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Abstract
The neural crest and craniofacial placodes are two distinct progenitor populations that arise at the
border of the vertebrate neural plate. This border region develops through a series of inductive
interactions that begin before gastrulation and progressively divide embryonic ectoderm into
neural and non-neural regions, followed by the emergence of neural crest and placodal
progenitors. In this review, we describe how a limited repertoire of inductive signals – principally
FGFs, Wnts and BMPs – set up domains of transcription factors in the border region which
establish these progenitor territories by both cross-inhibitory and cross-autoregulatory interactions.
The gradual assembly of different cohorts of transcription factors that results from these
interactions is one mechanism to provide the competence to respond to inductive signals in
different ways, ultimately generating the neural crest and cranial placodes.

INTRODUCTION
The entire peripheral nervous system is derived from two multipotent progenitor domains
that arise at the border of the future neural plate and epidermis. The neural crest, which
forms along almost the entire length of the neuraxis, will generate the neurons and glia of
the sensory and autonomic nervous systems, secretory, pigmented and mesenchymal cells as
well as the bone and cartilage of much of the face (Betancur et al., 2010; Le Douarin and
Kalcheim, 1999; Milet and Monsoro-Burq, 2012; Prasad et al., 2012; Stuhlmiller and
Garcia-Castro, 2012a). In the head, the craniofacial placodes are a second population of
progenitors that give rise to sensory structures such as the olfactory epithelium, the entire
inner ear, neurons in a variety of cranial sensory ganglia, the lateral line system in
anamniotes and accessory sensory structures such as the lens of the eye (Baker and Bronner-
Fraser, 2001; Graham and Shimeld, 2013; Schlosser, 2005, 2010). They derive from a
molecularly distinct domain in the neural plate border termed the pre-placodal region
(Bailey and Streit, 2006; Bhattacharyya and Bronner-Fraser, 2004; Grocott et al., 2012;
Schlosser, 2006; Streit, 2007). The development of neural crest and placodes is intimately
associated with the induction of the neural plate. At early stages in neural induction, the
border between the future anterior neural plate and epidermis contains cells capable of
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forming neural tissue, neural crest, placodal derivatives and epidermis (Baker et al., 1999;
Basch et al., 2000; Bhattacharyya and Bronner-Fraser, 2008; Gallagher et al., 1996; Groves
and Bronner-Fraser, 2000; Hans et al., 2007; Köster et al., 2000; Kwon et al., 2010; Pieper et
al., 2012; Streit and Stern, 1999). A series of inductive interactions between border cells and
the neural plate, epidermis and underlying mesoderm gradually partition the border region
into two spatially and molecularly distinct domains, with neural crest forming immediately
adjacent to the neural plate and the pre-placodal region forming slightly more laterally.

Neural crest and cranial placodes share some superficial similarities: they both originate
from the border region, they can generate multiple cell types including sensory neurons and
secretory cells, and are capable of producing migratory cells. The weight of recent molecular
data and comparative studies of non-vertebrate chordates suggests they may be separate
vertebrate innovations with independent evolutionary origins (Bronner and LeDouarin,
2012; Gasparini et al., 2013; Graham and Shimeld, 2013; Schlosser, 2005, 2008). The fact
that two distinct progenitor populations differentiate from a common embryonic region at
similar times raises the question of how these two cell populations become distinct from one
another and from the surrounding neural and epidermal tissue when presented with a similar
limited array of inducing signals.

In this review, we first summarize what is known about the cell-intrinsic transcription
factors and environmental signals that establish neural and non-neural ectoderm early in
development, and then describe some of the similarities and differences between placode
and neural crest induction at the border of the neural plate. A number of comprehensive
reviews of neural crest and cranial placode formation have appeared in the last few years
(Betancur et al., 2010; Grocott et al., 2012; McCabe and Bronner-Fraser, 2009; Milet and
Monsoro-Burq, 2012; Prasad et al., 2012; Sauka-Spengler and Bronner-Fraser, 2008;
Schlosser, 2006, 2010; Stuhlmiller and Garcia-Castro, 2012a), and we refer the reader to
these reviews for a detailed discussion of these inductive events. Here, we focus particularly
on the ways in which patterns of transcription factors are gradually established and spatially
refined within the developing border region, and how different cohorts of transcription
factors confer competence on different cell populations to respond to inducing signals in
different ways. Analysis of early events in neural crest and placode development has
benefited from studies in zebrafish, Xenopus, chicken and mouse embryos. Although the
precise timing of events and the identity of genes involved in these inductive processes can
differ somewhat between species, we draw on studies in all these model organisms to give a
consensus view of the major findings and unresolved problems in the field.

