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Abstract 

The neural crest is induced at the edge between the neural plate and the nonneural ectoderm, in an area 

called the neural (plate) border, during gastrulation and neurulation. In recent years, many studies have 

explored how this domain is patterned, and how the neural crest is induced within this territory, that 

also participates to the prospective dorsal neural tube, the dorsalmost nonneural ectoderm, as well as 

placode derivatives in the anterior area. This review highlights the tissue interactions, the cell-cell 

signaling and the molecular mechanisms involved in this dynamic spatiotemporal patterning, resulting 

in the induction of the premigratory neural crest. Collectively, these studies allow building a complex 

neural border and early neural crest gene regulatory network, mostly composed by transcriptional 

regulations but also, more recently, including novel signaling interactions. 

 

Introduction 

 During animal development, the ectoderm, i.e. the outer embryonic germ layer, progressively 

undergoes a refined regional patterning essential for the development of many cells and organs. In the 

dorsalmost aspect of the gastrula and neurula-stage vertebrate embryo, the ectoderm forms the neural 

plate, which generates the neural tube and ultimately the central nervous system. More laterally and 

ventrally, the nonneural ectoderm forms the epidermis and the associated glands. At an early stage of 

ectoderm patterning, the frontier between the neural plate ectoderm (NP) and the nonneural ectoderm 

(NNE) is not a sharp line but rather a broad area called the neural (plate) border (NB). Definitive cell 

fates are not yet segregated in this area and the NB domain contributes to the dorsal neural tube, the 

neural crest (NC), the NNE and, anteriorly, the placode progenitors. This region has been defined by 

lineage tracing experiments and by the expression of a combination of marker genes. 

 Many vertebrate-specific anatomical features derive from neural border progenitors through 

the development of neural crest cells and placodes. The NC gives rise to most neurons and glia of the 

peripheral nervous system, to a large part of the craniofacial skeleton and mesenchyme, to the 

melanocytes and other pigment cells, to the outflow tract of the heart, and to adrenal medulla cells. 

Placodes form the olfactory epithelium, the inner ear, some neurons of the cranial ganglia, and the lens 

of the eye. Therefore, during their early development, the NC and placode cells share the ability to 

migrate and generate multiple cell types including sensory neurons and glial cells (for an extensive 

comparison between these two populations see Baker and Bronner-Fraser, 2001; Schlosser, 2008). 

Understanding the multi-step Gene Regulatory Network (GRN) that governs NB and early NC 

development is critical for understanding the molecular mechanisms underlying human diseases, 

notably affecting pigmentation, craniofacial development, peripheral nervous system and heart 

development. This review presents the current understanding on NB development, including NB 

induction and specification during early development, and the induction and segregation of the NC 

cell fate. 
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Characterization of the neural-nonneural ectoderm border. 

 At the beginning of gastrulation, i.e. at st. 10.5 in Xenopus laevis (Nieuwkoop and Faber, 

1994), or at st. 3-4HH in chick embryos (Hamburger and Hamilton, 1951), the NB is not outlined by 

visible morphological boundaries. Therefore, it has been defined by cell labeling experiments and by 

reference to a combination of gene expression patterns. Early cell tracing assays using lipophilic dyes 

(such as diI, diO) were done in gastrula-stage chick embryos at the prospective level of the otic 

vesicle, in order to mark small groups of neighboring cells: these experiments demonstrate that cells of 

the NB region contribute to epidermis, placode, neural crest and neural tube (Streit et al., 2002). 

Similar dye labeling was combined with time-lapse imaging in the NB area of st. 4HH chick embryos. 

This shows that the precursors of NC and of dorsal neural tube are intermingled early on and become 

segregated around the 2-somites stage (st. 7HH) in the rostral region (Ezin et al., 2009). This 

segregation involves extensive morphogenetic movements including convergent extension and cell 

intermixing (Ezin et al., 2009). NC precursors convergent extension movements are also observed in 

zebrafish embryos (Hochgreb-Hägele and Bronner-Fraser, 2013). 

 The observation that multiple cell fates are obtained by labeling small groups of early NB cells 

raises the question whether the NB is composed of multipotent precursors whose fate will be 

progressively restricted during development, or whether it is already formed early on by a salt-and-

pepper array of cells specified towards distinct fates. At early gastrulation stage, the NB emerges as a 

separate territory that can be defined by its expression of pax3/7 in frog, chick and lamprey (Monsoro-

Burq et al., 2005, Basch et al., 2006; Nikitina et al., 2008). Several other less restricted markers such 

as tfap2a, msx1/2, hes4 and zic1 (Suzuki et al., 1997; Mizuseki et al., 1998; Tribulo et al., 2003; 

Monsoro-Burq et al., 2005; Hong et al., 2007; Luo et al., 2003, Nichane et al., 2008, De Crozé et al., 

2011) overlap in this domain (Figure 1). Supplemental Table 1 describes the most studied NB 

markers, their expression patterns and their regulators, in the main vertebrate species that have been 

studied, namely frog, chick and fish embryos. Some NC and placode markers are indicated as well. 

Recently, co-immunostaining for neural plate (Sox2), NB (Pax7), NB and NNE (Tfap2a, 

Msx1/2), and placode progenitors (Six1) has shown that these markers extensively overlap in 

individual cells at the NB of early gastrula stage chick embryos (Roellig et al., 2017). This co-

expression of multiple markers is maintained later on, during neurulation, until neural tube closure. 

Assuming that each of these markers is a faithful predictor of the distinct cell fates, this study indicates 

that the NB is not divided into sharply defined fate-restricted regions prior to neural tube closure. 

However, there is a clear predominance of neural plate-NC progenitors (Sox2+/Pax7+/Six1-) over 

neural plate-PPE progenitors (Sox2+/Six1+/Pax7-), suggesting a preferential emergence of NC among 

neural plate progenitors. A stochastic variation in gene expressions in NB cells population before their 

final commitment cannot be excluded, as this was shown for erythroid progenitors (Richard et al., 

2016). Overall, although the NB could be interpreted as a broad competence domain for dorsal neural 

tube, NNE, NC and placodes, it presents some preferential association of cell fates which are 
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reminiscent of the binary competence model proposed by Schlosser in which the NC and the placodes 

are induced separately, the NC on the neural side of the NB and placode cells on the nonneural 

ectodermal side of the NB (Schlosser, 2008; Pieper et al., 2012).   

Altogether, these studies have helped refining the notion of neural border in the last 15 years, 

and paved the way for functional studies aimed at defining the roles of each candidate molecule, either 

secreted signals or transcription regulators, during NB development. The transcriptional factors (TFs) 

essential for the establishment of the NB, hence also for further for NC and placode formation, are 

named NB specifiers (or NB-TFs), while the ones involved in NC development, but not earlier NB 

formation, are named NC specifiers (Meulemans and Bronner-Fraser, 2004). 

 

Tissues interactions involved in neural border induction. 

 As many other tissues in the embryo, the NB develops under the control of a combination of 

signaling molecules secreted from the adjacent tissues. Many studies done between 1990 and 2005 

have identified signals impacting NC and placode induction. They can now be reinterpreted more 

precisely, according to their effect on either NB or NC induction, using the developmental stages and 

the markers that were analyzed. During gastrulation, the prospective NB territory has three 

neighboring tissues: the nonneural ectoderm, the neural plate and the underlying mesoderm. In the 

plane of the ectoderm, the experimental juxtaposition of NNE and NP tissues induces NC marker 

expression (snail2), followed by NC cell formation, produced mainly by NP, in axolotl, frog or chick 

(Moury et al., 1990; Selleck and Bronner-Fraser, 1995; Mancilla and Mayor, 1996; Schlosser, 2006, 

Pieper et al., 2012). Planar signals in the ectoderm are accompanied by vertical signaling from the 

dorsolateral marginal zone (DLMZ), i.e. the early precursor of paraxial and intermediate mesoderm. 

These signals induce NB and NC markers in the frog pluripotent ectodermal cells of the blastocoel 

roof, also named "animal caps" (Bang et al., 1999; Bonstein et al, 1998; Monsoro-Burq et al., 2003). 

