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The neural crestis a transient population of multipotent and migratory cells unique
to vertebrate embryos. Initially derived from the borders of the neural plate, these
cells undergo an epithelial to mesenchymal transition to leave the central nervous
system, migrate extensively in the periphery, and differentiate into numerous
diverse derivatives. These include but are not limited to craniofacial cartilage,
pigment cells, and peripheral neurons and glia. Attractive for their similarities
to stem cells and metastatic cancer cells, neural crest cells are a popular model
system for studying cell/tissue interactions and signaling factors that influence cell
fate decisions and lineage transitions. In this review, we discuss the mechanisms
required for neural crest formation in various vertebrate species, focusing on
the importance of signaling factors from adjacent tissues and conserved gene
regulatory interactions, which are required for induction and specification of the
ectodermal tissue that will become neural crest. © 2011 Wiley Periodicals, Inc.
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INTRODUCTION

Neural crest (NC) cells are a unique vertebrate
cell type that sets vertebrates apart from their
invertebrate relatives. This transitory population of
multipotent stem-like cells is first induced in the
ectoderm during gastrulation! and specified within
the neural plate border (NPB), a region of tissue
that lies between the presumptive neural plate (NP)
and non-neural ectoderm, fated to become the central
nervous system, NC, and epidermis. The NPB cells
are competent to become both NC and neural tube
(NT)? cells. After the NT closes, the NC cells
leave the NT and migrate throughout the developing
embryo to contribute to diverse derivatives. These
include not only the sensory and autonomic
nervous systems, but also the craniofacial skeleton,
smooth muscles, and melanocytes,> among other cell
types.

Thought to be a unique vertebrate trait, the
NC is present in even the most basal vertebrate,
the lamprey. Formation of the NC is mediated by
a series of regulatory interactions in the form of
a gene regulatory network (GRN) that is largely
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conserved across vertebrates.*> Although NC cells
are induced during gastrulation, they only become
morphologically recognizable after neurulation, where
they manifest in an antero-posterior (AP) fashion
first in the head (cranial NC) and proceed caudally
to form trunk NC cells.® Premigratory NC cells
initially reside within the dorsal region of the NT
as neuroepithelial cells. Although initially epithelial
in nature, they subsequently lose cell-cell adhesion
and undergo cytoskeletal changes that result in an
epithelial to mesenchymal transition (EMT), allowing
them to detach from the epithelial sheet and start
migrating in the developing embryo.” The abilities
of NC cells to migrate extensively and to form
diverse cell types are reminiscent of metastatic cancer
cells (sharing migration, invasion, and proliferation
properties). These characteristics have made them
an interesting and well-studied topic for many
years.

This review will focus on the molecular events
involved in NC induction and specification. Emphasis
will be placed on patterning of the presumptive NC
region and extracellular signaling required to initiate
the NC GRN, as well as the complex interactions
that take place between transcription factors (and
NC modifiers) to establish the ‘transcriptional state’
of NC.
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GASTRULATION, NEURULATION,
AND THE NP BORDER

At the end of gastrulation, interactions between the NP
and the non-neural ectoderm lead to the generation of
the NPB. The NPB, which elevates to form the neural
folds and gives rise to the dorsal NT and NC cells,
flanks the NP bilaterally (Figure 2(a)) and expresses
genes characteristic of these multi potent border cells,
including Msx1/2 and Pax3/7 (Figure 2(b)).®’ In most
vertebrates, NC arises from the entire length of the
neuraxis with the exception of the most anterior
NT, which contributes to the olfactory placode
and anterior brain structures. During neurulation,
the neural folds elevate, apposing at the dorsal
midline to form the NT. Subsequently, NC cells go
through an EMT, allowing them to delaminate from

Neural crest specification

the neuroepithelium and to migrate throughout the
embryo, beginning at the level of the presumptive
midbrain and then proceeding in a rostrocaudal wave.

The induction of NC is a multistep process, start-
ing at the early gastrula stages and continuing until
NT closure. Tissue arrangements during gastrulation
and neurulation are essential for NP border specifica-
tion (for an example of early zebrafish embryogenesis
go to Zebrafish Movie). During gastrulation, massive
cell and tissue migrations lead to the reorganization of
the blastula such that cells are given new positions and
new neighbors, the outcome being the generation of
the three germ layers (Figure 1): the ectoderm (which
generates epidermis, NC and placodes, and the cen-
tral nervous system) covers the surface of the embryo,
the endoderm lines the primary gut, while mesoderm
lies in between ectoderm and endoderm (Figure 1).
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FIGURE 1 The cellular movements during gastrulation create the necessary germ layers required for neural crest (NC) induction. NC cell gene
expression begins in the ectoderm at the end of gastrulation. In chick (a), neural plate border (NPB) markers (green) are expressed surrounding the
neural plate (light blue) and the primitive streak. As frog gastrulation begins (b), and during zebrafish epiboly (c), the mesoderm involutes underneath
the developing epidermis. These cell movements are required to create the tissues that secrete important factors [bone morphogenetic protein (BMP),
fibroblast growth factor (FGF), Wnt] required for presumptive NC cell induction (green). Diagrams are transverse section of gastrulating chick and
sagittal view of gastrulating frog and zebrafish (left side) and whole embryos with anterior to the top/left and posterior to the bottom/right (right
side). Blue is ectoderm, red is mesoderm, yellow is endoderm, and green is presumptive neural crest.
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FIGURE 2 | Neurulation and neural crest induction. (a) Secreted factors from the surrounding tissues [bone morphogenetic protein (BMP),
fibroblast growth factor (FGF), Wnt] pattern the presumptive neural crest region or NPB. (b) As the neural tube closes, neural crest specification is
complete and they begin to express neural crest specifier genes such as Foxd3, Slug, and Sox10.