THE INDUCTION OF NEURAL AND NON-NEURAL ECTODERM
Most vertebrate embryos show some early division of the blastula into presumptive neural
(or “pre-neural”) and non-neural tissue before the onset of gastrulation. Pre-neural markers
such as ERNI, Geminin, Otx2 and Sox3 are expressed in future neural (dorsal) ectoderm
(Bally-Cuif et al., 1995; Kroll et al., 1998; Papanayotou et al., 2008; Rex et al., 1997; Streit
et al., 2000) and can be induced by neural inducing signals - FGF signals from underlying
hypoblast, anterior visceral endoderm or presumptive endoderm in amniotes, and Wnt and
BMP antagonists (Albazerchi and Stern, 2007; Papanayotou et al., 2008; Rogers et al., 2011;
Stern and Downs, 2012; Streit et al., 2000; Wilson and Edlund, 2001). At the same time, a
number of transcription factors that will become restricted to non-neural ectoderm are
expressed more laterally, including members of the Ap2, Dlx, Foxi, Gata2/3, and Msx
transcription factor families (Brown et al., 2005; Hans et al., 2007; Hoffman et al., 2007;
Knight et al., 2003; Li and Cornell, 2007; Luo et al., 2001a; Matsuo-Takasaki et al., 2005;
McLarren et al., 2003; Ohyama and Groves, 2004; Papalopulu and Kintner, 1993; Pera et
al., 1999; Phillips et al., 2006; Pieper et al., 2012; Sheng and Stern, 1999; Woda et al.,
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2003). Consistent with their expression in non-neural tissue, these transcription factors are
regulated by BMP and Wnt family members that are expressed in or adjacent to non-neural
ectoderm (Beanan and Sargent, 2000; Bhat et al., 2013; Hoffman et al., 2007; Hong and
Saint-Jeannet, 2007; Kwon et al., 2010; Matsuo-Takasaki et al., 2005; Pera et al., 1999;
Skromne and Stern, 2001; Wilson et al., 2001), although the precise time at which these
non-neural factors are expressed differs between species. Moreover, the requirement of these
non-neural genes for inductive signals can change rapidly over time – for example, Ap2,
Foxi1 and Gata2 require BMP signals for their expression in non-neural ectoderm before,
but not after gastrulation in zebrafish (Bhat et al., 2013; Kwon et al., 2010).

The domains of pre-neural and non-neural genes can overlap significantly prior to
gastrulation, but these domains become far more distinct as definitive neural tissue, marked
by genes such as Sox2, is induced by signals from the organizer (Rex et al., 1997; Streit et
al., 1997; Uchikawa et al., 2003). At this time, many non-neural genes become restricted to
regions close to the developing neural plate (Feledy et al., 1999b; Khudyakov and Bronner-
Fraser, 2009; Kwon et al., 2010; Pieper et al., 2012; Streit, 2002; Woda et al., 2003) under
the influence of specific levels of BMP and FGF signaling. A number of genes associated
with the early neural crest, such as Foxd3 also begin to be expressed in the border region
(Khudyakov and Bronner-Fraser, 2009) together with other markers of the border region
such as Zic genes (Hong and Saint-Jeannet, 2007; Monsoro-Burq et al., 2003). BMP, FGF
and Wnt signals all participate in the positioning of these genes at the neural plate border. It
should be stressed that the expression of genes in the border region at this stage is not
uniform, with some sets of genes being expressed more laterally in the border region than
others. The significance of these subdivisions at this stage is not clear and can vary between
different species. Nevertheless, it is notable that loss of function of many of the genes
expressed in the border region at this stage can produce phenotypes in neural, neural crest or
placodal derivatives (for example (Esterberg and Fritz, 2009; Hoffman et al., 2007; Li and
Cornell, 2007; Lillevali et al., 2006; Robledo and Lufkin, 2006; Woda et al., 2003), although
none of these genes appears to affect all border derivatives when disrupted individually.
This suggests that at this early stage in border formation, combinations of transcription
factor are preparing or priming the border region to respond to lineage-specific inducing
signals, but are not yet distinguishing the lineages one from the other. We will discuss this in
more detail later in the review.

Despite the heterogeneity that is already apparent in the border region at this stage, a number
of consensus conclusions regarding the decision between neural and non-neural ectoderm
emerge from studies in different species. First, non-neural genes are typically induced in
primitive ectoderm by BMP and Wnt signaling, whereas FGF signals promote early neural
markers and the subsequent differentiation of the neural plate in concert with Wnt and BMP
antagonists from the organizer (Levine and Brivanlou, 2007; Rogers et al., 2009; Wilson and
Edlund, 2001). Second, as definitive neural tissue emerges, mutually repressive interactions
between neural plate genes and border genes serve to refine and sharpen the neural plate
boundary. For example, over-expression of Dlx, Gata, Msx, Foxi and Ap2 factors can
repress neural markers such as Sox2, whereas loss-of-function experiments with the same
genes expand the neural plate at the expense of non-neural ectoderm (Feledy et al., 1999a;
Kwon et al., 2010; Linker et al., 2009; Luo et al., 2001b; Matsuo-Takasaki et al., 2005;
McLarren et al., 2003; Pieper et al., 2012; Tribulo et al., 2003; Woda et al., 2003). Finally,
positive autoregulatory interactions between different non-neural genes act to strengthen and
maintain the boundary between neural and non-neural domains (Kwon et al., 2010; Pieper et
al., 2012). For example, although Ap2, Foxi1 and Gata2 require BMP signals for their
induction in non-neural ectoderm, they do not require BMP for their subsequent
maintenance, and instead positively regulate one another’s expression (Bhat et al., 2013;
Kwon et al., 2010; Pieper et al., 2012). This positive autoregulation can be attenuated and
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stabilized by auto-inhibitory interactions of Foxi1 and Gata3 with their own enhancers (Bhat
et al., 2013).

