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Abstract

The neural crest is induced at the edge betweenethial plate and the nonneural ectoderm, in a are
called the neural (plate) border, during gastrataind neurulation. In recent years, many studies h
explored how this domain is patterned, and hownigral crest is induced within this territory, that
also participates to the prospective dorsal neutz, the dorsalmost nonneural ectoderm, as well as
placode derivatives in the anterior area. Thisawvhighlights the tissue interactions, the cell-cel
signaling and the molecular mechanisms involvethis dynamic spatiotemporal patterning, resulting
in the induction of the premigratory neural cr&llectively, these studies allow building a comple
neural border and early neural crest gene regylaietwork, mostly composed by transcriptional

regulations but also, more recently, including n@ignaling interactions.

Introduction

During animal development, the ectoderm, i.e.adhiger embryonic germ layer, progressively
undergoes a refined regional patterning essemtighe development of many cells and organs. In the
dorsalmost aspect of the gastrula and neurula-stadgebrate embryo, the ectoderm forms the neural
plate, which generates the neural tube and ultijméibe central nervous system. More laterally and
ventrally, the nonneural ectoderm forms the epidemand the associated glands. At an early stage of
ectoderm patterning, the frontier between the riqulede ectoderm (NP) and the nonneural ectoderm
(NNE) is not a sharp line but rather a broad asdked the neural (plate) border (NB). Definitivdlce
fates are not yet segregated in this area and Biddwnain contributes to the dorsal neural tube, the
neural crest (NC), the NNE and, anteriorly, thecptie progenitors. This region has been defined by
lineage tracing experiments and by the expresdi@ancombination of marker genes.

Many vertebrate-specific anatomical features defrom neural border progenitors through
the development of neural crest cells and placoties.NC gives rise to most neurons and glia of the
peripheral nervous system, to a large part of ttemicfacial skeleton and mesenchyme, to the
melanocytes and other pigment cells, to the outfiagt of the heart, and to adrenal medulla cells.
Placodes form the olfactory epithelium, the inrer, some neurons of the cranial ganglia, and the le
of the eye. Therefore, during their early developiméhe NC and placode cells share the ability to
migrate and generate multiple cell types includsegsory neurons and glial cells (for an extensive
comparison between these two populations see BahkerBronner-Fraser, 2001; Schlosser, 2008).
Understanding the multi-step Gene Regulatory Ndtw@RN) that governs NB and early NC
development is critical for understanding the molac mechanisms underlying human diseases,
notably affecting pigmentation, craniofacial deyetent, peripheral nervous system and heart
development. This review presents the current wtdeding on NB development, including NB
induction and specification during early developimemd the induction and segregation of the NC

cell fate.



Characterization of the neural-nonneural ectoder m border.

At the beginning of gastrulatipn.e. at st. 10.5 irKenopus laevis (Nieuwkoop and Faber,
1994), or at st. 3-4HH in chick embryos (Hamburged Hamilton, 1951), the NB is not outlined by
visible morphological boundaries. Therefore, it bagn defined by cell labeling experiments and by
reference to a combination of gene expressionpatt&arly cell tracing assays using lipophilic slye
(such as dil, diO) were done in gastrula-stage kceimbryos at the prospective level of the otic
vesicle, in order to mark small groups of neighbgriells: these experiments demonstrate that aklls
the NB region contribute to epidermis, placode,rakgrest and neural tube (Streit et al., 2002).
Similar dye labeling was combined with time-lapseging in the NB area of st. 4HH chick embryos.
This shows that the precursors of NC and of darsatal tube are intermingled early on and become
segregated around the 2-somites stage (st. 7HHpanrostral region (Ezin et al., 2009). This
segregation involves extensive morphogenetic mowsnicluding convergent extension and cell
intermixing (Ezin et al., 2009). NC precursors cement extension movements are also observed in
zebrafish embryos (Hochgreb-Héagele and BronnerefFr2913).

The observation that multiple cell fates are ot#diby labeling small groups of early NB cells
raises the question whether the NB is composed witipotent precursors whose fate will be
progressively restricted during development, or tivbeit is already formed early on by a salt-and-
pepper array of cells specified towards distintédaAt early gastrulation stage, the NB emerges as
separate territory that can be defined by its esgpom ofpax3/7 in frog, chick and lampregMonsoro-
Burg et al., 2005, Basch et al., 2006; Nikitinakt 2008). Several other less restricted markech s
as tfap2a, msx1/2, hesA andzicl (Suzuki et al., 1997; Mizuseki et al., 1998; Ttet al., 2003;
Monsoro-Burq et al., 2005; Hong et al., 2007; Luale 2003, Nichane et al., 2008, De Crozé et al.,
2011) overlap in this domain (Figure 1). Supplerakbriiable 1 describes the most studied NB
markers, their expression patterns and their régngdain the main vertebrate species that have been
studied, namely frog, chick and fish embryos. Sdifteand placode markers are indicated as well.

Recently, co-immunostaining for neural plate (SoX8B (Pax7), NB and NNE (TfapZ2a,
Msx1/2), and placode progenitors (Six1l) has shotvat these markers extensively overlap in
individual cells at the NB of early gastrula stagf@ick embryos (Roellig et al., 2017). This co-
expression of multiple markers is maintained latey during neurulation, until neural tube closure.
Assuming that each of these markers is a faithiedligtor of the distinct cell fates, this studyizates
that the NB is not divided into sharply definedefagstricted regions prior to neural tube closure.
However,there is a clear predominance of neural plate-Naygmitors (Sox2+/Pax7+/Six1-) over
neural plate-PPE progenitors (Sox2+/Six1+/PaxTijgssting a preferential emergence of NC among
neural plate progenitoré stochastic variation in gene expressions in NB gopulation before their
final commitment cannot be excluded, as this wasnshfor erythroid progenitors (Richard et al.,
2016). Overall, although the NB could be interpiletis a broad competence domain for dorsal neural

tube, NNE, NC and placode$ presents some preferential association of fadis which are



reminiscent of the binary competence model propaseSchlosser in whicthe NC and the placodes
are induced separately, the NC on the neural sidiheo NB and placode cells on the nonneural
ectodermal side of the NB (Schlosser, 2008; Piepat., 2012).

