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Abstract
This review discusses the function of neural crest as they relate to cardiovascular defects. The
cardiac neural crest cells are a subpopulation of cranial neural crest discovered nearly 30 years ago
by ablation of premigratory neural crest. The cardiac neural crest cells are necessary for normal
cardiovascular development. We begin with a description of the crest cells in normal development,
including their function in remodeling the pharyngeal arch arteries, outflow tract septation,
valvulogenesis, and development of the cardiac conduction system. The cells are also responsible
for modulating signaling in the caudal pharynx, including the second heart field. Many of the
molecular pathways that are known to influence specification, migration, patterning and final
targeting of the cardiac neural crest cells are reviewed. The cardiac neural crest cells play a critical
role in the pathogenesis of various human cardiocraniofacial syndromes such as DiGeorge,
Velocardiofacial, CHARGE, Fetal Alcohol, Alagille, LEOPARD, and Noonan syndromes, as well
as Retinoic Acid Embryopathy. The loss of neural crest cells or their dysfunction may not always
directly cause abnormal cardiovascular development, but are involved secondarily because crest
cells represent a major component in the complex tissue interactions in the head, pharynx and
outflow tract. Thus many of the human syndromes linking defects in the heart, face and brain can
be better understood when considered within the context of a single cardiocraniofacial
developmental module with the neural crest being a key cell type that interconnects the regions.
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Introduction and historical perspective
The neural crest is a multipotent cell population that arises on the dorsal neural tube during
embryonic development. The crest cells delaminate and migrate throughout the body
forming peripheral nervous system and melanocytes. Crest cells from the cranial neural tube
also have the potential to give rise to ectomesenchyme. The ectomesenchyme is the source
of many of the hard and soft tissues of the head and neck, such as bones, teeth, and
connective tissue. By the early 1980s the scientific community had established a long list of
neural crest derivatives that largely matches our current understanding of neural crest
potency, save for neural crest derivatives in the heart (Le Douarin, 1982).
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In a chick study of parasympathetic innervation of the heart, Margaret Kirby and colleagues
ablated neural crest and serendipitously discovered that the embryos lacked
aorticopulmonary septation (Kirby et al., 1983). The subregion of cranial neural crest
ablated by Dr. Kirby has been called the “cardiac neural crest”, not because the cells of this
region migrate solely to the heart, but for the importance of crest-derived ectomesenchyme
in cardiovascular development. To date there are hundreds of publications on cardiac neural
crest in the US National Library of Medicine database, PubMed. This review will highlight
some of the major findings since Dr. Kirby opened the field nearly 30 years ago. This
review will not focus on the regulation of initial specification and delamination of the neural
crest from the neural tube, but rather on the function of neural crest as they relate to
cardiovascular defects.

The initial studies of the role of cardiac neural crest in cardiovascular development were
done in the avian models using quail to chick chimeras and cell ablation studies largely due
to the accessibility of the neural crest. A significant advance in understanding the
contributions of mammalian cardiac neural crest came with transgenic methods that allowed
the neural crest cells to be marked genetically by neural crest-specific promoters driving
lacZ or GFP expression, as well as by cre recombinase (cre-lox) technology to lineage trace
neural crest cells in mouse embryos. The most commonly used promoters to drive cre
recombinase are the Wnt1-cre, Pax3-cre, P0-cre, and PlexinA2-cre (Brown et al., 2001;
Jiang et al., 2000; Lee et al., 1997). While there are some differences in the patterns of
labeled neural crest cells in these models, all of the models confirm the major patterns of
migration and contributions of cardiac neural crest to cardiovascular development that were
described in quail-chick chimeras.

Cardiac neural crest derivatives in aortic arch arteries
The cardiac neural crest cells originate from the dorsal neural tube between the mid-otic
placode to the posterior border of somite three (Fig. 1). The neural crest cells migrate
ventrally then pause in the circumpharyngeal ridge before continuing into pharyngeal arch
three, four, and then six as each arch forms sequentially. The cells migrate between the
pharyngeal ectoderm and endoderm, proliferate, and envelope the endothelial strands of the
nascent aortic arch arteries. The pharyngeal arch arteries form as a bilaterally symmetrical
series of arteries that connect the aortic sac to the paired dorsal aortas. Later in development
aortic arch arteries 3–6 are remodeled into the asymmetric great arteries, including the
common carotid, definitive aortic arch, and the ductus arteriosus. The cardiac neural crest
cells are not required for aortic arch artery formation, but are required for their repatterning
(Bockman et al., 1987) and will form the smooth muscle tunica media of the arteries
(Bergwerff et al., 1998) (Fig. 2).

Outflow septation
In the chick, several days after the neural crest cells have emigrated from the dorsal neural
tube to the pharynx, a subpopulation of cells migrate into the cardiac outflow cushions. Here
they will condense to form the aorticopulmonary septation complex (Waldo et al., 1998;
Waldo et al., 1999) dividing the common arterial outflow into the aorta and pulmonary trunk
(Figs. 2, 3). The cushions are cardiac jelly-filled ridges in a spiral conformation within the
outflow tract that eventually become populated by three different mesenchymal cell
populations. In the proximal outflow tract the conal myocardium induces an epithelial to
mesenchymal transformation (EMT) of the underlying endocardium. These mesenchymal
cells will form the bulk of the semilunar valve leaflets. Distally, there are some
mesenchymal cells derived from the pharynx that populate the cushions prior to the arrival
of the neural crest cells (Ward et al., 2005). Later neural crest cells migrate into the cushions

Keyte and Hutson Page 2

Differentiation. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and form two centrally placed columns or “prongs”, of condensed cells in the distal (truncal)
outflow. The prongs join more distally through a shelf of mesenchymal cells protruding into
the dorsal wall of the aortic sac forming a horseshoe or an upside down “U”-shaped
septation complex with the prongs making up the arms of the U. The shelf is situated
between the origins of the fourth and sixth pairs of arch arteries, which will be remodeled
into the arch of the aorta and the ductus arteriosus, respectively. Thus, the shelf is perfectly
positioned to divide the systemic and pulmonary outflow. As septation proceeds the shelf
lengthens through the distal outflow at the expense of the prongs. Due to the spiral
conformation of the prongs, the septation spirals as well. Once the prongs are expended and
the aortic sac and truncus are septated, the proximal outflow septum forms in a distal to
proximal progression closing toward the ventricles. Septation of the conus is accomplished
by myocardialization in which invading myocardial cells cause the cushions to bulge into
the lumen (van den Hoff et al., 1999). The endocardial layer covering the cushions breaks
down, allowing mixing of mesenchyme and myocardium from opposing cushions to form
the septum. Cardiac neural crest cells are also found in the proximal outflow in the
subendocardial space. After fusion of the cushions, they appear as a seam in the septum and
it is not clear if they play an active role in the fusion of the cushions (Waldo et al., 1998;
Waldo et al., 1999).

Outflow septation in the mouse appears to occur in a similar fashion but with some notable
differences in the timing of events and distribution of the cardiac neural crest. For example,
cardiac neural crest arrive in the distal outflow in the mouse at E9.5 approximately one day
after emigration from the neural tube, while in the chick the neural crest-derived cells enter
the outflow tract 3.5 days after leaving the neural tube. Another notable difference is in how
the cardiac neural crest cells enter the outflow tract cushions prior to septation (Waldo et al.,
1999). In quail-chick chimeras, the cardiac neural crest-derived cells enter by two distinct
routes, subendocardially and submyocardially. This is in contrast to a single subendocardial
route taken by the cardiac neural crest cells as shown in the Cx43-lacZ-marked cardiac
neural crest cells in the mouse. In addition the cardiac neural cells in the mouse outflow tract
extend into the distal conus, whereas they only just reach the conus in the chick (Waldo et
al., 1999). These differences are likely due to differences in timing of some of the
developmental events in cardiovascular development along with morphological differences
between mammals and birds.