In addition to germ-layer generation, gastrulation
also provides the major driving force behind axis
elongation.

During neurulation, the NP, in the midline of the
ectoderm, folds and forms a hollow NT (Figure 2(b)),
with the notochord (a mesoderm-derived rod-shaped
structure) underlying its ventral-most portion. The
same signaling cues required to pattern the NT at
different rostrocaudal axial levels are also likely to
instruct distinct subpopulations of NC cells'®!! to
take on cranial, vagal, or truncal identities. These
differ in their migratory pathways and also contribute
to some distinct derivatives. For example, only cranial
NC cells normally contribute to bone and cartilage
of the facial skeleton. However, some derivatives are
shared by all NC populations, including ability to
form melanocytes, peripheral neurons, and glia.

Tissue Interactions and NC Induction

The NP border is not only flanked by the presump-
tive NP and non-neural ectoderm, but also overlays
the paraxial mesoderm (Figure 2(a)). Because of their
proximity to the prospective NC, each of these tis-
sues has been proposed to act as an NC inducer.
Recombination experiments in frog have established
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that interactions between the NP and non-neural
ectoderm are involved in NC formation.'? In chick
and Xenopus, grafts of NP explants into the adja-
cent non-neural ectoderm induced expression of NC
markers like snail2 (formally slug) at the bound-
ary, and lineage-tracing studies indicated that snail2-
positive cells are derived from both the graft and host
tissues.! 314

The paraxial mesoderm also may be involved in
NC induction. In chick, paraxial mesoderm induced
formation of melanocytes (a NC derivative) in NP
explants,'* and in Xenopus, removal of the pre-
sumptive paraxial mesoderm resulted in reduced
Snail2 expression.’ Also, recombining frog ectoder-
mal explants with paraxial mesoderm was sufficient to
activate snail2 expression and produce melanocytes.!”
Thus, paraxial mesoderm appears to produce some
growth factors that can influence NC differentiation.
However, paraxial mesoderm may not be critical for
NC induction. For example, conditional deletions of
either Tbx6 or Wnt-3a in mice caused some parax-
ial mesoderm loss, yet NC derivatives are generated
normally.'®

At least four distinct signaling pathways have
been implicated in patterning the NP border in
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FIGURE 3 | Morphogen expression patterns. (a) In the chicken embryo, BMP4 is expressed in the ectoderm and neural plate border (NPB), FGFS,
and Notch1 are expressed in the mesoderm, and Wnt8 is expressed in the NPB and the mesoderm. (b) In the Xenopus embryo, BMP4 is expressed in
the developing epidermis and mesoderm and FGF8, Notch1, and Wnt8 are expressed in the mesoderm. Wnt8 is also expressed in the NPB and
Notch1 is expressed in the neural plate. (c) In Zebrafish embryos, BMP2b is expressed in the developing epidermis and mesoderm. FGF8a, Wnt8, and
Notch1 are expressed in the involuting mesoderm and Notch1 is also expressed in the neural plate. (d) In situ hybridization of BMP4 in a chick
embryo showing that BMP4 is highly expressed in the presumptive neural crest region at levels of different rostrocaudal fates (Reprinted with
permission from Ref 2. Copyright 2009 Elsevier) The differences in expression of these morphogens may explain some of the differences in neural
crest (NC) induction between organisms. Embryos are depicted as follows: (a,c) Anterior to the top, posterior to the bottom, dorsal up. (b) Anterior to
the top, posterior to the bottom, and dorsal to right. All expression patterns (a—c) were found in Xenbase, ZFIN, and Geisha.

different species. These include bone morphogenetic
protein (BMP) from the non-neural ectoderm and
paraxial mesoderm, Wingless/Int (Wnt) from the non-
neural ectoderm and paraxial mesoderm, fibroblast
growth factor (FGF) from the paraxial mesoderm, and
the Notch/Delta signaling pathway in the ectoderm
(Figure 2(a)). These signaling pathways act in concert
to establish competency for NC induction. Details of
how these signals are established in the embryos and
how downstream transcription factors are activated
during NC induction are described below.

SIGNALING EVENTS IN NC
INDUCTION

The cellular movements during gastrulation pattern
embryonic germ layers, creating new tissue interac-
tions which allow the formation of signaling centers
such as the Spemann Organizer in frog, the node
in chick or mouse, or the shield in zebrafish. Each
of these signaling centers secretes extracellular sig-
naling molecules required for axis specification and
organogenesis. Induction and development of the NC
require a specific level of signaling by the BMP, Wnt,
FGF, retinoic acid, and Notch/Delta pathways. In this
section, we describe the roles of each of these extra-
cellular and intercellular signaling molecules in NC
induction and specification.