INDUCTION OF THE PRE-PLACODAL REGION
After the establishment of neural and non-neural territories in embryonic ectoderm, future
neural crest and placodal lineages begin to be determined. We deal first with the pre-
placodal region, which is operationally defined by members of the Six and Eya families
(Grocott et al., 2012). The Six gene family (Six1-6) are homeodomain-containing
transcription factors that are homologous to the Drosophila sine oculis gene, and which can
form activating complexes with Eya (eyes absent) co-factors, or repressive complexes with
Groucho or Dach proteins (Christensen et al., 2008; Donner and Maas, 2004; Hanson, 2001;
Kawakami et al., 2000; Kumar, 2009; Wawersik and Maas, 2000). Six and Eya genes are
expressed in the anterior neural plate border region, extending from approximately the first
pair of somites to the most anterior regions of the neural plate (Ahrens and Schlosser, 2005;
Bessarab et al., 2004; Brugmann et al., 2004; Esteve and Bovolenta, 1999; Ishihara et al.,
2008; Kobayashi et al., 2000; Litsiou et al., 2005; McLarren et al., 2003; Mishima and
Tomarev, 1998; Pandur and Moody, 2000). By the early stages of neurulation this
expression domain lies slightly lateral to the neural crest progenitor domain at the edge of
the neural plate (Christophorou et al., 2009; Grocott et al., 2012; Litsiou et al., 2005; Streit,
2002). The Six-Eya-expressing region is believed to encompass the progenitors of all
craniofacial placodes and Six and Eya gene family members continue to be expressed in
many placodal derivatives as they differentiate (Ahmed et al., 2012a; Ahmed et al., 2012b;
Bessarab et al., 2004; Purcell et al., 2005; Schlosser, 2007; Xu et al., 1999; Zhang et al.,
2004; Zheng et al., 2003; Zhu et al., 2002; Zou et al., 2004; Zou et al., 2006). Just as
Drosophila sine oculis and eyes absent form a regulatory network with the Pax gene
homologue, eyeless (Chen et al., 1997; Cheyette et al., 1994; Pappu and Mardon, 2004;
Pignoni et al., 1997a; Pignoni et al., 1997b; Serikaku and O’Tousa, 1994), vertebrate Six
genes can regulate the expression of Pax gene family members in differentiating placodes
(Christophorou et al., 2009; Lagutin et al., 2001; Liu et al., 2006; Purcell et al., 2005),
although the vertebrate Six genes appear to act upstream of Pax genes, rather than
downstream as in Drosophila. Loss of different Six or Eya family members in different
species (including humans) can cause specific defects in one or more placodal derivatives
(Abdelhak et al., 1997; Bricaud and Collazo, 2006; Chen et al., 2009; Johnson et al., 1999;
Konishi et al., 2006; Kozlowski et al., 2005; Laclef et al., 2003; Li et al., 2003; Ozaki et al.,
2004; Ruf et al., 2004; Wayne et al., 2001; Winchester et al., 1999; Xu et al., 1999; Zhang et
al., 2004; Zheng et al., 2003; Zou et al., 2004; Zou et al., 2006). Mutation, knock-down or
dominant-negative mutants of Six and Eya family members can also cause defects in the pre-
placodal region, whereas over-expression of Six1 and 4 genes, in some cases without their
Eya1 or 2 co-factors, can expand the pre-placodal region at the expense of neural crest and
epidermis (Brugmann et al., 2004; Christophorou et al., 2009). Given these results, it is
somewhat surprising that to date, no combination of Six and Eya mouse knockouts or knock-
down or dominant-negative mutants of these gene family members in other vertebrates has
resulted in the complete absence of one or more placodes (see references above). It is not
clear whether this is due to redundancy and compensation between different Six or Eya
family members, to the use of techniques such as morpholino knockdown that can give an
incomplete loss of function for technical reasons, or that these genes are not necessary for
the first stages in placode formation, but rather regulate later aspects of the differentiation of
specific placodes.

Induction of pre-placodal region genes is regulated by similar sets of signals that act at
earlier stages to establish the boundary between neural and non-neural ectoderm. FGF
family members, including FGF8 and FGF4, are expressed in cranial mesoderm underlying
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the neural plate border region. In Xenopus and chick, removal of this mesoderm can prevent
induction of Six and Eya genes, while cranial mesoderm grafts can activate Six and Eya gene
expression in non-neural ectoderm (Ahrens and Schlosser, 2005; Litsiou et al., 2005).
Blockade of FGF signaling in chick and Xenopus can down-regulate Six and Eya gene
expression, and FGF8 is sufficient to induce at least some pre-placodal genes such as Eya2
in competent ectoderm (Ahrens and Schlosser, 2005; Brugmann et al., 2004; Litsiou et al.,
2005). Several members of the Wnt and BMP families are expressed in non-neural ectoderm
both lateral and posterior to the pre-placodal region (Wnt8c and Wnt6; (Garcia-Castro et al.,
2002; Jayasena et al., 2008; Kil et al., 2005; Litsiou et al., 2005; Schubert et al., 2002);
BMP4 and 7; (Fainsod et al., 1994; Streit et al., 1998)), whereas several antagonists of both
BMPs and Wnts are expressed in the mesoderm underlying the pre-placodal region
(Cerberus and DAN; (Chapman et al., 2004; Ogita et al., 2001; Rodriguez Esteban et al.,
1999)), or in the pre-placodal region itself (Cv2; (Esterberg and Fritz, 2009)). This suggests
that inhibition of both signaling pathways may promote pre-placodal gene expression at the
neural plate border. Accordingly, activation of the Wnt signaling pathway blocks or
attenuates expression of the pre-placodal genes Eya2, Six1 and Six4, whereas inhibition of
Wnt signaling by ectopic expression of Wnt antagonists can expand the expression domain
of these genes (Brugmann et al., 2004; Litsiou et al., 2005). Similarly, BMPs can block
expression of pre-placodal genes, whereas expression of SMAD intracellular effectors that
inhibit BMP signaling, or of secreted antagonists of BMPs such as Noggin can expand the
expression of several pre-placodal genes (Ahrens and Schlosser, 2005; Kwon et al., 2010;
Litsiou et al., 2005). As will be discussed below, Wnts and BMPs have very different effects
on the induction of the pre-placodal region and neural crest, and it is likely that the first
differentiation steps that distinguish these two progenitor populations establish alternative
competent states that underlie their differing responses to these signals.

