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Abstract

Neural crest cells are a population of multipotent stem cell-like progenitors that arise at the neural
plate border in vertebrates, migrate extensively, and give rise to diverse derivatives such as
melanocytes, craniofacial cartilage and bone, smooth muscle, peripheral and enteric neurons and
glia. The neural crest gene regulatory network (NC-GRN) includes a number of key factors that
are used reiteratively to control multiple steps in the development of neural crest cells, including
the acquisition of stem cell attributes. It is therefore essential to understand the mechanisms that
control the distinct functions of such reiteratively used factors in different cellular contexts. The
context-dependent control of neural crest specification is achieved through combinatorial
interaction with other factors, post-transcriptional and post-translational modifications, and the
epigenetic status and chromatin state of target genes. Here we review the current understanding of
the NC-GRN, including the role of the neural crest specifiers, their links to the control of
“stemness,” and their dynamic context-dependent regulation during the formation of neural crest
progenitors.
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I. Neural Crest Progenitors as a Stem Cell Population

Understanding the processes that govern the establishment and maintenance of multipotency
at the molecular level is of great interest and importance to both developmental biology and
regenerative medicine. The embryonic neural crest is an excellent system in which to ask
questions about these mechanisms. During vertebrate development, the neural crest arises in
the ectodermal germ layer as a consequence of instructive cues generated at the border
between the presumptive neural plate and epidermis (Moury and Jacobson, 1990; Selleck
and Bronner-Fraser, 1995; LaBonne and Bronner-Fraser, 1998). These cells are a
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developmental and evolutionary novelty. Whereas development can be generally viewed as
a process of progressive restriction in potential, neural crest progenitors represent one of the
few examples during embryonic development where, as a consequence of an inductive
event, cells arise that possesses greater developmental potential than the cells from which
they were derived. Despite their ectodermal origin at the neural plate border, neural crest
cells acquire the potential to give rise to cell types that are both ectodermal and mesodermal
in nature. Indeed, because it gives rise to cell types characteristic of more than one of the
“classic” germ layers, neural crest stem cells can, from an evolutionary perspective, be
viewed as a fourth germ layer (Hall, 1999).

Stem cells have been classically defined as progenitor cells that possess at least some
capacity for self-renewal, and that are capable of giving rise to one or more differentiated
cell types (Morrison et al., 1997). This suggests that stem cells must express regulatory
factors tasked with maintaining their multipotency and stem cell characteristics, including
the repression of genes linked to cell commitment/differentiation and the maintenance of
developmental potency, via genetic or epigenetic mechanisms. It will be important to learn
how these characteristics are governed in neural crest precursor cells. Both /n vitro clonal
analyses and /n vivo cell labeling/transplantation experiments have established that neural
crest cells are both multipotent and self-renewing (Baroffio et al., 1991; Bronner-Fraser and
Fraser, 1988; Bronner-Fraser et al., 1980; Ito and Sieber-Blum, 1991; Sieber-Blum and
Cohen, 1980; Trentin et al., 2004). Multipotentecy of individual neural crest progenitors was
elegantly demonstrated in experiments in which a cell-autonomous dye, lysinated
rhodamine dextran (LRD), was injected into single dorsal neural tube cells in chick
embryos. It was found that the labeled individual cells could give rise to daughter cells that
contributed to multiple neural crest derivatives (Bronner-Fraser and Fraser, 1988). The
ability of neural crest progenitors to self renew was demonstrated using neural crest cells
isolated from rat neural tubes, serially diluted, and cultured at clonal density (Stemple and
Anderson, 1992). These cells could give rise to multipotent neural crest cells, neurons and
glia. The self-renewal property of the neural crest was further demonstrated by additional
rounds of clonal dilution and subculture, and self-renewal ability was found to be
maintained up to 10 days in culture (Morrison et al., 1997; Stemple and Anderson, 1992; Le
Douarin and Dupin, 1993). Understanding the mechanisms that contribute to the stem cell-
like characteristics of neural crests cells is of profound importance, both because these
mechanisms may prove relevant to the development and maintenance of other stem cell
populations, and because the formation of neural crest cells represents such a fundamental
milestone in vertebrate evolution.

Neural crest progenitors are induced at the neural plate border, and subsequently in the
dorsal neural tube, as a consequence of complex signaling events involving the BMP, Wnt
and FGF pathways. Neural crest cells will ultimately differentiate into a diverse array of cell
types distributed throughout the vertebrate body plan, including neurons and glia, of the
peripheral nervous system, myofibroblasts, chondrocytes, and melanocytes (Le Douarin and
Kalcheim, 1999). Experiments in chick embryos point to an induction process that
commences during early gastrulation (Basch et al., 2006) and in anamniotes such as
Xenopus, the expression of early neural crest markers at the neural plate border is apparent
by mid gastrulation (Selleck and Bronner-Fraser, 1996; Mancilla & Mayor, 1996; Labosky
& Kaestner, 1998; Spokony et al., 2002). Evidence from grafting experiments implicates
both ectodermally and mesodermally- derived signals in neural crest induction (reviewed in
LaBonne and Bronner-Fraser, 1998). Specifically, paraxial mesoderm from chick or
Xenopus (dorsolateral marginal zone, DLMZ) can induce neural crest when combined with
the neural plate of chick or animal caps of Xenopusembryos (Selleck and Bronner-Fraser,
1996; Monsoro-Burg, 2003). A dynamic interplay of BMP, Wnt and FGF signals, along
with inhibitors of BMP signaling, are involved in inducing the neural plate border (See
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review by Milet and Monsoro-Burq in this issue) (Figure 1a). They subsequently contribute
to the induction of early neural crest specifiers, including the transcription factors Snail2
(Slug), Snaill, and Sox9 (LaBonne and Bronner-Fraser, 1999; Sauka-Spengler and Bronner-
Fraser, 2008) (Figure 1b). Indeed, Snail2 can cooperate with canonical Wnt signals to
convert animal cap tissue to neural crest, bypassing the need for BMP inhibition (LaBonne
and Bronner Fraser, 1998)