In vivo, the DLMZ underlies the NB during its specification, at early gastrula stage, and is necessary 

for NB formation as its experimental ablation precludes the development of NB and NC (Bonstein et 

al., 1998; Marchant et al., 1998; Steventon et al., 2009). The secreted signals involved in those tissue 

interactions seem conserved between different vertebrate species since the chick paraxial mesoderm 

induces msx1 and pax3 in frog ectoderm (Bang et al., 1999).  

 

Several signaling pathways cooperate to induce the neural border.  

 Many experimental studies using in vitro tissue recombination, in vivo grafting, 

pharmacological assays, gain and loss of function assays and genetic epistasis analysis have 

established that a cooperation of BMP, FGF and Wnt signals is involved in NB specification. Other 

signals, such as Notch signaling and Sonic Hedgehog (Shh) signaling have not yet been implicated at 

these early stages of ectoderm patterning.  
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a. The BMP signaling gradient across the ectoderm positions the neural border lateral to the 

neural plate. 

 During early gastrulation, BMP antagonists, such as chordin, noggin, cerberus and follistatin, 

induce the neural plate from the dorsal ectoderm (Harland, 2000; Pla and Monsoro-Burq, 2015). While 

BMPs are secreted by the ventral non-neural ectoderm and ventral mesoderm, BMP antagonists 

diffuse from the involuting dorsal mesoderm, thus generating a morphogenetic gradient of BMP 

activity in the ectoderm: high BMP signaling in the ventral ectoderm promotes the epidermal fate and 

represses the neural fate while low BMP activity dorsally allows neural specification (Smith et al., 

1993; Sasai et al., 1994; Wilson and Hemmati-Brivanlou, 1995). The ectoderm region with 

intermediate BMP activity, assessed by moderate levels of pSmad1/5/8 or chordin immunostaining, in 

chick, fish or frog embryos, corresponds to the NB position (Faure et al., 2002; Wu et al., 2011; 

Plouhinec et al., 2014). This balanced BMP activity is essential for NB specification. In vivo chordin 

depletion abolishes NB (zic1) and NC (snail2) specifiers' upregulation (Marchal et al., 2009; 

Steventon et al., 2009). Conversely, zic1, which is expressed both in NB and NP, is upregulated by 

BMP inhibition in frog embryos (Mizuseki et al., 1998; Marchal et al., 2009; Hong et al., 2007), while 

intermediate levels of BMP signaling activate zic3, pax3, msx1 and hes4 in frog and zebrafish, 

resulting in positioning the NB along the dorsal-ventral body axis (Suzuki et al., 1997; Tribulo et al., 

2003; Brugger et al., 2004; Nichane et al., 2008a; Garnett et al., 2012). Downstream of BMP 

signaling, dlx3, activated by high BMP levels, and dlx5, triggered by attenuated BMP levels, cooperate 

and further fine-tune BMP signaling (Luo et al., 2001; Woda et al., 2003). This could be mediated by a 

balance between Dlx and Msx opposing activities as shown in zebrafish embryos (Phillips et al., 

2006). However, the experimental modulation of BMP signaling, in animal cap ectoderm explants, is 

not sufficient to induce NB and NC markers with the high expression levels detected in vivo (Saint-

Jeannet et al., 1997; LaBonne and Bronner-Fraser, 1998, Villanueva et al., 2002). This observation has 

triggered the search for the additional signals cooperating with BMPs in whole embryos. 

 

b. FGF and WNT signaling cooperate with intermediate BMP levels to promote NB formation. 

 Before gastrulation, FGF signaling is required for neural induction in frog and chick embryos 

as it sensitizes the NNE to respond to neural induction, using both BMP-dependent and BMP-

independent mechanisms (Streit et al., 2000; Wilson et al., 2000; Delaune et al., 2005; Marchal et al., 

2009). At the time of NB specification, several FGF ligands, including FGF3, FGF4, FGF8 are 

expressed in the DLMZ (Christen and Slack, 1997; Monsoro-Burq et al., 2003). FGF signaling is 

necessary for the induction of most NB specifiers in vivo, namely pax3, hes4, tfap2a and msx1, and 

activates their expression in isolated animal cap ectoderm without further neuralization by BMP 

antagonists or mesoderm induction (Wilson et al., 2000; Monsoro-Burq et al., 2003; Monsoro-Burq et 

al., 2005, Nichane et al. 2008, De Crozé et al., 2011; Garnett et al., 2012, Stuhlmiller and Garcia-

Castro, 2012). 
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 Similarly to FGFs, Wnt signaling was shown to directly neuralize the NNE by inhibiting 

BMP4 expression in animal caps assays (Baker et al., 1999). During anterior-posterior axis patterning, 

both FGFs and Wnts, especially Wnt3a, act in the neural tube and paraxial mesoderm, promoting 

posterior patterning and repressing anterior fates (McGrew et al., 1995; Glinka et al., 1998; Kiecker 

and Niehrs, 2001). Wnt3a and Wnt8 are expressed in the DLMZ and many different Wnt ligands are 

present in the NNE (Garriock et al., 2007). The canonical Wnt-βcatenin signaling is necessary for NB 

and NC induction in frog, fish and chick embryos in vivo. This activity is independent from Wnt 

general posteriorizing function (Chang and Hemmati-Brivanlou 1997; Saint-Jeannet et al., 1997; 

LaBonne and Bronner-Fraser, 1998; Monsoro-Burq et al., 2005; Shimizu et al., 2005, Wu and Klein 

2005; Hong et al., 2008; Elkouby et al., 2010; Garnett et al., 2012). In further agreement with the need 

for active canonical Wnt signals for NB formation, AWP1, which stabilizes βcatenin, is crucial for NB 

and NC induction (Seo et al., 2013). Wnt signaling in the NB ectoderm activates the expression of 

several NB-TFs, such as tfap2a, gbx2, pax3 and msx1 as direct targets, as well as novel players such as 

apolipoprotein C-I that is also necessary for NB specification (Li et al., 2009; De Crozé et al., 2011, 

Yokota et al., 2017). The comparison of βcatenin direct targets and NB transcriptome signature in frog 

embryos indicates a number of novel candidates, potentially regulated by Wnt-βcatenin signaling in 

the NB (Kjolby et al., 2016, Plouhinec et al., 2017). 

 

c. A complex integration of BMP, Wnt and FGF signals regulates the onset of the various neural 

border specifiers. 

 Altogether, the studies described above indicate that a combination of three main signaling 

pathways, BMP, Wnt and FGF, is required to induce the NB. It had long remained debated whether 

FGF signals were acting directly on ectoderm cells to trigger NB induction, or whether FGF signals 

acted indirectly, by promoting Wnt signaling from the underlying mesoderm, which would in turn 

activate NB/NC formation in the ectoderm. Elegant work in zebrafish embryos demonstrates that 

pax3a activation requires all three signals directly, for a response in the ectoderm (Garnett et al., 

2012). In zebrafish, zic3 plays a similar role as zic1 in other models. In contrast to pax3a regulation, 

zic3 activation at the NB is achieved by combining attenuation of BMP activity and Wnt signaling. In 

the case of zic3, FGF signals are redundant with Wnt activity. The action of redundant signals could 

contribute to provide robustness in the NB induction network (Garnett et al., 2012). In frog embryos, 

other NB specifiers such as tfap2a and msx1 are both activated by FGF signaling and are direct targets 

of the Wnt-βcatenin pathway (de Crozé et al., 2011). While tfap2a is activated by FGF in a βcatenin-

dependent manner, it remains unclear if both inputs are required independently for msx1 activation (de 

Crozé et al., 2011).  

Additionally, as shown for neural induction, it is likely that the NB cell response to the three 

patterning pathways involves both direct transcriptional integration on target genes regulatory 
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elements, and cross-modulation at the level of the intracellular transduction pathways, by 

posttranslational modifications. Such signaling cross-talk has been demonstrated for Wnt-βcatenin and 

BMP signaling at the level of GSK3 and Smads; for Lef1/βcatenin and Smad4/Smad1; for BMP and 

FGF by the negative regulation of Smads by MAPK acting downstream of FGF receptors (Hussein et 

al., 2003; Fuentealba et al., 2007; Stuhlmiller and Garcia-Castro, 2012). Moreover, each pathway may 

further modulate the activity of another signaling pathway: for example, the Wnt/PCP pathway 

receptor Ror2 upregulates the expression of the BMP ligand Gdf6 which in turn is essential for 

NB/NC formation (Reichert et al., 2013; Schille et al., 2016a). Finally, in addition to the three most 

studied pathways, retinoic acid (RA) signaling is also implicated in early NC specification in frog 

gastrulas, likely acting as a general neural posteriorizing pathway (Villanueva et al., 2002). 