At present it is unclear whether the effects of FGFs, Wnts and BMPs on the expression of
pre-placodal genes are direct or indirect. With the exception of Six1, almost nothing is
known about the regulatory enhancers controlling expression of pre-placodal genes. In the
case of Six1, the single enhancer identified to date that can direct expression to the pre-
placodal region does not contain binding sites for the direct transcriptional effectors of the
FGF, BMP or Wnt pathways (Sato et al., 2012; Sato et al., 2010), although it does contain a
binding site for Msx1 which is frequently regulated by BMP signaling (Monsoro-Burq et al.,
1996). While evidence for a direct regulation of pre-placodal genes by these signaling
cascades must await better characterization of their regulatory regions, there is good
evidence for their regulation by other transcription factors that are expressed earlier in the
neural plate border region. For example, Dlx3 and 5 gene family members are able to up-
regulate expression of both Six and Eya genes in zebrafish, Xenopus and chick, and knock-
down of these Dlx genes can attenuate pre-placodal gene expression (Esterberg and Fritz,
2009; Kaji and Artinger, 2004; McLarren et al., 2003; Pieper et al., 2012; Solomon and
Fritz, 2002). Dlx5 may act directly in this context, as it is able to bind directly to the Six1
enhancer (Sato et al., 2010). Markers of non-neural ectoderm in the early gastrula, such as
Ap2, Foxi1 and Gata2/3 genes can be regulated by BMP, and simultaneous but not
individual knock-down of these factors causes a loss of both Six and Eya family members
from the pre-placodal region (Kwon et al., 2010). Moreover, the expression of these factors
in non-neural ectoderm seems to be necessary for this tissue to activate pre-placodal gene
expression in response to inducing signals such as FGFs and BMP inhibition (Bhat et al.,
2013; Kwon et al., 2010; Pieper et al., 2012). Other transcription factors such as the Iroquois
factors Irx1/Xiro1 are expressed in the pre-placodal region immediately before Six and Eya
genes and can positively regulate their expression (Glavic et al., 2002; Glavic et al., 2004;
Gomez-Skarmeta et al., 1998; Goriely et al., 1999; Khudyakov and Bronner-Fraser, 2009).
Irx genes can be regulated by both FGF and BMP signaling in some circumstances
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(Bellefroid et al., 1998; Glavic et al., 2004), and so it is possible that they act as direct
mediators of these signals to activate pre-placodal genes.

As described above, the early boundary between neural and non-neural ectoderm is
sharpened by positive autoregulation between non-neural genes and mutual inhibition
between neural and non-neural genes. Once pre-placodal region gene expression is
established adjacent to the neural plate, similar strategies of mutual positive autoregulation
and cross-inhibition are used to sharpen and reinforce this domain. For example, a
Six1;Eya1/2 complex can repress expression of Dlx5 and Gata3, whose expression is
initially required to induce Six and Eya genes (Bhat et al., 2013; Brugmann et al., 2004;
Christophorou et al., 2009; Kwon et al., 2010; Pieper et al., 2012). Over-expression of Six1
and Eya2 can up-regulate endogenous Eya2, and also other Six genes such as Six4
(Christophorou et al., 2009), although it is again unclear whether this positive regulation is
direct or mediated through other transcription factors.

NEURAL CREST INDUCTION AND ITS RELATIONSHIP TO THE PRE-
PLACODAL REGION

Neural crest progenitors begin to be induced at the neural plate border region somewhat
earlier than the pre-placodal region (Milet and Monsoro-Burq, 2012), although induction of
both populations overlaps temporally. Pax3 (Xenopus) or Pax7 (chick), are expressed
shortly after gastrulation at the future neural plate border (Basch et al., 2006; Milet et al.,
2013; Murdoch et al., 2010, 2012) in a pattern overlapping genes such as Dlx5/6, Gata2/3,
Foxi1/3, Msx1/2, Zic1, Gbx2 and Ap2 (Grocott et al., 2012; Khudyakov and Bronner-Fraser,
2009). Foxd3 is often thought of as a defining neural crest marker (Labosky and Kaestner,
1998; Sasai et al., 2001; Sauka-Spengler and Bronner-Fraser, 2008; Stewart et al., 2006),
although as described above, it is also expressed in early pre-neural ectoderm, in the
organizer and in epiblast and trophectoderm lineages in mice (Arduini and Brivanlou, 2012;
Steiner et al., 2006; Tompers et al., 2005; Xu et al., 2009) and in the presumptive posterior
neurectoderm in Xenopus (Sasai et al., 2001). Some of these genes such as Msx1/2 and
Foxd3 will eventually localize with Pax3 or Pax7 to the developing neural folds where
nascent neural crest cells will form, marked by the expression of Snail and SoxE family
genes (Aoki et al., 2003; Betancur et al., 2010; Grocott et al., 2012; Hong and Saint-Jeannet,
2005; Lee et al., 2004; Milet and Monsoro-Burq, 2012). Others, such as Foxi1/3, Dlx5/6 and
Gata2/3 will localize with pre-placodal region genes such as Six1/4 and Eya1/2 (Grocott et
al., 2012). At the neural fold stage, neural crest markers and the pre-placodal region are
finally distinct, with neural crest markers expressed in the neural folds and pre-placodal
genes expressed slightly more laterally in the ectoderm. There is good evidence that
mutually repressive interactions occur between transcription factors of the neural crest and
placode lineages, just as earlier interactions demarcate the boundary between neural and
non-neural ectoderm. For example, the pre-placodal gene Six1 can repress the neural crest
factors Msx1 and Foxd3, whereas Pax7 and Msx1 in turn repress Six1 (Sato et al., 2010). We
will discuss the implications of this segregation of neural, non-neural, neural crest and pre-
placodal genes later in the review.