BMP Signaling

BMP is one of the earliest expressed proteins required
for NC specification and induction (Figure 3).!” BMP
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is a secreted protein of the transforming growth
factor-B family that signals through its downstream
effectors (Smad proteins) to activate and repress
transcription,'® and is required for dorsal-ventral pat-
terning of the early embryo (Figure 4).!” BMP2 and
BMP4 are expressed in the developing mesoderm and
ectoderm prior to the onset of NC development in
chick, frog, zebrafish, and mouse (Figure 3),"°-2! and
in the dorsal NT coincident with premigratory NC
cells,?>?3 while BMP7 is expressed in the NPB of
chick and the splanchnic mesoderm underlying the
presumptive NC,”* suggesting that BMP2, BMP4,
and BMP7 may each play a role in NC formation
in various species.

There are two prevailing models that describe
the role of BMP signaling in NC induction. In the first
model, moderate levels of BMP signaling are proposed
to be required for NC induction. Prior to neural induc-
tion, BMP signaling is inhibited in the presumptive
NP by BMP antagonists such as Noggin,?® Chordin,?®
and Follistatin?’?% that are secreted from the dor-
sal mesoderm. In addition to molecules required to
inhibit BMP for neural induction, recent studies have
shown that additional molecules, Tsukushi®’ and
SNW1,%% function extracellularly as antagonists to
BMP in frog, chicken, and zebrafish embryos to pat-
tern the embryo and specify NC cells. Experiments
using Xenopus ectodermal explants®! and zebrafish
embryos3? demonstrated that NC specification occurs
in regions of intermediate BMP signaling levels such
as the NPB (Figures 2(a) and 3(d)). However, ‘inter-
mediate levels of BMP’ is a bit simpler than the
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FIGURE 4| Signaling pathways involved in neural crest induction. From left to right: Bone morphogenetic protein (BMP) activates Smad 1,5,8
proteins that interact with co-Smad to activate transcription of neural plate border (NPB) (Msx1,2) and neural crest (NC) specifier (Snail2) genes.
Retinoic acid (RA) functions as a transcriptional regulator to posteriorize neural tissues, and inhibits BMP signaling and expression of FGF8 and Wnt8.
Fibroblast growth factor (FGF) signals through one of its three downstream pathways (Akt, PLCy, Ras/Erk) to activate expression of Wnt or to inhibit
BMP expression indirectly regulating NC development. Notch/Delta interaction activates the Notch intracellular domain (NICD) which then binds to
CSL transcription factors to activate expression of the NPB gene Hairy2 (frog) or activates expression of BMP, indirectly inducing NC (chick). Wnt
binds to the frizzled and LRP5/6 receptors which allows for the accumulation of B-catenin in the cell. B-catenin binds to the Wnt effector TCF/LEF to
activate NPB gene Pax3/7, which activates neural crest genes. Gray arrows indicate the consistent requirement for these signaling pathways

throughout neural crest development.

second model that hypothesizes that BMP signaling is
required prior to NC induction in the NP border to
make the ectodermal cells between the presumptive
epidermal and neural tissue competent to respond to
additional instructive signals from the Wnt>? and FGF
pathways,® which are also required for NC induction.

Past studies suggested that the role of BMP
signaling in NC induction may have been overesti-
mated and that BMP signaling was more important
for maintenance and migration of NC in frog and
mice®3* than NC induction. However, recent stud-
ies have supported a requirement for BMP signaling
in NC induction in both species. Pax3-Cre-BMPR1a
mice that lack BMPR1a in their dorsal NTs did not
develop NC marked by Cadé or Tcfap2a in hindbrain
or caudal regions and lacked Sox10-expressing cells in
their trunks,?? which contrasts with earlier evidence
suggesting that loss of BMP signaling has little effect

56 © 2011 Wiley Periodicals, Inc.

on the induction of NC. These differences may
stem from the fact that the original Wnt1-Cre-driven
knockdown was induced after NC induction, negating
a necessity for BMP. Also, it is possible that knockout
of BMP2 alone does not inhibit all BMP signaling
pathways involved in NC induction.?*3 Kwon et al.,
in zebrafish embryos, proposed that low to moderate
levels of BMP signaling are required for specification
of NC cells during gastrulation, while specification
of the preplacodal region occurs later and requires
complete attenuation of BMP signaling via FGF and
PDGF signaling.’® In addition, the requirement for
BMP signaling in NC development may be dependent
upon a novel regulator of BMP expression in Xeno-
pus and zebrafish, SNW1.3* Although the original
model for NC induction in frog and fish proposed
that intermediate levels of BMP signaling was suffi-
cient to induce the presumptive NC,3’ the timing and
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requirement for BMP signaling in chicken embryos
are limited to a specific developmental stage,*® and in
all vertebrate models, FGF and Wnt signaling are also
required. Currently, BMP signaling is thought to be
necessary for NC induction, but not sufficient.

