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Cardiac neural crest (CNC) cells are pluripotent cells derived from the dorsal neural tube that
migrate and contribute to the remodeling of pharyngeal arch arteries and septation of the
cardiac outflow tract (OFT). Numerous molecular cascades regulate the induction, specifi-
cation, delamination, and migration of the CNC. Extensive analyses of the CNC ranging from
chick ablation models to molecular biology studies have explored the mechanisms of heart
development and disease, particularly involving theOFT and aortic arch (AA) system. Recent
studies focus more on reciprocal signaling between the CNC and cells originated from the
second heart field (SHF), which are essential for the development of the OFT myocardium,
providing new insights into the molecular mechanisms underlying congenital heart diseases
(CHDs) and some human syndromes.

Congenital heart diseases (CHDs) result
from abnormal morphogenesis of the em-

bryonic cardiovascular system and usually in-
volve defects in specific structural components
of the developing heart and vessels. Decades of
research in molecular embryology indicate that
multiple distinct cell lineages give rise to the
cardiovascular system. Neural crest cells are plu-
ripotent cells and a subregion of the cranial neu-
ral crest that contributes to development of the
third, fourth, and sixth pharyngeal arches and
the cardiac outflow tract (OFT) is defined as the
“cardiac neural crest” (CNC). Recently, a new
population of myocardial precursor cells in the
pharyngeal mesoderm that also contribute to
the development of pharyngeal arches and the
OFT was discovered and named as “second
heart field” (SHF). This article summarizes the
current knowledge about the molecular basis of

CNC development and implication of the CNC
in heart development and diseases with the
underlying molecular mechanisms. Reciprocal
signaling between the CNC and the SHF that
is essential for development of the aortic arch
(AA) system and OFT is also discussed along
with the associated human diseases.

CNC: AN OVERVIEW

The CNC is a subpopulation of the neural crest
(Kirby 2007; Yamagishi and Yamagishi 2014;
Thattaliyath and Hutson 2016). Neural crest
cells are multipotential cells that delaminate
from the dorsal neural tube and migrate widely
throughout the body as ectoderm-derived mes-
enchymal cells. Neural crest cells ultimately give
rise to an enormous array of different cell types,
tissues, and organs, including the peripheral and
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autonomic nervous systems, adrenal medulla,
melanocytes, pharyngeal arches, and facial skel-
eton (Fig. 1). The neural crest can be axially
divided into the cranial and trunk regions. Only
the preotic cranial neural crest, but not trunk
neural crest, differentiates into cartilage, bone,
connective tissue, and smooth muscle, and con-
tributes significantly to the development of the
head and neck skeletal structures. The CNC is a
unique subregion of the cranial neural crest in
which a transitional region between the cranial
and trunk neural crest, or between the otocyst
and somite 3, migrates into the third, fourth,
and sixth pharyngeal arches and the embryonic
OFT, or conotruncus, and participates in devel-
opment of the cardiovascular system as well as
in the thymus, thyroid, and parathyroid gland
(Fig. 1).

The neural crest was initially discovered by
Wilhelm His in 1868, and the CNC was first
revealed to be essential for cardiovascular devel-
opment by Kirby et al. (1983) using quail-chick
chimeras and ablation models. Until recently,

identification of neural crest–specific markers
such as wingless-type MMTV integration site
family, member 1 (Wnt1), paired box 3 (Pax3),
acidic ribosomal phosphoprotein P0 (P0), and
plexin-A2 (Plxna2) (Lee et al. 1997a; Jiang et
al. 2000; Brown et al. 2001). Numerous studies
using transgenic mice have facilitated lineage
tracing of neural crest cells and tissue-specific
mutation of targeted genes to explore the cellular
and molecular mechanisms underlying heart
development and the diseases associated with
CNC. Importantly, CNC cells play central roles
in development of the OFT and AA system.

HEART DEVELOPMENT AND DISEASES
ASSOCIATED WITH CNC

Development of the OFT

Around 4 weeks of gestation during the process
of heart looping, the OFT or conotruncus shifts
leftward, and the relation of the left ventricle
to the aorta and the right ventricle to the
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Figure 1. Development of neural crest cells. (A) Transverse image of embryonic trunk, and (B) lateral view of
rostral region of embryo around embryonic day 9–10 inmice that is equivalent toweek 4–5 in humans are shown.
Neural crest cells (shown in red) are multipotential cells that delaminate from the dorsal neural tube andmigrate
widely throughout the body as ectoderm-derived mesenchymal cells. Neural crest cells ultimately give rise to
numerous different cell types, tissues, and organs, including the peripheral and autonomic nervous systems,
adrenal medulla, melanocytes, pharyngeal arches, and facial skeleton. A subregion of the cranial neural crest cells
originating between the otocyst and somite 3 is called the “cardiac neural crest cells” that migrates into the third,
fourth, and sixth pharyngeal arches and the cardiac outflow tract (conotruncus). (BMPs) bone morphogenetic
proteins, (EMT) epithelial-to-mesenchymal transition, (ECM) extracellular matrix.
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pulmonary trunk is established (Yamagishi and
Yamagishi 2014). Meanwhile, in the OFT, the
conotruncal swellings or cushions form the
conotruncal septum that divides a tubular struc-
ture into two great vessels, namely, the aorta
and pulmonary trunk. Coalescence of cono-
truncal cushions occurs in a spiral fashion that
accounts for the mature anatomical relationship
of the aorta with the left ventricle and the pul-
monary trunk with the right ventricle (Fig. 2).
These proper connections are indispensable for

establishing a separate systemic and pulmonary
circulation after birth.