Altogether, these studies have helped refiningntitéeon of neural border in the last 15 years,
and paved the way for functional studies aimedeéihthg the roles of each candidate molecule, eithe
secreted signals or transcription regulators, duNB development. The transcriptional factors (TFs)
essential for the establishment of the NB, hense &r further for NC and placode formation, are
named NB specifiers (or NB-TFs), while the onesolmed in NC development, but not earlier NB

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

Tissuesinteractionsinvolved in neural border induction.

As many other tissues in the embryo, the NB dewelopler the control of a combination of
signaling molecules secreted from the adjacentigssMany studies done between 1990 and 2005
have identified signals impacting NC and placoddugtion. They can now be reinterpreted more
precisely, according to their effect on either NBN(C induction, using the developmental stages and
the markers that were analyzeDuring gastrulation, the prospective NB territorashthree
neighboring tissues: the nonneural ectoderm, theahelate and the underlying mesoderm. In the
plane of the ectoderm, the experimental juxtapmsitf NNE and NP tissues induces NC marker
expressiongnail 2), followed by NC cell formation, producedainly by NR in axolotl, frog or chick
(Moury et al., 1990; Selleck and Bronner-Frase85t Mancilla and Mayor, 1996 chlosser, 2006,
Pieper et al., 20)2 Planar signals in the ectoderm are accompanyedeltical signaling from the
dorsolateral marginal zone (DLMZ), i.e. the earhgqursor of paraxial and intermediate mesoderm.
These signals induce NB and NC markers in the flogipotent ectodermal cells of the blastocoel
roof, also named "animal caps" (Bang et al., 138 stein et al, 1998; Monsoro-Burq et al., 2003).
In vivo, the DLMZ underlies the NB during its specificatjat early gastrula stage, and is necessary
for NB formation as its experimental ablation puelgs the development of NB and NC (Bonstein et
al., 1998; Marchant et al., 1998; Steventon et28l09). The secreted signals involved in thosei¢iss
interactions seem conserved between different lwexte species since the chick paraxial mesoderm

inducesmsx1 andpax3 in frog ectoderm (Bang et al., 1999).

Several signaling pathways cooperateto induce the neural border.

Many experimental studies usingn vitro tissue recombination,in vivo grafting,
pharmacological assays, gain and loss of functiesays and genetic epistasis analysis have
established that a cooperation of BMP, FGF and ¥igmnals is involved in NB specification. Other
signals, such as Notch signaling and Sonic HedgéBbb) signaling have not yet been implicated at

these early stages of ectoderm patterning.



a. The BMP signaling gradient across the ectoderm positions the neural border lateral to the
neural plate.

During early gastrulation, BMP antagonists, susltlaordin, noggin, cerberus and follistatin,
induce the neural plate from the dorsal ectoderarl@td, 2000; Pla and Monsoro-Burg, 2015). While
BMPs are secreted by the ventral non-neural eatodmrd ventral mesoderm, BMP antagonists
diffuse from the involuting dorsal mesoderm, thienegrating a morphogenetic gradient of BMP
activity in the ectoderm: high BMP signaling in thentral ectoderm promotes the epidermal fate and
represses the neural fate while low BMP activitysddly allows neural specification (Smith et al.,
1993; Sasai et al., 1994; Wilson and Hemmati-Biiman 1995). The ectoderm region with
intermediate BMP activity, assessed by moderateldenf pSmad1/5/8 or chordin immunostaining, in
chick, fish or frog embryos, corresponds to the piition (Faure et al., 2002; Wu et al., 2011,
Plouhinec et al., 2014). This balanced BMP actiistgssential for NB specificatioin vivo chordin
depletion abolishes NBz€l) and NC énail2) specifiers' upregulation (Marchal et al., 2009;
Steventon et al., 2009). Converseticl, which is expressed both in NB and NP, is upregdldig
BMP inhibition in frog embryos (Mizuseki et al., 98, Marchal et al., 2009; Hong et al., 2007), while
intermediate levels of BMP signaling activatie3, pax3, msxl and hes4 in frog and zebrafish,
resulting in positioning the NB along the dorsaivval body axis (Suzuki et al., 1997; Tribulo et al
2003; Brugger et al., 2004; Nichane et al., 2008arnett et al., 2012). Downstream of BMP
signaling,dix3, activated by high BMP levels, adtk5, triggered by attenuated BMP levels, cooperate
and further fine-tune BMP signaling (Luo et al.020Woda et al., 2003). This could be mediated by a
balance between DIx and Msx opposing activitieslaewn in zebrafish embryos (Phillips et al.,
2006). However, the experimental modulation of BMghaling, in animal cap ectoderm explants, is
not sufficient to induce NB and NC markers with tiigh expression levels detectigdvivo (Saint-
Jeannet et al., 1997; LaBonne and Bronner-Fra888, Villanueva et al., 2002). This observation has

triggered the search for the additional signalpeoating with BMPs in whole embryos.

b. FGF and WNT signaling cooperate with intermediate BM P levelsto promote NB for mation.