FGF Signaling

FGF and FGF receptors have been associated with
many different aspects of embryonic development
such as AP axis patterning and neural development.
FGF is a secreted protein that signals through tyro-
sine kinase receptors (FGFRs). Upon ligand binding,
FGFRs dimerize and activate downstream signal trans-
duction pathways such as the Ras/ERK, Akt, or the
protein kinase C pathways (Figure 4).3° Many FGFs
are expressed in the correct spatiotemporal patterns
to be associated with induction and patterning of
the NC. For example, FGFR4 is expressed in the
developing NP in frog,** chick*! and zebrafish,*> and
FGES8 is expressed in the developing mesoderm that
underlies the presumptive NC in Xenopus*> and chick
(Figure 3).44

Recent evidence in Xenopus embryos supports a
direct role for FGF signaling through FGFR4 in NC
induction. FGFR4 activates Stat3 by phosphorylation
allowing it to translocate to the nucleus and induce
the expression of NC border genes and NC specifiers,
while loss of the FGFR4 signaling-dependent Stat3
prevents NC induction.® In addition to a direct role
for FGF signaling in frog, FGFs also play an indirect
role in NC development. Over-expression of FGF8 or
FGF2 concomitant with the inhibition of BMP signal-
ing by Noggin was sufficient to induce NC marked
by snail2 expression®*¢ in Xenopus, and inhibition
of FGF signaling through dominant-negative FGFR1
inhibited NC marker expression.*” Over-expression of
FGF8 in zebrafish and frog embryos inhibited BMP2
and BMP4 gene expression in gastrulae prior to the
onset of NC development.*®4° Furthermore, BMP sig-
naling is inhibited through the phosphorylation and
inactivation of its effector protein Smad1, thus allow-
ing for neural and NC induction, signifying that FGF
may participate indirectly in NC induction.’**! In
Xenopus embryos, over-expression of FGF8a failed
to induce NC cells marked by snail2 or sox8 when
Wnt8 was blocked,’? again suggesting an indirect role
in NC induction. Taken together, these studies show
that FGF signaling is required prior to NC induction,
but none have identified a direct molecular connection
between FGF and NC that does not occur via BMP
or Wnt signaling. Therefore, the role of FGF signaling
during NC induction may be indirect; since it func-
tions to pattern Hox gene expression via Cdx genes,>>
posteriorize the NP,>* induce paraxial mesoderm,#-3
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inhibit BMP expression and signaling,**-** and induce

Wnt expression,®? all of which are required for NC
induction and specification.

Whnt Signaling

BMP signaling in the ectoderm, although necessary
for NC induction, is not sufficient to induce NC®
and additional instructive signals from either FGF or
Wingless/Int (Wnt) signaling appear to be required.
However, recent studies reveal that the role of FGF
signaling in NC induction lies in its ability to induce
Wnt8 expression and to moderate BMP signaling and
expression. The results suggest that, after moderate
levels of BMP signaling creates competent ectoderm,
Wnt is the instructive signal required to induce NC.
Wntl, Wnt3, Wnt3a, Wnt4, Wnt8, Wnt8b, and
Wnt10 are expressed in developing neural tissue
(Figure 3) at stages that support a potential role for
secreted Wnt proteins in NC induction (reviewed in
Ref 56). The involvement of Wnt signaling in NC
induction has been well documented in several species
and it has reiterative roles later during various stages
of NC development (reviewed in Ref 7,54,57).

Whnts are secreted ligands that bind extracellu-
larly to receptors, like Frizzled and LRPS5/6, to activate
signaling either via ‘canonical’ or ‘non-canonical’
pathways. In the best-studied canonical pathway,
the absence of Wnt leads to the degradation of the
co-regulator, B-catenin, by the axin complex with
GSK3B8. When Wnt is present, Dishevelled is acti-
vated by the Wnt receptors, the axin/GSK38 complex
is inhibited, and B-catenin translocates to the nucleus
to function as a co-activator with the Wnt effector
TCF/LEF (Figure 4).%8

Although multiple Wnts are expressed in the
correct spatiotemporal manner to be involved in
NC induction, canonical signaling by Wnt8 and
Wnt3a appears to be required for NC induction in
frog, zebrafish, and lamprey.’%>°-¢! Though the Wnt
involved in early induction of NC in the chick gas-
trula is not yet known, later, Wnt6, which is expressed
and secreted from the chick non-neural ectoderm, is
thought to be important for maintenance of avian
NC induction.”*? Furthermore, the canonical Wnt/g-
catenin pathway is required for Xenopus NC induc-
tion, although EMT and migration may act through
non-canonical signaling (reviewed in Ref 7). Experi-
ments in Xenopus ectoderm have shown that Wnt1,
Wnt3a, Wnt7b, and Wnt8 were sufficient to induce
neural markers in neuralized ectodermal explants and
Wnt8 was required for the induction of NC markers
by FGF8a.%32:63:64 In addition, blocking Wnt signal-
ing using Gsk3 B or knocking down signaling by Wnt8,
Wntl, Wnt3, Frizzled3, or Frizzled7 led to a loss of
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the NC markers foxd3 or snail2.5%6365:66 Recently,
downstream effectors of Wnt signaling required for
NC induction such as Kermit, Skip, and Gbx2 were
identified®®=®% and may help further elucidate the role
of Wnt signaling in NC formation.

The cumulative data clearly show that Wnt sig-
naling plays an important role in NC induction in
vertebrates. However, more studies are required to
determine which specific Wnt pathways are involved
in each aspect of NC development. Differential
requirements for various Wnts may be due to redun-
dancy or developmental timing differences between
organisms.