 

Feed-forward interactions between the NB-TFs stabilize the neural border domain. 

 Epistasis experiments shed light on the genetic interactions triggering NB establishment, 

mainly focusing on events downstream of canonical Wnt signaling in frog embryos. At early 

gastrulation stage, the effects of Wnts are primarily mediated by Tfap2a and Gbx2. Both are directly 

activated by Wnt-βcatenin signaling and turn on pax3 and msx1 expression in vivo and in pluripotent 

ectoderm neuralized by BMP antagonists (Li et al., 2009; de Crozé et al., 2011). Interestingly, Tfap2 

directly activates pax3 and is sufficient to compensate the inhibition of Wnt signaling as Tfap2 gain of 

function restores pax3 expression after βcatenin depletion in vivo (de Crozé et al., 2011). 

Subsequently, an active feed-forward transcriptional regulatory loop is set-up between the NB-TFs, as 

they cross-regulate each other’s expression during neurulation (Figure 2B). In vivo, the depletion of 

either Tfap2a, Gbx2, Msx1, Pax3, Hes4, or Zic1 alters the expression of all other NB specifiers, 

resulting in deficient NC induction (Monsoro-Burq et al., 2005; Sato et al., 2005, Nichane et al., 

2008a; Li et al., 2009; de Crozé et al., 2011). These cross-regulations can be interpreted as the 

establishment of a stabilization loop locking up the NB fate upstream of NC formation. Altogether, 

these experiments done in frog embryos allow building the first steps of the NB-GRN (Figure 2B).  

Similar experiments conducted in lamprey, fish and chick early embryos demonstrate that the 

NB-GRN is largely conserved across vertebrate evolution, although in teleost fish embryos, because of 

the additional genome duplication, double loss of functions may be needed to reproduce the early 

phenotypes observed in frog embryos (Basch et al., 2006; Li et al., 2007; Nikitina et al., 2008). 

However, a few species-specific differences have been noted, involving the replacement of a given 

gene by a paralog gene (“paralog switch”). This is the case for pax3 and pax7, two phylogenetically 

close paralogs of the Pax gene family (McCauley and Bronner-Fraser, 2002; Monsoro-Burq, 2015).  

Pax3 is the most spatially restricted early NB marker in frog embryos, whereas pax7 is the early player 

in chick gastrulas, indicating that their expression and function has been swapped in the ectoderm 

generating the NB during evolution, although both genes are co-expressed in the dorsal neural tube in 
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both species later on. Moreover, in Xenopus laevis, Pax7 is expressed in the paraxial mesoderm, and is 

involved in NB specification by the DLMZ, while Pax3 activity is required in the prospective NB 

ectoderm (Maczkowiak et al., 2010). In this case, the two paralog proteins are no longer functionally 

equivalent since Pax3 and Pax7 cannot compensate for each other’s loss of function in vivo 

(Maczkowiak et al., 2010). This differs from the observations in mouse embryos where pax3 mutants 

exhibit defects in cardiac and trunk NC, while cranial NC is normal, and where Pax7 can substitute for 

Pax3 function in trunk NC development (Relaix et al., 2004).  

As a whole however, similar regulations establish the early NB-GRN during gastrulation of 

vertebrate embryos. In turn, the NB-TFs control the onset of neural crest induction in this territory, at 

the end of gastrulation and during the neural plate stage.  

 

The neural crest is specified within the neural border during late gastrulation and neural plate 

stage.  

The neural border cell state is transitory since the cells in this territory will be further specified 

into NC and placodes, as well as NNE and dorsal neural tube. In frog neural fold stage neurulas, NC 

and placode precursors are spatially restricted, with placodes arising anteriorly and laterally to the NC 

(Glavic et al., 2004). From stage 13 onwards (i.e. after the end of gastrulation), in Xenopus laevis 

embryos, the competence to become NC is restricted to the neural tissue, whereas the competence to 

become placodes is restricted to the NNE (Pieper et al., 2012). A similar restriction for the placode 

fate is observed in late zebrafish gastrulas (Kwon et al., 2010). In chick embryos, there is a preferential 

association of NC markers with neural plate markers although co-expressions of combinations of 

neural plate, NC, placode and NNE markers is maintained in a small subset of cells late in neurulation 

(Roellig et al., 2017). 

 NC specification occurs with activation of a new set of genes that are present neither in neural 

plate, nor in nonneural ectoderm, placodes and hatching gland: the NC-TFs, namely snail2, foxd3 and 

SoxE family genes, Sox8, Sox9 and Sox10. In frog embryos, a stereotyped sequential activation of 

these early NC markers is observed: sox9 is expressed slightly earlier (from stage 11 onwards) than 

snail2 and foxd3, which are activated earlier (from st. 12-12.5) than Sox 10 (from st. 13/14 onwards) 

(Vallin et al., 2001; Spokony et al., 2002; Honore et al., 2003; Aoki et al., 2003; Figure 1B). This 

indicates that NC specification is a multistep process, the early induction step (induction of sox9, 

snail2 and foxd3) being followed by a maturation step with the induction of late NC markers such as 

sox10 and twist1, as well as other cellular events preparing EMT such as cadherin expression switch 

between epithelial cadherin (ecadherin or cdh1) and ncadherin or cadherin11. Ultimately, NC 

specification and maturation are followed by EMT of NC cells and migration towards various 

locations in the embryo, and their differentiation into multiple derivatives. Most of the aforementioned 

genes are conserved and needed for NC specification and development in the main vertebrate models 

analyzed so far (Suppl. Table 1). The ectopic expression of these genes induces ectopic NC induction 
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from neural progenitors in the neural tube (Dottori et al., 2001; Cheung et al., 2003; Cheung et al., 

2005). However, Snail genes seem dispensable for NC development in mouse embryos (Murray and 

Gridley, 2006).  

 

a. The NB-TFs cooperate to induce the premigratory neural crest. 

 In vivo, a large number of genes and secreted factors are required for the onset of the NC 

program, the induction phase, at the neural plate stage. In the last few years, it has become important 

to identify the genes that were not only essential for NC induction in vivo, but also that were sufficient 

to activate NC ectopically, outside of the neural border context. These factors would thus trigger NC 

development in the targeted cells, potentially overriding the original fate of the cells, independently 

from the cooperation with other factors present at the NB. So far, most regulators, such as the NB 

specifiers described above, taken individually, are important to activate the NC-GRN in the context of 

the neural border but fail to do so in ectopic locations in vivo or in isolated pluripotent ectoderm in 

vitro (e.g. in animal cap assay): for example, Msx1 is necessary for snail2 and foxd3 expression in 

vivo, but Msx ectopic expression enlarges the NC territory without creating a novel separate NC area 

either in the neural plate or in the nonneural ectoderm (Tribulo et al., 2003). However, in combination 

with secreted neural and neural border inducers such as the BMP antagonists noggin and chordin or 

such as Wnts, the NB specifiers broadly activate the NC program ectopically, indicating that they 

cooperate with other factors also activated at the NB. To identify and understand these cooperations 

and their implications for the architecture of NB/NC-GRN, a core regulatory module acting as a 

minimal NC-inducing genetic program was searched for among NB specifiers. When compared to the 

activity of 10 candidate NB specifier pairs, the co-expression of the two NB-TF Pax3 and Zic1 was 

identified as a minimal and efficient NC-inducing program (Monsoro-Burq et al., 2005; Sato et al., 

2005; Hong and Saint-Jeannet 2007; Milet et al., 2013). 