Interestingly, some transcriptional regulatory factors expressed in newly formed neural crest
cells have strong links to the attributes of stemness and multipotency. Notable among these
is c-myc, which is first expressed in a broad domain at the neural plate border that includes
neural crest and placodal precursors and then subsequently becomes more restricted to
neural crest cells (Bellmeyer et al., 2003). Myc family proteins are required for both
Embryonic Stem Cell (ESC) and Induced Pluripotent Stem Cell (iPSC) self-renewal (Smith
and Dalton, 2010). These factors also control potency in a number of other contexts. For
example N-myc is essential for maintenance of neural and lung progenitor cells, and c-myc
has been found to regulate interactions between epidermal stem cells and their niche (Smith
and Dalton, 2010). It has been suggested that c-myc’s role in pluripotency is at least partially
related to regulation of the chromatin remodeling machinery, and a number of histone-
modifying and Swi/Snf chromatin remodeling factors are c-myc targets (Kidder et al., 2008;
Kim et al., 2008). Indeed, evidence suggests that factors important for pluripotency are also
involved in the epigenetic status of iPSCs. Id (inhibitor of DNA binding) proteins have also
been shown to be critical effectors of Myc-family proteins in a variety of cell types,
including the neural crest (Light et al., 2005; Kee and Bronner-Fraser, 2005; Lasorella et al.,
2002). Additionally, forced expression of 1d3 in the neural crest results in persistent
expression of markers characteristic of multipotent neural crest progenitors, and blocks
differentiation into neural crest derivatives, suggesting that 1d3 is an important effector of c-
myc’s ability to impart stem cell properties (Light et al., 2005).

Downstream of c-myc/lId3 a number of NC-GRN factors have links to the regulation of
multipotency, including Snail proteins, Sox10 and FoxD3. Sox10, for example, can inhibit
the differentiation of neural crest stem cells into neural cell types, thus maintaining their
potential to form glia (Kim et al., 2003b). FoxD3 has been implicated in maintaining the
neural crest multipotent progenitor state by inhibiting non-neural differentiation (Mundell
and Labosky, 2011). Snail transcription factors, have recently been linked to the formation
of cancer stem cells, in addition to their more broadly characterized role in regulating tumor
invasion and metastasis. Additional insights into the control of neural crest cell multipotency
may derive from recent studies in which neural crest stem cells were generated from human
embryonic stem cells and human induced pluripotent stem cells by mimicking endogenous
induction events and exposing them to a combination of Wnt and low-level Smad activity
(Menendez et al., 2011). These induced neural crest cells were found to be multipotent, and
could differentiate into an array of neural crest derivatives including peripheral neurons, and
mesenchymal cell-derived osteocytes, chondrocytes, and adipocytes (Menendez et al.,
2011). It will be essential to identify the downstream factors that maintain neural crest
multipotency in response to these factors, and to dissect their function.

Il. Neural Crest Inducing Signals

The signaling inputs and transcription factors involved in neural crest specification,
migration and differentiation can be described as a gene regulatory network that defines
their individual and combinatorial roles in transcriptional regulation (Meulemans and
Bronner-Fraser, 2004; Sauka-Spengler and Bronner-Fraser, 2008; Betancur et al., 2010) The
signaling pathways involved in neural crest precursor formation, BMP, Wnt, FGF, and
Notch, act in concert to activate distinct sets of transcription factors during different stages
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of neural crest development. These transcription factors can be grouped into neural plate
border specifiers, neural crest specifiers, neural crest EMT/migration factors, and groups of
factors that direct the differentiation of neural crest cells into specific derivative cell types.
Importantly, a number of key neural crest factors are used reiteratively to control more that
one of these processes, and thus are required during multiple stages of neural crest
development (reviewed in Taylor and LaBonne, 2007).

Neural crest precursors are believed to arise in regions of intermediate BMP signaling at the
neural plate border. In Xenopus, while high levels of BMP signaling induces epidermal fate
and inhibition of BMPs leads to neural induction, partial inhibition of BMP signaling in cells
fated to give rise to epidermis leads to an expansion of the neural crest progenitor domain
(LaBonne and Bronner-Fraser, 1998). Endogenously, the intermediate levels of BMP
signaling at the neural plate border are generated by antagonistic interactions between the
high intrinsic levels of BMP signals in the ectoderm and the BMP antagonists (Cerberus,
noggin, chordin, and follistatins) produced by the organizer and neural plate forming regions
(Sauka-Spengler and Bronner-Fraser, 2008; Tribulo et al., 2003). Low level BMP signaling
is permissive but not sufficient for neural crest formation, indicating that additional signals
are required (Garcia-Castro et al., 2002; LaBonne and Bronner-Fraser, 1999).

FGF signaling has also been implicated in the induction of the neural crest in Xenopus, in
concert with attenuated BMP signaling (Monsoro-Burq et al., 2003). However, mouse
embryos lacking FGF receptor and zebrafish embryos without mesoderm undergo normal
neural crest development (Trokovic et al., 2003; Ragland and Raible, 2004). Wnt signaling
is involved in neural crest development from induction to migration. Various Wnt ligands,
Whntl, Wnt3a, Wnt6, Wnt7h, and Wnt8, are expressed in different tissues that are involved
in neural crest induction (Ikeya et al., 1997; Knecht and Bronner-Fraser, 2002; Jones and
Trainor, 2005). Wnts are secreted from the paraxial mesoderm in Xengpus and from non-
neural ectoderm adjacent to the neural folds in chick (Saint-Jeannet et al., 1997; Garcia-
Castro et al., 2002). The essential role of Wnt signaling during neural crest induction in
chick and Xenogpus has been demonstrated using gain and loss of function studies (Garcia-
Castro et al., 2002; LaBonne and Bronner-Fraser, 1998; Monsoro-Burg et al., 2003). Notch/
Delta signaling has also been implicated in early neural crest development in both frog and
chick embryos (Endo et al., 2002). In zebrafish, Notch signaling appears to regulate trunk
but not cranial neural crest cells (Cornell and Eisen, 2005). While the distinct contributions
that each of these signaling pathways makes to neural crest precursor formation remains to
be determined, together they control the expression of downstream effector transcription
factors broadly classified as neural plate border and neural crest specifiers.