Before gastrulation, FGF signaling is requiredrieural induction in frog and chick embryos
as it sensitizes the NNE to respond to neural itidoc using both BMP-dependent and BMP-
independent mechanisms (Streit et al., 2000; Wiktoal., 2000; Delaune et al., 2005; Marchal et al.
2009). At the time of NB specification, several FGfands, including FGF3, FGF4, FGF8 are
expressed in the DLMZ (Christen and Slack, 1997n8two-Burqg et al., 2003). FGF signaling is
necessary for the induction of most NB specifiersivo, namelypax3, hes4, tfap2a andmsx1, and
activates their expression in isolated animal cefpderm without further neuralization by BMP
antagonists or mesoderm induction (Wilson et &I0Q2 Monsoro-Burg et al., 2003; Monsoro-Burq et
al., 2005, Nichane et al. 2008, De Crozé et all12@arnett et al., 2012, Stuhlmiller and Garcia-
Castro, 2012).



Similarly to FGFs, Wnt signaling was shown to dilg neuralize the NNE by inhibiting
BMP4 expression in animal caps assays (Baker,et@39). During anterior-posterior axis patterning,
both FGFs and Whnts, especially Wnt3a, act in theraleube and paraxial mesoderm, promoting
posterior patterning and repressing anterior fAt&sGrew et al., 1995; Glinka et al., 1998; Kiecker
and Niehrs, 2001). Wnt3a and Wnt8 are expresséideidLMZ and many different Wnt ligands are
present in the NNE (Garriock et al., 2007). Theoraeal Wntfcatenin signaling is necessary for NB
and NC induction in frog, fish and chick embryimsvivo. This activity is independent from Wnt
general posteriorizing function (Chang and HemrBatkanlou 1997; Saint-Jeannet et al., 1997;
LaBonne and Bronner-Fraser, 1998; Monsoro-Burd.e2805; Shimizu et al., 2005, Wu and Klein
2005; Hong et al., 2008; Elkouby et al., 2010; @#ret al., 2012). In further agreement with theche
for active canonical Wnt signals for NB formatidXWP1, which stabilizefcatenin, is crucial for NB
and NC induction (Seo et al., 2013). Wnt signalimghe NB ectoderm activates the expression of
several NB-TFs, such #&fsp2a, gbx2, pax3 andmsxl as direct targets, as well as novel players sach a
apolipoprotein C-l that is also necessary for NBc#jication (Li et al., 2009; De Crozé et al., 2011
Yokota et al., 2017). The comparisonfafitenin direct targets and NB transcriptome sigeatufrog
embryos indicates a number of novel candidategnpially regulated by Wncatenin signaling in
the NB (Kjolby et al., 2016, Plouhinec et al., 2R17

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

Altogether, the studies described above indicast & combination of three main signaling
pathways, BMP, Wnt and FGF, is required to inddeeNB. It had long remained debated whether
FGF signals were acting directly on ectoderm delltrigger NB induction, or whether FGF signals
acted indirectly, by promoting Wnt signaling frometunderlying mesoderm, which would in turn
activate NB/NC formation in the ectoderm. Elegardrkvin zebrafish embryos demonstrates that
pax3a activation requires all three signals directlyr Boresponse in the ectoderm (Garnett et al.,
2012). In zebrafishzic3 plays a similar role agcl in other models. In contrast pax3a regulation,
zic3 activation at the NB is achieved by combining rategion of BMP activity and Wnt signaling. In
the case o#ic3, FGF signals are redundant with Wnt activity. Hution of redundant signals could
contribute to provide robustness in the NB inducti@twork (Garnett et al., 2012). In frog embryos,
other NB specifiers such #sp2a andmsx1 are both activated by FGF signaling and are digegets
of the Wntfcatenin pathway (de Crozé et al., 2011). Wtie2a is activated by FGF in @catenin-
dependent manner, it remains unclear if both inptesrequired independently fiansx1 activation(de
Crozé et al., 2011).

Additionally, as shown for neural induction, it li&ely that the NB cell response to the three
patterning pathways involves both direct transwipl integration on target genes regulatory



elements, and cross-modulation at the level of thacellular transduction pathways, by
posttranslational modifications. Such signalingssrtalk has been demonstrated for \fcatenin and
BMP signaling at the level of GSK3 and Smads; fefli3catenin and Smad4/Smad1; for BMP and
FGF by the negative regulation of Smads by MAPKngctownstream of FGF receptors (Hussein et
al., 2003; Fuentealba et al., 2007; Stuhlmiller @adcia-Castro, 2012). Moreover, each pathway may
further modulate the activity of another signalipgthway: for example, the Wnt/PCP pathway
receptor Ror2 upregulates the expression of the Bilghd Gdf6é which in turn is essential for
NB/NC formation (Reichert et al., 2013; Schilleadt, 2016a). Finally, in addition to the three most
studied pathways, retinoic acid (RA) signaling isoaimplicated in early NC specification in frog

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

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

Epistasis experiments shed light on the genetieraations triggering NB establishment,
mainly focusing on events downstream of canonicait Wignaling in frog embryos. At early
gastrulation stage, the effects of Wnts are prilpaniediated by Tfap2a and Gbx2. Both are directly
activated by Wnficatenin signaling and turn gax3 andmsxl expressionn vivo and in pluripotent
ectoderm neuralized by BMP antagonists (Li et2009; de Crozé et al., 2011). Interestingly, Tfap2
directly activatepax3 and is sufficient to compensate the inhibition afit®ignaling as Tfap2 gain of
function restorespax3 expression afterBcatenin depletionin vivo (de Crozé et al.,, 2011).
Subsequently, an active feed-forward transcriptiosgulatory loop is set-up between the NB-TFs, as
they cross-regulate each other’'s expression duréwgulation (Figure 2B). In vivo, the depletion of
either Tfap2a, Gbx2, Msx1, Pax3, Hes4, or Ziclralthe expression of all other NB specifiers,
resulting in deficient NC induction (Monsoro-Burg &., 2005; Sato et al., 2005, Nichane et al.,
2008a; Li et al., 2009; de Crozé et al.,, 2011). seheross-regulations can be interpreted as the
establishment of a stabilization loop locking up thB fate upstream of NC formation. Altogether,
these experiments done in frog embryos allow bugdhe first steps of the NB-GRN (Figure 2B).