 During neurulation, Pax3 and Zic1 expression patterns become more restricted to the NB and 

the neural folds compared to their patterns during NB specification in gastrula-stage embryos (Hong 

and Saint-Jeannet, 2007). While both Pax3 and Zic1 are required for NC induction in vivo, an 

appropriately balanced relative activity of these two factors is critical to obtain the NC fate: higher 

Pax3 activity orients cells towards a hatching gland fate and inhibits preplacodal ectoderm (PPE) 

development, whereas higher Zic1 levels triggers a PPE destiny. Zic1 acts in a non-cell autonomous 

manner, by the intermediate of retinoic acid signaling (Hong and Saint-Jeannet, 2007; Jaurena et al., 

2015). Furthermore, in ectopic induction assays, Pax3 and Zic1 cooperation is sufficient to fully 

specify NC cells from the induction step to EMT, migration and differentiation into multiple 

derivatives, either from nonneural ventral ectoderm or from vegetal blastomeres normally fated to 

form endoderm in vivo, or from pluripotent ectoderm in vitro (Milet et al., 2013). Chick 

extraembryonic ectoderm also initiates expression of a few NC specifiers' genes upon activation of 

Pax3 and Zic1(Milet et al., 2013).  
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Because the frog pluripotent ectoderm cells rely on their yolk content for growth and proliferation, the 

animal cap assay is done in a growth factor-free saline medium. Since Pax3 and Zic1 trigger a 

complete NC developmental program in those conditions, this suggests that all the needed molecular 

and cellular interactions are elicited in the context of this isolated pluripotent ectoderm tissue. This 

includes downstream secondary signaling, such as for example Wnt signals or Tfap2a activity which 

are further required downstream of Pax3 and Zic1 to induce NC specifiers (Monsoro-Burq et al., 2005, 

Sato et al., 2005; De Crozé et al., 2011, Milet et al., 2013). Similar activities have been described in 

chick embryo trunk NC (Simoes-Costa et al., 2015). The activation of this novel minimal program is 

now largely used as a standard assay to activate the NC-GRN and further study NC development 

downstream of NB formation (Gutkovich et al., 2010; Buitrago-Delgado et al., 2015; Geary and 

LaBonne, 2018). We propose that Pax3 and Zic1 cooperation acts as a critical bottleneck within the 

larger and more complex current NB/NC-GRN described elsewhere (e.g. Simoes-Costa and Bronner, 

2015). We thus describe the position of Pax3 and Zic1 by a novel "Hourglass model of NC induction" 

presented in Figure 2A. In this model, the early NB-GRN acts as an upstream feed-forward positive 

loop, activating a balanced expression of Pax3 and Zic1, which in turn cooperate and trigger the 

downstream NC-GRN. With this model, we suggest that there are critical bottlenecks within the 

current NB/NC-GRN and that the activation of both Pax3 and Zic1 in the NB territory is one of them. 

The “Hourglass model of NC induction” is based on the properties of Pax3 and Zic1, the best 

characterized combination of only two transcription factors sufficient to activate the downstream NC-

GRN and functional NC migration and differentiation.  

 In this context of isolated pluripotent ectoderm induced into NC, many Pax3 and Zic1 direct 

targets have been characterized. This includes all the genes defining the usual premigratory NC 

signature such as foxd3, snail2, sox8, sox9 and twist1 (Figure 2C, Bae et al., 2014; Plouhinec et al., 

2014). The sequential dynamics of activation of each gene mirrors the in vivo situation, indicating that 

the NC-GRN triggered in vitro is likely very close to the in vivo one  (Milet et al., 2013). Pax3 and 

Zic1 activities are not redundant in the NC-GRN activation. For example, Meis3 is a homeobox 

transcription factor involved in NC and hindbrain primary neurons development. Meis3 expression is 

activated by Pax3 and Zic1, but Meis3 does not relay Pax3 or Zic1 activity symmetrically: the loss of 

NC caused by Zic1 knock-down can be rescued by Meis3, but not the one caused by Pax3 knock-

down, showing that this gene is the main effector among Zic1 targets but not among Pax3 targets 

(Gutkovitch et al., 2010). Another example is the differential activation of cell-cell adhesion molecules 

regulating EMT: while Pax3 activates ncadherin expression, Zic1 is essential for transcriptional 

repression of ecadherin/cdh1 (Milet et al., 2013). 

 Some targets of Pax3 and Zic1 are of particular interest. Znf703 (or Nlz1), a zinc finger 

transcription factor, recently characterized as a downstream target of Pax3 and Zic1, acts as an 

activator of snai2 and sox10 and it restricts sox2 domain of expression (Hong et al., 2017). The 

tyrosine kinase receptor Pdgfra (Plouhinec et al., 2014; Bae et al., 2014) has been recently implicated 
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in NC migration (Bahm et al., 2017). Pax3 and Zic1 also activate anosmin1 expression an extracellular 

matrix protein involved in the specification of both NC and placode development (Bae et al., 2018). In 

chick embryos, the Anosmin1 binds in FGF, BMP and Wnt ligands, thus potentially modulating 

signaling pathways critical for further NC development (Endo et al., 2012). Importantly, Pax3 and 

Zic1 cooperation directly activates a whole "EMT module" defined by a group of transcription factors 

commonly named EMT-TFs, snai2, ets1, and twist1. This situation contrasts with the alternative 

possible mechanism of a sequential and indirect activation of factors important for the EMT. 

Accordingly, animal cap ectoderm induced into NC readily undergoes EMT and migration in vitro, as 

well as in vivo albeit migration occurs with a slower velocity (Figure 2B; Milet et al., 2013; Plouhinec 

et al., 2014). Finally, it is remains unknown if the synergistic effects of Pax3 and Zic1 on some of their 

targets are mediated by direct simultaneous interactions on target genes regulatory elements, such as 

those described during myogenesis (Himeda et al., 2013).  

 Pax3 and Zic1 cooperate with other factors present in the pluripotent animal cap ectoderm, 

such as Wnt signals and Tfap2a: Tfap2a is required downstream Pax3/Zic1 activity and directly binds 

sox10 regulatory sequences in zebrafish embryos (De Crozé et al., 2011; Van Otterloo, 2012). The full 

complement of factors cooperating with these two "core" NC inducers remains to be defined. In chick 

embryos, Wnt signaling is mediated by its downstream target Axud1, which is required for foxd3, 

sox9, sox10 and ets1 upregulation. Axud1 directly interacts with Pax7 and Msx1 and controls their 

binding to the enhancers of NC specific genes (Simoes-Costa et al., 2015). Other NB-TFs are involved 

in the activation of subsets of NC specifiers, such as cMyb controlling snail2 and ets1 expression 

directly but not sox9 and foxd3 activation (Betancur et al., 2014). In sum, despite the impressive 

number of novel regulations described in the last few years, the regulatory and epistasis interactions 

between all these NB-TFs and NC-TFs remain largely to explore, to provide a completely validated 

network. 

 Finally, as anticipated for a complex process involving the spatial and temporal coordination 

of multiple gene activations and repressions, the epigenetic chromatin state is tightly regulated during 

NC specification. The accessibility of transcription factors to their target regulatory sequences is 

precisely controlled to regulate the timing of the NC genetic cascade. JMJD2A, a histone lysine 

demethylase, controls sox10 de-repression by H3K9me3 demethylation (Strobl-Mazzulla et al., 2010). 

NSD3, a lysine methyltransferase upregulated just before chick NC specification, is required for sox10 

and snail2 upregulation (Jacques-Fricke et al., 2014). NSD3 specifically dimethylates H3K36 in sox10 

regulatory sequences, but not in snail2 regulatory elements. Chd7, a chromatin remodeler of the SWI-

SNF superfamily, activates snail2 and sox9 expression in zebrafish and human NC, but Chd7 is not 

needed for foxd3 expression in zebrafish embryos (Bajpai et al., 2010; Asad et al., 2016). Together, 

these studies indicate that the activation of each NC specifier gene requires a specific combination of 

epigenetic remodellers, as observed for their regulation by specific groups of NB-TFs.  
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b. Specification and maintenance of premigratory neural crest by secreted signals.  