Decades of descriptive embryology includ-
ing cell lineage tracing have improved our un-
derstanding of the developmental origins of the
cardiovascular system (Srivastava 2006; Yama-
gishi et al. 2009; Kodo and Yamagishi 2011). In
addition to progenitor cells derived from the
CNC, those from the SHF play key roles in de-
velopment of the OFT. SHF cells give rise to the
OFTmyocardium alongwith the subpulmonary
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Figure 2. Development and anomalies of the aortic arch (AA) system and the cardiac outflow tract (OFT).
(A) Remodeling of bilaterally symmetric pharyngeal arch arteries (PAAs) into the AA system is shown in a color-
coordinated fashion. Interrupted AA type B (IAA-B) results from abnormal regression of the left fourth PAA.
Aberrant right subclavian artery (RSCA) results from abnormal regression of the right fourth PAA. (B) Devel-
opmental steps of the cardiac OFT, including leftward movement (bold arrow) of the conotruncus (CT) and
septation of the CT into the aorta (Ao) and the pulmonary artery (PA) in a spiral fashion are shown. Persistent
truncus arteriosus (PTA) resulting from a failure of septation of the CT. Tetralogy of Fallot (TOF) resulting from
malalignment of theAo to the left ventricle (LV). (I–VI) first to sixth PAA, (AS) aortic sac, (BCA) brachiocephalic
artery, (DA) ductus arteriosus, (DRA) dorsal artery, (ISA) intersegmental artery, (IVS) interventricular septum,
(LCCA) left common carotid artery, (LSCA) left subclavian artery, (RCCA) right common carotid artery, (RSCA)
right subclavian artery, (RV) right ventricle.
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conus, whereas CNC cells give rise to the OFT
septum during development. In mammalian
embryos, the SHF lies medially to the cardiac
crescent, or the first heart field (FHF), and
then behind the heart tube derived from the
FHF, extending into the mesodermal layer of
the pharyngeal arches (Fig. 3). The heart tube
may predominantly provide a scaffold and on its
rightward looping, SHF cells cross into the an-
terior and posterior of the heart tube, populating
the OFT, future right ventricle, and atria. Addi-
tion of the SHF-derivedmyocardium to theOFT
results in its elongation, which is necessary to
allow the OFT to rotate and shorten sufficiently
for correct alignment of the aorta and pulmo-
nary trunk with their respective ventricles.

When SHF cells give rise to the OFT, CNC
cells migrate into the conotruncal cushions
and form two condensed columns of cells, or a
horseshoe-shaped septation complex. As the
septation complex elongates in the aortic sac
between the origins of the fourth and sixth pha-
ryngeal arch arteries into the distal OFT, the
common conotruncus is divided into the aorta
and pulmonary trunk (Waldo et al. 1998, 1999;
Keyte andHutson 2012). Finally, themost prox-
imal region of the OFT septum in the conus is
formed like a zipper closing from the distal to

proximal direction toward the ventricles with
myocardialization in which myocardial cells in-
vade into the cushions (van denHoff et al. 1999).

Development of the AA System

The AA system originates from the pharyngeal
arch arteries and is developed by their remodel-
ing (Yamagishi and Yamagishi 2014). Pharyn-
geal arch arteries initially form as a bilaterally
symmetrical series of arteries that connect the
aortic sac to the paired dorsal aortas. During
4–5 weeks of gestation, the bilaterally symmetric
pharyngeal arch arteries and the right and left
dorsal aortae undergo remodeling that is a se-
quence of programmed asymmetrical expan-
sion, regression, persistence, and change in the
relative position of different vascular segments
(Fig. 2). The first and second pharyngeal arch
arteries almost completely regress except to
form the maxillary and stapedial arteries, re-
spectively. The third, fourth, and sixth pharyn-
geal arch arteries remodel and transform into
the asymmetric great arteries, including the
common carotid, a portion of AA, and the duc-
tus arteriosus, whereas the fifth pharyngeal arch
arteries completely regress before they fully
develop.