Similar experiments conducted in lamprey, fish ahitk early embryos demonstrate that the
NB-GRN is largely conserved across vertebrate eiipyalthough in teleost fish embryos, because of
the additional genome duplication, double loss wfctions may be needed to reproduce the early
phenotypes observed in frog embryos (Basch et2806; Li et al., 2007; Nikitina et al., 2008).
However, a few species-specific differences hawnhb®oted, involving the replacement of a given
gene by a paralog gene (“paralog switch”). Thithis case fopax3 and pax7, two phylogenetically
close paralogs of the Pax gene family (McCauley Brmhner-Fraser, 2002; Monsoro-Burg, 2015).
Pax3 is the most spatially restricted early NB markefrog embryos, wheregsx7 is the early player
in chick gastrulas, indicating that their expressand function has been swapped in the ectoderm

generating the NB during evolution, although botimes are co-expressed in the dorsal neural tube in



both species later on. Moreover Xanopus laevis, Pax7 is expressed in the paraxial mesoderm,sand i
involved in NB specification by the DLMZ, while P2vactivity is required in the prospective NB
ectoderm (Maczkowiak et al., 2010). In this cake, tivo paralog proteins are no longer functionally
equivalent since Pax3 and Pax7 cannot compensatedch other's loss of functiom vivo
(Maczkowiak et al., 2010). This differs from thesebvations in mouse embryos wheex3 mutants
exhibit defects in cardiac and trunk NC, while ¢agaNC is normal, and where Pax7 can substitute for
Pax3 function in trunk NC development (Relaix et 2004).

As a whole however, similar regulations establish ¢arly NB-GRN during gastrulation of
vertebrate embryos. In turn, the NB-TFs controldheet of neural crest induction in this territoay,

the end of gastrulation and during the neural [dtdge.

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

The neural border cell state is transitory sineedélls in this territory will be further specified
into NC and placodes, as well as NNE and dorsalahéube. In frog neural fold stage neurulas, NC
and placode precursors are spatially restricteth placodes arising anteriorly and laterally to M@
(Glavic et al., 2004). From stage 13 onwards @feer the end of gastrulation), Menopus laevis
embryos, the competence to become NC is restrtotélde neural tissue, whereas the competence to
become placodes is restricted to the NNE (Piepat.eR012). A similar restriction for the placode
fate is observed in late zebrafish gastrulas (Ketoal., 2010)In chick embryos, there is a preferential
association of NC markers with neural plate markatBough co-expressions of combinations of
neural plate, NC, placode and NNE markers is maiathin a small subset of cells late in neurulation
(Roellig et al., 2017).

NC specification occurs with activation of a nest sf genes that are present neither in neural
plate, nor in nonneural ectoderm, placodes anchimfqland: the NC-TFs, namedpail 2, foxd3 and
SoxE family genesSox8, Sox9 and Sox10. In frog embryos, a stereotyped sequential adctimabf
these early NC markers is observedk9 is expressed slightly earlier (from stage 11 omlsathan
snail2 andfoxd3, which are activated earlier (from st. 12-12.5)ntlsax 10 (from st. 13/14 onwards)
(Vallin et al., 2001; Spokony et al., 2002; Honeteal., 2003; Aoki et al., 2003; Figure 1B). This
indicates that NC specification is a multistep @sx; the early induction step (induction sok9,
snail2 andfoxd3) being followed by a maturation step with the indorctof late NC markers such as
sox10 andtwistl, as well as other cellular events preparing EMT sagltadherin expression switch
between epithelial cadherirecadherin or cdhl) and ncadherin or cadherinll. Ultimately, NC
specification and maturation are followed by EMT NEC cells and migration towards various
locations in the embryo, and their differentiatinoto multiple derivatives. Most of the aforementahn
genes are conserved and needed for NC specificatidrdevelopment in the main vertebrate models
analyzed so far (Suppl. Table 1). The ectopic esgiom of these genes induces ectopic NC induction



from neural progenitors in the neural tube (Dotgtrial., 2001; Cheung et al., 2003; Cheung et al.,
2005). Howevergail genes seem dispensable for NC development in meabeyos (Murray and
Gridley, 2006).

a. TheNB-TFscooperatetoinducethe premigratory neural crest.

In vivo, a large number of genes and secreted factorseguered for the onset of the NC
program, the induction phase, at the neural plaiges In the last few years, it has become impbrtan
to identify the genes that were not only essefiaNC inductionin vivo, but also that were sufficient
to activate NC ectopically, outside of the neuratder context. These factors would thus trigger NC
development in the targeted cells, potentially dderg the original fate of the cells, independgntl
from the cooperation with other factors presenthat NB. So far, most regulators, such as the NB
specifiers described above, taken individually,iamgortant to activate the NC-GRN in the context of
the neural border but fail to do so in ectopic t@oss in vivo or in isolated pluripotent ectoderm
vitro (e.g. in animal cap assay): for example, Msxlesessary fosnail2 andfoxd3 expressiorin
Vivo, but Msx ectopic expression enlarges the NC teyritvithout creating a novel separate NC area
either in the neural plate or in the nonneural @etm (Tribulo et al., 2003). However, in combinatio
with secreted neural and neural border inducerh agcthe BMP antagonists noggin and chordin or
such as Wnts, the NB specifiers broadly activaie NIiC program ectopically, indicating that they
cooperate with other factors also activated atNBe To identify and understand these cooperations
and their implications for the architecture of NBYNGRN, a core regulatory module acting as a
minimal NC-inducing genetic program was searchedfoong NB specifiers. When compared to the
activity of 10 candidate NB specifier pairs, theegression of the two NB-TF Pax3 and Zicl was
identified as a minimal and efficient NC-inducingpgram (Monsoro-Burq et al., 2005; Sato et al.,
2005; Hong and Saint-Jeannet 2007; Milet et all320