The tissue interactions that promote neural crest formation have been well characterized
(reviewed in (Milet and Monsoro-Burq, 2012; Prasad et al., 2012; Sauka-Spengler and
Bronner-Fraser, 2008). Since neural crest cells emigrate from the junction of the neural folds
with the adjacent ectoderm, an interaction between these tissues has long been proposed to
induce neural crest formation. Juxtaposition of neural plate tissue with epidermis results in
the generation of migratory neural crest cells (Dickinson et al., 1995), although there is still
debate as to whether neural crest cells are generated exclusively from neural plate tissue or
from both neural and epidermal tissue in vivo (Pieper et al., 2012; Schlosser, 2008). The
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precise contribution of neural crest cells in different experiments may be due to differences
in the age of tissue used, or the environment (in vitro versus in ectopic grafts in vivo) in
which the apposition of neural and epidermal tissue was performed.

There is also good evidence that mesoderm may induce the formation of neural crest tissue
(Bonstein et al., 1998; Marchant et al., 1998; Mayor et al., 1995; Monsoro-Burq et al., 2003;
Steventon et al., 2009). Some of the experiments implicating mesoderm in neural crest
specification were performed in young embryos prior to the overt formation of the neural
plate. For example, expression of Pax7 in chick embryos is observed in early gastrulating
embryos adjacent to pre-neural (Sox3+) ectoderm and lying above early mesoderm (Basch et
al., 2006). It is therefore likely that induction of neural crest involves both early signals
emanating from the mesoderm and subsequent interactions between ectodermally-derived
cells that may function to strengthen and maintain a neural crest precursor state. A large
body of recent work on the secreted signals promoting neural crest specification support this
view (Milet and Monsoro-Burq, 2012). An early requirement for both FGF and Wnt
signaling has been demonstrated in zebrafish, Xenopus and chick (LaBonne and Bronner-
Fraser, 1998; Mayor et al., 1997; Monsoro-Burq et al., 2003; Monsoro-Burq et al., 2005;
Stuhlmiller and Garcia-Castro, 2012b; Villanueva et al., 2002), and this phase of neural crest
induction may also involve partial inhibition of BMP signaling from non-neural ectoderm.
Such inhibition may be mediated in part by FGF signaling, which is known to trigger the
phosphorylation and attenuate the activity of Smad proteins transducing BMP signals (Pera
et al., 2003). A second stage of signaling occurs at neurula stages that maintains neural crest
fate and promotes the expression of later neural crest markers in response to Wnts from the
neural folds, and BMPs in the dorsal neural folds and surrounding epidermis (Garcia-Castro
et al., 2002; Steventon et al., 2009).

TROUBLE AT THE BORDER: UNRESOLVED ISSUES WITH THE
SEGREGATION OF BORDER PROGENITORS

The above sections provide a rudimentary outline of the developmental decisions that
mediate the emergence of neural versus non-neural ectoderm and the appearance of neural
crest and placodal progenitors at the neural plate border. In brief, pre-neural ectoderm begins
to develop under the influence of FGFs and the suppression of BMP and Wnt signaling,
while non-neural ectoderm genes are regulated by Wnt and BMP signals. As definitive
neural tissue begins to form in response to FGFs and the suppression of Wnt and BMP
signaling, neural crest progenitors become specified under the influence of FGF and Wnt
signals and the suppression of BMP signals. At the same time, pre-placodal tissue becomes
distinguishable from non-neural ectoderm under the influence of FGFs and the suppression
of both Wnt and BMP signals. Finally, as neurulation begins, Wnts and BMPs expressed at
the edge of the neural plate stabilize and maintain a neural crest cell state, whilst distinct sets
of signals along the anterior-posterior axis induce formation of specific placodes. (Figure 1)