Looping heart tube

Four chamber heart

Frontal view

Transverse viewLateral view

First heart field
Second heart field
Neural crest
Proepicardial organ

Primitive heart tube

Figure 3.Developmental origins of the outflow tract and other regions of the heart. The first heart field (red) gives
rise to the primitive heart tube and eventually the left ventricle, the atria, and a part of the right ventricle. The
second heart field (blue) gives rise to the outflow tract, the right ventricle and a part of the atria. The cardiac neural
crest (yellow) gives rise to the outflow tract cushion that eventually forms the outflow tract septum. The pro-
epicardial organ (green) gives rise to the epicardium.
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The CNC cells migrate and target the third,
fourth, and sixth pharyngeal arches that give rise
to the AA system (Kirby et al. 1983). The CNC
cells differentiate into the smooth muscle tunica
media of the AA arteries, which is necessary for
the persistence and repatterning of these arter-
ies; however, they are not required for formation
of these arteries (Bockman et al. 1987; Bergwerff
et al. 1998).

CHD Involving the OFT and AA

OFT and AA defects involving the CHD occur
due to abnormal development of the OFT and
AA, which account for ∼30% of CHD, and
usually require some intervention for patients
during the first year of life (Hoffman and Kap-
lan 2002). Defects of CNC cells may lead to a
variety of OFT and AA defects such as persis-
tent truncus arteriosus (PTA), tetralogy of Fal-
lot (TOF), and interrupted AA type B (IAA-B)
(Kirby et al. 1983; Kirby 2007), which fail to
establish a completely separated systemic and
pulmonary circulation (Yamagishi and Yama-
gishi 2014). Although these CHDs have been
commonly explained by the abnormal develop-
ment of CNC cells since the first report on
CNC, involvement of the SHF has been exten-
sively investigated in recent times. The 22q11.2
deletion syndrome (22q11DS) is highly associ-
ated with OFT and AA defects. Basic and clin-
ical research on 22q11DS has allowed us to
explore the molecular basis underlying OFT
and AA development and their defects as de-
scribed later.

Persistent Truncus Arteriosus

PTA results from incomplete formation of the
conotruncal septum. The pathogenesis of PTA
is indicated by a key experimental ablationmod-
el as described later. If the vestiges of distal trun-
cal septation develop, a short pulmonary trunk
can be formed from which pulmonary arteries
arise. A partial developmental failure of the dis-
tal truncal septum may result in an aorticopul-
monary window. In contrast to PTA, semilunar
valves are completely divided by the conal sep-
tum in the aorticopulmonary window.

Tetralogy of Fallot

TOF refers to the tetrad of overriding aorta, pul-
monary stenosis, ventricular septal defect, and
right ventricular hypertrophy. The anatomic
spectrum of TOF is diverse, including TOF
with pulmonary atresia and thosewith an absent
pulmonary valve.

Although TOF is believed to result from
malrotation of the OFT leading tomisalignment
of the outlet and trabecular septum, and conse-
quent overriding of the aorta above the mis-
aligned ventricular septum (Siwik et al. 2001),
an alternative explanation is that hypoplasia or
underdevelopment of the pulmonary infundib-
ulum may also be responsible for the infundib-
ular obstruction and malalignment of the outlet
septum (Fig. 4; Maeda et al. 2006).

Interrupted Aortic Arch Type B

Most anomalies of the AA system result from
regression of parts of the pharyngeal arch arter-
ies and dorsal aortae that normally persist, and
persistence of parts that normally regress. IAA-
B results from abnormal regression of the left
fourth pharyngeal arch artery.

Aberrant Right Subclavian Artery

Aberrant right subclavian artery occurs when
the right fourth pharyngeal arch artery regresses
abnormally. In this case, the right dorsal aorta
cranial to the seventh intersegmental artery per-
sists abnormally and forms the retroesophageal
portion of the right subclavian artery. This vas-
cular anomaly is highly associated with CHD
involving the OFT.

The CNC Ablation Model

The neural crest ablation model has provided
much of our knowledge about CNC function
since its discovery. Ablation of the CNC before
its migration basically leads to cardiovascular
phenotypes including defective development
of the OFT and abnormal patterning of the AA
as primary CNC-related defects (Kirby et al.
1983; Porras and Brown 2008). It leads to failure
of conotruncus partitioning, resulting primarily
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in PTA. In addition, noncardiovascular pheno-
types include hypoplasia or aplasia of the thy-
mus, parathyroid, and occasionally the thyroid
gland, possibly due to a failure in interaction
between the neural crest–derived mesenchyme
and the pharyngeal pouch endoderm.

CNCablation also results in altered SHFpro-
liferation and abnormal myocardial function as
secondaryeffects (Leatherburyet al. 1990; Farrell
et al. 2001; Yelbuz et al. 2002;Waldo et al. 2005).
Abnormal looping is the earliest defect seen
after CNC ablation and can be observed before
the CNC cells reach the OFT. Defective looping
may be caused by failure of addition of the OFT
myocardium to the heart tube from the anterior
subpopulation of SHF cells. Thus, the looping
defects observed after CNC ablation suggest
that CNC cells are required for the normal de-
ployment of SHF cells (Ward et al. 2005).

Other CNC Derivatives

CNC cells also contribute to the formation
of some cardiovascular tissues other than the
OFT and AA described above.