During neurulationPax3 andZicl expression patterns become more restricted tdlBrand
the neural folds compared to their patterns duNByspecification in gastrula-stage embryos (Hong
and Saint-Jeannet, 2007). While both Pax3 and Zi&l required for NC inductioin vivo, an
appropriately balanced relative activity of thes® factors is critical to obtain the NC fate: highe
Pax3 activity orients cells towards a hatching dldate and inhibits preplacodal ectoderm (PPE)
development, whereas higher Zicl levels triggePP& destinyZicl acts in a non-cell autonomous
manner, by the intermediate of retinoic acid sigiga(Hong and Saint-Jeannet, 2007; Jaurena et al.,
2015). Furthermore, in ectopic induction assays, Pax3 2icd cooperation is sufficient to fully
specify NC cells from the induction step to EMT, gmaition and differentiation into multiple
derivatives, either from nonneural ventral ectodenmfrom vegetal blastomeres normally fated to
form endodermin vivo, or from pluripotent ectodermn vitro (Milet et al.,, 2013). Chick
extraembryonic ectoderm also initiates expressioa tew NC specifiers' genes upon activation of
Pax3 and Zic1(Milet et al., 2013).



Because the frog pluripotent ectoderm cells relytmir yolk content for growth and proliferatiohget
animal cap assay is done in a growth factor-frdmesanedium. Since Pax3 and Zicl trigger a
complete NC developmental program in those conditiohis suggests that all the needed molecular
and cellular interactions are elicited in the cahtaf this isolated pluripotent ectoderm tissueisTh
includes downstream secondary signaling, such rasxample Wnt signals or Tfap2a activity which
are further required downstream of Pax3 and Zidhdace NC specifiers (Monsoro-Burg et al., 2005,
Sato et al., 2005; De Crozé et al., 2011, Milealet2013). Similar activities have been described
chick embryo trunk NC (Simoes-Costa et al., 2015 activation of this novel minimal program is
now largely used as a standard assay to activetdN@+GRN and further study NC development
downstream of NB formation (Gutkovich et al., 20H)jitrago-Delgado et al., 2015; Geary and
LaBonne, 2018). We propose that Pax3 and Zicl catipa acts as a critical bottleneck within the
larger and more complex current NB/NC-GRN describlsgwhere (e.g. Simoes-Costa and Bronner,
2015). We thus describe the position of Pax3 ard By a novel "Hourglass model of NC induction"
presented in Figure 2A. In this model, the early-GBN acts as an upstream feed-forward positive
loop, activating a balanced expression of Pax3 ded, which in turn cooperate and trigger the
downstream NC-GRNWith this model, we suggest that there are critivaitlenecks within the
current NB/NC-GRN and that the activation of bo#x® and Zicl in the NB territory is one of them.
The “Hourglass model of NC induction” is based @& fproperties of Pax3 and Zicl, the best
characterized combination of only two transcriptfaotors sufficient to activate the downstream NC-
GRN and functional NC migration and differentiation

In this context of isolated pluripotent ectodemduced into NC, many Pax3 and Zicl direct
targets have been characterized. This includeshallgenes defining the usual premigratory NC
signature such a®xd3, snail2, sox8, sox9 andtwistl (Figure 2C, Bae et al., 2014; Plouhinec et al.,
2014). The sequential dynamics of activation ohegene mirrors the in vivo situation, indicatingth
the NC-GRN triggered in vitro is likely very close thein vivo one (Milet et al., 2013). Pax3 and
Zicl activities are not redundant in the NC-GRNiation. For example, Meis3 is a homeobox
transcription factor involved in NC and hindbrairinpary neurons developmerleis3 expression is
activated by Pax3 and Zicl, but Meis3 does noyrBax3 or Zicl activity symmetrically: the loss of
NC caused by Zicl knock-down can be rescued by 3dist not the one caused by Pax3 knock-
down, showing that this gene is the main effectoprg Zicl targets but not among Pax3 targets
(Gutkovitch et al., 2010). Another example is tiféedential activation of cell-cell adhesion moléesi
regulating EMT: while Pax3 activataxadherin expression, Zicl is essential for transcriptional
repression oécadherin/cdhl (Milet et al., 2013).

Some targets of Pax3 and Zicl are of particulterast. Znf703 (or Nlz1), a zinc finger
transcription factor, recently characterized asoavribtream target of Pax3 and Zicl, acts as an
activator ofsnai2 and sox10 and it restrictssox2 domain of expression (Hong et al., 2017). The
tyrosine kinase receptor Pdgfra (Plouhinec et28l14; Bae et al., 2014) has been recently implicate
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in NC migration (Bahm et al., 2017). Pax3 and Zitdo activat@nosminl expression an extracellular
matrix protein involved in the specification of hdliC and placode development (Bae et al., 2018). In
chick embryos, the Anosminl binds in FGF, BMP andtWgands, thus potentially modulating
signaling pathways critical for further NC develogmh (Endo et al., 2012). Importantly, Pax3 and
Zicl cooperation directly activates a whole "EMTdute" defined by a group of transcription factors
commonly named EMT-TFssnai2, etsl, and twistl. This situation contrasts with the alternative
possible mechanism of a sequential and indiredvatiin of factors important for the EMT.
Accordingly, animal cap ectoderm induced into N&dily undergoes EMT and migratiémvitro, as
well asin vivo albeit migration occurs with a slower velocitydiie 2B; Milet et al., 2013; Plouhinec
et al., 2014). Finally, it is remains unknown iétbynergistic effects of Pax3 and Zicl on soméeif t
targets are mediated by direct simultaneous intieras on target genes regulatory elements, such as
those described during myogenesis (Himeda et@L3R