lll. The Neural Plate Border —a zone of competence

During neural crest development, a subset of neural plate border cells begin to express
factors classified as neural crest specifiers. The neural plate border itself is defined by
collective expression of border specifier genes, including Msx1/2, Pax3/7, DIx3/5, Gbx2,
and Zicl (See review by Milet and Monsoro-Burq in this issue). The presumption is that
these factors act to restrict the adoption of neural plate and epidermal fates, while
maintaining competence to form cell types derived from the border zone, including the
neural crest. In Xenopus, BMP, Wnt and FGF are required for inducing the expression of
Msx1, Zicl, and Pax3 (Monsoro-Burg et al., 2005; Sato et al., 2005). Gain of function
experiments in Xengpus have shown that BMP and FGF can induce ZicZ and Pax3
expression, and that both transcription factors might be required for endogenous
specification of neural crest (Hong and Saint-Jeannet, 2007). FGF8 and Whnt signals can
cooperate to activate Pax3expression (Monsoro-Burqg et al., 2005), while perturbation
experiments in Xengpus have implicated FGF, Wnt, retinoids and Pax3 as regulators of
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Pax7 expression (Maczkowiak et al., 2010). While in most vertebrates Pax3and Pax7 share
similar expression domains, these factors show distinct functional specialization in both
chick and Xenogpus. Interestingly, their roles appear to be reversed between the two species:
in Xenopus Pax3 is essential for ectoderm and neural crest induction and Pax7 localized to
paraxial mesoderm, whereas in chick, Pax7 plays a role in neural crest induction (Sato et al.,
2005; Basch et al., 2006). Intermediate levels of BMP signaling can directly activate Msx2,
(Brugger 2004). Wnt signaling directly activates Gbx2, which in turn induces expression of
neural plate border specifier genes, MsxZ and Pax3 (Li et al., 2009). Thus, current
understanding suggests that interaction of signals from neural plate, epidermis (BMP, Wnt,
and Notch/Delta) and the underlying paraxial mesoderm (Wnt and FGF) induces neural crest
at the neural plate border (Huang and Saint-Jeannet, 2004). While much has been learned
about the transcription factors induced by these signaling pathways, little is known about the
direct transcriptional targets of these neural plate border and neural crest specifiers.
Improving the resolution of the current neural crest GRN will require a better understanding
of the distinct contributions that each of the border specificers makes to the subsequent
formation of neural crest precursors.

IV. The Neural Crest Specifiers

The onset of expression of neural crest specifier genes occurs during mid to late gastrulation
in Xenopus and at mid-gastrula stage (HH4+) in the chick (Basch et al., 2006). The earliest
expressed neural crest specifier genes include Snaill, Snail2 (Slug), Sox8, Sox9, FoxDa3,
Twist, Ets1, AP2a, cMycand /d genes. The temporal expression of these genes can vary
among vertebrates, particularly with respect to paralogs that arose as a consequence of
genome duplications. It is also worth noting that ¢c-myc, which is expressed at the neural
plate border as early as stage 11 (mid gastrula) in Xenopus, is also expressed in the anterior
border region/transverse neural fold that does not give rise to neural crest (Bellmeyer et al.,
2003). Its expression commences earlier that that of other neural crest specifiers such as
Snail2and Sox9, and is broader in neural crest forming regions. This suggests that c-myc,
and its downstream target 1d3 (Light et al., 2005), might function to bridge the “neural plate
border” and “neural crest precursor” state, and this will be an important area of future study.
It is also essential to understand the contributions that each of the neural crest specifier
factors make to the neural crest precursor state. This is complicated by the reiterative use of
many of these factors for the regulation of multiple steps in neural crest development. We
discuss below our current understanding of the role and regulation of key neural crest
specifiers.

Snail family of transcription factors

Snail2 (Slug) and Snaill are paralogous factors that arose as a consequence of genomic
duplication. While one of these zinc finger transcriptional repressors is always expressed in
the premigratory neural crest (Locascio et al., 2002) they have each subfunctionalized
differently in various model organisms. For example, in chick and Xenopus Snail2 plays the
predominant role in premigratory neural crest whereas in mouse Snaill is expressed in these
cells (Sefton et al., 1998). This “swapping” suggests a high degree of functional
conservation.

The induction and regulation of Snail2 expression in neural crest forming regions is the
focus of much study. Sna//2 can be induced by canonical Wnt and intermediate levels of
BMP signaling in Xenopus animal pole explants (LaBonne and Bronner-Fraser, 1998).
Consistent with this neural crest regulatory regions of the mouse Snail2 promoter contain
Smad1 and Tcf/Lefl sites (Conacci-Sorrell et al., 2003), and the Xenopus Snail2 promoter
contains a required LEF-1 binding site (Sakai et al., 2005; Vallin et al., 2001). Notch
signaling, and its downstream target Hairy2, have also been implicated in regulation of
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Snail2in Xenopus (Glavic et al., 2004). Neural plate border specifiers regulate Snail2
expression; Zicl and Pax3/7 can both induce Snail2 expression in Xenopus whereas Msx1
has been shown to do so in chick (Meulemans and Bronner-Fraser, 2004; Sato et al., 2005;
Tribulo et al., 2003), although in none of these cases has the regulation been shown to be
direct. Work in Xenopus has suggested that co-activation of both Zic1 and Pax3/7 is a
decisive event in induction of Sna//2 at the neural plate border, although here Wnt signals
are required as well (Sato et al., 2005).