Cardiac Innervation and Conduction System

CNC cells give rise to the neurons and sup-
porting cells of the cardiac ganglia for the

entire parasympathetic innervation of the heart,
whereas the sympathetic peripheral nerves are
derived from the trunk neural crest (Kirby and
Stewart 1983). Although the neural cell adhe-
sion molecule, NCAM, is down-regulated dur-
ing CNCmigration, it is up-regulated as the cells
aggregate in these ganglia (Thiery et al. 1982).
Components of the cardiac conduction system
including the bundle of His are largely innervat-
ed by CNC-derived cardiac ganglia, although
the essential components of the cardiac conduc-
tion system are mainly myocardial in origin
(Kirby et al. 1983; Miquerol et al. 2011). A large
number of fibroblasts derived from the epicar-
dium, endocardium, and CNC contribute to the
mature conduction system, and CNC ablation
leads to delayed maturation of the conduction
system (Gurjarpadhye et al. 2007).

Semilunar Valves

There are two semilunar valves, namely, the
aortic and pulmonary valve. Each valve has three
cusps or leaflets that are remodeled from the
cushion mesenchyme of OFT after its division.
CNC cells are observed at the tip of the semi-
lunar valve leaflets and contribute to their re-
modeling and maturation, although the leaflets
mainly consist of endocardial-derived mesen-
chymal cells (Jiang et al. 2000; Jain et al. 2011;
Phillips et al. 2013).

Figure 4.Normal and abnormal development of the cardiac neural crest (CNC) and the second heart field (SHF)
and their interaction implicated in the spectrum of outflow tract (OFT) defects. The SHF gives rise to the OFT
myocardium and CNC gives rise to the OFT septum, respectively. Although the precise embryological mech-
anism remains uncertain, tetralogy of Fallot (TOF) is believed to result frommalrotation of the OFT that leads to
misalignment of the outlet and trabecular septum, and consequent overriding of the aorta (Ao) above the
malaligned ventricular septum. Contribution of CNC is thought to be essential for proper rotation and septation
of the OFT. Alternatively, hypoplasia and underdevelopment of the pulmonary infundibulum may also be
responsible for the infundibular obstruction and malalignment of the outlet septum. Cre-mediated transgenic
system in mice revealed that a subset of cells derived from the SHF contribute predominantly to the pulmonary
infundibulum. Accordingly, developmental defects of the SHF may cause hypoplasia of the pulmonary infun-
dibulum, resulting in TOF, and more severe decreased number or absence of this subset of cells may affect
development and/ormigration of CNC, resulting in persistent truncus arteriosus (PTA). This notion is consistent
with the observation that OFT defects ranging from TOF to PTA are highly associated with 22q11DS. Recent
studies suggested that reciprocal molecular signaling between SHF and CNC, such as semaphorin 3C (Sema3C)
ligand expressed in the SHF and plexin A2 (Plexna2) and neuropillin-1 (Npn-1) receptors expressed in the CNC,
was essential for correct navigation of CNC cells toward the SHF-derived OFT, eventually resulting in proper
alignment and septation of the OFT. (RV) right ventricle, (RA) right atrium, (LA) left atrium, (MPA) main
pulmonary artery, (RVOT) right ventricular outflow, (SMC) smooth muscle cell.
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Coronary Vessels

The contribution of CNC to coronary vessels
is still controversial. Coronary artery anomalies
are frequently observed in the CNC ablation
model (Hood and Rosenquist 1992); however,
quail-chick chimeras of CNC show no contri-
bution of the CNC to coronary arteries (Waldo
et al. 1994). Recently, a murine cell lineage anal-
ysis showed that a few but significant Wnt1-
expressing cells were present in the proximal
coronary artery, and a quail-chick chimera anal-
ysis revealed that a population of preotic cranial
neural crest cells, but not a population originally
defined as CNC cells, contributed to the smooth
muscle of the coronary arteries (Arima et al.
2012).

Interventricular Septum

CNC cells migrate into the most proximal OFT
and may be involved in closure of the outflow
part of the membranous interventricular sep-
tum (Waldo et al. 1998).

BASIC SCIENCE OF CNC

The numerous molecular cascades that regulate
the induction, specification, delamination, and
migration of the neural crest cells are described
in the next section, although the complex mech-
anism underlying the multipotent nature of mi-
gratory neural crest cells is not fully understood.

Induction/Specification of CNC

The neural crest is induced at the dorsalmost
tip of the neural tube when the bilateral neural
folds grow up to develop the tube on themidline
of embryos (Fig. 1; Basch et al. 2006; Murdoch
et al. 2012). A member of the Pax transcription
factor, Pax7, is expressed in the boundary be-
tween the neural and nonneural ectoderm as
the earliest marker for neural crest induction.
Another member, Pax3, promotes neural crest
expansion before migration (Li et al. 1999; Con-
way et al. 2000; Epstein et al. 2000). Pax3 also
plays a role in neural crest specification and mi-
gration by regulating its downstream targets

such as the forkhead box transcription factor,
FoxD3 (Dottori et al. 2001; Kos et al. 2001),
and the secreted extracellular signalingmolecule,
Wnt1 (Dorsky et al. 1998; Fenby et al. 2008).