Pax3 and Zicl cooperate with other factors presetlie pluripotent animal cap ectoderm,
such as Wnt signals and Tfap2a: Tfap2a is requiceehstream Pax3/Zicl activity and directly binds
sox10 regulatory sequences in zebrafish embryos (Deé&Cebal., 2011; Van Otterloo, 2012). The full
complement of factors cooperating with these twarét NC inducers remains to be defined. In chick
embryos, Wnt signaling is mediated by its downstrédarget Axudl1, which is required fdoxds3,
sox9, sox10 andetsl upregulation. Axudl directly interacts with Paxidavisx1 and controls their
binding to the enhancers of NC specific genes (8s¥0osta et al., 2015). Other NB-TFs are involved
in the activation of subsets of NC specifiers, sashcMyb controllingsnail2 and etsl expression
directly but notsox9 and foxd3 activation (Betancur et al., 2014). In sum, despite impressive
number of novel regulations described in the last years, the regulatory and epistasis interactions
between all these NB-TFs and NC-TFs remain lar¢elgxplore, to provide a completely validated
network.

Finally, as anticipated for a complex process iving the spatial and temporal coordination
of multiple gene activations and repressions, fligemetic chromatin state is tightly regulated dgri
NC specification. The accessibility of transcriptifactors to their target regulatory sequences is
precisely controlled to regulate the timing of tNE genetic cascade. JMJD2A, a histone lysine
demethylase, controx10 de-repression by H3K9me3 demethylation (Strobl-kda et al., 2010).
NSD3, a lysine methyltransferase upregulated jag&ire chick NC specification, is required &mx10
andsnail2 upregulation (Jacques-Fricke et al., 2014). NS&:#gically dimethylates H3K36 isox10
regulatory sequences, but notsivail2 regulatory elements. Chd7, a chromatin remoddléneoSWI-
SNF superfamily, activatesail2 andsox9 expression in zebrafish and human NC, but Chdots
needed forfoxd3 expression in zebrafish embryos (Bajpai et all02(Asad et al., 2016). Together,
these studies indicate that the activation of @é€hspecifier gene requires a specific combinatibn o

epigenetic remodellers, as observed for their edgpr 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 froxenopus laevis neurulas shortly after the initial NC
induction, and growrn vitro, they do not maintain the expression of the NC digesi genes: this
indicates that the NC fate is not yet determined d&hat non-cell-autonomous maintenance
mechanisms are acting during this early stage €atewn et al., 2009). In animal cap ectoderm induced
to NC by Pax3 and Zicl, cell dissociation abrog&t€sinduction (Monsoro-Burq et al., 2005). This
indicates that non-cell-autonomous paracrine siggalk important in this minimal NC induction
assay. Similarly to the regulations described duiB induction, secreted signals could originate
from the paraxial mesoderm or the adjacent neurdlMNE ectoderm, or could be produced by the
NB itself for a paracrine mechanism. Accordinglyc@tinuous Wnt activity is important for NC
induction and maintenance, downstream of NB sp&sifin frog and chick, in particular for the direct
activation ofsnail2 andtfap2a (Vallin et al., 2001; Sasai et al., 2001; Garcist@a et al., 2002; ;
Lewis et al., 2004; Monsoro-Burq et al., 2005; Satt@l., 2005; Carmona-Fontaine et al., 2007; de
Crozé et al., 2011; Yokota et al., 2017). In theecaf FGF signaling, Meis3, acting downstream of
Pax3 and Zicl, activatdgf3 andfgf8 expression, thus further promoting NC inductioratf#ar and
Frank, 2004; Elkouby et al., 2010; Gutkovitch et 2010). Such positive feedback loops are likely t
occur in multiple instances during NC formatiorn: éxample Sox9 inducemnt3a expression in chick
embryos (Cheung et al., 2003).

The precise spatial and temporal modulation afaligg pathways' activity participates in NC
maturation prior to EMT. For instance, in frog, thént/PCP pathway, acting through Rorl/2 and
Dishevelled/Parl is necessary for NC specificafidssipova and Sokol, 2011). This pathway is
implicated in cell polarity and may be linked teettole of the small GTPase RhoV (Guemar et al.,
2007). In chick, the RhoB GTPase is also activategokemigratory NC by LSox5 and plays a role in
NC EMT although in this case, the link with Wntrséding remains unknown (Liu and Jessell, 1998;
Perez-Alcala et al., 2004). In both cases, Wnt/lP&fedated cell polarity and cytoskeletal
rearrangements may be important for the NC aggi@ygduring their specification and EMT onset.

BMP signaling is a second major pathway used regiteely during NC development.
Phospho-Smad levels are increased at the bordee ofeural plate and in the neural folds, at time i
of NC maturation in frog, chick and zebrafish endsy{Faure et al., 2002; Sakai et al., 2005; Wu et
al., 2011; Reichert et al., 2013; Schille et ab1&). In fish embryos, Gdf6a is as an important BMP
ligand, while Cvl2, an extracellular BMP-bindingopein is involved in the increased BMP signaling
(Reichert et al., 2013). BMP signaling upregulatisralso controlled by SNW1 both in frog and
zebrafish, acting upstream of the BMP receptorscamdrolling NC specification (Wu et al., 2011). In
contrast, the downregulation of BMP signaling préesglacode specification (Ahrens and Schlosser,
2005, Litsiou et al., 2005; Kwon et al., 2010) aehdition to BMP modulation, SNW1 also modulates
canonical Wnt signaling levels and could therefooerdinate BMP and Wnt signaling during NC
specification (Wang et al., 2010).
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In addition to the better explored BMP and Wnthpatys, several studies indicate the
participation of other signalisations. FGF signglis also involved at neural plate stage, notakith w
FGF3 and FGF8, both upregulated by Meis3 (Elkoubsl.e 2010). Endothelin signaling is activated
in response to Pax3, Msx1 and Zicl (Bonano eR@D8; Bae et al., 2014; Plouhinec et al., 2014): th
ligand Edn1 diffuses from the underlying interméelimesoderm and binds to Ednra. This signaling is
crucial to maintain NCC identity and promote thairvival. Notch signaling has a complex regulation
and participates in the balance between the expamgithe NC progenitor pool and NC maturation
and EMT: Hes4 stimulates proliferation and survieimmature NC progenitors, at the expense of
late NC specifier inductions§x10 delayed inductioy and attenuates BMP signaling (Nagatomo and
Hashimoto, 2007; Nichane et al., 2008a; Nichanal.et2008b). In a second step, progressive NC
maturation is triggered by Hes4, by the followiramplex negative feedback loop: (i) Hes4 activates
deltal expression in cells adjacent to the prospectivecHIiCby a non-cell autonomous mechanism;
(i) upon Deltal binding, Notch signaling is actied in the NC cell triggeringd3 induction; (iii) 1d3
interacts with Hes4 by protein-protein interactiomghich promote in NC maturation arsbx10
induction (Nichane et al., 2008a; Nichane et @08b). In zebrafish embryos, Notch/Delta signaling
also promotes NC specification at the expense afatespecification by inhibiting Neurogeninl
(Cornell and Eisen, 2002).