Once induced, Snail family proteins play multiple essential roles in neural crest
development. In Xengpus and in chick, Snail2 is required for both specification of neural
crest precursors and for the subsequent migration of these cells (Mancilla and Mayor, 1996;
LaBonne and Bronner-Fraser, 1998; Sefton et al., 1998). Ectopic expression of Snail2 in the
chick neural tube leads to increased production of migratory neural crest in cranial regions
(Locascio and Manzanares, 2002). However, in chick neural tube the delamination of trunk
neural crest cells can be blocked by overexpressing the BMP antagonist Noggin, in chick
neural tube without altering Snail2 expression (Sela-Donenfeld and Kalcheim, 1999). This
suggests both that Snail2 is not sufficient for delamination and that there may be at least
partially distinct mechanisms for controlling neural crest delamination at different axial
levels. Importantly, despite its widely conserved role as a core EMT regulatory factor,
Snail2 does not appear to be required for neural crest migration in mice (Jiang et al., 1998),
again suggesting the possibility of distinct regulatory mechanisms. Little is known about the
direct targets of Snail-mediated repression in premigratory neural crest cells although a
recent study presented evidence that Snail2 and the neural plate factor Sox3 reciprocally
inhibit each others expression at the neural plate border (Acloque et al., 2011).

As discussed above, Snail family proteins play additional roles in neural crest development
beyond their role as neural crest specifiers, most prominently in the triggering of EMT/
migration. Their role as core EMT regulatory factors is conserved in other developmental
and pathological contexts, including gastrulation (Carver et al., 2001; Mayor et al., 2000),
formation of the cardiac cushions (Romano and Runyan, 2000), closure of the palate
(Martinez-Alvarez et al., 2004) as well as tumor metastasis (Alves et al., 2009; Hemavathy
et al., 2000). In contrast to the paucity of known Snail targets in the premigratory neural
crest, there are a number of well characterized regulatory targets related to EMT in other
cellular systems including E-cadherin, tight junction molecules such as claudins and
occludins, and cell polarity molecules including Crumbs3 and Discs large (Peinado and
Olmeda, 2007; Moreno-Bueno and Portillo, 2008; Ikenouchi et al., 2003). Moreover, Snail2
represses the expression of Cadherin6B in the premigratory neural crest cells (Taneyhill et
al., 2007). The involvement of Snail family proteins in both the formation of the stem cell
like neural crest precursors and in the profound behavioral changes associated with EMT/
migration suggests that there must be tight context dependent control over the activity of
these proteins. Mechanisms for accomplishing this are beginning to be uncovered and will
be discussed below. Intriguingly, Snail and Snail2 have recently been linked to the
generation and maintenance of cancer stem cells. (Inoue et al., 2002; Kurrey et al., 2009
Mani et al., 2008 Guo et al., 2012). This suggests that a role in imparting stem cell-like
characteristics may be a fundamental function of these proteins, and that “stemness” may be
in some way coupled to the potential for EMT and invasive behavior.

SoxE family of transcription factors

In addition to Snail proteins, the SoxE family of transcription factors, Sox8, Sox9 and Sox10
are among the central players regulating the development of neural crest cells. In every
vertebrate examined to date, one or more of these factors is required for specifying neural
crest precursor cells, maintaining their multipotency, and promoting their survival (Haldin
and LaBonne, 2010). Subsequently, SoxE proteins play instructive roles in the formation of
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multiple neural crest lineages including chondrocytes, melanocytes, and peripheral nervous
system components such as Schwann cells (peripheral glia). Interestingly, SoxE factors play
multiple context-dependent roles in the neural crest. In Xengpus, all three SOXE genes, Soxé,
Sox9and Sox10, are coexpressed in neural crest progenitors at the neural plate border (Aoki
et al., 2003; Spokony et al., 2002). In chick and mouse, Sox9and SoxI0are both expressed
in neural crest progenitors prior to Sox& (Southard-Smith et al., 1998; Cheung and Briscoe,
2003).

As with many vertebrate factors that arose via duplication, SoxE factors, expressed
differentially at later stages, have subfunctionalized. Sox9becomes restricted to
ectomesenchymal crest in the border of cranial regions (Spokony et al., 2002; Cheung and
Briscoe, 2003; Zhao et al., 1997) whereas, following transient expression in migratory
neural crest, SoxZ0expression persists in cells that will give rise to the cranial glia as well as
in melanocyte precursors (Kim et al., 2003; Carney et al., 2006; Bondurand et al., 2001).
Sox& expression overlaps with both Sox9and Sox10in several neural crest domains (Aoki
et al., 2003; Montero et al., 2002). In zebrafish, while Sox&is undetectable until after
hatching, one of the two more recent, teleost-specific Sox9 paralogs, Sox9b, is expressed in
early neural crest progenitors (Yan et al., 2005; Chiang et al., 2001) and Sox10expression
commences subsequently. By contrast, Sox9a is not expressed in the neural crest at these
stages (Dutton et al., 2001).

The role and regulation of Sox9 and Sox10 during neural crest development has been the
focus of considerable study. With respect to how expression of these factors is established in
neural crest forming regions, enhancers driving their expression have been analyzed in a
number of systems. A detailed study on mouse Sox10 gene regulation identified multiple
functional enhancers with binding sites for Sox9, Sox10, Pax3, AP2a, Lefl, FoxD3 and
Slug (Werner et al., 2007). In zebrafish, a cis-regulatory element has been characterized in
the first intron of Sox10 that includes essential Tcf/LEF sites, suggesting regulation by Wnt
signals, as well as binding sites for SoxE proteins and FoxD3 (Dutton et al., 2008). A Sox10
regulatory region identified in the chick is directly controlled by Ets1, cMyb and Sox9
transcription factors, confirming studies suggesting that Sox10 is a direct SoxE target
(Betancur et al., 2010). Multiple tissue specific Sox9 enhancers have also been identified in
the mouse, with binding sites for AP2a., Lefl, Ets, DIx, Otx, and Pbx (Bagheri-Fam et al.,
2006).

SoxE function is essential for the formation of neural crest precursor cells. Morpholino-
mediated depletion of Sox9 in Xenopus results in loss of expression of other neural crest
specifiers including Snail2, FoxD3, and Sox10 (Aoki et al., 2003; Lee et al., 2004; Spokony
et al., 2002). This loss of neural crest precursors led to subsequent defects in the craniofacial
skeleton, similar to what is seen in Sox9 knockout mice (Bi et al., 1999). Gain and loss of
functional experiments in Xengpus embryos have indicated that both Sox9 and Snail2 act as
upstream regulators of SoxZ0expression in the neural crest (Aoki et al., 2003), however
given that Snail2 functions as a repressor, its regulatory contributions promoting Sox0are
likely to be indirect. In the chick it has also been shown that Sox9 functions in the formation
of neural crest progenitors, as well as by instructing the formation of specific neural crest
derivatives, and it may also influence neural crest delamination (Cheung and Briscoe, 2003;
Cheung et al., 2005).