Bone morphogenetic proteins (BMPs) play
multiple roles in development of the neural crest
from specification to migration. BMP4 and
BMP7 are secreted from the nonneural ecto-
derm and maintain Pax3 expression in the dor-
sal neural tube. It is still argued whether the
neural crest is derived from the neural ectoderm
or from the nonneural ectoderm (Selleck and
Bronner-Fraser 1996; Weston et al. 2004). In-
creased BMP signaling in the surface ectoderm
leads to neural crest specification at the border of
neural and nonneural ectoderm (Liem et al.
1995). It also leads to up-regulation of cadherin
6b and cadherin7 in the premigratory neural
crest, avoiding its exit from the neural tube.

Delamination

The neural crest cells, after induction and speci-
fication, delaminate from the neural tube andmi-
grate segmentally along the pharyngeal arches
and somites (Fig. 1). Because cadherins in the
neural fold maintain the adherens junctions
with the specified neural crest cells (Simard et
al. 2005), they need a process of epithelial-to-
mesenchymal transition (EMT) to delaminate
from the neural tube.During EMT, they lose their
cell–cell adhesion, change their cytoskeleton, and
gain a motile phenotype as mesenchymal cells.

After the neural crest cells are specified,
BMP4 and BMP7 are down-regulated in the
nonneural ectoderm, leading to down-regula-
tion of cadherins and inducing Snail2, which
also represses cadherin6b and E-cadherin (Ta-
neyhill et al. 2007). These signaling pathways
allow EMT and delamination of the neural crest
cells. Interestingly, cadherin6b and N-cadherin
are down-regulated, but cadherin7 expression
increases in the migrating neural crest cells,
and overexpression of cadherin6b, N-cadherin,
or cadherin7 prevents neural crest delamination
(Nakagawa and Takeichi 1995, 1998). Precise
regulation of the type and amount of cadherins
may thus be essential for proper delamination of
neural crest cells.
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BMP4 and BMP7 also up-regulate the small
GTPase RhoB (Liu and Jessell 1998). Expression
of RhoB overlaps with Snail2 at delamination,
but it is down-regulated in migrating neural
crest cells (Del Barrio and Nieto 2004). RhoB
may be required for neural crest cells to initiate
directional migration because the Rho family of
proteins is reported to promote detachment at
the rear of migrating cells (Wheeler and Ridley
2004). Other than cadherins, fibulin is also ex-
pressed in premigratory neural crest cells, but
not after their migration (Spence et al. 1992).
Fibulin can interfere with migration-promoting
proteins such as fibronectin and inhibit fibro-
blast migration (Twal et al. 2001).

As transcription factors, FoxD3 and Sox10
may be involved in delamination of the neural
crest. Overexpression of FoxD3 and Sox10 re-
sults in increased and premature EMT/delami-
nation of neural crest cells, respectively (Dottori
et al. 2001; McKeown et al. 2005).

Migration

Once the neural crest cells delaminate from the
neural tube, they begin to migrate as mesenchy-
mal cells (Fig. 1). During their migration, they
express the intermediate filament protein vi-
mentin and a complex collection of integrins.
They display filopodia, which are slender cyto-
plasmic projections that extend beyond the
leading edge of lamellipodia (Mattila and Lap-
palainen 2008) and interact with the extracellu-
larmatrix (ECM). Integrins play numerous roles
in cell signaling, cell shape, cell mobility, and
the cell cycle. Especially for cranial neural crest
cells, ECM proteins such as type I collagen and
laminin with both integrin and nonintegrin re-
ceptors and integrins α5 and αv as well as fi-
bronectin are important for migration (Duband
et al. 1986; Coles et al. 2006; Strachan and Con-
dic 2008; Milgrom-Hoffman et al. 2014; Turner
et al. 2015). Integrin-like kinase facilitates their
migration by reducing the expression of NCAM
and promoting BMP signaling (Dai et al. 2013).
In addition, neural crest cells express ECM-
modulating factors, such as matrix metallopro-
teases (MMPs) and urokinase that are essential
for remodeling the environment in their migra-

tory pathway (Erickson and Isseroff 1989; Cai
et al. 2000). The gap junction protein connexin
43 (Cx43), is expressed in migrating neural crest
cells and is responsible for both directionality
and motility in which an excess of Cx43 facili-
tates the migration (Sullivan and Lo 1995;
Huang et al. 1998; Xu et al. 2006).

Some extrinsic ligand–receptor signaling is
also responsible for neural crest migration. The
Eph family of receptor tyrosine kinases binds
membrane-anchored ephrins to control guid-
ance (Davy et al. 2004). This Eph–ephrin sig-
naling is likely to direct the migration of cranial
neural crest cells from the neural tube to the
pharyngeal arches (Davy and Soriano 2007;
Mellott and Burke 2008). Migratory neural crest
cells express numerous Eph receptors, and li-
gand ephrin is expressed adjacent to the migra-
tory path of neural crest cells in which ephrin
expression repels the migratory neural crest
cells.