Retinoic Acid

Whereas FGF and Wnt signaling act in conjunction
with moderate levels of BMP signaling to induce
NG, the role of Retinoic acid (RA) is less clear. RA
is a morphogen derived from Vitamin A (retinol) that
diffuses through cell membranes to the nucleus and
binds to target genes to affect transcription directly
(Figure 4).”% RA is required in early development for
AP patterning,’"”? and RA is required to posteriorize
the anterior neural fold (ANF) to allow for NC
induction,’* and is hypothesized to allow NC to
form posterior to the ANF. The ANF does not form
NC because of inhibition by Wnt antagonists such
as Dkk-1.73 Xenopus embryos treated with RA had
anteriorly expanded snail2 expression while loss of
RA signaling by injection of a dominant-negative RA
receptor led to posterior expansion, supporting a role
in patterning of the presumptive NC domain.’* In
addition to the requirement for RA in frog, high doses
of Vitamin A in developing mouse embryos caused
cranial ganglia and NC abnormalities.”* Besides
functioning as a transcriptional regulator, a recent
study in mouse P19 carcinoma cells showed that RA
signaling regulated the duration of BMP signaling
by reducing Smad1 phosphorylation, thereby causing
Smad1 ubiquitinylation and subsequent degradation,
which could indirectly affect NC induction and
development.”> Also, RA functions to pattern Hox
gene expression supporting a role for it in embryonic
patterning prior to NC induction.*?

Notch/Delta Signaling

Notch proteins are membrane-bound extra- and
inter/intracellular signaling molecules that confer
lateral induction or lateral inhibition to affect cell fate.
The intercellular portion of Notch proteins functions
as a receptor for the Delta or Jagged/Serrate ligands.
Upon ligand binding, the Notch intracellular domain
(NICD) is cleaved, translocates to the nucleus, binds

58 © 2011 Wiley Periodicals, Inc.
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to a CSL transcription factor (e.g., Suppressor of
Hairless in flies or CBF in vertebrates) and transcribes
HES family proteins (Figure 4).7¢ In general, cells
with activated Notch are maintained in a proliferative
state and blocked from differentiation.”” Notch
signaling plays differential roles in NC induction and
specification in different species and a unified model
for Notch function in this process remains unclear.
However, some data suggest that Notch signaling
may be involved in NC induction in chick and frog,
though there is little evidence to support a similar role
in zebrafish or mouse.”®

In Xenopus embryos, both Notch and Delta
are expressed in the mesoderm, the presumptive NT
and NP border prior to NC induction (Figure 3).787°
Xenopus embryos over-expressing a constitutively
active NICD exhibited a loss of twist expression and
abnormal branchial arch development.’° However,
activation of Notch signaling following neural and
mesodermal specification caused expansion of the NC
as marked by snail2 expression, and concomitant
reduction in BMP4 and msx1.”® This expanded NC
domain can be suppressed by over-expressing the BMP
signaling target, Msx1. Also, knockdown of Notch
signaling via a dominant-negative Su(H) caused a loss
of snail2. In Xenopus, the timing of Notch signaling
appears to be critical for the proper development of
NC cells and appears to support different functions at
different times. If Notch is up or downregulated at the
wrong time, NC cells are lost. During NC induction
in frogs, Notch lies upstream of BMP4 expression,
and NC induction relies on both Notch and BMP4
signaling (Figure 4).

In zebrafish embryos, recent evidence has shown
that Prdmla downstream of Notch signaling is
required for cell fate specification of NPB cells and acts
by promoting them toward a presumptive NC fate’!
at the expense of Rohon-Beard cell fate. However, the
cranial but not the trunk NPB phenotype recovers by
the 5-somite stage, suggesting a requirement for Notch
during trunk NC development. In support of this, loss
of Notch signaling via DeltaA,3% Notch1a,% or Mib%
does not affect cranial NC induction or development,
but it does affect trunk NC derivatives. Knockout of
the Notch processing protein Presenilin2 decreased
melanocytes in the trunk, suggesting a role for Notch
signaling in NC differentiation, but not induction.®® In
addition, regulatory studies in zebrafish showed that
over-expression of Notch signaling induced ectopic
sox10 expression,®® a gene required for normal NC
development, and that Notch signaling lies upstream
of Wnt signaling and is required for differentiation of
NC derivatives, again supporting a later role of NC
development in zebrafish.%”
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The results from mouse models regarding Notch
signaling in NC are ambiguous. Mice over-expressing
Notch in epidermal cells had an ectopic accumulation
of Snail2 in the epidermis, interpreted to indicate that
Notch may act upstream of NC genes; however, there
is no evidence that Notch signaling is required for NC
induction,®® though this may be due to redundancy
in Notch signaling factors.”® In addition, Wnt1-Cre-
Rbpj knockout mice lacking Rbpj, which integrates
signals from Notch receptors, and Wnt1-Cre-Notch
knockout mice develop premature neurogenesis in
both the dorsal root and the trigeminal ganglia marked
by NeuroD expression, both of which have cells
derived from the NC.8%?° However, Nikopoulos et al.
showed that the soluble form of Jagged, a ligand
for the Notch receptor, is required along with FGF1
to attenuate Notch signaling in cultured rat neural
crest stem cells (NCSC) to maintain a proliferative
population.”!