It is intriguing that SoxE factors act first to instruct the formation of neural crest stem cells,
and then subsequently to direct a loss of potency and the adoption of specific derivative
fates. Sox10, for example, directs the formation of neural crest derived melanocytes, in part
by activating the major melanocyte differentiation factor, Mitf (Aoki et al., 2003).
Consistent with this, one of the main defects in Sox10 mutant embryos, including the
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zebrafish colorless (cls) mutant and the Dominantmegacolon (Dom) mouse, is in the
melanocyte lineage. Sox10 also regulates genes important for the formation of glial cells in
the peripheral nervous system (Stolt and Wegner, 2010). Sox9, by contrast, directs the
formation of ectomesenchynal neural crest, where it has regulatory targets that include the
chondrocyte-specific enhancer of the collagen gene Col2al (Lefebvre et al., 1997).

Several studies link SoxE function with maintenance of stem cell state. In the developing
peripheral nervous system, Sox10 maintains multipotency by preserving both neuronal and
glial potential. In a dose dependent manner Sox10 also functions to inhibit neuronal
differentiation and promote gliogenesis (Kim et al., 2003). Of particular interest with respect
to neural crest progenitor formation is a recent report that Sox9 can function together with
Snail2 to determine the mammary stem cell state (Guo et al., 2012). Snaill can substitute for
Snail2 in mediating the formation of these stem cells, but neither Foxd3 nor Twist, nor
surprisingly c-myc, could replace Sox9 (although other SoxE family factors were not
assayed). Together with some recent data from cancer stem cells (Mani et al., 2008; Morel et
al., 2008) these findings suggest a fundamental link between the neural crest regulators Sox9
and Snail2, and the stem cell state. Moreover, while this and other studies suggested that
Snail2 may contribute to stemness by virtue of its ability to promote EMT, Sox9 activates a
distinct gene regulatory program that cooperates with the EMT program to promote
stemness (Guo et al., 2012).

Another transcription factor that plays a key regulatory role in the maintenance of neural
crest cell multipotency is the winged helix transcription factor FoxD3 (Teng et al., 2008). In
mouse, Foxd3is expressed in both pre-migratory and early migrating neural crest cells, and
in most lineages its expression is down regulated as cells differentiate (Labosky and
Kaestner, 1998). Thus, Foxd3expression suggests a link to multipotency, and an elegant
study using lineage mapping and clonal analysis in mouse has recently provided a direct link
between FoxD3 function and neural crest stemness and self-renewal (Mundell and Labosky,
2011). Prior loss-of-function studies in Xenogpus, zebrafish, and mouse had suggested a
central role for Foxd3 in early neural crest development (Teng and Labosky, 2006; Lister et
al., 2006; Montero-Balaguer et al., 2006; Sasai et al., 2001; Stewart et al., 2006). The more
recent work demonstrates a cell-autonomous requirement for Foxd3 in maintaining both
self-renewal and multipotency of neural crest cells (Mundell and Labosky, 2011). Moreover,
this study further demonstrates that FoxD3 subsequently functions to repress
ectomesenchymal cell fates and preserve neuronal/glial potential. Interestingly, FoxD3 is
also linked to the maintenance of multipotency in other progenitor cells (Hanna et al., 2002;
Liu and Labosky, 2008; Tompers et al., 2005). It will be important to determine the key
Foxd3 regulatory targets in these cell populations. In chick and mouse ectopic expression of
FoxD3 leads to upregulation of Sox10, cadherin-7and B1-integrin, although it is not known
if these are direct targets (Dottori et al., 2001; McKeown et al., 2005; Cheung et al., 2005).
FoxD3 mediated control of multipotency is context dependent, however, as this factor can
also repress melanogenesis and promotes neural/glial fates (Kos et al., 2001).

Other neural crest specifier transcription factors

While Snail, SoxE and Foxd3 families of transcription factors are clearly among the central
neural crest specifier factors, and all have links to the control of multipotency in multiple
systems, a large number of other, less well-studied, factors are included in this category. The
key roles of c-myc and the Id genes (Bellmeyer et al., 2003; Light et al., 2005; Kee and
Bronner-Fraser, 2005) have already been discussed, and these may act upstream of the other
“specifier” factors. Another example is AP2, reiteratively used during neural crest
formation; first at the neural plate border, as a mediator of Wnt signaling in induction of
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Pax3 and later in neural crest specification (De Crozé et al., 2011). Importantly, this
hierarchical relationship seems also to be present in Lamprey, the extant proxy for the basal
vertebrate (Nikitina et al., 2011).

Like the Snail family, the bHLH protein Twist is both a neural crest specifier and a core
EMT regulatory factor that is linked to turmor cell metastasis (Yang et al., 2006). Twist
proteins contain a basic domain that interacts with Ebox DNA recognition sequences
(‘CANNTG?’) and a helix-loop-helix domain that mediates dimerization with another Twist
protein or with E12/E47 (Connerney et al., 2006). Twist is distinguished from other neural
crest specifier factors by the restriction of its expression to cranial regions of the embryo,
suggesting that this protein could play a role in endowing cranial neural crest precursors
with the ability to give rise to mesectodermal derivatives such as cartilage and bone. Like
Snail, Twist has recently been linked to the formation of cancer stem cells (Fang et al., 2010;
Vesuna et al., 2009; Yang et al., 2010), although it cannot substitute for Slug/Snail in
cooperating with Sox9 to promote the mammary stem cell state (Guo et al., 2012). A better
understanding of the function and regulation of Twist is thus essential to understanding
neural crest stem cell formation and migration, as well as the related states in tumor
formation and metastasis.