Semaphorins, a group of secreted ligands,
are expressed along the migratory pathways of
cranial/CNC cells in the pharynx and OFT. The
semaphorin receptors plexin-A2, plexin-D1,
and neuropilin-1 (Nrp1) are expressed in the
migrating CNC cells. They have both antagonis-
tic and positive effects on migration according
to the ligand–receptor combination such that
Sema6A and 6B ligands are expressed in the
dorsal neural tube and lateral pharyngeal mes-
enchyme, whereas Sema3C ligand is expressed
in the OFT in which Sema6A and 6B repel the
neural crest cells and Sema3C attracts them (Se-
rini et al. 2003; Toyofuku et al. 2008). These
signaling pathways especially seem to promote
guidance of neural crest cells away from the neu-
ral tube to their final target organs compared
with Eph–ephrin signaling.

As a secreted extracellular signaling mole-
cule, Wnt signaling plays a role in the induction
as well as in the migration of the neural crest
(Hamblet et al. 2002).Wnt1 is expressed in early
migrating neural crest cells, and is turned off as
the cells migrate away from the neural tube.
Noncanonical Wnt5a is expressed in the pha-
ryngeal mesoderm adjacent to migrating CNC
cells and increases the calcium transients
that can decrease cellular filopodia motility
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(Lohmann et al. 2005; Schleiffarth et al. 2007),
resulting in slow migration of the CNC cells.

Also, a secreted extracellular signaling mol-
ecule, FGF8, is a key regulator of neural crest
development. It is expressed in the pharyngeal
ectoderm and endoderm adjacent to the CNC
migratory pathway and is chemotactic for CNC
cells (Hutson et al. 2006; Sato et al. 2011). In
CNC ablation models, FGF8 signaling increases
in the pharynx and the ablation phenotype can
be rescued by reducing the level of FGF8. This
signaling can be modulated by the ECM protein
heparan sulfate (Zhang et al. 2015). Retinoic
acid signaling through the retinoic acid receptor
(RAR and RXR) heterodimer pathway is also
associated with neural crest migration in the
OFT as global knockout of these receptors re-
sults in PTA (Lee et al. 1997b; Jiang et al. 2002).

MOLECULAR MECHANISM UNDERLYING
HEART DEVELOPMENT AND DISEASES
ASSOCIATED WITH CNC

Molecular Mechanism of AA and OFT
Development

Several signaling pathways are implicated in AA
patterning. Mutations in the endothelin path-
way (endothelin 1, ET1; endothelin receptor A,
ETA; endothelin-converting enzyme 1, ECE-1)
in mice display abnormal remodeling of pha-
ryngeal arch arteries, resulting in anomalies of
AA and theOFT despite normal CNCmigration
(Kurihara et al. 1995; Clouthier et al. 1998; Mo-
rishima et al. 2003). Mutations in transforming
growth factor β (TGF-β) superfamily signaling,
including BMP signaling intracellularly medi-
ated by Smad proteins, lead to remodeling de-
fects of pharyngeal arch arteries in mice (Molin
et al. 2004; Nie et al. 2008). Overexpression of
the TGF-β coreceptor endoglin, under theWnt1
promoter, results in thickened and poorly orga-
nized vascular smooth muscle (Mancini et al.
2007). Conditional mutation of the transmem-
brane receptor, Notch2 under Pax3 promoter
leads to decreased proliferation of CNC cells
comprising the smooth muscle (Varadkar et
al. 2008). Dominant-negative mutation of the
MAML gene under the Pax3 promoter that

blocks Notch signaling, leads to defective re-
modeling of pharyngeal arch arteries by inhib-
iting smooth muscle addition to these arteries
(Manderfield et al. 2012). Knockdown of the
transcription factor myocardin under Wnt1 or
Pax3 promoter results in patent ductus arterio-
sus because of failure of CNC differentiation
into smooth muscle (Huang et al. 2008).

Conditional mutation of N-cadherin under
the Wnt1 promoter leads to PTA in mice. In
these mice, CNC cells migrate normally into
the OFT cushions, but remain rounded, leading
to failure in OFT septation because of poor cell–
cell contact (Luo et al. 2006). Conditional mu-
tation of the TGF-β receptor Alk2 in the neural
crest results in PTA as the CNC cells fail to enter
the OFT cushions (Kaartinen et al. 2004). Over-
expression of the TGF-β inhibitor Smad7 under
the Wnt1 promoter before CNC delamination
from the neural tube also leads to PTA, owing to
reduced migration and increased cell death in
the CNC (Tang et al. 2010).