Overall, the data suggest that Notch signaling
may be required to maintain a proliferative NC pro-
genitor population and that Notch signaling may lie
upstream of some NC specifier genes. However, there
is little evidence to support a unique role for Notch
in NC induction and specification. The requirement
for Notch signaling in NC induction, specification,
and differentiation appears to differ depending on
stage and tissue type. Clearly, more work is required
regarding role of Notch signaling in NC development.

Other Signaling Pathways

Although BMPs, Wnts, and FGFs seem to be the pri-
mary players in NC specification, other factors are
probably also involved. For example, depleting the
Endothelin-A receptor in Xenopus inhibited snail and
foxd3 expression while expanding the neural domain.
This pathway likely acts with other traditional path-
ways (Wnts, FGFs) to control NC maintenance down-
stream of Msx.”> Thus, future work is likely to
undercover other influences on NC induction that
may synergize and/or influence the known regulators.

THE PUTATIVE NC GRN

Inductive signals (BMP, FGF, and WNT) from
surrounding tissues act on the NP border to activate a
battery of transcription factors (NP border specifiers)
(reviewed in Ref 4), which render this region capable
of giving rise to NC and dorsal NT derivatives.
The combinatorial expression of NP border specifiers
with the above signals then activates another
set of transcription factors (NC specifiers), which
in turn regulates downstream effectors important
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for production of bona fide NC cells. This
hierarchical activation of transcription factors endows
premigratory NC cells in the dorsal NT with the
ability to undergo EMT and become migratory. This
section of the review will concentrate on formation of
premigratory NC in the cranial region, since this has
been best described. Studies from multiple organisms
(frog, chick, zebrafish, mouse, and lamprey) have
provided evidence for the existence of a putative
pan-vertebrate cranial neural crest (CNC) GRN
that describes the hierarchical interactions that exist
between the NP border specifiers and NC specifiers
(Figure 5). However, generating a comprehensive
GRN that encompasses all NC is a challenge such
that this serves as a model and a work in progress that
will be constantly updated and improved.

NP Border Specifiers
In addition to the NC, the NP border region can give
rise to roof plate cells, dorsal interneurons and sensory
neurons like Rohon-Beard cells, and pre-placode
ectoderm precursors depending on the temporal and
spatial control of signals the border cells receive from
the surrounding tissues.” 1% Comprehensive work
in Xenopus has demonstrated that the combinatory
expression of homeobox transcription factors ap2,
zicl, bhairy2, msx1/2, dlx5, pax3/7, and gbx2
during early neurulation defines the NPB territory
and confers competence onto this region to form
NC.*#6:94,102,105-108 NP horder specifiers are expressed
broadly at the NP border, precede the expression
of bona fide NC specifiers, and do not generally
mark migrating NC.'%° Evidence suggests that AP2,
Zic, Msx, Pax3/7, DIx, and Gbx2 are effectors of
BMP, Wnt, and FGF signaling and necessary for
NC specifier expression. Furthermore, each factor
alone is insufficient to carry out the whole NC
specification  program,®?4104-108,110,111  g00e5ting
that they function in tandem and/or synergistically.
AP2a is an early marker of the NP border in
Xenopus and in the basal vertebrate (lamprey).”*112
Chick AP2 is also localized to the NP border
although its expression was not investigated earlier
to determine if it precedes expression of other NP
border genes.'%” AP2 has a unique dual role during
NC development: first during NP border development
and secondly during NC specification.”*10%112 For
example, Xenopus AP2a is both necessary and
sufficient to establish the NPB specifiers (Hairy2,
Msx1, and Pax3) and NC specifiers (Snail2, Sox9,
Sox10) in neuralized ectodermal explants expressing
Zicl. In addition, AP2a directly binds to the Pax3
promoter. Ap2a, Msx1, and Pax3 are immediate-early
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targets of Wnt/B-catenin signaling although TCF/LEF
elements were not shown to be harbored within the
promoters of these genes.”*

Gbx2 is expressed at a similar stage as AP2 dur-
ing early gastrulation in the ectoderm.’®10%113 There
are many similarities between Gbx2 and AP2 function
during NP border specification. (1) Both are targets of
Wt signaling. The Gbx2 promoter has TCF/LEF reg-
ulatory elements and these elements are occupied by
B-catenin during NP border specification. (2) Both are
upstream of Pax3 and Msx1. (3) Depletion of either
AP2 or Gbx2 results in the loss of Snail2. (4) Both
depend on Zicl (which is induced by attenuated
BMP levels) to specify NC.?*105 However unlike AP2,
Gbx2 can activate Foxd3 robustly and appears to be
necessary for suppressing border cells from adopting
a pre-placode fate (as assayed by Six1 expression).!0
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© 2011 Wiley Periodicals, Inc.

AP2 may play a complementary role to Gbx2 in
cooperation with Zicl to suppress a neural fate, since
depletion of AP2 leads to expansion of Sox2.°* Thus,
Gbx2 and Ap2 in combination with Zicl are suffi-
cient to induce a majority of the NP border genes and
initiate the NC program.