 When NB fragments are isolated from Xenopus laevis neurulas shortly after the initial NC 

induction, and grown in vitro, they do not maintain the expression of the NC specifiers genes: this 

indicates that the NC fate is not yet determined and that non-cell-autonomous maintenance 

mechanisms are acting during this early stage (Steventon et al., 2009). In animal cap ectoderm induced 

to NC by Pax3 and Zic1, cell dissociation abrogates NC induction (Monsoro-Burq et al., 2005). This 

indicates that non-cell-autonomous paracrine signaling is important in this minimal NC induction 

assay. Similarly to the regulations described during NB induction, secreted signals could originate 

from the paraxial mesoderm or the adjacent neural and NNE ectoderm, or could be produced by the 

NB itself for a paracrine mechanism. Accordingly, a continuous Wnt activity is important for NC 

induction and maintenance, downstream of NB specifiers in frog and chick, in particular for the direct 

activation of snail2 and tfap2a (Vallin et al., 2001; Sasai et al., 2001; Garcia-Castro et al., 2002; ; 

Lewis et al., 2004; Monsoro-Burq et al., 2005; Sato et al., 2005; Carmona-Fontaine et al., 2007; de 

Crozé et al., 2011; Yokota et al., 2017). In the case of FGF signaling, Meis3, acting downstream of 

Pax3 and Zic1, activates fgf3 and fgf8 expression, thus further promoting NC induction (Aamar and 

Frank, 2004; Elkouby et al., 2010; Gutkovitch et al., 2010). Such positive feedback loops are likely to 

occur in multiple instances during NC formation: for example Sox9 induces wnt3a expression in chick 

embryos (Cheung et al., 2003). 

 The precise spatial and temporal modulation of signaling pathways' activity participates in NC 

maturation prior to EMT. For instance, in frog, the Wnt/PCP pathway, acting through Ror1/2 and 

Dishevelled/Par1 is necessary for NC specification (Ossipova and Sokol, 2011). This pathway is 

implicated in cell polarity and may be linked to the role of the small GTPase RhoV (Guemar et al., 

2007). In chick, the RhoB GTPase is also activated in premigratory NC by LSox5 and plays a role in 

NC EMT although in this case, the link with Wnt signaling remains unknown (Liu and Jessell, 1998; 

Perez-Alcala et al., 2004). In both cases, Wnt/PCP-regulated cell polarity and cytoskeletal 

rearrangements may be important for the NC aggregation during their specification and EMT onset.  

 BMP signaling is a second major pathway used reiteratively during NC development. 

Phospho-Smad levels are increased at the border of the neural plate and in the neural folds, at the time 

of NC maturation in frog, chick and zebrafish embryos (Faure et al., 2002; Sakai et al., 2005; Wu et 

al., 2011; Reichert et al., 2013; Schille et al., 2016). In fish embryos, Gdf6a is as an important BMP 

ligand, while Cvl2, an extracellular BMP-binding protein is involved in the increased BMP signaling 

(Reichert et al., 2013). BMP signaling upregulation is also controlled by SNW1 both in frog and 

zebrafish, acting upstream of the BMP receptors and controlling NC specification (Wu et al., 2011). In 

contrast, the downregulation of BMP signaling promotes placode specification (Ahrens and Schlosser, 

2005, Litsiou et al., 2005; Kwon et al., 2010). In addition to BMP modulation, SNW1 also modulates 

canonical Wnt signaling levels and could therefore coordinate BMP and Wnt signaling during NC 

specification (Wang et al., 2010).  
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 In addition to the better explored BMP and Wnt pathways, several studies indicate the 

participation of other signalisations. FGF signaling is also involved at neural plate stage, notably with 

FGF3 and FGF8, both upregulated by Meis3 (Elkouby et al., 2010). Endothelin signaling is activated 

in response to Pax3, Msx1 and Zic1 (Bonano et al., 2008; Bae et al., 2014; Plouhinec et al., 2014): the 

ligand Edn1 diffuses from the underlying intermediate mesoderm and binds to Ednra. This signaling is 

crucial to maintain NCC identity and promote their survival. Notch signaling has a complex regulation 

and participates in the balance between the expansion of the NC progenitor pool and NC maturation 

and EMT: Hes4 stimulates proliferation and survival of immature NC progenitors, at the expense of 

late NC specifier induction (sox10 delayed induction), and attenuates BMP signaling (Nagatomo and 

Hashimoto, 2007; Nichane et al., 2008a; Nichane et al., 2008b). In a second step, progressive NC 

maturation is triggered by Hes4, by the following complex negative feedback loop: (i) Hes4 activates 

delta1 expression in cells adjacent to the prospective NC cell by a non-cell autonomous mechanism; 

(ii) upon Delta1 binding, Notch signaling is activated in the NC cell triggering id3 induction; (iii) Id3 

interacts with Hes4 by protein-protein interactions, which promote in NC maturation and sox10 

induction (Nichane et al., 2008a; Nichane et al., 2008b). In zebrafish embryos, Notch/Delta signaling 

also promotes NC specification at the expense of neural specification by inhibiting Neurogenin1 

(Cornell and Eisen, 2002).  

 Altogether, multiple signaling pathways interact during NC induction and maintenance. As 

previously stressed out during NB specification, it is likely that these multiple regulations are 

integrated at the level of the regulatory elements of the NC specifiers genes: for example, snail2 is a 

direct target of Pax3 and its regulatory regions contains both TCF/LEF and Smad1 binding sites, 

suggesting its potential simultaneous regulation by both Wnt and BMP signaling (Sakai et al., 2005; 

Plouhinec et al., 2014).  

Furthermore, post-transcriptional regulations, although still poorly understood, could be also 

involved in NC specification. Ribosome modifications by the CUL3 ubiquitin ligase associated with 

the adaptor KBTBD8 contribute to snail2 and sox10 activation and neural plate genes inhibition (sox2) 

in frog embryos and during human ES cells differentiation into NC (Werner et al., 2015). Small RNAs 

are increasingly implicated in post-transcriptional regulations: in NB/NC development, several 

microRNAs have been involved but the study of their precise roles is only at the beginning (Ward et 

al., 2018).  

 Finally, negative regulations either limit NC to the NB, or promote neural and placode fates 

outside the NB. Hence, in contrast to the pathways described above, Shh signals produced by the 

notochord inhibit NC specification, thus limiting NC expansion ventrally in the neural tube (Selleck et 

al., 1998). Conversely, DNMT3a represses the neural fate in the dorsal neural folds: DNMT3a is a 

DNA methyltransferase, repressing the neural genes sox2 and sox3 (Hu et al., 2012).  In zebrafish, 

PRDM1a is expressed in the NB and inhibits olig4 that controls interneurons development, thus 

PRDM1a safeguards the prospective NC domain (Hernandez-Lagunas et al., 2011). Another series of 
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negative molecular cross-talk separate NC from PPE. While Gbx2 promotes NC formation, it inhibits 

the expression of the placodal promoting-gene six1 (Li et al., 2009). In contrast, PRDM12 

trimethylates the histone residue H3K9 on regulatory sequences of foxd3 in the PPE domain, 

repressing its expression (Matsukawa et al., 2015). To promote the placode fate, BMP and Wnt 

signaling need to be downregulated, while active FGF activity is required (Litsiou et al., 2005; Kwon 

et al., 2010). In zebrafish, Dlx3b activates bambi-b, which repress BMP signaling (Reichert et al., 

2013). On the other hand, Dlx3 inhibits Nkx6.3, a NC inducing factor, while Nkx6.3 inhibits Dlx3 

(Woda et al., 2003; Zhang et al., 2014). This mutual antagonism between two genes demonstrates how 

NC and placode GRNs markedly diverge at this stage.  

 

Conclusions and Perspectives 

 In the past 15 years, many molecular events controlling the formation of the neural border 

have been interconnected, resulting in building a NB-GRN that has greatly advanced the initial 

hypothetical scaffold proposed in 2004 by Meulemans and Bronner-Fraser. From this proposal, many 

transcriptional regulations have been validated in vivo and a host of novel factors have been added, 

both for NB and for NC, resulting in one of the most advanced vertebrate GRN described. Despite 

these efforts, many genetic interactions remain untested. Transcriptomics and epigenomic analyses, 

applied to the neural crest, either as a small cell population, or in isolated single cell sequencing will 

be immensely valuable to organize this network on the large scale. Such analyses will be applied to 

NB or NC selected in vivo (Plouhinec et al., 2017) or induced in a variety of assays (Bae et al., 2014, 

Plouhinec et al., 2014; Radaban et al. 2013), raising the question of potential differences between 

these assays and the in vivo situation. Comparing the different conditions, related to the cellular 

phenotypes will be critical to better understand the complexity of the parameters controlling NB and 

NC development. 