cMyb and Ets1 are additional, recently identified neural crest specifier genes. In trunk neural
crest, knockdown of cMyb causes reduction in Snail2 expression (Karafiat et al., 2005). Ets
factors are common downstream effectors of Ras/Map kinase signaling (Nelson et al., 2010)
which makes Ets1 a good candidate for mediating FGF signals during neural crest
formation. However, current evidence seems to implicate Ets1 in cell cycle regulation as
well as in the regulation of integrins, cadherins and MMPs (Fafeur et al., 1997; Rosen et al.,
1994; Wasylyk et al., 1998). The presence of E#s1 expression in the cranial neural crest that
delaminate in a sheet-like fashion may obviate the need of those cells to arrest in G1 phase
prior to emigration, as trunk neural crest do (Théveneau et al., 2007). Ectopic expression of
Ets1 in trunk region of chick embryos causes cell cycle independent migration of neural
crest similar to cranial neural crest (Sauka-Spengler and Bronner-Fraser, 2008; Betancur et
al., 2010). Also in chick, ectopic expression of Ets1 in cranial neural crest leads to
progressive migration at the basal side of neural tube, but these cells do not express neural
crest markers and undergo apoptosis (Théveneau et al., 2007). The differential expression of
Ets1, and its role in neural crest emigration, suggests variable control of neural crest GRN
function at different axial levels.

An additional family of Sox transcription factors important for neural crest development is
the SoxD factors, including Sox5 (L-Sox5) and Sox6. Consistent with an essential role for
these factors, mice mutant for Sox5 and Sox6 show a virtual absence of all cartilage (Smits
et al., 2001). Interestingly, expression of both SoxD factors appears to be under the control
of Sox9 (Akiyama et al., 2002; Perez-Alcala et al., 2004). L-Sox5is expressed in
premigratory and early migrating neural crest cells in the chick (Perez-Alcala et al., 2004)
and in Xenopus (Nordin and LaBonne, unpublished) it co-localizes with Sox10 and Mitf in
the melanocyte lineage (Stolt et al., 2008). Sox5 is also expressed in the Peripheral Nervous
Sysem (PNS), in the NC-derived trigeminal ganglion, and differentiating neurons of the
cranial ganglia. It is co-expressed with SoxI0in the satellite glial cells of the cranial ganglia
(Morales et al., 2007) and in Schwann cells (Perez-Alcala et al., 2004).

SoxD family proteins appear to function, at least in part, by modulating the activity of SoxE
proteins such as Sox9 and Sox10. L-Sox5 and Sox6 bind HMG-like consensus sites in the
Col2A1 enhancer as homodimers, and cooperatively enhance the activation of Col2A1 by
Sox9 (Lefebvre et al., 1998). SoxD proteins are also likely to modulate SoxE function
during other aspects of neural crest development. For example, L-Sox5 can inhibit Sox10
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mediated activation of the Mitf and Dct promoters. This may be mediated, in part, by the
ability of L-Sox5 to recruit co-repressors such as HDAC1 and CtBP2 (Stolt et al., 2008).
These effects contrast greatly with what occurs on the Col2al promoter, where L-Sox5 and
Sox9 cooperatively recruit co-activators (Hattori et al., 2008), highlighting the importance of
context in determining the functional output of these factors.

V. Post-Transcriptional Regulation of Neural Crest Specifiers

Much work has been done toward understanding the upstream signals and transcriptional
response factors that direct the development of neural crest cells. These components have
also been incorporated into a systems level model in the NC-GRN (Figure 1). It is important
to keep in mind, however, that most of these regulatory proteins are used reiteratively during
neural crest development, and therefore mechanisms must exist to control their function in a
context dependent manner. While combinatorial transcriptional control is clearly one way
that context can be imposed, recent work suggests that post-translational regulatory
mechanisms make key contributions (Taylor and LaBonne, 2007).

Post-translational modifications (PTMs) can play essential roles in regulating the functional
output of a protein. For example, in the neural crest, ubiquitination of Snail proteins is an
important mechanism of context-dependent control. As discussed above, Snail proteins are
used reiteratively for the formation of neural crest stem cells and the subsequent EMT/
migration of these cells. Recent work has indicated that the cellular levels of Snail proteins
are an important determinant of the outcome of their expression on neural crest cell
development (Vernon and LaBonne, 2006). Snail1/Snail2 protein levels are regulated by the
ubiquitin-proteasome system (UPS), and they can be targeted for proteasomal degradation
by the F-box protein, Partner of paired (Ppa, also known as FBXL14), which serves as the
substrate recognition component of an SCF (Skp-Cullin-F-box) E3 ligase. Ppa expression is
dynamically expressed during neural crest development, and stabilized Snail2 protein that
cannot be targeted by Ppa induces premature neural crest migration, demonstrating the
necessity of tight regulation (Vernon and LaBonne, 2006). It is likely that many additional
mechanisms also contribute to controlling Snail protein function in a context-dependent
manner. Mammalian Snail, for example, is regulated by GSK3p phosphorylation, which
regulates both its sub-cellular localization and beta-Trcp-mediated ubiquitination (Zhou et
al., 2004). Interestingly, however, this regulation is not conserved in Snail2 or in anamniote
Snail proteins (Vernon and LaBonne, 2006).

Like Snaill and Snail2, Twist is both a neural crest specifier and a core EMT regulatory
factor. It was recently demonstrated that despite their structural diversity, Twist, a bHLH
factor, and the zinc finger transcriptional repressors Snail1/Snail2, share a common
regulatory mechanism. These factors, together with another core EMT factor Sipl (also
called Zeb2), are all targeted for proteasomal degradation by the same F-box protein Ppa
(Lander et al., 2011). The functions of numerous developmental regulatory proteins are
regulated, at least in part, by the threshold concentrations of that protein and the net
accumulation of protein product as determined by expression and protein turnover. What is
remarkable here is that a common targeting mechanism has evolved to control the activity of
a core group of functionally linked but structurally diverse factors. Studies in tumor cells
have also identified Protein kinase B (PKB/Akt) mediated phosphorylation of Twist-1 at
serine 42 as an important means of controlling its activity (Vichalkovski et al., 2010). It will
be of interest to examine possible roles for PKB in neural crest development.