Valvulogensis
After outflow tract septation, the cushion mesenchyme is remodeled to form the aortic and
pulmonary semilunar valves, each with three cusps or leaflets. As mentioned above the bulk
of the leaflets is made up of endocardial-derived mesenchymal cells. It is not clear to what
extent the cardiac neural crest cells participate in semilunar valve formation. Neural crest
cells have been found at the tips of the leaflets in chick and mouse during early stages of
valve development (Nakamura et al., 2006; Waldo et al., 1998) but neural crest-derived cells
were not found in the mature leaflets in the mouse (Jiang et al., 2000). Recent studies have
indicated that semilunar valve leaflets are derived exclusively from endocardium (de Lange
et al., 2004). These findings suggest that endocardial-derived mesenchyme replaces neural
crest-derived cells at later stages of valve development. A recent study has shown that the
neural crest contribution to the outflow endocardial cushions is required for late gestation
valve remodeling, mesenchymal apoptosis, and proper valve architecture in mouse (Jain et
al., 2011). Flow though the developing valve region is another important component of
valve remodeling. Because the outflow tract is abnormal after cardiac neural crest
perturbations (see below), the relative requirements of blood flow versus the presence of the
crest cells to valve remodeling remains to be determined.
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Neural crest and cardiac innervation and conduction
Neural crest cells give rise to all parasympathetic innervation of the heart (Kirby et al.,
1983). There is some controversy concerning the extent to which neural crest cells
contribute to the development of the cardiac conduction system, which is known to be of
myogenic origin (Miquerol et al., 2011). Retroviral studies in chick and cre-lineage analysis
in mouse show a contribution of neural crest cells to the inflow region near the cardiac
conduction system (Poelmann and Gittenberger-de Groot, 1999; Poelmann et al., 2004).
These cells are likely to migrate in through the inflow, but the exact timing and path of
migration are unknown. A neural crest contribution to the inflow has not been demonstrated
in quail-chick chimeras (Poelmann et al., 1998; Waldo et al., 1998). A genetic lineage
analysis of neural crest cells in mouse identified a small proportion of the His-Purkinje
conduction system that arises from Mesp1-negative cells, implying that a some cells within
the system are not of mesodermal origin and may be neural crest cells (Kitajima et al.,
2006). Another lineage analysis using a Wnt1-Cre mouse suggested that the neural crest
cells may contribute to the central conduction system (Nakamura et al., 2006). Miquerol and
colleagues maintain that as yet there is no convincing evidence that neural crest cells make
cellular contributions to the His-Purkinje conduction system (Miquerol et al., 2011).

While the neural crest cells may not contribute directly to the His-Purkinje conduction
system, they are required for its normal development. Following ablation of cardiac neural
crest cells in chick embryos, conduction system bundles fail to compact, leaving them
uninsulated from surrounding myocardium. This leads to an inhibited or delayed maturation
of conduction system function (Gurjarpadhye et al., 2007). In viral and genetic mapping
studies cardiac neural crest cells are found in close proximity with the developing
conduction system (Nakamura et al., 2006; Poelmann and Gittenberger-de Groot, 1999;
Poelmann et al., 2004). Deletion of Hf1b from neural crest cells resulted in atrial and
atrioventricular conduction dysfunction due to deficiencies in the neurotrophin receptor trkC
(St Amand et al., 2006). Taken together, these results suggest that NCCs have a role in
normal development and maturation of the cardiac conduction system.

Neural crest ablation phenotype
Most genes associated with cardiac neural crest function have been characterized through
transgenic manipulation of neural crest-related gene expression in mouse models, while
much of what is known regarding the specific neural crest contribution to cardiovascular
development has been obtained from avian models: quail to chick chimeras and cardiac
neural crest ablation studies. Cardiac neural crest ablation defects include defective outflow
tract septation (persistent truncus arteriosus), abnormal patterning of the aortic arch arteries
and great arteries (such as interrupted aorta and double aortic arch), hypoplasia/aplasia of
the thymus, thyroid and parathyroids, abnormal heart tube looping leading to arterial pole
alignment defects (such as double outlet right ventricle), ventricular septal defects, and
abnormal myocardial function resulting in decreased excitation-contraction (EC) coupling,
contractility and L-type Ca+2 current (Fig. 4) (Besson et al., 1986; Bockman et al., 1987;
Creazzo et al., 1997; Kirby et al., 1983).

Targeted gene knockouts in mouse have led to the development of many mouse models that
have recapitulated portions or all of the neural crest ablation phenotype in chick, many of
which are detailed below. Recently the neural crest cells have been temporally-spatially
ablated in PuΔTK:Wnt1-Cre mice, leading to a phenotype similar to cardiac neural crest
ablation in chick (Porras and Brown, 2008). Important differences include cases of
pulmonary valvar and infundibular stenosis observed in mouse but not in chick. It is not
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known whether these differences are in fact species-specific or an inherent characteristic of
the mouse ablation system.

The neural crest-related defects observed in both animal models can be largely classified
into defects which are directly the result of an absence of a structural contribution by the
crest cells, or those which are indirectly caused by absence of the crest cells in the caudal
pharynx, resulting in abnormal signaling and/or tissue interactions. The loss of neural crest
cells or their dysfunction may not always directly cause abnormal cardiovascular
development, but may be involved secondarily because crest cells represent a major
component in the complex tissue interactions in the caudal pharynx and outflow tract.

Cardiac neural crest cells regulate FGF signaling in the secondary heart
field and caudal pharynx

Neural crest ablation experiments in chick revealed that crest cells are required not only for
outflow septation, but also for completion of normal heart looping. Abnormal looping is one
of the earliest defects seen after cardiac neural crest ablation, and can be observed before the
crest cells reach the outflow. Defective looping is caused by a failure of addition of
myocardium to the heart tube from the secondary heart field (Yelbuz et al., 2002), a
population of cells located in the ventral caudal pharynx, just behind the outflow attachment
to the pharynx. The secondary heart field, a subpopulation of the second heart field1, has
been shown to be required for lengthening the outflow tract, which eventually leads to the
proper alignment of the aorta and pulmonary trunk over the left and right ventricle. The
abnormally shortened loop results in arterial pole malalignment defects such as double outlet
right ventricle (DORV) and overriding aorta. Significantly, the undivided outflow tract in
neural crest-ablated embryos is also dextroposed suggesting a secondary heart field-related
defect. In neural crest-ablated embryos cell proliferation in the secondary heart field is
elevated, indicating that the presence of the neural crest cells in the pharynx is necessary for
normal secondary heart field development (Waldo et al., 2005). How the neural crest or the
absence of the neural crest could affect the secondary heart field, which is located at a
distance from the crest cells, has been a confounding research question. One hypothesis is
that the neural crest regulates or modulates the activity of secreted signaling factors in the
pharynx that then become dysregulated after neural crest perturbation. FGF8 appears to be
one of these factors. FGF8 signals through a tyrosine kinase receptor and has been shown to
influence proliferation, differentiation, cell survival and cell migration in a context
dependent manner. FGF8 signaling is upregulated in the pharynx after neural crest ablation.
This elevated signaling is concomitant with the timing of addition of myocardium from the
secondary heart field to the heart tube (Hutson et al., 2006). When excess FGF signaling is
neutralized using the FGFR1 receptor blocker, SU5402, or an FGF8 blocking antibody,
secondary heart field development, cardiac looping and outflow alignment are all rescued.
These embryos do however, still exhibit persistent truncus arteriosus, as the cardiac neural
crest cells are still absent and are required for outflow septation.