Altogether, multiple signaling pathways interactridg NC induction and maintenance. As
previously stressed out during NB specification,isitlikely that these multiple regulations are
integrated at the level of the regulatory elemefithe NC specifiers genes: for examsegil2 is a
direct target of Pax3 and its regulatory regionataims both TCF/LEF and Smadl binding sites,
suggesting its potential simultaneous regulatiorbbth Wnt and BMP signaling (Sakai et al., 2005;
Plouhinec et al., 2014).

Furthermore, post-transcriptional regulations, althh still poorly understood, could be also
involved in NC specification. Ribosome modificatsony the CUL3 ubiquitin ligase associated with
the adaptor KBTBD8 contribute tmail2 andsox10 activation and neural plate genes inhibit{sox2)
in frog embryos and during human ES cells diffeeitn into NC (Werner et al., 2015). Small RNAs
are increasingly implicated in post-transcriptiomagulations: in NB/NC development, several
microRNAs have been involved but the study of tipeecise roles is only at the beginning (Ward et
al., 2018).

Finally, negative regulations either limit NC toetNB, or promote neural and placode fates
outside the NB. Hence, in contrast to the pathwdsscribed above, Shh signals produced by the
notochord inhibit NC specification, thus limitingdN\Nexpansion ventrally in the neural tube (Selleck e
al., 1998). Conversely, DNMT3a represses the ndatalin the dorsal neural folds: DNMT3a is a
DNA methyltransferase, repressing the neural gsoe® andsox3 (Hu et al., 2012). In zebrafish,
PRDM1la is expressed in the NB and inhitotegd that controls interneurons development, thus
PRDM1a safeguards the prospective NC domain (Helemhagunas et al., 2011). Another series of
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negative molecular cross-talk separate NC from RPfile Gbx2 promotes NC formation, it inhibits
the expression of the placodal promoting-gesmel (Li et al., 2009). In contrast, PRDM12
trimethylates the histone residue H3K9 on regulateequences ofoxd3 in the PPE domain,
repressing its expression (Matsukawa et al., 20I6).promote the placode fate, BMP and Wnt
signaling need to be downregulated, while activé-FE@tivity is required (Litsiou et al., 2005; Kwon

et al., 2010). In zebrafish, DIx3b activatiesmbi-b, which repress BMP signaling (Reichert et al.,
2013). On the other hand, DIx3 inhibits Nkx6.3, & Mducing factor, while Nkx6.3 inhibits DIx3
(Woda et al., 2003; Zhang et al., 2014). This miuiméagonism between two genes demonstrates how
NC and placode GRNs markedly diverge at this stage.

Conclusions and Per spectives

In the past 15 years, many molecular events cliinfyjathe formation of the neural border
have been interconnected, resulting in building Bc®RN that has greatly advanced the initial
hypothetical scaffold proposed in 2004 by Meulemamd Bronner-Fraser. From this proposal, many
transcriptional regulations have been validatedivo and a host of novel factors have been added,
both for NB and for NC, resulting in one of the maslvanced vertebrate GRN described. Despite
these efforts, many genetic interactions remairesiatl. Transcriptomics and epigenomic analyses,
applied to the neural crest, either as a smallpabulation, or in isolated single cell sequenaivity
be immensely valuable to organize this networklonlarge scale. Such analyses will be applied to
NB or NC selected in vivo (Plouhinec et al., 20&7)nduced in a variety of assays (Bae et al., 2014
Plouhinec et al., 2014; Radaban et al. 2013), mgishe question of potential differences between
these assays and tliwe vivo situation. Comparing the different conditions,atetl to the cellular
phenotypes will be critical to better understanel tbmplexity of the parameters controlling NB and
NC development.

So far, most regulators of the NB/NC-GRN are dedrsignals and transcriptional regulators,
either TFs or epigenetic modifiers. Several of thamwever, also control other cellular parameters,
directly or indirectly, such as differential celtiteesion, cell cycle regulation, cell competence to
signaling, among others. A recent study has eviggmow the NB/NC GRN controls AKT signaling
by upregulating an AKT non-conventional regulat®-KFB4 (Figuereido et al., 2017). This
regulation is essential for the maturation of N@iaits induction, and timely activation tfistl and
ncadherin, required forEMT and migration in the NC cells. Finally, how NiBd NC specification is
synchronized with the morphogenetic movements afruiation remains a mystery. It should be
pointed out that some proteins that are implicate®lB specification, such as Pax3, Grhl3 or Zic
genes, are also necessary for neural tube closurendouse (Kimura-Yoshida et al.,, 2015;
Nikolopoulou et al., 2017). It is likely that théyteract within a largely different GRN in this eth

context.