 So far, most regulators of the NB/NC-GRN are secreted signals and transcriptional regulators, 

either TFs or epigenetic modifiers. Several of them, however, also control other cellular parameters, 

directly or indirectly, such as differential cell adhesion, cell cycle regulation, cell competence to 

signaling, among others. A recent study has evidenced how the NB/NC GRN controls AKT signaling 

by upregulating an AKT non-conventional regulator, PFKFB4 (Figuereido et al., 2017). This 

regulation is essential for the maturation of NC after its induction, and timely activation of twist1 and 

ncadherin, required for EMT and migration in the NC cells. Finally, how NB and NC specification is 

synchronized with the morphogenetic movements of neurulation remains a mystery. It should be 

pointed out that some proteins that are implicated in NB specification, such as Pax3, Grhl3 or Zic 

genes, are also necessary for neural tube closure in mouse (Kimura-Yoshida et al., 2015; 

Nikolopoulou et al., 2017). It is likely that they interact within a largely different GRN in this other 

context. 
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 The NB territory is present in vertebrates but also in chordates: in the tunicate Ciona 

intestinalis the NB gives rise to pigmented cells and migratory neuronal progenitors generating bipolar 

tail neurons (Stolfi et al., 2015). More generally, a juxtaposition of peripheral nervous system 

progenitors with a central nervous system neuroderm is common among animals, including 

Protostomians. Many orthologous genes, such as msx, pax, zic and znf703, are involved in the 

development both of the lateral neuroblasts of the nematode Caenorhabditis elegans and of the 

vertebrate NB territory (Li et al., 2017). The co-expression of these genes, however, is not sufficient to 

obtain NC induction in those animals, indicating that evolutionary modifications have occurred in 

vertebrates. Among the genes involved in the early NB/NC-GRN in vertebrates, tfap2 is of particular 

interest as it is involved upstream of NB induction and plays reiterative subsequent roles throughout 

NC development, in NC induction and NC migration (De Crozé et al., 2011). Tfap2 also acts upstream 

of NB and NC specifying genes in lamprey, a basal vertebrate (Nikitina et al., 2008), indicating its 

ancestral function in vertebrates. In protostomians (Drosophila) and chordates (Amphioxus), which do 

not form NC, Tfap2 is involved in ectodermal patterning, a function also conserved in vertebrate 

ectoderm (Kerber et al., 2001; Luo et al., 2002; Meulemans and Bronner-Fraser, 2002). The tfap2 gene 

has been duplicated several times during evolution from chordates to vertebrates, giving rise to five 

different paralogous genes in the vertebrate genome. Orthologous gene complementation experiments 

show that, despite the lack of NC in this animal, Amphioxus tfap2 can promote NC development in 

fish embryos. This suggests that the major parameter explaining tfap2 contribution to the emergence 

of NC in vertebrates is likely the evolution of the gene regulatory sequences rather than coding 

sequence modifications (Van Otterloo et al., 2012). Downstream of Tfap2, the control of sox10 

expression has probably evolved before the split between urochordates and vertebrates, but 

cooperation with other Tfap2 targets is necessary to trigger complete NC cells formation. As for sox10 

itself, it is believed to have evolved by neo-functionalization (Van Otterloo et al., 2012). When the 

other end of the vertebrate evolutionary tree is considered, NB and NC formation are not well 

understood in mammals. Many of the genes implicated in these processes in fish, frog or chick are 

dispensable in the mouse (Barriga et al., 2015). Several hypotheses could account for these 

discrepancies, such as a highly divergent GRN in mammals, or gene redundancy mechanisms 

involving different paralogous genes. Moreover, as revealed by the studies in fish, frog and chick 

embryos, the NB/NC-GRN cascade starts at early gastrulation, a developmental stage challenging to 

study in mammals. 

 Due to obvious ethical reasons and rarity, studies on human embryos are very limited. 

Expression patterns confirm that some major players of the NB/NC-GRN defined in other vertebrates, 

namely tfap2a, pax3, sox9, and sox10, are also expressed in humans (Betters et al., 2010). Many teams 

have developed various strategies to derive NC from human stem cells, either embryonic (ESC) or 

induced (iPSC) grown in vitro. The knowledge on molecular and signaling interactions, accumulated 

by the studies on other vertebrate embryos in vivo, is used for these in vitro protocols (Chambers et al., 
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2009; Bajpai et al., 2010; Menendez et al., 2011; Rada-Iglesias et al., 2012; Chambers et al., 2012; 

Mica et al., 2013; Leung et al., 2016). When NC induction is obtained by activating the canonical Wnt 

pathway, NB markers expression precedes the onset of NC markers (Leung et al., 2016), suggesting 

that cellular models recapitulate the main steps of the NB/NC-GRN. The in vitro production of human 

NC-like cells highly resembling the human NC generated in vivo, provides a unique tool to explore the 

mechanisms of human neurocristopathies and to test possible therapies. 
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Figure legends.  

Figure 1: Expression dynamics of selected genes during neural border and neural crest early 

development. 

A) Expression of the some of the most commonly used markers for NB, NNE, NP and placodes. 

Upper row: Dorsal views of frog embryos at neural plate stage (stage 14, Nieuwkoop and Faber, 

1994), stained for a selection of genes by whole-mount in situ hybridization: pax3, zic1 and msx1 are 

expressed at the NB, Six1 main expression delineates the preplacodal ectoderm (PPE) anteriorly, sox2 

is expressed in the neural plate and epk marks the non neural ectoderm. Note the partial overlap 

between pax3 and sox2 in the lateral neural plate corresponding to the future dorsal part of the neural 

tube; and of Zic1 and Six1 in the PPE. Scale bar: 500 µm. Lower row: Cross-sections of neural plate 

stage 14 frog embryos stained by whole-mount in situ hybridization for the indicated genes. Pax3, zic1 

and hes4 are expressed in the NB, sox2 is expressed in the neural plate with a partial overlap with 

pax3 in the lateral neural plate and epk is expressed in the non-neural ectoderm. Scale bar: 100 µm. 

B) The comparison of the sequential temporal activation of selected genes in the NB/NC territory 

outlines the progressive specification of NB and NC in frog and chick embryos during gastrulation and 

neurulation. References for frog: AP2a (de Crozé et al., 2011), Id3 (Light et al., 2005; Kee and 

Bronner-Fraser, 2005), Pax3 (Bang et al., 1999 ; Monsoro-Burq et al., 2005), Gbx2 ((Li et al., 2009), 

Dlx5 (Luo et al., 2001; Steventon et al., 2012), Hes4 (Tsuji et al., 2003; Glavic et al., 2003), Zic1 

(Mizuseki et al., 1998; Nakata et al., 1998), Snail1 (Aybar et al., 2003), c-myc ((Bellmeyer et al., 

2003), Zic5 (Nakata et al., 2000), Sox9 (Spokony et al., 2002), Ednra (Bonano et al., 2008), Snail2 

(Mayor et al., 1995; Aybar et al., 2003), Foxd3 (Sasai et al., 2001), Sox10 (Aoki et al. 2003; Honore et 

al., 2003), Anosmin-1 (Bae et al., 2018), Tfap2e (Hong et al., 2014). References for chick: Pax7 

(Basch et al., 2006); c-myc (Khudyakov et al., 2009; Keruoso et al., 2016) ; c-myb (Betancur et al., 

2014) ; DNMT3a (Hu et al., 2012) ; Snail2 (Nieto et al., 1994; Endo et al., 2002) ; NSD3 (Jacques-

Fricke et al., 2014) ; Foxd3 (Kos et al., 2001) ; Msx1 (Khudyakov et al., 2009) ; LSox5 (Perez-Alcala 

et al., 2004) ; Ets1 (Barembaum and Bronner, 2013) ; Sox10 (Cheng et al., 2000) 

 

Figure 2: The Hourglass model of NC induction: upstream and downstream of Pax3/Zic1. (A) 

General presentation of the "Hourglass model" for NB/NC-GRN, divided into a neural border module 

upstream of the activation of the two essential TFs Pax3 and Zic1, and a downstream module, 

describing Pax3 and Zic1 targets in subsequent NC induction. (B) Through a combination of Wnt, 

FGF and modulated BMP signals, NB-TFs are activated and mutually enhance each other's 

expression, creating a feed-forward NB stabilization loop, culminating with the robust and balanced 

activation of Pax3 and Zic1. (C) In turn, the balanced expression of Pax3 and Zic1 is necessary and 

sufficient to trigger all downstream aspects of NC development. The Pax3/Zic1-dependent GRN 

presented here has been validated in animal caps assays in vitro and frog whole embryos in vivo. The 

main regulations are shown, including the direct activation of the EMT-TFs snail2 and twist1 (ets1, 
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also direct target EMT-TF is not shown). Direct regulations are shown with solid lines, other 

regulatory connections with dashed lines. References: Bonano et al., 2008; Marchal et al., 2009; Li et 

al., 2009 ; Gutkovitch et al., 2010 ; Bae et al., 2014; Plouhinec et al., 2014.  