SoxE factors can be regulated post-translationally by both phosphorylation and
SUMOylation. PKA (cAMP-dependent protein kinase A)-mediated phosphorylation of Sox9
regulates its transcriptional activity as well as its nuclear localization (Huang et al., 2000).
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Interestingly, PKA activity has been reported to be high in the murine dorsal neural tube
(Chen et al., 2005). Mutation of the Sox9 PKA sites to alanine, preventing its
phosphorylation, impaired the ability of Sox9 to mediate EMT, but did not affect its ability
to induce ectopic Snail2 expression (Sakai et al 2005). PKA-mediated phosphorylation can
thus contribute to context-dependent control of Sox9 function.

SUMOylation of transcription factors can affect their sub-cellular localization, DNA
binding, protein—protein interactions and transcriptional activity (Gill, 2004). SUMO
modification of SoxE transcription factors profoundly affects their function during early
ectodermal patterning (Taylor and LaBonne, 2005). SUMO maodification of Sox9 or Sox10
was found to inhibit the ability of these factors to induce neural crest progenitor cells;
instead they promoted inner ear formation. SoxE factors with mutations in the SUMO
acceptor sites displayed enhanced neural crest inducing activity and antagonized ear
formation. SUMOQylation of Sox10 has also been shown to inhibit activation of MITF
(Girard and Goossens, 2006). SUMOylation converts SoxE factors to transcriptional
repressors by mediating the recruitment of Grg4 (P.C. Lee and C. LaBonne, unpublished).
These findings highlight the importance of SUMOylation as a versatile post-translational
modification that can contribute to the context dependent control of reiteratively used
regulatory factors.

SUMOylation of Ets1 has also been reported, although not in neural crest cells. SUMO
modification here leads to reduced transactivation capacity (Ji et al., 2007). Etsl isa
downstream target of RAS/MapKinase signaling (Nelson et al., 2010), and thus Map kinase
dependent Ets1 phosphorylation is likely to occur in response to FGF signaling in the neural
crest. Studies using human fibroblasts have also demonstrated that Ets1 can be acetylated in
response to TGF-B, and the acetylated form of Ets1 preferentially associates with p300/CBP
complexes (Czuwara-Ladykowska et al., 2002). Acetylation of non-histone proteins has
been implicated in a growing number of transcriptional regulatory processes (Spange et al.,
2009). Reversible acetylation can influence subcellular localization, protein-protein
interactions, degradation, and many other aspects of protein function, and it will be
important to determine if Ets1 and other neural crest specifiers are modified in this manner.

MicroRNAs can control protein levels by repressing mMRNA translation (Carthew, 2006) or
by mRNA cleavage. It is intriguing to speculate that miRNA families implicated in the
regulation of cancer stem cells and EMT/metastasis might also play a role in neural crest
development. These include the miR-200 family, miR-10b, miR-373, and miR-520c (Huang
et al., 2008). The miR-200 family is known to downregulate EMT factor Zebl (Park et al.,
2008), while miR-141 and miR-200c expression can be suppressed by Zebl and Snaill to
maintain the mesenchymal phenotype in colon carcinoma cells (Burk et al., 2008). Given the
central role that other EMT regulatory factors play in the neural crest, it will be important to
determine if these mMiRNAs also play essential roles.

In support of this possibility, it has been shown in Xenogpus, that loss of Dicer, or of
miR-200b, miR-96 and miR-196a, leads to severe neural crest migration defects, and may
also be involved in neural crest induction (Gessert et al., 2010). Conditional Dicer knockout
in murine neural crest led to failure of neural crest differentiation (Liu et al., 2011). A
comprehensive study has identified a range of miRNA expressed in developing neural tube
and their gene targets in mouse embryos (Mukhopadhyay et al., 2011). Two of the miRNAs
identified, miR-19a and miR-19b, could be of significant interest during neural crest
development. Both are expressed in the neural tube between gestational days 8.5-9.5, and /n
silico analysis predicts targets that include TGFp signaling ligands, Wnt ligands (Wnt3a and
Whnt7a), and 1d2, all of which are involved in neural crest development. Thus, studies are
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starting to uncover essential post-transcriptional regulation by miRNAs in neural crest
development, and it will be important to build a comprehensive view of miRNA expression
and function into the neural crest gene regulatory network.

VI. Epigenetic Control of the Neural Crest State

Epigenetic contributions to the control of the NC-GRN are an emerging area of focus in the
field. The regulation of higher order chromatin structure via histone modifications and
association of chromatin remodelers that catalyse those modifications, as well as
modifications of the DNA proper, is undoubtedly of high significance to understanding the
formation of neural crest progenitors and their subsequent development as chromatin state
dynamics will have direct consequences for the recruitment of the transcriptional activation
or repression machineries. In building our understanding of how the expression of neural
crest specifiers is initiated, it will be important to take into account variables such as the
presence of histone variants, modification of histones, the role of ATP-dependent chromatin
remodeling factors, and their effects on chromatin structure in prospective progenitor cells.
Indeed, given the unusual increase in developmental potential that underlies the formation of
the neural crest precursor population, and the fundamental role that epigenomics plays in the
regulation of stemness more generally, this level of regulation in neural crest progenitors is
likely to be of central importance.