It was once thought that outflow septation and outflow alignment were interdependent
processes, but more recent experiments, including those mentioned just above, have shown
that they can be separated and are, in fact, independent processes. Alignment and septation
involve distinct cell populations and separate events during development. Arterial pole
alignment is reliant on lengthening of the of the heart tube, which allows the inflow and
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outflow poles to converge with adequate length in the loop for the outflow tract to rotate and
wedge correctly such that the atria and outflow vessels are in concordance with ventricles.
Heart tube lengthening is largely a function of addition of myocardium from the secondary
heart field to the outflow pole. Outflow septation, by contrast, is dependent on ingression of
neural crest cells that form the aorticopulmonary septum. As mentioned above the persistent
truncus arteriosus in neural crest-ablated embryos overrides the right ventricle, but reducing
FGF signaling to more normal levels leads to persistent truncus arteriosus with correct
alignment (Hutson et al., 2006). Knockdown of HIRA, a gene found within the DiGeorge
critical region (see below), results in persistent truncus but with proper alignment of the
arterial pole (Farrell et al., 1999). Thus the secondary heart field and cardiac neural crest
cells are distinct cell populations with different roles in arterial pole formation but because
both cell populations are located in the pharynx during critical stages of cardiac outflow
formation, any disruption of development within the pharynx can affect both populations.

In addition to arterial pole alignment defects, cardiac neural crest ablation also compromises
myocardial function, and the effect is again observed prior to the arrival of the neural crest
cells at the outflow (Leatherbury et al., 1990). The myocardium exhibits reduced ejection
fraction, with the underlying cause being that calcium transient, L-type calcium current,
excitation-contraction coupling and calcium sensitivity of the contractile apparatus are all
reduced. Embryos that survive do so by ventricular dilation to maintain cardiac output in a
normal range (Creazzo et al., 1998; Leatherbury et al., 1991). Upregulated FGF signaling in
neural crest ablated embryos also appears to effect myocardial function; normal myocardial
calcium transients can be restored when FGF signaling is reduced to normal levels (Farrell
et al., 2001; Hutson et al., 2006). The direct relationship of FGF signaling and myocardial
function at the early looping stages is unclear.

Cardiac Congenital Abnormalities Involving the Neural Crest in Humans
and Animal Models
22q11.2 deletion syndromes

Cardiac neural crest ablation phenocopies many of the cardiocraniofacial defects found in
DiGeorge (DGS) and velocardiofacial syndrome (VCFS) patients. There is considerable
overlap between VCFS and DGS-associated defects, and both syndromes are often caused
by a chromosomal 22q11.2 deletion. The syndromes are characterized by interrupted aortic
arch type B, outflow tract malformations that include persistent truncus arteriosus, tetralogy
of Fallot (pulmonary atresia/stenosis) or double outlet right ventricle, hypoplastic thymus
with some degree of immunodeficiency, and hypoparathyroidism. Mild craniofacial defects,
ventricular septal defect, aberrant origin of the right subclavian artery, hypothyroidism,
psychosis, and in the case of VCFS, cleft lip and cleft palate are frequently seen. The
diagnosis of DGS or VFCS depends on the features of the disorder when it is first
diagnosed. Children diagnosed with the immunological or cardiac defects are more likely to
be diagnosed as having DGS, while patients with a cleft palate or psychiatric issues are more
likely to be diagnosed with VCFS. The syndromes have an expansive phenotype with over
180 clinical features reported (Shprintzen, 2008). Most cases of these syndromes are caused
by hemizygous deletions within chromosome band 22q11.2. However, DGS and VCFS can
also be caused by other deletions or translocations involving chromosome 22q11, and some
cases do not appear to involve any deletion (Scambler, 2010). Variable phenotypic
expressivity is common, and reports exist of phenotypic discordance between monozygotic
twins with identical deletions (Goodship et al., 1995; Singh et al., 2002).

Patients with clinically similar phenotypes have been found with non-overlapping deletions
within 22q11.2 (Amati et al., 1999; McQuade et al., 1999; O'Donnell et al., 1997; Scambler,
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2000). Therefore, the human deletion map has not been helpful in identifying candidate
genes (Lindsay et al., 2001). Deletion of proximal mouse chromosome 16, termed Df1 for
deficiency 1, was the first targeted deletion of the region homologous to human 22q11, and
thus the first true model of 22q11 deletion syndrome (Lindsay et al., 1999). Among many
other murine genes from the typically deleted region in humans, the Df1 region includes
Tbx1, a T-box transcription factor. Df1/+ mice are nearly identical to Tbx1+/− mice.
Deletion and complementation studies in mice have indicated that Tbx1 insufficiency
recapitulates cardiovascular phenotypes of DGS (Jerome and Papaioannou, 2001; Lindsay et
al., 2001; Merscher et al., 2001).

Although genetic disruptions of Tbx1 in mouse models have been powerful in implicating
Tbx1 as the key gene disruption in DGS and VCFS, there are fundamental differences
between the mouse models and human etiology. Gene dosage requirements for mouse and
human appear to be different; Tbx1 mRNA levels in mouse must be decreased to
approximately 20% of the normal level before outflow tract defects are penetrant (Zhang
and Baldini, 2008). Further, human mutations in Tbx1 in the absence of a 22q11 deletion are
a rare cause of DGS (Scambler, 2010). In addition, deletions on chromosomes other than 22
have been found in association with DGS (Prescott et al., 2005), implying that the syndrome
is multigenic in etiology.

Recent studies have begun to elucidate the mechanisms through which Tbx1 impacts cardiac
neural crest cell development. Tbx1 is expressed in the pharyngeal ectoderm, endoderm and
second heart field, but not by neural crest cells (Garg et al., 2001; Vitelli et al., 2002a).
Because Tbx1 is a transcription factor, loss of Tbx1 does not directly affect the neural crest
cells, but rather impacts tissue-specific gene expression altering the environment through
which the neural crest cells migrate. This in turn impacts signaling between the crest cells
and surrounding tissues, and altered migration is one of the consequences (Calmont et al.,
2009; Frank et al., 2002; Kochilas et al., 2002; Vitelli et al., 2002a). Conditional Tbx1
mutants show aorticopulmonary septal defects, which are caused by a reduced number of
neural crest-derived cells migrating through the fourth arch (Xu et al., 2004). Tbx1 regulates
expression of the transcription factor, Gbx2, which in turn regulates the expression of Slit, a
guidance molecule, in the pharyngeal endoderm and ectoderm. In an environment of
decreased Slit expression, cardiac neural crest cells migrate into arches three and six, but fail
to migrate into arch four. Without the sheath of cardiac neural crest cells supporting the
endothelial cells of the fourth arch artery, the vessel becomes disorganized, and results in
interrupted aortic arch (Calmont et al., 2009).