 

 

Supplementary materials 

 

Supplemental Table 1 : Expression, upstream regulation and main functions of genes of interest 

for NB development. Informations demonstrated in frog, chick and zebrafish are shown in green, red 

and blue, respectively. Informations demonstrated in multiple models are shown in black. 
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Gene 
frog chick zebrafish 

Expression pattern Upstream Downstream References 

anosmin-1 In NB during NC specification Activated by Pax3 and Zic1 Necessary for normal NC and 
sensory placode development 
Enhances FGF signaling, inhibits 
BMP and Wnt signaling 

Endo et al., 2013 ; Bae et al., 2018 

apoc1 In NB and NC Activated by canonical Wnt 
signaling 

Required for NB and NC 
specification 

Yokota et al., 2017 

arl6ip1 Expressed ubiquitiously  Necessary for complete NC 
specification 

Huang et al., 2009; Tu et al., 2012 

bambi-b In PPE Activated by Dlx3b Inhibits NC specification and 
promotes PPE specification by 
inhibiting BMP signaling 

Reichert et al., 2013 

cadherin 6b In NB, after Pax7 and Msx1 but before 
NCC specifiers such as Snail2 

Activated by BMP signaling  Sela-Donenfeld and Kalcheim, 1999; Dady 
and Duband, 2017 

chd7 Expressed in neural plate, NC and PPE 
in neurula 

 Interacts with PBAF complex. 
Binds regulatory sequences of 
Sox9 and Twist and control their 
expressions. 
Controls Snail2 and Sox9 
expression 

Bajpai et al., 2010; Asad et al., 2016 

c-myb In NB then in NC  Activates Gbx2, Six1, Twist, Pax7, 
Snail2 and Ets1 expression but not 
Sox9 and Foxd3. Inhibits Zic1 

Betancur et al., 2014 

c-myc In NB and NC Activated by Apolipoprotein C-I Activates Id3. Interacts with Miz1. 
Regulates the size of neural crest 
stem pool 

Bellmeyer et al., 2003; Keruoso and Bronner, 
2016; Yokota et al., 2017 

cvl2 Ventro-dorsal gradient during 
gastrulation then in NC territory 

 Binds BMP and enhance BMP 
signaling which is necessary for 
NC induction 

Reichert et al., 2013  

delta1 Around NC territory Activated by Xiro1, Hes4 and 
Stat3 
Repressed by Snail1 
 

Through Notch, represses 
neurogenin-1 expression 
Through Notch, Stimulates NC 
proliferation and differentiation 
Activates Id3 

Cornell and Eisen, 2002; Glavic et al., 2003; 
Nichane et al., 2008b 

dlx3 Before gastrulation, expressed in the 
entire ectoderm. Then during 
gastrulation, expression is 
progressively restricted to the NNE and 
its expression is lower in NB and 
absent in the neural plate 

Depends on high BMP levels. 
Inhibited by Nkx6.3 

Represses neural fates and 
promotes non-neural competence. 
Activates bambi which 
downregulates BMP signaling 
(necessary for PPE induction) 

Luo et al., 2001; Woda et al., 2003 ; Rossi et 
al., 2009 ; Pieper et al., 2012; Reichert et al., 
2013 ; Zhang et al., 2014 

dlx5 Expressed in the xenopus NB whereas 
in chick, it is expressed in NNE and 
more faintly in NB. Expressed in NC 

Depends on attenuated BMP 
levels 
Induced by BMPs 

Represses neural markers and 
non-cell autonomously activate NB 
markers. Can activate PPE marker 
Six4. 

Luo et al., 2001; Steventon et al. 2012, Pera et 
al., 1999; Streit, 2002; McLarren et al., 2003 



dnmt3a In NB   Represses Sox2 and Sox3 by 
methylating CpG islands 

Hu et al., 2012 

ednra In late NB and NC Depends on Msx1 expression in 
vivo  
Activated by Pax3 and Zic1 

Required for NC specification. 
Inhibits apoptosis in NC.  

Bonano et al. 2008; Bae et al., 2014 

ets1 In cranial and vagal NC Activated by Pax7 and Msx1. 
Depends on cMyb activity 

Activates directly Sox10 
expression 

Betancur et al., 2010, Barembaum and 
Bronner, 2013 ; Betancur et al., 2014 

foxd3 In NC (and already in NB in zebrafish) Wnt signals are necessary via 
Axud1. Activated by Pax3/Zic1, by 
Msx1, Hoxb5, Snail2 and Sox9. 
Downregulated by PRDM12 

Maintains multipotency of NC 
 

Sasai et al., 2001; Tribulo et al., 2003 ; Sato et 
al., 2005 ; Wang et al., 2011 ; Nitzan et al., 
2013 ; Bae et al., 2014 ; Ka Man Kam et al., 
2014; Simoes-Costa et al., 2015; Matsukawa 
et al., 2015 

gata2 In non-neural ectoderm Activated directly by BMP 
signaling  

Required for placodal and 
epidermal fate 

Luo et al., 2001 ; Pieper et al., 2012 

gbx2 In a broad region including NB at st12. 
At st. 16, Gbx2 is expressed in NC 
domain, and is excluded from PPE. 

Activated directly by Wnt signaling  
Depends on cMyb activity 

Upregulates Pax3 and Msx1 Li et al., 2009 
Betancur et al., 2014 

hes4 In NB and NC Activated by intermediate BMP 
levels, FGF and Wnt signaling 
Downstream effector of 
Delta/Notch interaction 

Maintains NB cells in a proliferative 
and non-differentiated state by 
repressing p27xic1 expression. 
Required for NC induction 
downstream of BMP and FGF 
signaling 

Tsuji et al., 2003; Glavic et al., 2003; 
Nagatomo and Hashimoto, 2007; Nichane et 
al., 2008a 

id3 In the non neural ectoderm then 
restricted to the NB 

Direct target of c-myc Inhibits cell cycle inhibitor p27Xic1 

Represses Sox10 
Kee and Bronner-Fraser, 2005; Light et al., 
2005 

krm2 In NC Activated by canonical Wnt 
signaling 

Enhances Wnt signaling by binding 
to LPR6 and enhancing its cell 
surface levels 

Hassler et al., 2007 

nkx6.3 In the non neural ectoderm and NB  Inhibited by Dlx3 Inhibits Dlx3. Necessary for Pax3, 
Zic1 and Msx1 normal expression. 

