endocardial cushions; NC, neural crest; OA, overriding aorta;
OFT, outflow tract; PA, pharyngeal arch; PS, pulmonary stenosis; PTA, persistent truncus arteriosus; SHF, secondary heart field; SMC, smooth
muscle cells; TGA, transposition of the great arteries; TOF, Tetralogy of Fallot.
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