The best-characterized histone modifications are post-translational modifications of histone
tails by methylation, acetylation, phosphorylation, and ubiquitination (Berger, 2007).
Additional histone modifications include sumoylation, ADP ribosylation, and deamination,
and the non-covalent proline isomerization (Gibney and Nolan, 2010). Histone
modifications contribute to the control of gene expression by recruiting chromatin modifiers
and transcriptional activators or repressors. Histone methylation, in particular, is a widely
studied modification. For example, methylation of histone H3 subunit on the fourth and
twenty seventh lysine residue (H3K4me3 and H3K27me3) is catalyzed by histone methyl
transferases of the Trithorax (TrxG) and Polycomb group and plays a central role in flagging
the active and repressed loci, respectively (Barski et al., 2007; Pan et al., 2007; Liu and
Xiao, 2011). H3K4me3, together with H3K36me3 are frequently considered transcriptional
activation marks (predominantly found in promoter or body of the gene, respectively)
whereas H3K9me3 and H3K27me3 are considered to be repressive marks the latter
considered to be a key signal for Polycomb-mediated repression (Simon and Kingston,
2009). Genome wide analysis of histone methylation states in early Xenopus embryos
during gastrulation confirmed H3K4me3 and H3K27me3 are marks for active and repressed
genes respectively (Akkers et al., 2009). Similarly, in 24 hpf (hours post-fertilization)
zebrafish embryos, H3K4me3 and H3K4mel marks are found at putatively active gene
targets (Aday et al., 2011). Recent analysis of embryonic stem cells emphasized the
importance of these histone marks, as well as histone acetylation, in identifying active and
repressed genes as well as distant active sites of regulatory activity (Rada-Iglesias et al.,
2011). This study further suggested that H3K27me3 marked genes were in a poised state in
advance of developmental roles in gastrulation, mesoderm formation and neurulation.
Additionally they showed that poised enhancers could drive spatially and temporally correct
patterns of reporter expression in zebrafish despite the absence of clear sequence
conservation (Rada-Iglesias et al., 2011). Epigentic signatures can thus be utilized for
efficient identification of functional enhancer regions of developmentally important genes.

Jumonji family histone demethylases, have recently been shown to play an essential role in
neural crest development, highlighting the importance of epigenetic regulation in these cells.
This study provided evidence that a member of this family, JmjD2A, mediates
demethylation of H3K9me3 that is required for activation of neural crest specifier genes
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S50x9, Sox10, FoxD3, and Snail2 (Strobl-Mazzulla et al., 2010). Consistent with such a role,
JmjD2A is expressed in the neural plate but then downregulated in migrating neural crest
cells (Strobl-Mazzulla et al., 2010). Another recent study has shown that CHD7
(chromodomain helicase DNA-binding domain), an ATP-dependent chromatin remodeler
related to the Drosophila trithorax-group factor Kismet, is essential for the formation and
migration of neural crest cells (Bajpai et al., 2010). This study found that CHD7 association
with distant enhancer elements is essential for activation of numerous neural crest specifiers
including Sox9, Twistand Slug. In neural crest cells induced from human ES cells, CHD7
was also found to associate with PBAF a SWI/SNF family chromatin-remodelling
complexes, and occupy an neural crest specific Sox9 enhancer as well as a regulatory
element upstream of Twist.

Histone acetyl transferases (HATS) acetylate histones whereas histone deacetylases
(HDACs) remove these groups (Carrozza et al., 2003; Hsieh et al., 2004). Histone
acetylation increases the accessibility of DNA to transcription factors and promotes gene
transcription, while deacetylation of histones results in a more compact chromatin
confirmation resulting in silencing of gene expression (Jenuwein and Allis, 2001). HDACS8
has been shown to be essential for cranial neural crest cells to form the craniofacial skeleton
(Haberland et al., 2009). Mice deficient for HDACS8 show derepression of important
regulatory factors including Otx2and L/x1 and other homeobox genes normally not
expressed in cranial neural crest cells. The most remarkable aspect of this work is the
finding that broadly expressed factors such as Class | HDACs can have such highly specific
developmental functions (Haberland et al., 2009). While we have barely scratched the
surface in understanding the contributions of chromatin regulatory mechanisms to the
formation and development of neural crest cells, it is clear that is will be an important and
fruitful area of future investigation. Understanding the epigenetic landscape of neural crest
progenitors should shed important light on the acquisition of stem cell characteristics in
general, and the mechanisms that led to the evolution of vertebrates.

Conclusion

Our current insights into neural crest development are based mainly on gene expression
analyses using /n situ hybridization and immunohistochemistry, combined with perturbation
analysis of individual genes and signaling pathways. These powerful approaches have
provided the enormous amounts of data that seed our present understanding of the neural
crest regulatory network. System wide approaches are beginning to be employed to identify
additional neural crest regulatory factors, their targets, and epigenetic marks characteristic of
these cells from their induction through their differentiation. Fully deciphering the role and
regulation of signaling pathways and transcription factors that are key players in the GRN
will require understanding the contributions of epigenetics regulation as well as post-
transcriptional/translational modifications. Indeed, a central challenge to understanding
complex developmental processes such as neural crest development on a systems-wide level
is to understand how the function of each protein in the network is controlled, individually
and coordinately. This is of particular importance given the reiterative usage of many of
these key factors in the neural crest gene regulatory network and the links that many of these
factors have to the acquisition of stem cell characteristics and developmental potency.
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Figure 1A
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Figure 1B
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Figure 1.

A, B Gene regulatory network (GRN) view of regulatory networks involved in neural crest
induction using data from multiple vertebrate models. GRNs show active genes and
interactions (white) inactive genes and interactions (grey) in neural plate border (A) and
premigratory neural crest (B) stages, and include neural plate border specifiers (green) and
neural crest specifiers (red). The GRN summarizes both perturbation data (dashed lines) and
cis-regulatory data (solid lines) from different model systems. Proteins denoted by white
circles, intracellular interactions by double arrows extracellular ligands by diamond shape.
Indirect or presumed interactions depicted by dashed line. The model was build using
BioTapestry software (Longabaugh et al., 2009).
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Figure2.

Summary of regulatory inputs leading to the formation of the neural crest progenitor
population. The neural plate border region receive signals from neural and non-neural
ectoderm, and underlying mesoderm, to establish a zone of competence at the neural plate
border that expresses border specifiers including Pax3/7, DIx3/5, Zicl, Msx1, AP2a...
Neural plate border specifiers function together with extracellular signals to induce the
expression of neural crest specifiers, including Pax3/7, 1d, Snail1/2, Sox9/10, FoxD3, Twist,
several of which have links to the establishment of stem cell attributes in multiple systems.
Post-transcriptional, post-translational and epigenetic regulatory mechanisms play key roles
in both the establishment of the zone of competence at the neural plate border, and the
induction of the neural crest progenitor population within the border region. P-
phosphorylation, SU-SUMOQylation, Ub-ubiquitination.
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