Although there is much evidence from zebrafish, Xenopus and chick for this consensus view
of neural plate border development, a number of important questions remain. In particular,
the mechanism by which distinct levels of FGF, Wnt and BMP signaling are interpreted by
closely opposed or intermingled progenitors to yield distinct developmental outcomes
remains unclear. Cell labeling studies from chick and zebrafish support the notion that
progenitors for the neural plate, epidermis, neural crest and placodes are initially tightly
intermingled and gradually segregate from one another as development proceeds
(Bhattacharyya et al., 2004; Bhattacharyya and Bronner-Fraser, 2008; Chen and Streit, 2013;
Ezin et al., 2009; Fernandez-Garre et al., 2002; Hatada and Stern, 1994; Kozlowski et al.,
1997; Streit, 2001; Xu et al., 2008). Since cells in the border region do not express lineage–
specific markers at this stage, the state of commitment of these progenitors is not clear. At
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one extreme, most cells in the early border region might be multipotent and would gradually
receive specific signals to determine their fate at later times. Alternatively, border cells at
this early stage may already have received signals committing them to a particular fate, and
the committed progenitors would simply need to segregate or actively migrate into different
territories. Although directed movements resulting from interactions between neural crest
and placodal cells have been characterized at later stages of development in Xenopus
(Theveneau et al., 2013), there is no good evidence of directed migration of progenitors in
the boundary region. Part of the difficulty in understanding how intermingled progenitors
might respond differently to inducing or migratory signals are due to technical limitations in
determining cell fate and tracking gene expression in this region, and understanding to what
extent individual cells are responding to particular signals. We discuss some of these issues
below.

Although the changing patterns of gene expression at the neural plate border have been well-
characterized (Figure 2), we know almost nothing about how gene expression at the border
correlates with progenitor fate, or indeed whether it is predictive of cell fate at all, especially
at early stages. Very little is known of the fate of individual progenitor cells at the neural
plate border in any species, nor of how the range of potential fates of these progenitors
might change over time. As an illustration, consider the transcription factors Foxd3 and
Gata3 that are initially considered to be expressed in pre-neural and non-neural ectoderm
respectively at the onset of gastrulation, and which end up being expressed by neural crest
and pre-placodal ectoderm respectively at neurulation stages (Khudyakov and Bronner-
Fraser, 2009; McLarren et al., 2003). If it were possible to identify individual Foxd3- or
Gata3-expressing cells at different points in development and follow their fates faithfully,
when and how would the gene expression patterns and cell identities of their progeny
change? Do the progeny of Foxd3-expressing cells contribute to neural plate, neural crest,
placode and epidermis, and do some of these fates become restricted before others?
Alternatively, are Foxd3-expressing cells already committed to a neural crest fate at these
early stages? At present, we have no information of how the fate of single cells at the border
region correlates with their early gene expression, and how the developmental potential of
these cells may change over time in response to signals from neighboring cells and tissues.

A second problem with interpreting gene expression in terms of cell fate at the neural plate
border– or anywhere else in the early embryo for that matter – are the limitations of
techniques to visualize gene expression. RNA in situ hybridization is used almost
exclusively to visualize gene expression at the neural plate border, but suffers from the
limitation that different mRNA species have different stabilities and that the stability of their
protein products can vary from hours to days. This wide variation is true even for
transcription factors that are the main class of genes used to identify neural plate border
progenitors. In an attempt to pinpoint the time at which cells at the border region receive
inductive signals, some groups have made use of specification assays, in which small pieces
of embryonic tissue are removed from specific regions of the embryo and cultured alone in
“simple” defined media. If the tissue adopts a particular fate in culture, it is said to be
specified, i.e. that it has already received sufficient inducing signals to allow a particular fate
to be adopted without further inductive events. Such assays must be interpreted with caution,
particularly when carried out at early embryonic stages, because many regions of the early
embryo, including the neural plate border region, are heterogeneous collections of different
progenitors. It is therefore difficult to exclude the possibility that ongoing inductive
interactions between different progenitors in the explants contributed to the observed fate in
culture, or determine if the over-representation of one derivative over another was a
consequence of cell competition, differential proliferation or cell death. The difficulty in
interpreting specification assays is most problematic with very young embryonic tissue,
extended periods of culture or both.
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A final problem in understanding the individuation of neural crest and placodes at the border
region in response to FGF, BMP and Wnt signals is that it is currently not possible to
interrogate individual cells at the border region in real time to determine the levels to which
different signaling pathways have been activated. Nevertheless, it is likely that individual
cells within the neural plate border region experience constantly fluctuating levels of FGF,
Wnt and BMP signaling as the cell types that will arise from this domain begin to segregate.
Consequently, the expression of transcription factors that will ultimately mark neural,
epidermal, neural crest or placode lineages is also likely to fluctuate at the single cell level.
How, then, does this developmentally malleable set of progenitors ultimately segregate into
defined territories?

As described above, there is clear evidence for both positive and negative feedback
interactions among transcription factors expressed in the border region: neural factors
repress non-neural factors and reinforce their own expression, and vice versa (Bhat et al.,
2013; Kwon et al., 2010; Pieper et al., 2012).. This has also been seen for neural crest and
pre-placodal transcription factors (Bhat et al., 2013; Esterberg and Fritz, 2009; Kaji and
Artinger, 2004; McLarren et al., 2003; Pieper et al., 2012; Solomon and Fritz, 2002). At the
same time, there is abundant evidence that the BMP, FGF and Wnt signaling pathways can
positively and negatively cross-regulate each other at multiple levels (Bilican et al., 2008;
Cho et al., 2013; Ille et al., 2007; Inui et al., 2012; Itasaki and Hoppler, 2010; Liu et al.,
2012; Pera et al., 2003; Retting et al., 2009; Squarzoni et al., 2011; Tirosh-Finkel et al.,
2010). It is therefore feasible that positive and negative feedback loops between these
signaling pathways, and the transcription factors they regulate, may drive the segregation of
neural crest and placodal progenitors in the border region. It is also possible that cell-cell
interactions may reinforce these positive and negative feedback loops, although there are
currently no known examples of this occurring at the neural plate border. Moreover, a
number of labeling and time lapse studies suggest there is considerable movement within
and between the future neural, neural crest and placode territories at the neural plate border
(for example, Streit, 2001; Ezin et al., 2009) and the contributions these cell rearrangements
may make to ultimate fate segregations remains unknown.