Msx expression is controlled by graded BMP sig-
naling, and cis-regulatory analysis has demonstrated a
BMP response element within the Msx2 promoter.®114
Msx1 induction of Snail2, Foxd3, or Twist1 requires
Pax3, Wnt activity, and BMP antagonists.®!0¢ Msx1
is also required for suppressing the NP marker Sox2,
supporting the possibility that Msx1 acts downstream
of AP2.94106

Pax3 and Zicl can synergistically induce Snail2
in ventral ectoderm which is normally not competent
to form NC. Thus, these two factors are sufficient to
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induce ectopic NC.'% However, distinct thresholds of
Pax3 and Zicl are required for NC formation. Too
much Pax3 drives NP border cells to adopt a hatching
gland fate and too much Zic1 turns NP border cells
into pre-placode ectoderm.!4

Little is known about the role of DIx during
border specification other than that it is required
for positioning of the NPB.!1%!15 Grafting of NP cells
into non-neural ectoderm, which ectopically expressed
a repressor form of Dlx, failed to induce the NC
specifier or pre-placodal marker, Snail2 and Six1,
respectively. 10

NC Specifiers
A second cohort of transcription factors, Snail2,
SoxE, AP2, Twist, cMyc, Id, Foxd3, Ets1, and cMyb,
are required to generate migratory NC cells and
repress the NP marker Sox2 (Figure 5). These factors
either continue to be expressed in migratory crest
(Sox10) and/or are activated at later times and in
differentiating derivatives (Sox9, Sox10, Foxd3) (see
Ref 4 for a comprehensive review covering the cross-
regulatory interactions between NC specifiers). Based
on the work in chick and lamprey, NC specifiers can
be further subdivided into two distinct phases of NC
specification, early and late groups.''>11® One set of
factors acts to maintain the multipotent capacity of
these cells, suppressing premature differentiation and
suppressing adoption of a neural fate. Another set of
factors is required to initiate the EMT program such
that these cells become migratory (Table 1).

Work in frog and mouse has shown that cMyc
and 1d3 are required to maintain NC progenitors and
prevent premature differentiation,!1%120:123,124 143 " 5

TABLE 1 | Function of NC Specifiers During Premigratory Neural
Crest (NC) Development

Neural crest specification

direct target of cMyc, controls the cell cycle to mediate
the decision between proliferation and apoptosis, and
help bias cells toward an NC lineage and away from
NP fate.!?3:124 Recently, a non-apoptotic role for p53
was reported in regulating a fine balance between
NC progenitor cell maintenance and EMT process by
regulating cell proliferation in the chick and mouse
embryo.'?® An intriguing possibility is that Id3 may
likely cooperate with p53.

Coordinated expression of Foxd3, Snail2, and
Sox9 during trunk crest induction, delamination, and
migration are required in chick and mouse with each
factor having a distinct role: Sox9 expression makes
NC responsive to EMT signals, Snail2 is required for
the onset of EMT (by directly repressing the expres-
sion of Cad6B), and finally Foxd3 is required for
cell adhesion.!3%131 A second wave of Wnt/B-catenin
signaling is required for the induction of Snail2 down-
stream of Pax3 and Zicl activation.'% In support of
this, the TCF/LEF binding elements found in the Snail2
promoter are occupied during NC specification.!?
Furthermore, cooperative interaction between Sox9
and Snail2 is required for Snail2 maintenance during
EMT.!32 Consistent with this, the Szail2 homolog in
zebrafish is upregulated when Sox9b is over-expressed
and reduced in Sox9b mutants.'?’

Cis-regulatory analysis of Sox10 in chick has
shown that it is directly regulated by Ets1, cMyb, and
Sox9.118 Etsl1 is exclusively expressed in cranial NC
and excluded from trunk crest, and thus may influence
activation of cranial specific effector genes. The lack of
Ets1 in the trunk may account for differences observed
in cranial versus trunk NC delamination.'?!

Added Complexity to the GRN

The NC GRN in its current state comprises a hierarchi-
cal network of transcription factors. The expression
of some transcription factors and signals are reiterated

NC Specifier ~ Function in Premigratory NC Reference during various stages of NC development and most
AP2 Induction of Sox9, Snail2 94,117 are not unique to NC. Rather, it is their unique combi-
Myb Induction of Sox10 118 nation at appropriate der‘:lopmental stages that helps
, define the NC. However, it would be naive to assume
cMyc Cell-cycle control (progenitor 119,120 that the entire process of NC formation is hard-wired.

maintenance) .
. Other cellular processes, such as chromatin
Ets Cranial NC EMT 121 remodeling,!3313*  post-transcriptional/translational
Foxd3 EMT 122 modification, 26135136 and other signaling pathways
Id3 Cell-cycle control (progenitor 123,124 (apart from Wnt, Notch, BMP, and FGF),”> act to
maintenance) modulate this network of transcription factors to
Snail2 EMT 122 define the ‘transcriptional’ state of the NC along its
$0x9 Makes NC progenitors 122,125-127 path to becoming a migratory cell. Thus, the future NC
responsive to EMT, NC GRN model will have to reflect this added complexity

survival (Figure 6).

Sox10 Progenitor maintenance, EMT 126,128 Much of the data for the putative GRN come
from gain and loss of function studies from Xenopus,
Volume 1, January/February 2012 © 2011 Wiley Periodicals, Inc. 61
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lamprey and chick. However, collating all the data into
one pan-vertebrate GRN is proving to be difficult since
there are differences in the factors that are required for
NC specification between different species. Another
key issue is deciphering the temporal relationship
between NP border specifiers. Due to inaccessibility
or redundancy (mouse or zebrafish) and/or rapid
induction of these markers (chick, frog, zebrafish), this
has remained elusive. By focusing on cis-regulatory
analysis of various key promoters, some of these issues
can be resolved and these direct inputs can be tested
across multiple species.