Fgf8 has also emerged as a critical target of Tbx1, and likely contributes to the etiology of
DGS/VCFS (Frank et al., 2002; Hu et al., 2004; Moon et al., 2006; Vitelli et al., 2002b;
Zhang et al., 2005). Fgf8 is not within the typically deleted 22q11 region, nonetheless Fgf8
expression is diminished in Tbx1 mutant mice (Vitelli et al., 2002b) and Fgf8 hypomorphic
mutant mice phenocopy DiGeorge and VCFS. As the cardiac neural crest migrate into the
pharynx, FGF8 is highly expressed in the pharyngeal ectoderm and endoderm and is
expressed at lower levels in the splanchnic mesoderm. The phenotypes observed in Fgf8
hypomorphs are likely due to disrupted FGF8 signaling from the epithelia of the caudal
pharyngeal arches (3–6) to the cardiac neural crest cells migrating through these arches
(Frank et al., 2002). Fgf8 hypomorphic and conditional mutant mice show abnormal
apoptosis of the cardiac neural crest (Abu-Issa et al., 2002; Frank et al., 2002; Macatee et al.,
2003). FGF8 has recently been shown to be chemokinetic for the cardiac neural crest (Sato
et al., 2011). In FGF8 overexpression experiments the neural crest cells migrated faster and
in greater numbers into the pharyngeal arches. This suggests that FGF8 influences both
neural crest survival and the timing/targeting of neural crest migration into the pharynx.
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Fgf8 has tissue-specific roles in outflow tract formation and remodeling. Mesodermal Fgf8
is required for correct alignment of the outflow tract, whereas Fgf8 produced by the
pharyngeal endoderm regulates outflow tract septation (Park et al., 2006). Arterial pole
alignment defects without persistent truncus arteriosus are observed in chick embryos after
FGF8 levels are reduced to abnormally low levels during secondary heart field migration
(Hutson et al., 2006). Production of FGF8 in the pharyngeal ectoderm, in particular, is
required for normal fourth arch artery development (Macatee et al., 2003). However,
whereas Fgf8 expression is absent in the pharyngeal endoderm of Tbx1 null embryos (Vitelli
et al., 2002b), ectodermal expression of Fgf8 is robust, so it is unlikely that Tbx1 regulates
Fgf8 in ectoderm (Zhang et al., 2005). Fgf8 is additionally required in the cardiac and
pharyngeal mesoderm for normal pharyngeal arch artery and outflow tract development
(Watanabe et al., 2010).

Other genes have been shown to be dysregulated upon the reduction or absence of Tbx1 and
play an important role in cardiovascular development (Ivins et al., 2005; Liao et al., 2008).
Expression of Hes1, a gene encoding a basic helix-loop-helix protein, is decreased in Tbx1
null cells, and has been demonstrated to be required for the development of structures
affected in DGS and VCFS (van Bueren et al., 2010). Retinoic acid signaling, which will be
discussed in further detail below, is up-regulated in Tbx1 null mice (Roberts et al., 2006).
Inhibition of the retinoic acid degrading enzyme, Cyp26, phenocopies DGS in chick
(Roberts et al., 2006), and retinoic acid signaling is locally aberrant in Crkl+/−;Tbx1+/−
embryos (Guris et al., 2006). Other T-box family members such as Tbx2 and Tbx3 are
individually required for outflow tract and pharyngeal development, and Tbx1 deficiency
affects Tbx2 and Tbx3 expression in neural crest-derived cells and pharyngeal mesoderm
(Mesbah et al., 2008; Mesbah et al., 2011). Vascular Endothelial Growth Factor, Vegf, and
Chrd, a BMP antagonist, have been proposed to be modifiers of DGS (Choi and
Klingensmith, 2009; Stalmans et al., 2003). Other possible genetic modifiers, including
Fgf10, Pitx2, Shh, and Tgfβ, have been reviewed recently (Aggarwal and Morrow, 2008).

Although Tbx1 remains the leading gene candidate for DGS and VCFS, other genes from
the 22q11 region have proved important in cardiovascular development as well. As its name
implies, DiGeorge Critical Region Gene 8 (Dgcr8) is annotated to the 22q11.2 microdeletion
(Shiohama et al., 2003). The gene encodes a double stranded RNA-binding protein essential
for miRNA synthesis (Seitz and Zamore, 2006). Conditional inactivation of Dgcr8 in neural
crest cells, results in a variety of cardiovascular defects, including persistent truncus
arteriosus, interrupted aortic arch, aberrant origin of the right subclavian artery and
ventricular septal defect (Chapnik et al., 2011). These defects stem from elevated apoptosis
of neural crest cells in the caudal pharyngeal arches just before crest cells enter the outflow.

Crkl, an adaptor protein activated in receptor tyrosine kinase intracellular signaling
cascades, is also located within the 22q11-deleted region. In mouse Crkl protein is expressed
at high levels in neural crest cell derivatives. Disruption of Crkl causes the cardiovascular,
craniofacial, and glandular defects characteristic of DGS and VCFS (Guris et al., 2001).
Crkl deficiency has been shown to disrupt Fgf8 signaling and alter MAPK activation (Moon
et al., 2006). Dose-sensitive interaction of Crkl and Tbx1 has been demonstrated, supporting
the assertion that in the majority of cases DGS/VCFS is a contiguous gene syndrome (Guris
et al., 2006). Crkl has been identified as an essential component of an FGF8-induced feed
forward loop permissive for efficient activation of the mitogen-activated protein kinase
Erk1/2, which is also necessary for cardiac neural crest cell development (see below). Crkl
is essential for Fgf8 to sustain growth and survival in the absence of cell adhesion (Seo et
al., 2009). In culture experiments Crkl is required for Fgf8-induced chemotaxis (Moon et al.,
2006), raising intriguing implications for the role of Crkl in cardiac neural crest migration.
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Other genes near to or within the typically deleted DiGeorge critical region play essential
roles in cardiovascular development and appear to affect neural crest cell behavior: Erk2/
Mapk1 is expressed within the pharyngeal arches and mouse mutants show craniofacial and
cardiovascular defects, including ventricular septal defects, persistent truncus arteriosus,
double outlet right ventricle, as well as thyroid and thymus developmental defects (Corson
et al., 2003; Newbern et al., 2008). DiGeorge Critical Region Gene 6 (Dgcr6) is expressed in
neural crest cell derivatives, and mutants exhibit subarterial ventricular septal defects,
double outlet right ventricle, and absence of the fourth pharyngeal arches (Hierck et al.,
2004). HIRA, a human homolog of yeast genes that encode repressors of histone gene
transcription, is also expressed in neural crest-derived tissues and the pharyngeal arches.
Knockdown of HIRA in chick embryos results in persistent truncus arteriosus (Farrell et al.,
1999; Roberts et al., 1997; Roberts et al., 2002).

CHARGE Syndrome
The CHARGE acronym refers to this syndrome's characteristic phenotype: coloboma, heart
anomaly, atresia of choanae, retardation of physical and mental development, genital
hypoplasia and ear anomalies and/or deafness (Siebert et al., 1985). The collective
anomalies associated with CHARGE syndrome overlap with DGS/VCFS-associated defects.
The thyroid and parathyroid glands are often absent and accompany aortic arch artery and
outflow defects suggesting neural crest development is affected in this syndrome. The range
and severity of organ systems affected suggest that development is impacted early or that the
involved gene has a broader expression pattern than those implicated in DGS/VCFS.
Malformation of the foregut, reproductive organs, kidneys, limbs, digits, and brain,
including pituitary gland, with lung abscesses and focal hepatic necrosis have all been
observed. Over 90% of individuals affected with CHARGE syndrome have heterozygous
mutations in CHD7, a member of the chromodomain helicase DNA-binding gene family
(Bergman et al., 2011). CHARGE syndrome can also be phenocopied by exposure to
teratogens, such as retinoic acid or thalidomide. Like DGS and VCFS, the CHARGE
phenotype is highly variable, even within families carrying the same mutation.

Knockdown of CHD7 in Xenopus embryos recapitulates all major features of CHARGE
syndrome in humans (Bajpai et al., 2010), and mice with heterozygous loss of function
mutations in Chd7 are a model of CHARGE syndrome (Layman et al., 2010). CHD7 is
required for activation of critical neural crest transcriptional circuitry, including Sox9,
Twist, and Slug (Bajpai et al., 2010). CHD7 is responsible for chromatin remodeling and is
widely expressed during development, helping to explain the broad range of congenital
defects observed. The role of CHD7 in chromatin remodeling reinforces the emerging view
that epigenetic regulation plays an important role in neural crest cell development (Liu and
Xiao, 2011).