TRANSCRIPTION FACTORS IN DEVELOPMENTAL COMPETENCE:
BUILDING COMBINATORIAL CODES FOR LINEAGE-SPECIFIC
DIFFERENTIATION

Despite gains in our understanding of the signals that play instructive roles at the border, and
transcriptional responses to these signals, it remains unclear whether individual border cells
are competent to give rise to all border-derived cell types, how this competence is conferred
at the molecular level, and how long it is maintained. Changes in competence are also linked
to changes in the response to the signals that set up the border region, as these signals are all
used reiteratively to different effect. For example, once the pre-placodal domain has formed,
cells within this region appear to be uniquely competent to respond to FGF signaling by
expressing early markers of the otic placode (Martin and Groves, 2006; Ohyama et al.,
2007). In this final section, we briefly consider some of the factors that can contribute to
developmental competence and propose a model in which the gradual accumulation of
transcription factors may prime progenitor cells for lineage-specific differentiation into
neural crest or placode derivatives.

Competence can be operationally defined as the capacity of a particular cell to respond to an
inducing signal by adopting a defined fate or set of fates (Groves and Bronner-Fraser, 2000).
There are also different levels of competence that must be considered. At the most basic
level, competence involves being able receive a signal (often by having appropriate cell
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surface receptors), transduce the signal in the cytoplasm, and control the activity of one or
more nuclear and/or cytoskeletal/cytoplasmic effectors. Cells can also be differentially
competent to respond to the same signal with different outcomes, and the response of a
given cell can change over developmental time. Competence of both types can be regulated
in many ways including the numbers and types of cell surface receptors, the presence or
activity of specific components of the signaling cascade, and the possible transcriptional
responses in the nucleus given the cell’s current transcriptional or epigenetic state. There are
many examples of competence being regulated in each of these ways. For example, the
response to FGFs during mesoderm or lens induction in Xenopus can be regulated by the
presence and numbers of FGF receptors (Arresta et al., 2005; Gillespie et al., 1989). The
competence of endoderm to form particular pancreas derivatives can be regulated by Fgf10
in mice and ectopic expression of fgf10 in zebrafish can cause pancreas and gut tissue to
become competent to differentiate as liver (Kobberup et al., 2010; Shin et al., 2011). The
presence of Sprouty proteins can reduce FGF signal amplitude or perdurance by controlling
the activation of the RAS-MAPK pathway (Cabrita and Christofori, 2008). In Drosophila,
Wnt and Dpp signaling can regulate signal transduction components downstream of Ras
(Halfon et al., 2000) and can promote competence for muscle or heart development by
differential regulation of tinman or twist (Furlong, 2004; Lee and Frasch, 2005).

Competence to respond to signals in a cell context specific way is frequently regulated by
the transcriptional regulatory factors available in the nucleus. For example, differential
expression of Irx1 and Six3 in different territories of the forebrain alters the competence of
forebrain progenitors to respond to both Shh and FGF8 (Kobayashi et al., 2002). Differential
competence can also be controlled by the levels at which a given transcription factor is
expressed, rather than its presence or absence. For example, the levels of Sox2 in retinal
progenitors can regulate production of different derivatives in response to Notch signaling
(Taranova et al., 2006). Transcription factors can also be sequestered in sub-domains of the
nucleus to prevent their activation of lineage-specific fates. For example, localization of
Drosophila Hunchback to the perinuclear lamina correlates with the loss of competence for
neuroblasts to make early neuronal types (Kohwi et al., 2013; Tran et al., 2010).

In addition to the activity of transcription factors in conferring competence to respond to
inductive signals, evidence from a variety of stem and progenitor cells suggests that the
chromatin of differentiation genes needs to be organized in a competent state before
transcription can be activated. For example, competence to respond to Nodal and Activin
signaling during early mesoderm induction in Xenopus can also be regulated by titrating the
levels of histone H3 with the linker histone H1 (Lim et al., 2013). One class of transcription
factors – called pioneer factors – has been shown to interact with compact chromatin at
silent gene loci and organize chromatin in a transcriptionally competent state (Smale, 2010;
Zaret and Carroll, 2011). Pioneer factors can penetrate repressive chromatin and bind to
enhancers of differentiation genes, marking them for activation at later stages. Binding of
pioneer factors can be followed by the post-translational modification of histones at these
enhancers that convert them from a silent state to one which is “poised” for transcription
(Ram and Meshorer, 2009; Serandour et al., 2011). These enhancers become rapidly
activated once a cell receives differentiation signals. For example, a number of studies have
identified the histone mark H3K4me1 as an indicator of poised enhancers. When these
enhancers become transcriptionally active, they typically acquire H3K27Ac as an additional
histone mark (Creyghton et al., 2010; Rada-Iglesias et al., 2011; Rada-Iglesias and
Wysocka, 2011).