The current version of the NC network describes
formation of the CNC (Figure 5),* and the inputs are
likely to differ from those at other axial levels. For
example, NC from various axial levels differ in their
mechanisms of delamination and cell-cycle control as
highlighted by the differential expression of Ets1 in
CNC."! Furthermore, there may be species-specific
differences in the NC GRN, as noted by variations
in lamprey of two key transcription factors, Ets-1
and Twist, which act in the NC specifier module in
higher vertebrates but only later, as effector genes, in
the lamprey.>® The combination of varying sub-GRN
interactions between NC specifiers and the expression
of varying modifiers of these factors can lead to the
diversification of NC subtypes. A future challenge is
to generate NC networks that reflect various axial
levels of the body across multiple species.

62 © 2011 Wiley Periodicals, Inc.
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Chromatin Remodeling
The expression of NP border specifiers alone is
insufficient to drive cells down the NC lineage. To
initiate the NC specifier program in response to
extrinsic signals, the accessibility of these factors to
various enhancers/promoters requires precise coordi-
nation that is mediated by chromatin remodelers. A
burgeoning topic is the interplay between chromatin
remodeling repressors and activators and how these
factors regulate the successive restriction in NC fate
within the dorsal NT.133137 For instance, the repres-
sive histone mark H3K9me3 is found on the chick
Sox10 promoter during NP border specification but is
removed during NC specification. This is mediated by
the histone demethylase, JumonjiD2A (JmjD2A), and
this places it between NP border specifiers and NC
specifiers in the GRN. The Sox9, Foxd3, and Snail2
promoters are also likely to harbor repressive marks
and also be regulated by JmjD2A.133

Work using both Xenopus embryos and human
NC line has implicated a role for the chromatin
remodeling complex containing CHD7 and PBAF
during NC specification but not during NP border
specification. The CHD7-PBAF complex has been
shown to target Sox9- and Twist1-associated enhancer
regions and knockdown of these factors severely
diminishes Snail2, Sox9, and Twist1.13*

Post-Translational Modification
Protein modifications target transcription factors to
various subcellular compartments and alter their func-
tion. This in turn affects the transcriptional readout
of the cell in response to extrinsic signals. SUMOy-
lation and ubiquitination are two common post-
translational modifications that can alter the function
of transcription factors. For example, the SUMOyla-
tion of Xenopus SoxE factors (Sox9/Sox10) promotes
maintenance of the NC progenitor pool and modu-
lates the ability of SoxE to carry out distinct patterning
roles in NC versus otic-placode formation.'¢

Snail, a highly labile protein, is targeted for
ubiquitination by GSK38 in the absence of active
Whnt signaling.!’® The SNAG domain is important
for Snaill repressor activity and stability. Disruptions
to Snaill interactions with LSD1, a lysine-specific
demethylase 1, that targets H3K4me2 via the SNAG
domain likely also targets Snail for degradation by
GSK38.13% In turn, GSK3p8 likely regulates levels of
the NC specifier c-Myc.!3® In addition, in premi-
gratory NC cells, Snail2, Twist, and Sip1 are post-
translationally regulated by the E3 ubiquitin ligase,
Partner of Paired during EMT.40

Phosphorylation of Sox9 by PKA (cAmp-
dependent protein kinase A) has been found
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to enhance Sox9 function, and treatment with
cAMP/PKA inhibitor prevents Sox9-induced EMT in
the quail embryos. The transcriptional activation of
Snail2 on the Snail2 promoter is also enhanced by
PKA signaling.!3?

Post-Transcriptional Regulation

Whilst an NC GRN results in the generation of a bat-
tery of transcripts required to form bona fide NC cells,
an underlying network of post-transcriptional regula-
tors [RNA-binding proteins (RBPs) and microRNAs]
is likely to influence the stability and compartmental-
ization of these transcripts and thus cellular responses
to extrinsic signals.'*! For example, conditional dele-
tion of Dicerl (an enzyme important in microRNA
biosynthesis) in NC progenitors resulted in lack
of cranial skeletal structures and trunk NC-derived
sensory neurons by modulating the Wnt signaling
pathway.!3¢142 However, although microRNAs are
correlated with EMT and the differentiation of NC
cell derivatives, there is little known about their
role in NC induction or specification. Therefore,
post-transcriptional regulation also has an impor-
tant role in survival, maintenance, and migration of
NC progenitors, though the mechanistic details are
still unknown. It will be interesting to determine if
there is concerted regulation of functionally related
mRNA (for instance, those coding for cell adhesion
protein versus those coding for transcription factors)
by multiple RBPs as has been shown in yeast.'*!

THE BIG PICTURE

NC induction and specification is a complicated pro-
cess that differs between organisms either based on
stage and rapidity of development, gene redundancy or
differential gene paralog usage between species. With
respect to signals, BMPs are required prior to gastru-
lation to make ectodermal cells competent to receive
instructive signals from the Wnt, Notch (in frog and
chick), and RA and FGF pathways (Figures 3 and 4).
In addition, there is crosstalk between different path-
ways to modulate the transcriptional output during
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