Zhang et al., 2014 

nsd3 Expressed in neural plate and more 
strongly in NB/NC 

 Dimethylates H3K26. Required for 
Sox10 and Snail2 activation 

Jacques-Fricke et al., 2014 

notch In neural plate and NB  With Delta, represses neurogenin-
1 expression 
With Delta, Stimulates NC 
proliferation and differentiation 
Activates Id3 

Cornell and Eisen, 2002; Glavic et al., 2003; 
Nichane et al., 2008b 

meis3 In neural plate Activated by Pax3/Zic1 
Activated in the ectoderm by 
mesodermal Wnt3a  

Activates FGF expression. 
Required for hindbrain neural and 
NC development 

Aamar and Frank, 2004; Elkouby et al., 2010; 
Gutkovitch et al., 2010 

msx1 In non neural ectoderm and NB then 
restricted to neural border at neurula 
stages 

Activated by intermediate levels of 
BMP. Direct target of BMP 
signaling. Activated by Wnt and 

Necessary for Snail2 expression. 
Upregulates Ednra. Interacts 
directly with Axud to bind 

Suzuki et al., 1997; Tribulo et al., 2003; 
Brugger et al., 2004 ; Monsoro-Burq et al., 
2005 ; Phillips et al., 2006 ; Bonano et al., 



FGF signaling 
Activated by Gbx2, TFAP2a, 
Nkx6.3 

enhancers of NC specific genes 2008 ; Li et al., 2009 ; DeCrozé et al., 2011 
Simoes-Costa et al., 2015 ; Zhang et al., 2016 

msx2 In NB Immediate downstream target of 
BMP signaling. 
BMPR1a/ALK3 and 
BMPR1b/ALK6 are both involved  

Necessary for expression of Snail2 Suzuki et al., 1997; Tribulo et al., 2003; 
Brugger et al., 2004 ; Phillips et al., 2006 ; 
Khadka et al., 2006 ; Schille et al., 2016 

pax3 In NB and NC Integration of BMP, Wnt and FGF 
signals. Activated by Gbx2 and 
directly by TFAP2a 

At high doses activates Xhe 
(hatching gland marker). With Zic1 
activates NC specification genes. 
Directly activates Snail2 

Bang et al., 1999 ; Monsoro-Burq et al., 2005 ; 
Hong et al., 2007 ; Garnett et al., 2012 ; Bae et 
al., 2014 ; Plouhinec et al., 2014 

pax7 In NB  
Faintly expressed in neural anterior 
plate then reinforced in brain and 
truncal paraxial mesoderm 

Depends on cMyb activity Necessary for Snail2, Sox9 and 
Sox10 expression 

Basch et al., 2006 ; Maczkowiak et al., 2010 ; 
Betancur et al., 2014 

pfkfb4 In neural plate then in NB and NC  Necessary for ectodermal 
patterning, NC specification 
through Akt signaling 

Pegoraro et al., 2013; Pegoraro et al., 2015; 
Figueiredo et al., 2017 

prdm1a In NB (from 70% epiboly stage) Repressed by Notch Directly activates Sox10, Foxd3 
and TFAP2a, inhibits olig4 who 
promotes neural fate 

Rossi et al., 2009 ; Hernandez-Lagunas et al., 
2011 ; Powell et al., 2013 

prdm12 In preplacodal ectoderm Activated by BMP and repressed 
by Wnt signaling 

Repress expression of Foxd3, 
Snail2 and Sox8 by promoting 
histone H3K9 trimethylation 

Matsukawa et al., 2015 

rhov In late NB and early anterior NC 
domain 

Activated by Wnt canonical 
pathway 

Necessary for Sox9, Sox10, Snail2 
and Twist expression 

Guemar et al., 2007 

six1 Expressed in PPE Depends on cMyb activity. 
Downregulated by BMP and Wnt 
signaling and activated by FGF 
signaling at the time of PPE 
specification 

Necessary for placode 
development 

Brugmann et al., 2004; Litsiou et al., 2005 ; 
Betancur et al., 2014 

snail1 In NB and NC  Necessary for NC induction Aybar et al., 2003 

snail2 In NC Controled directly by Wnt and 
BMP signaling  
Depends on cMyb activity. 
Activated by Sox9 
Directly activated by Pax3 
Expression repressed by PRDM12 

Activates Twist 
Controls EMT 

Vallin et al., 2001; Sakai et al., 2005; Sakai et 
al., 2006; Betancur et al., 2014 ; Plouhinec et 
al., 2014 ; Matsukawa et al., 2015 

snw1 Neural plate (except medial region), NB 
and NC 

 Enhances BMP signalisation (acts 
upstream BMP receptors). 
Modulates Wnt signaling during 
NC specification 

Wang et al., 2010; Wu et al., 2011 

sox2 Neural plate Inhibited by BMP signaling Inhibits NC development Wakamatsu et al., 2004 

sox5 Expressed in ectoderm then restricted 
to NB and NC 

 Enhances NC production 
Activates RhoB and Sox10 

Perez-Alcala et al., 2004 
Nordin and LaBonne, 2014 



In NC (Sox5L) expression. Interacts with Sox5 
 Associates with Smad1 and 
regulates BMP targets specificity 
 

Murko et al., 2017 

sox8 In NC Expression, activated by 
Pax3/Zic1, repressed by PRDM12 
 

Interacts with Sox5 and activates 
Sox10 

Hong and Saint-Jeannet, 2005; Bae et al., 
2014 ; Kastuyama et al., 2015; Murko et al., 
2017 

sox9 In NC Repressed by Id3 Activates Snail2, Cad6B, Cad7, 
and directly Sox10. Required for 
cranial neural crest development. 
Required for trunk NC survival. 
Represses neural progenitor 
markers 

Spokony et al., 2002 ; Saint-Germain et al., 
2004 ; Cheung and Briscoe, 2003; Light et al., 
2005 ; Cheung et al., 2005 ; Betancur et al., 
2010 ;  

sox10 In NC Activated by BMP signaling, Wnt 
signaling (mediated by Axud),  
TFAP2e, and directly by Sox5, 
Sox8, Sox9, Ets1, c-Myb. 
Repressed by Id3 

Necessary for NC maintenance, 
survival and proliferation 

Cheng et al., 2000 ; Honore et al., 2003 ; 
Perez-Alcala et al., 2004 Light et al., 2005 ; 
Betancur et al., 2010, Aoki et al., 2013, 
Reichert et al., 2013, Betancur et al., 2014, 
Simoes-Costa et al., 2015; Murko et al., 2017 

sox11 Expressed early in the NB  Essential for NC development in 
zebrafish and Xenopus 

Uy et al., 2015 

tfap2a In ectoderm before gastrulation then 
upregulated in NB during early 
gastrulation.  Not expressed in NB in 
zebrafish 

A direct target of FGF and Wnt 
signaling  

Induces NC when misexpressed in 
neural plate. Activates Pax3, Hes4 
and Msx1 expressions. Binds 
directly to Pax3 promoter. 

Shen et al., 1997; Hoffmann et al., 2007; Li 
and Cornell, 2007; deCrozé et al., 2011; Wang 
et al., 2011 

tfap2e In NB and NC. Not in NNE contrary to 
TFAP2a 

Activated by Pax3 and Zic1 Necessary for Sox10 and Snail2 
expression 

Bae et al., 2014 ; Hong et al., 2014 

twist In NC Activated by Snail2, FoxD3, Chd7, 
RhoV, cMyb 
Directly activated by Pax3 

Controls EMT Aoki et al., 2003; Aybar et al., 2003 ; Sasai et 
al., 2001 ; Meulemans and Bronner-Fraser, 
2004 ; Guemar et al., 2007 ; Bajpai et al., 
2010 ; Betancur et al., 2014 ; Plouhinec et al., 
2014 ; Bae et al., 2014 

xiro1 In late gastrula, in neural plate (except 
the midline) and less strongly in NB 

 Represses Bmp4 expression and 
activates Hes4, Msx1 and Delta1   
expressions 

Glavic et al., 2003 

zic1 Neural territory then restricted to the 
NB 

Depends on BMP attenuation 
Activated by ILF-3 

Activates RALDH2 (retinoic acid 
signaling). Activates Six1 non-cell 
autonomously via retinoic acid 
signaling. With Pax3 activates NC 
specification genes 

Mizuseki et al.,1998; Hong et al., 2007 ; 
Marchal et al., 2009 ; Hong et al., 2001; 
Fishwick et al., 2012 ; Bae et al., 2014 ; 
Plouhinec et al., 2014; Jaurena et al., 2015 

zic5 In NB. Stronger anteriorly. Then in NC Activated by Pax3 and Zic1. 
Expression promoted by FGF 

Required for NC development Nakata et al., 2000; Monsoro-Burq et al., 
2003 ; Bae et al., 2014 

znf703 Neural plate (except midline), NB, NNE 
posteriorly to hindbrain. Decreases in 
the NNE during NC specification  

Activated by Pax3 and Zic1 Necessary for Sox 10 and Snail2 
expression but not of FoxD3 

Hong and Saint-Jeannet, 2017 

 