A subset of CHARGE cases have reported 22q11 deletions, and a recent paper explored the
embryological relationship between CHARGE and VCFS (Randall et al., 2009). Chd7 and
Tbx1 were found to interact synergistically in the development of the fourth pharyngeal arch
artery, thymus, and ear. Pharyngeal arch artery morphogenesis could not be rescued by
restoring neural crest Chd7 expression. Instead, biallelic expression of Chd7 and Tbx1 were
required in the pharyngeal ectoderm.

Semaphorin 3E (SEMA3E) has also been proposed as a candidate gene for CHARGE
syndrome, although it appears to be a rare cause, as only two patients with the mutation have
been described (Bergman et al., 2011; Lalani et al., 2004; Martin et al., 2001). Sema3E is
involved in vascular patterning, including formation of the first embryonic blood vessels
(Gu et al., 2005; Meadows et al., 2012). It is unknown if Sema3E has a role in the neural
crest cells, but other semaphorins, such as Sema3C (see below) have been shown to be

Keyte and Hutson Page 9

Differentiation. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



particularly important in targeting cardiac neural crest cells to the outflow tract (Feiner et al.,
2001).

Retinoic Acid Embryopathy and Retinoic Acid Signaling
When isotretinoin, a retinoid commercially known as Accutane, came into use for severe
acne, many pregnant women were inadvertently exposed to it. Isotretinoin is a vitamin A
derivative and an analog of retinoic acid. Shortly thereafter, Retinoic Acid Embryopathy
was recognized among babies whose mothers were prescribed the drug during pregnancy.
Features of the syndrome include anomalies of the cranium and face, central nervous
system, heart and thymus–a constellation of defects reminiscent of neural crest-related
syndromes. Cardiac defects include conotruncal heart defects (transposition of the great
vessels, tetralogy of Fallot, double outlet right ventricle, truncus arteriosus, and ventricular
septal defect) and aortic arch abnormalities (Type B interrupted aortic arch, retroesophageal
right subclavian artery, and aortic arch hypoplasia) (Coberly et al., 1996; Lammer et al.,
1985). Large amounts of vitamin A are also known to be teratogenic during pregnancy
(Lammer et al., 1985; Mulder et al., 2000). An increased risk of congenital cardiovascular
defects, including conotruncal defects, has been reported for human pregnancies when
excess vitamin A (> 10,000 IU) is consumed in the form of retinol from supplements (Botto
et al., 2001; Jenkins et al., 2007; Rothman et al., 1995).

Whereas isotretinoin or excess vitamin A exposure during gestation results in abnormally
high retinoic acid signaling and associated birth defects, vitamin A deficiency also causes
congenital anomalies, but due to reduced retinoic acid signaling (Zile, 2001). Cardiovascular
defects observed in animal models of vitamin A deficiency include persistent truncus
arteriosus, ventricular septal defects, and aortic arch artery defects (Pan and Baker, 2007;
Wilson et al., 1953; Wilson and Warkany, 1950).

A number of gene mutations result in aberrant retinoic acid signaling. Human mutations in
ALDH1A2 (formerly RALDH2), an enzyme responsible for the final step of endogenous
retinoic acid synthesis, are associated with tetralogy of Fallot (Pavan et al., 2009). Aldh1a2
null mutant mice die at early embryonic stages but can be rescued from early lethality by
transient maternal retinoic acid supplementation. These rescued mice consistently exhibit
persistent truncus arteriosus suggesting Aldh1a2 is specifically required for normal outflow
septation. (Niederreither et al., 2001). STRA6 codes for a membrane receptor which
specifically binds the vitamin A-retinol binding protein (RBP) complex for cellular uptake
(Kawaguchi et al., 2007). Human homozygous mutations in STRA6 cause a pleiotropic,
multisystem malformation syndrome characterized by bilateral anophthalmia, mild facial
dysmorphism, early lethality in most cases, and a variety of malformations of the lungs,
diaphragm, heart, and urogenital system (Pasutto et al., 2007). Of the varied congenital heart
defects in these patients, the authors report patent ductus arteriosus, coarctation of the aorta,
ventricular and atrial septal defects, pulmonary atresia, right aortic arch, persistent truncus
arteriosus, and tetralogy of Fallot.

Retinoic acid signaling occurs through two families of nuclear receptors, retinoid acid
receptors (RAR) and retinoid X receptors (RXR) that act as transcriptional regulators when
complexed with the retinoic acid ligand (Chen et al., 1996a). The RAR family is activated
by all-trans-retinoic acid and 9-cis-retinoic acid, whereas the RXR family is activated by 9-
cis-retinoic acid, as well as a number of other non-retinoid ligands. Each receptor family
comprises three receptor isoforms designated alpha, beta, and gamma, and differential
splicing produces further variants. Each isoform exhibits a specific spatio-temporal
distribution during embryogenesis. RAR-RXR heterodimers initiate transcription of retinoic
acid gene targets (Chen et al., 1996a; Lu et al., 1997). Compound mutations in RAR
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isoforms mimic anomalies observed in vitamin A deficiency including failure of outflow
tract septation and abnormal arch artery patterning (Ghyselinck et al., 1998).

There are few studies that have revealed the cellular and molecular mechanisms in the
cardiac neural crest cells that lead to abnormal outflow tract septation in retinoid receptor
mouse mutants. Increased apoptosis is observed in outflow tract cushions of Rxrα null
embryos (Kubalak et al., 2002). While the specific cell types undergoing apoptosis were not
determined, the location is consistent with the neural crest cells. TGFβ2 is also widely
upregulated in the hearts of Rxrα−/− mutants, and when crossed with mice heterozygous for
a TGFβ2-null allele, the abnormal apoptosis, as well as outflow tract septation can be
partially rescued. When RARα and RARβ are conditionally knocked out in neural crest
cells, the number, migration and terminal fate of the cardiac crest are normal. However, the
ability of these cells to form the aorticopulmonary septum is impaired (Jiang et al., 2002).
Thus, retinoic acid signaling is likely required by other cell types in the outflow tract that
then allows the neural crest cells to initiate and form the aorticopulmonary septum.

The second heart field progenitor cells, which produce the myocardium of the outflow tract,
are particularly sensitive to retinoic acid deficiency (Ryckebusch et al., 2008). As mentioned
above, normal second heart field development is intertwined with the normal function of the
neural crest. A retinoic acid response element (RARE-Cre;R26R) mouse has been developed
to lineage trace retinoic acid activity in both the second heart lineage and in the cardiac
neural crest (Dollé et al., 2010). Marked retinoic acid-responsive cells are found in the
caudal pharyngeal arches, aortic wall and the outflow tract myocardium and cushions. A
recent study by Li et al. (2010) shows that retinoic acid receptor mutant mice display a
shortened outflow tract and malalignment defects due to failure of the second heart field to
contribute to the outflow. As an additional consequence, the outflow tract is misspecified
along its proximal-distal axis, which results in ectopic expression of TGFβ2 and ectopic
mesenchymal transformation of the endocardium. Reduction of TGFβ2 gene dosage in the
retinoic acid receptor-deficient background restores septation but does not rescue alignment
defects, indicating that excess TGFβ causes septation defects. The failure of the neural crest
cells to septate the outflow may be due to the excess TGFβ acting on the neural crest and/or
the inability of the neural crest to divide the misspecified outflow tract.

Retinoic acid directly regulates Hoxa3, a homeobox-containing transcription factor, in
embryonic pharyngeal endoderm, cardiac neural crest and a subdomain of the second heart
field (Diman et al., 2011). Hoxa3 is required for normal development of the third arch artery
but not for cardiac development (Chisaka and Capecchi, 1991; Kirby et al., 1997). These
results indicate that third arch crest cells carry information regarding arch artery patterning,
but the same patterning instructions are not required for outflow septation.