ReciprocalMolecular Signaling for Interaction
between CNC and SHF

OFT alignment and septation involve two dis-
tinct progenitor cell populations, the SHF and
CNC, and, after CNC ablation, cell proliferation
in the SHF is increased with elevated levels of
FGF8 as mentioned above (Waldo et al. 2005;
Hutson et al. 2006). Inhibition of Notch signal-
ing within the SHF results in abnormal migra-
tion of CNC into the OFT (High et al. 2009).
These observations suggest that FGF signaling
from the CNC influences the SHF development,
and vice versa, Notch signaling from the SHF
modulates CNC behavior. Coordinated mor-
phogenesis of the two progenitor cell popula-
tions is essential where they interact with each
other and together form and divide the OFT
properly.

Haploinsufficiency for the T-box trans-
cription factor, Tbx1, which is a major genetic
determinant of the 22q11DS, results in AA
anomalies in mouse embryos (Lindsay et al.
2001). The proposed underlying mechanisms
are the delayed initial growth and patterning
of the fourth pharyngeal arch artery and abnor-
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mal CNC migration with poor smooth muscle
differentiation. Homozygous mutation of Tbx1
in mice results in PTA. Delineation of the Tbx1
expression pattern sheds light on the molecular
and cellular basis of normal and abnormal de-
velopment of the OFT. Surprisingly, Tbx1 was
not expressed in the CNC (Fig. 5; Garg et al.
2001; Yamagishi et al. 2003; Xu et al. 2004),
but in the SHF, although the phenotype associ-
ated with the deletion of TBX1, or 22q11DS,
closely resembled that of CNC ablation models.

Tbx1 is preferentially expressed in the pharyn-
geal arches (mesodermal core and endodermal
epithelium), the ventral half of the otic vesicle,
and the headmesenchyme (Fig. 5). These results
suggest that defects of CNC-derived tissues in
22q11DS may occur in a non-cell-autonomous
fashion. A recent integrated study showed that
proper spatiotemporal expression of Sema3C,
regulated positively by Foxc1/Foxc2 and nega-
tively by the Tbx1–Fgf8 cascade, is essential for
the interaction between CNC and the SHF that

hm

ov ht

hm

ov
ht

hmda

fg
da

Stage 17

HNK-1 Neuropilin-1 Tbx1

Stage 17Stage 17

hm dada

fg

E10.5E10.5E9.5

A B C

D E F

G H I

Figure 5. Expression patterns of Tbx1. Mouse (A–C) and chick (D–F ) embryos and primary neural crest culture
from chick embryos (G–I) are shown. RNA in situ hybridizations for whole-mount (A,D), coronal section (B,C),
and transverse section (E,F) show Tbx1 expression (blue or white signals). In the pharyngeal arches, Tbx1 is
expressed in mesodermal core (arrows) and endodermal epithelium (arrow heads), excluding the neural crest–
derived mesenchyme surrounding the mesodermal core. Tbx1 is also expressed in head mesenchyme (hm) and
otic vesicle (ov). B and E are bright field images of C and F, respectively. Asterisks indicate pharyngeal arch
arteries. In chick primary neural crest culture cells, HNK-1 (G) and neuropilin-1 (H ) are detected by immuno-
cytochemistry and mRNA in situ hybridization, respectively, but Tbx1 is not detectable by mRNA in situ
hybridization (I). (fg) foregut, (da) dorsal aorta, (ht) heart (from Yamagishi 2002, with permission).
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correctly navigates CNC cells toward the SHF-
derived OFT (Fig. 4; Plein et al. 2015; Kodo et al.
2009, 2017).

CLINICAL IMPLICATIONS OF CNC

In humans, numerous diseases and syndromes
are reported to be associated with the develop-
ment of CNC. Among these, 22q11DS and
CHARGE syndrome are described below. Be-
cause the CNC is a subpopulation of the cranial
neural crest, defects in the early steps of neural
crest development affect the CNC as well as the
entire cranial neural crest, resulting in both cra-
niofacial and cardiac phenotypes in these hu-
man syndromes.

22q11.2 Deletion Syndrome (22q11DS)

The 22q11DS is themost common genetic cause
of a spectrum of AA and OFT defects with
an incidence of one in 4000–5000 births (Scam-
bler 2000; Yamagishi 2002). Most of these are
sporadic in origin, whereas 10%–20% of the de-
letions are inherited as an autosomal dominant
trait. The 22q11DS encompasses three distinct
syndromes, namely, DiGeorge syndrome (DGS;
OMIM#188400), velocardiofacial syndrome
(VCFS; OMIM#192430), and conotruncal
anomaly face syndrome (CAFS; OMIM#217095),
also called “Takao syndrome.”Historically, DGS
was originally characterized by CHD, hypopara-
thyroidism, and immune deficiency reported in
1965 from the field of immunology (DiGeorge
1965); VCFS was associated with cleft palate,
CHD, a distinct facial appearance, and learning
difficulties as reported in 1978 from the field of
plastic surgery (Shprintzen et al. 1978); and
CAFS or Takao syndrome was characterized by
conotruncal CHD (OFT defects), a distinct fa-
cial appearance, and hypernasal voice in 1976 in
Japanese patients from the field of pediatric car-
diology (Kinouchi et al. 1976). In 1993, clinical
genetic studies indicated that these syndromes
have an overlapping phenotype and share a
common heterozygous deletion of the 22q11.2
region (Driscoll et al. 1992; Scambler et al. 1992;
Burn et al. 1993).