Members of the Forkhead transcription factor family can act as pioneer factors
(Lalmansingh et al., 2012; Zaret et al., 2008). The winged helix DNA binding domains of
many Fox genes have structural similarities to linker histones (Clark et al., 1993;
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Ramakrishnan et al., 1993), allowing them to bind directly to nucleosomes, open chromatin
and promote accessibility to the DNA, characterized by DNA hypersensitivity. Importantly,
binding of Fox pioneer factors has been associated with the establishment of epigenetic
histone marks associated with poised or active enhancers such as H3K4me1 (Serandour et
al., 2011). Members of the FoxA, D, E, and O families have been shown to have these
properties (Lalmansingh et al., 2012; Zaret et al., 2008).

One of the first and most well-characterized examples of pioneer factor activity is the
regulation of the albumin gene Alb1 during endoderm differentiation. Alb1 is normally
activated by liver-inducing signals (Gualdi et al., 1996; Jung et al., 1999), and the Alb1
enhancer is highly methylated and silent in young embryos and in embryonic stem cells
(Zaret et al., 2008). However a single CpG in the silent Alb1 enhancer is already bound by
Foxd3 in ES cells (Xu et al., 2009). As endoderm begins to differentiate, Foxd3 is replaced
by Foxa class proteins, and GATA factors such as Gata6 (Bossard and Zaret, 1998, 2000),
although the Alb1 locus is still silent. However, this occupancy of the silent locus by Foxa
factors is necessary for liver induction (Lee et al., 2005). Upon exposure to liver-inducing
signals (Wandzioch and Zaret, 2009), lineage-specifc transcription factors are recruited to
the Alb1 enhancer and transcription commences.

Is there a role for pioneer factors in segregating cell fates during the differentiation of the
neural plate border region? As described above, Foxd3, an early marker of neural ectoderm
and a subsequent marker of neural crest, can act as a pioneer factor in liver differentiation
(Xu et al., 2009; Zaret et al., 2008). Zebrafish foxi1 shares several properties of pioneer
factors (Yan et al., 2006) – for example, foxi1, like mouse Foxa1, has been shown to remain
bound to DNA during mitosis and may thus act as an epigenetic mark (Yan et al., 2006;
Zaret et al., 2008). In addition, Gata2 and Gata3 are expressed early in the differentiation of
non-neural ectoderm (reviewed in Grocott et al., 2012) and can regulate the expression of
pre-placodal markers and competence to respond to pre-placodal inducing signals (Bhat et
al., 2013; Kwon et al., 2010; Pieper et al., 2012). Although this is purely circumstantial
evidence, it is nevertheless possible that a number of the transcription factors described
throughout this review can act in two ways – firstly by regulating the expression of other
genes with which they are co-expressed (e.g. Bhat et al., 2013), but also as pioneer factors,
remaining bound to the chromatin associated with neural crest- or placode-specific genes
and preparing them to become activated upon receipt of appropriate inducing signals. The
ability of transcription factors to act as pioneer factors has implications for the construction
and interpretation of gene regulatory networks for neural crest and placodes (Betancur et al.,
2010; Bhat et al., 2013; Grocott et al., 2012; Sauka-Spengler and Bronner-Fraser, 2008), as
pioneer factors would bind and occupy DNA regulatory sequences of lineage-specific genes
well before transcription of those genes occurred.

CONCLUSION
The key developmental problem of the neural plate border is how to generate very different
cell types – neural crest and placodes – from a spatially restricted population of cells
receiving very similar levels of multiple inducing signals. In this review, we propose that
small local changes in signaling levels can be amplified and stabilized by a series of
repressive and positive interactions between transcription factors. These initially specify
broad domains of neural or non-neural ectoderm, but then activate subsequent transcription
factors that iteratively refine the border. The physical mechanisms by which these progenitor
domains segregate are still unclear and will be a fruitful avenue for further investigation. We
suggest that some of the transcription factors expressed early in the differentiation of the
neural plate border may act as pioneer factors and remain expressed and bound to lineage-
specific gene enhancers. The gradual recruitment of additional transcription factors to these
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enhancer elements may provide competence for the segregated progenitor populations to
ultimately differentiate into neural crest and placode derivatives.
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Highlights

• The neural plate border forms from an interaction between neural plate and
epidermis

• The border region will generate neural crest and craniofacial placodes

• The identity of cells in the border is determined by different levels of FGF, Wnt
and BMP signals.

• The segregation of different cell fates is achieved by positive and negative
feedback
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Figure 1.
A graphical summary of the signals received by embryonic ectoderm during the
establishment of the neural plate, neural crest, pre-placodal region and epidermis. The
diagram is a consensus of data taken from zebrafish, Xenopus, chick and mouse studies and
is not intended to be an accurate representation of any one species. (A): Wnt and BMP
signals in the ectoderm initiate differentiation of non-neural ectoderm, while these signals
are counteracted by FGFs and BMP and Wnt inhibitors from the organizer or hypoblast. (B):
Wnt and FGF signals start to induce the first neural crest genes; BMP signaling is not
required for this step and may be actively inhibited. (C) Pre-placodal genes begin to be
induced by FGFs and by an attenuation of Wnt and BMP signals. Wnts and BMPs begin to
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be expressed at the edge of the neural plate and continue to induce neural crest tissue. (D):
The final resolution of the border region into four distinct regions.
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Figure 2.
A graphical summary of the expression pattern of different transcription factors in the
establishment of the neural plate border. Panels A-D show the transition from the
establishment of neural and non-neural ectoderm domains prior to gastrulation (A), to the
early neurula stage where distinct neural, epidermal, placodal and neural crest territories can
be observed. Shading of colored blocks implies that the edges of a particular gene
expression domain is not sharply defined.
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