Fetal Alcohol Syndrome
Fetal Alcohol Syndrome (FAS), the most extreme presentation of Fetal Alcohol Spectrum
Disorders (FASD), is characterized by pre- and postnatal growth deficiency, microcephaly,
developmental delay, fine motor dysfunction, specific facies, cleft plate, joint anomalies,
altered palmar creases, and cardiac defects (Jones, 2011). FAS has been linked to disruption
of neural crest cell development and structures derived from them. Exposure to alcohol
during the period when neural crest cells are populating the caudal pharyngeal arches can
phenocopy DGS in animal models, and alcohol has been proposed as a tetratogen involved
in DGS (Sulik et al., 1986). Epidemiological studies suggest that consumption of alcoholic
beverages by pregnant women more than once weekly during the periconceptional period
can increase the risk of conotruncal defects in offspring by 2- to 2.5-fold (Carmichael et al.,
2003).

Keyte and Hutson Page 11

Differentiation. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Ethanol can exert a teratogenic effect through a number of proposed mechanisms.
Disruption of microtubules and microfilaments by ethanol interferes with cell migration
(Hassler and Moran, 1986). Newborn mice treated with ethanol in utero show abnormalities
in cardiac mitochondria with decreased mitochondrial respiration (Nyquist-Battie and Freter,
1988; Satiroglu-Tufan and Tufan, 2004). Select cell populations, including cranial neural
crest cells, exhibit increased apoptosis upon treatment with ethanol (Dunty et al., 2001).
Increased cell death may be caused by heightened membrane fluidity (Chen et al., 1996b).
Other authors have proposed that apoptosis is mediated by rapid depletion of beta-catenin in
neural crest cell progenitors (Flentke et al., 2011). Gene expression is also affected in neural
crest cells exposed to toxic levels of ethanol. Cranial neural crest downregulate certain Hox
genes upon exposure to ethanol, which may be of etiological importance in FAS (Wentzel
and Eriksson, 2009). Ethanol exposure also appears to influence retinoic acid signaling by
antagonizing retinol (Vitamin A) and retinal conversion to retinoic acid, reducing retinoic
acid levels to below that required for normal development (Yelin et al., 2005). Ethanol-
induced anomalies in chick embryos are ameliorated by application of all-trans-retinoic acid,
further indicating that retinoic acid signaling is reduced in FAS (Satiroglu-Tufan and Tufan,
2004).

Alagille Syndrome
Alagille syndrome, or arteriohepatic dysplasia, is a multisystem disorder caused by
mutations in the Notch signaling pathway, most commonly in JAGGED1 (Alagille
syndrome type 1), but in a small number of cases mutation in NOTCH2 (Alagille syndrome
type 2). The primary defects and pathological features include chronic cholestasis due to
fewer than normal intrahepatic bile ducts, peripheral pulmonary artery stenosis, minor
vertebral segmentation abnormalities, characteristic facies, posterior embryotoxon/anterior
segment anomalies, pigmentary retinopathy, and dysplastic kidneys (Turnpenny and Ellard,
2011). Common cardiac defects include tetralogy of Fallot and ventricular septal defects
(Eldadah et al., 2001; Krantz et al., 1999; McElhinney et al., 2002). Alagille syndrome
follows autosomal dominant inheritance, but penetrance is often reduced and phenotypic
variability is frequently observed. Phenotypic discordance between monozygotic twins with
the same JAG1 mutation indicates that the clinical variability observed cannot be explained
by genotypic variation alone (Kamath et al., 2002).

Animal models have begun to elucidate the role of the Notch signaling pathway in
cardiovascular development. Notch receptors and ligands are widely expressed in the
remodeling outflow tract and aortic arch arteries (High et al., 2007; Loomes et al., 2002).
Mice with targeted inhibition of Notch signaling in cardiac neural crest derivatives exhibit
aortic arch patterning defects, pulmonary artery stenosis and ventricular septal defects (High
et al., 2007; Loomes et al., 2002). Notch is essential for differentiation of cardiac neural
crest-derived cells into the vascular smooth muscle of the aortic arch arteries. Interestingly
however, Notch inactivation does not affect crest cell proliferation or migration into the
outflow tract (High et al., 2007). Conversely, second heart field-specific Cre drivers
targeting Jagged or Notch inhibition in the outflow precursors in mice have double outlet
right ventricle and persistent truncus arteriosus, indicating that Jag1 is an essential Notch
ligand in outflow development (High et al., 2009). Most recently disruption of Notch
signaling in the second heart field was shown to result in semilunar valve defects, which the
authors postulate is due to abnormal patterning of the cardiac neural crest migrating in
apposition with second heart field derivatives (Jain et al., 2011).

Waardenburg Syndrome
Waardenburg syndrome is a disorder characterized by pigmentary abnormalities, congenital
hearing loss, and facioskeletal anomalies. Cardiac defects have been observed in some
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Waardenburg patients (Banerjee, 1986; Khaldi et al., 1990; Mathieu et al., 1990). A number
of genes are involved in this syndrome that are known to impact neural crest development.
Heterozygous mutations in PAX3 (encoding the paired box 3 transcription factor) in humans
give rise to Waardenburg syndrome type 1 and 3 (Tassabehji et al., 1994). Pax3 has a
demonstrated role in cardiovascular development in animal models, and has been studied in
the naturally occurring Splotch mutant mouse (Conway et al., 1997a; Conway et al., 1997b;
Conway et al., 1997c). Global Pax3 deficiency results in a decrease in the number of
migrating cardiac neural crest cells, which ultimately leads to a lack of cardiac neural crest-
derived cells in the outflow tract septum and persistent truncus arteriosus (Conway et al.,
2000). Splotch mice also exhibit myocardial dysfunction and aortic arch artery defects
similar to what is seen in neural crest-ablated chick embryos (Conway et al., 1997a; Conway
et al., 1997b). Pax3 is not required during migration or outflow tract septation, but is
essential for all early neural crest progenitor formation, including cardiac neural crest
(Olaopa et al., 2011). Loss of Pax3 and subsequent deletion of the cardiac neural crest has
recently been shown to result in abnormal semilunar valve morphology (Jain et al., 2011).

It is of note that more cardiac defects are not observed in patients deficient for PAX3, given
that Pax3 has been shown to be critical for cardiovascular development in animal models. It
may be that species-specific differences in genetic background are important in determining
phenotypic readout of Pax3 mutation. It may also be that severe mutations in PAX3 in
humans are generally not conducive to life, and therefore cardiac defects are rarely
observed.

LEOPARD and Noonan Syndromes
Noonan and LEOPARD syndromes are allelic with considerable phenotypic overlap
(Tartaglia et al., 2011). Noonan syndrome is characterized by postnatally reduced growth,
distinctive dysmorphic facial features, skeletal abnormalities, webbing of the neck,
hypertrophic cardiomyopathy, and congenital heart defects. Pulmonary stenosis and septal
defects are the most common cardiac defects, but aortic coarctation and a wide variety of
other anomalies are also observed (Burch et al., 1993; Marino et al., 1999). LEOPARD
syndrome's acronymic name refers to its major features: Lentigines, ECG conduction
abnormalities, Ocular hypertelorism, Pulmoic stenosis, Abnormal genitalia, Retardation of
growth, and sensorineural Deafness (Gorlin et al., 1971). Roughly half of all individuals
affected have heart defects similar to those seen in Noonan syndrome, but with different
frequencies. ECG anomalies, progressive conduction defects and hypertrophic
cardiomyopathy are most frequently observed (Tartaglia et al., 2011).