The structures primarily affected in patients
with 22q11DS are derivatives of the embryonic
pharyngeal arches and pouches and the cardiac
OFT, which are contributed by the neural crest
cells, suggesting that 22q11DS is a developmen-
tal field defect of the pharyngeal arch apparatus.
The acronym “CATCH22 (cardiac defects, ab-
normal facies, thymic hypoplasia, cleft palate,
hypocalcemia, and 22q11 deletions)” was pro-
posed to aid in remembering the main features
of the syndrome encompassing DGS, VCFS,
and CAFS (Wilson et al. 1993). However, clin-
ical use of this term may now be inappropriate
because of the following reasons: (1) this term
has a negative connotation indicating a situa-
tion in which it is impossible to do anything,
originally from a novel entitled Catch-22 by
Heller (1962); (2) the term “A” referring to “ab-
normal facies” is difficult to be accepted by
patients and their family; and (3) the clinical
spectrum associated with 22q11.2 deletion is
much wider than was previously recognized as
“CATCH” (Burn 1999).

Despite the heterogeneous clinical presenta-
tions, remarkably homogenous deletions in the
22q11.2 region are present in patients with
22q11DS in which ∼90% of patients have a typ-
ical deletion of 3 Mb or 1.5 Mb, and only a few
atypical deletions have been reported (Fig. 6;
O’Donnell et al. 1997; McQuade et al. 1999; Ya-
magishi et al. 1999; Yamagishi and Srivastava
2003). Unequal recombination events between
low copy repeat sequences flanking the typical
3-Mb or 1.5-Mb deletion region explain the
recurrence of deletions with uniform size. On
the contrary, the basis of phenotype variability
of 22q11DS, which is even observed in familial
cases including individuals with monozygotic
twins (Yamagishi et al. 1998), remains to be elu-
cidated. Suggested explanations include allelic
variability, variable penetrance, and variable ex-
pressivity caused by environmental factors or
stochastic events during fetal development.

The gene encoding TBX1, located in the 3
Mb of the 22q11.2 critical region, is the best
responsible gene of 22q11DS. A few single-point
mutations in TBXl also recapitulate the pheno-
type of 22q11DS (Yagi et al. 2003). The cellular
and molecular mechanism for heart develop-
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ment and disease involving CNC and Tbx1 is
discussed above.

Approximately 75% of patients with
22q11DS have CHD. The type of CHD is char-
acterized as OFT and AA defects including TOF
(∼30%), IAA-B (∼15%), ventricular septal de-
fect (∼15%), PTA (∼10%), and others (∼5%)
(Goldmuntz et al. 1998). Alternatively, the
22q11.2 deletion is present in ∼60% of patients
with IAA-B, ∼35% of patients with PTA, and
∼15% of patients with TOF. Specifically, it is
detected in∼55% of patients with TOF plus pul-
monary atresia and major aortopulmonary col-
lateral arteries (Maeda et al. 2000).

CHARGE Syndrome

CHARGE syndrome is an acronym character-
ized by the following defects: coloboma of the
eye, heart defects, atresia of the nasal choanae,

retarded growth and/or development, genital
and/or urinal abnormalities, and ear anomalies
(Sanlaville and Verloes 2007). A gene encoding
a member of the chromodomain helicase
DNA-binding proteins, CHD7, is the best re-
sponsible gene for this syndrome. Over 90% of
patients with CHARGE syndrome have hetero-
zygous mutations in CHD7 or semaphorin 3E
(Bergman et al. 2011; Schulz et al. 2014). CHD7
regulates the class 3 semaphorins, including
Sema3C, and genetically interacts with Tbx1
(Randall et al. 2009; Payne et al. 2015). CHD7
also represses p53 that may be associated with
the phenotype of CHARGE syndrome includ-
ing PTA (Van Nostrand et al. 2014). A mouse
model of CHARGE syndrome, whirligig (whi),
which has a heterozygous point mutation in the
Chd7 gene, shows a phenotype similar to that of
patients with CHARGE syndrome (Bosman
et al. 2005). Homozygous whi/whi mice are
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embryonic lethal with misregulation of many
genes involved in neural crest development
and axon guidance, including semaphorins
and ephrin receptors (Schulz et al. 2014).

CONCLUDING REMARKS

Since the discovery of the CNC, cellular and
molecular mechanisms underlying heart devel-
opment and diseases, especially involving the
OFT and AA, have been explored extensively
together with the discovery of numerous genes
and a new cardiac progenitor population de-
rived from the SHF. New technologies, such as
single-cell analysis and next-generation se-
quencing, will provide more detailed findings
in the near future. We need to clearly under-
stand the nature of heart development and
disease using these results and ultimately use
our knowledge to improve the lives of children
with CHD.
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