Approximately half of all cases of Noonan syndrome are caused by heterozygous mutations
in PTPN11, a gene encoding the protein-tyrosine phosphatase SHP2 (Tartaglia et al., 2002;
Zenker et al., 2004). SHP2 positively regulates the RAS and mitogen-activated protein
kinase (MAPK) signal transduction pathway. Mutations in PTPN11 that cause Noonan
syndrome increase SHP2 phosphatase activity and signaling through the RAS-MAPK
pathway (Fragale et al., 2004; Keilhack et al., 2005; Martinelli et al., 2008; Oishi et al.,
2006; Tartaglia et al., 2006). Other disease genes include SOS1, KRAS, NRAS, RAF1,
BRAF, SHOC2, MEK1 and CBL, all of which affect RAS-MAPK signaling. The vast
majority of individuals with LEOPARD syndrome carry mutations in PTPN11 (Digilio et
al., 2002; Legius et al., 2002), which produce catalytically inactive SHP2 with dominant
negative effects (Kontaridis et al., 2006). In a small number of cases LEOPARD syndrome
has also been linked to RAF1 or BRAF mutations (Koudova et al., 2009; Pandit et al., 2007;
Sarkozy et al., 2009). While LEOPARD syndrome alleles engender loss-of-function effects,
Noonan syndrome mutations result in gain-of-function. These biochemical findings prompt
the question of how PTPN11 mutations with opposite functional effects result in similar
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disorders (Edouard et al., 2007; Oishi et al., 2009). Recent studies suggest that mutations
resulting in LEOPARD syndrome are not simply dominant negative in nature, and that Shp2
plays phosphatase-independent roles (Edouard et al., 2010; Martinelli et al., 2008; Oishi et
al., 2009; Stewart et al., 2010).

Noonan, LEOPARD as well as some of the syndromes and genes discussed above are linked
by the common theme of aberrant ERK signaling as a result of alterations in upstream
effectors. For example, FGF stimulates the ERK1/2 cascade by promoting the association of
Shp2 with small G proteins that are activators of Ras leading to increased ERK1/2 signaling
(Böttcher and Niehrs, 2005). Similarly, Crkl and Fgf8 interact to regulate the expression of
Fgf8 target genes in the pharyngeal arches, and Crkl deficiency disrupts ERK1/2 activation
(Moon et al., 2006). ERK1/2 phosphorylation is reduced in mice with reduced or eliminated
FGF8 expression and these animals have craniofacial and cardiovascular defects similar to
those noted in Tbx1- and Crkl-mutant mice, respectively (Abu-Issa et al., 2002; Park et al.,
2006). In the second heart field Tbx1 is required for Fgf8 expression, and activation of
ERK1/2 is significantly reduced in Tbx1−/− cells (Vitelli et al., 2010). Shp2 is important for
the normal development of cardiac neural crest cells. Ablation of PTPN11 specifically from
the premigratory neural crest cells results initially in normal migration and proliferative
patterns, but cardiac crest cells fail to enter the developing outflow tract. Embryos display
persistent truncus arteriosus, septal defects and abnormalities of the great vessels (Nakamura
et al., 2009). Interestingly, Shp2 null mutation in the neural crest of mice more closely
phenocopies the 22q11 deletion syndrome than LEOPARD syndrome, indicating that
complete absence of Shp2 has different consequences than the expression of a LEOPARD
syndrome-causing mutant. A recent study identified a role for Shp2 in neural crest
specification and migration in zebrafish embryos carrying mRNA for LEOPARD syndrome
alleles. Shp2 was also shown to prevent p53-mediated apoptosis of neural crest cells
(Stewart et al., 2010). In contrast, another study employing an inducible knock-in approach
demonstrated that all cardiac defects in Noonan syndrome result from mutant Shp2
expression in the endocardium, not in neural crest cells. These authors showed that
increasing Erk MAPK activation affects the endocardial to mesenchymal transformation by
extending the interval during which cardiac endocardial cells undergo EMT (Araki et al.,
2009). As discussed above, proper EMT is critical for development of the endocardial
cushions, which interact with cardiac neural crest cells during septation.

Endothelin Signaling
Mutations in the endothelin-1 (ET1) pathway in mouse models result in patterning defects of
the great arteries and outflow despite normal migration of the neural crest cells (Clouthier et
al., 1998; Kurihara et al., 1994; Yanagisawa et al., 1998). ET1 is expressed in the arch artery
epithelium and binds its receptor, endothelin A (ETA), present on neural crest cells in the
pharyngeal arches. Chimera studies in mice have shown that embryonic stem cells null for
ETA are excluded from the walls of the pharyngeal arch arteries (Clouthier et al., 2003).
This result suggests that neural crest cells require ETA to interact with the endothelium of
the forming arteries. In addition, endothelin signaling appears to affect patterning of
particular cardiac neural crest lineages. Constitutive expression of exogenous ET1 in the
neural crest cells results in selective expansion of the outermost, adventitial cell layer of the
great vessels, while the smooth muscle layer is unaffected (Ballard and Mikawa, 2002).
Human mutations in endothelin signaling can result in Hirschsprung Disease, which is
primarily a disorder of the enteric nervous system. These patients can exhibit cardiac
malformations, including patent ductus arteriosus and ventricular septal defects, as well as
problems with parasympathetic and sympathetic innervation of the heart (Hofstra et al.,
1999; Staiano et al., 1999). Mutations in endothelin pathway genes can also result in
Waardenburg syndrome (Pingault et al., 2010).
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Semaphorin 3C
Semaphorin 3C, a secreted ligand used in axon guidance, is also important in the migration
and targeting of cardiac neural crest cells to the outflow tract. Sema3C-null mice exhibit
interrupted aortic arch and persistent truncus arteriosus (Feiner et al., 2001). Sema3C is
particularly required by cardiac neural crest because all other neural crest derivatives appear
to be normal. The myocardium of the undivided outflow tract expresses Sema3C while the
neural crest cells express the receptors for semaphorin ligands which are multimeric
complexes of Plexins and neuropilin (Np)1 and/or Np2. Semaphorin ligands bind neuropilin
and plexin receptors which lead to alterations in the cytoskeleton and microtubule network
(Yu and Kolodkin, 1999). A complex of Np1 and PlexinA2 is likely the functional receptor
in the cardiac neural crest, as either PlexinA2 or Np1-null mice have persistent truncus
arteriosus and interrupted aortic arch (Brown et al., 2001; Kawasaki et al., 1999). GATA6, a
transcription factor expressed by vascular smooth muscle, has been shown to regulate
Sema3C expression in the outflow tract and vascular smooth muscle. Mice with targeted
deletion of GATA6 in the vascular smooth muscle also have interrupted aortic arch and
persistent truncus arteriosus (Lepore et al., 2006). Two GATA6 mutations have been
identified in some patients with persistent truncus arteriosus (Kodo et al., 2009). Both of the
human GATA6 mutant proteins failed to transactivate gene expression of SEMA3C and
PLXNA2, suggesting an underlying molecular basis for the outflow defect.

Forkhead Transcription Factors
Members of the forkhead family of transcription factors, Foxc1 and Foxc2, are required for
arch artery patterning, outflow septation and second heart field development in mice. These
genes are coexpressed in the second heart field, the cardiac neural crest cells, the
endocardium, and proepicardium. Embryos lacking either Foxc1 or Foxc2 alone or
compound heterozygotes, have coarctation or interrupted aortic arch (Iida et al., 1997; Kume
et al., 2001; Seo and Kume, 2006; Winnier et al., 1999). The cardiac neural crest cells in
Foxc1 and Foxc2 compound heterozygous mice undergo abnormal apoptosis leading to
outflow septation defects. FOXC1 mutations in humans are associated with the dominantly
inherited Axenfeld-Rieger anomaly (Honkanen et al., 2003; Mears et al., 1998; Winnier et
al., 1999). Some patients have congenital heart defects such as mitral valve dysplasia and
atrial septal defects. Human FOXC2 mutations are linked to the autosomal dominant
syndrome, lymphedema-distichiasis, in which 15% of patients also have conotruncal cardiac
defects (Fang et al., 2000).

TGFβ/BMP Superfamily
BMP2 and 4, have been implicated as regulators of neural crest cell induction, migration,
differentiation and survival. One of the BMP receptors, Bmpr1A is expressed in the neural
tube early enough to be involved in neural crest specification and/or migration. Mice in
which the Bmpr1A receptor has been ablated from the neural crest prior to their migration
display a shortened cardiac outflow tract and defective septation but do not have defects in
the induction, delamination or initial migration of the neural crest (Stottmann et al., 2004).
These mice die at midgestation due to acute heart failure. A more recent study shows that
neural crest-specific deletion of Bmpr1A is associated with hypoplasia of the outflow
cushions (Nomura-Kitabayashi et al., 2009). Deletion of Alk4, another BMP receptor, in the
cardiac neural crest also results in arch artery patterning defects and persistent truncus
arteriosus (Kaartinen et al., 2004). In these mice not enough neural crest cells reach the
outflow to effect normal septation. In TGFβ2 knockout mice neural crest cell migration and
differentiation into smooth muscle cells is normal. However, these mutants do display fourth
pharyngeal arch artery interruptions and innervation of the fourth arch artery is diminished
(Molin et al., 2004). Smad7 is a negative regulator of both TGFβ and BMP intracellular
signaling. Smad7 knockout mouse embryos have cardiovascular defects including outflow
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tract malformations (Chen et al., 2009). When the inhibitory Smad7 is overexpressed within
the neural crest lineages, neural crest-derived craniofacial, pharyngeal and cardiac outflow
tract cushion cells are considerably reduced in number, and the mice display craniofacial
defects, an undivided outflow tract and thickened outflow valves (Tang et al., 2010). As in
the BMP receptor mutant mice, initial migration of the neural crest cells is not affected.
Interestingly, even though there is elevated cell death in the pharyngeal arches and
colonization of the outflow tract is significantly reduced, the pharyngeal arch arteries have
normal smooth muscle tunics and are patterned normally.

Thus a common theme emerges: too much or not enough signaling in a particular pathway
(eg. TGFβ/BMP, FGF, retinoic acid) results in similar cardiovascular defects by perturbing
the development of the neural crest cells as they migrate from the neural tube, into the
pharynx and eventually the heart. The analysis of these pathways is complicated by the fact
that they play multiple roles at multiple times of development and impact (positively or
negatively) other signaling pathways. For example, interrupting FGF signaling in second
heart field mesoderm causes altered myocardial production of BMP and TGFβ that
secondarily perturbs mesenchymal transformation of endocardium as well as the ability of
the cardiac neural crest to populate the outflow tract (Park et al., 2008). Consequently there
is a delicate balance of these signaling pathways needed to orchestrate the development of
the neural crest as well as the other surrounding cell types in the pharynx and heart.

The cardiocraniofacial developmental module
Cardiac neural crest cells communicate during their migration with myriad cell types in their
environment: pharyngeal endoderm, ectoderm, and mesoderm, endothelial cells, and cells of
the outflow tract. The crest cells provide an additional link between the head (neural folds
and later face) and the cardiovascular system. Syndromes linking the face, brain, and heart
can best be understood when these regions are considered as a single developmental module
(Fig. 5). The cardiocraniofacial module is comprised initially of cranial neural plate
ectoderm (including the neural crest), the mesendodermal prechordal plate, pharyngeal
endoderm and lateral plate mesoderm in which the bilateral heart fields exist (Kirby, 2006).
As the anterior intestinal portal moves caudally and the pharynx forms, the bilateral heart
fields merge into a midline heart tube that covers the region that will become the face. The
cranial neural folds grow forward forming the forebrain, also pushing the heart ventrally. As
the pharyngeal arches interpose between the heart and neural folds and the frontonasal
prominence forms, the heart is moved further caudally. Pharyngeal mesoderm, the
mesodermal core within the arches, broadly includes paraxial and splanchnic mesoderm and
gives rise to significant parts of the head muscles and heart (Tzahor and Evans, 2011). The
neural crest migrates from the neural tube and intermingles with the pharyngeal mesoderm.
Pharyngeal mesoderm, pharyngeal endoderm, ectoderm, and neural crest cells are all in
apposition with each other, and all these tissues influence the development of one another.

Many of the syndromes discussed above are likely the result of disruptions in the
cardiocraniofacial module. The phenotypes of any of the cardiocraniofacial syndromes vary
widely, even among genetically similar family members and between monozygotic twins.
This phenomenon can be partly explained by considering the number of interacting and
interdependent tissues within the module. The varied outcomes of a single gene mutation, a
chromosomal microdeletion or an environmental assault on the module can result from only
small modifications in the crosstalk among components of the module. A gene mutation
affecting transcription or signaling could alter the dialogue between cells in the module,
which would destabilize constituents of the module (Kirby, 2006).
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For example, DGS is caused by absence of or mutations in TBX1. It has been shown in
animal models that Tbx1 is expressed in the endoderm and that it controls Fgf8 expression
in the pharyngeal endoderm at a time when important patterning and differentiation events
are occurring in the pharyngeal arches. The arches contain the migrating neural crest cells,
pharyngeal pouches, and secondary heart field. A reduction in this critical signaling
component would lead to abnormal development among multiple elements of the module.
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Figure 1.
Migratory path of the cardiac neural crest cells as defined by the chick cardiac neural crest
ablation model. Cardiac neural crest cells originate from the neural tube extending from the
axial level of the mid otic placode to the third somite in chick. The cells then migrate from
the neural tube into the caudal pharyngeal arches (3, 4 and 6). Some neural crest cells
remain in the pharynx to support aortic arch artery development, while a subpopulation
continues on to migrate into the outflow tract of the heart. Retroviral studies in chick and
cre-lineage experiments in mouse show a neural crest contribution to the inflow near the
cardiac conduction system (asterisk). The migration path and timing are uncertain. (Adapted
from Kirby and Hutson, 2010).
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Figure 2.
Derivatives of the cardiac neural crest cells. Cardiac neural crest cells support development
of and patterning of the persisting aortic arch arteries into the great arteries of the thorax and
form their smooth muscle tunics. In addition, the cells contribute to the development of the
thymus, parathyroids and thyroid glands, and provide stromal cells after gland development.
(Adapted from Kirby and Hutson, 2010).
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Figure 3.
Stages of outflow septation as reported in quail-chick chimeras. (A) U-shaped condensed
mesenchyme of the aorticopulmonary septation complex is continuous with the smooth
muscle tunica media of the aortic arch arteries. (B) Septation of the distal and middle
portions of the arterial pole by the aorticopulmonary septation complex. The septum forms
at the expense of the prongs. (C) Septation of the conus leaves a seam of subendocardial
cardiac neural crest cells. (Adapted from Kirby and Hutson, 2010).
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Figure 4.
The cardiac neural crest ablation phenotype. Persistent truncus arteriosus, is observed in
90% of neural crest-ablated embryos while 10% exhibit arterial pole misalignment defects
such as double-outlet right ventricle. Abnormal myocardial function, mispatterning of the
arch arteries and glandular defects occur in 100% of embryos after cardiac neural crest
ablation. (Adapted from Kirby and Hutson, 2010).
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Figure 5.
Schematic representation of the cardiocraniofacial module. (A) The cranial neural plate
(yellow), prechordal plate (grey) and fused midline heart tube (pink) are in close apposition
with the ventral pharyngeal endoderm (green) in the region in which the face will develop.
As development proceeds (B–E), the cranial neural folds grow forward forming the
forebrain, while the heart is pushed ventrally. The heart moves farther caudally as the
pharyngeal arches (blue) and the frontonasal prominence develop to form the primordia that
will shape the face. (Adapted from Hutson and Kirby, 2003).
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