14



The NB territory is present in vertebrates but alsochordates: in the tunicat€iona
intestinalisthe NB gives rise to pigmented cells and migratwyronal progenitors generating bipolar
tail neurons (Stolfi et al., 2015). More generally,juxtaposition of peripheral nervous system
progenitors with a central nervous system neurodénmcommon among animals, including
Protostomians. Many orthologous genes, suchmas pax, zic and znf703, are involved in the
development both of the lateral neuroblasts of rieenatodeCaenorhabditis elegans and of the
vertebrate NB territory (Li et al., 2017). The cgpeession of these genes, however, is not suffi¢cen
obtain NC induction in those animals, indicatingttlevolutionary modifications have occurred in
vertebrates. Among the genes involved in the @dBYNC-GRN in vertebratetfap2 is of particular
interest as it is involved upstream of NB inductenmd plays reiterative subsequent roles throughout
NC development, in NC induction and NC migratiore (Orozé et al., 2011). Tfap2 also acts upstream
of NB and NC specifying genes in lamprey, a basatebrate (Nikitina et al., 2008), indicating its
ancestral function in vertebrates. In protostomi@resophila) and chordatesAgnphioxus), which do
not form NC, Tfap2 is involved in ectodermal patiag, a function also conserved in vertebrate
ectoderm (Kerber et al., 2001; Luo et al., 2002uMmans and Bronner-Fraser, 2002). fiap2 gene
has been duplicated several times during evolutiom chordates to vertebrates, giving rise to five
different paralogous genes in the vertebrate gen@rtbologous gene complementation experiments
show that, despite the lack of NC in this animampkioxustfap2 can promote NC development in
fish embryos. This suggests that the major paraneejgainingtfap2 contribution to the emergence
of NC in vertebrates is likely the evolution of tigene regulatory sequences rather than coding
sequence modifications (Van Otterloo et al., 20I2)wnstream of Tfap2, the control sbx10
expression has probably evolved before the splitwden urochordates and vertebrates, but
cooperation with other Tfap2 targets is necessatsigger complete NC cells formation. As fmx10
itself, it is believed to have evolved by neo-fuocalization (Van Otterloo et al., 2012). When the
other end of the vertebrate evolutionary tree iasmered, NB and NC formation are not well
understood in mammals. Many of the genes implicaetthese processes in fish, frog or chick are
dispensable in the mouse (Barriga et al., 2015k ei®¢ hypotheses could account for these
discrepancies, such as a highly divergent GRN irmmals, or gene redundancy mechanisms
involving different paralogous genes. Moreover,ragealed by the studies in fish, frog and chick
embryos, the NB/NC-GRN cascade starts at earlyigatbn, a developmental stage challenging to
study in mammals.

Due to obvious ethical reasons and rarity, studieshuman embryos are very limited.
Expression patterns confirm that some major plagéthe NB/NC-GRN defined in other vertebrates,
namelytfap2a, pax3, sox9, andsox10, are also expressed in humans (Betters et al.,)2DEhy teams
have developed various strategies to derive NC fnoman stem cells, either embryonic (ESC) or
induced (iPSC) growin vitro. The knowledge on molecular and signaling intéoast accumulated
by the studies on other vertebrate embiiyosvo, is used for thesin vitro protocols (Chambers et al.,
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2009; Bajpai et al., 2010; Menendez et al., 2014dalIglesias et al., 2012; Chambers et al., 2012;
Mica et al., 2013; Leung et al., 2016). When NQuictebn is obtained by activating the canonical Wnt
pathway, NB markers expression precedes the ofigéCanarkers (Leung et al., 2016), suggesting
that cellular models recapitulate the main steph®MNB/NC-GRN.Thein vitro production of human
NC-like cells highly resembling the human NC getedtén vivo, provides a unique tool to explore the

mechanisms of human neurocristopathies and t@tssible 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 usetkens for NB, NNE, NP and placodes.
Upper row: Dorsal views of frog embryos at neural plate stésiage 14, Nieuwkoop and Faber,
1994), stained for a selection of genes by wholesmin situ hybridization:pax3, zicl andmsxl are
expressed at the NBix1 main expression delineates the preplacodal eatod@PE) anteriorlysox2

is expressed in the neural plate ap# marks the non neural ectoderm. Note the partiatlape
betweenpax3 andsox2 in the lateral neural plate corresponding to thtere dorsal part of the neural
tube; and oZicl andSx1 in the PPE. Scale bar: 500 pbower row: Cross-sections of neural plate
stage 14 frog embryos stained by whole-monsttu hybridization for the indicated gené%x3, zicl
and hes4 are expressed in the NBpx2 is expressed in the neural plate with a partigriap with
pax3 in the lateral neural plate aegk is expressed in the non-neural ectoderm. Scalelb@rum.

B) The comparison of the sequential temporal actinatib selected genes in the NB/NC territory
outlines the progressive specification of NB andiN@og and chick embryos during gastrulation and
neurulation.References for frogAP2a (de Crozé et al.,, 2011)d3 (Light et al., 2005; Kee and
Bronner-Fraser, 2005Rax3 (Bang et al., 1999 ; Monsoro-Burg et al., 20@BHx2 ((Li et al., 2009),
DIx5 (Luo et al., 2001; Steventon et al., 20134 (Tsuji et al., 2003; Glavic et al., 2003icl
(Mizuseki et al., 1998; Nakata et al., 1998yaill (Aybar et al., 2003)¢-myc ((Bellmeyer et al.,
2003), Zic5 (Nakata et al., 200(80x9 (Spokony et al., 2002]dnra (Bonano et al., 2008gnail2
(Mayor et al., 1995; Aybar et al., 2008pxd3 (Sasai et al., 2001Fox10 (Aoki et al. 2003; Honore et
al., 2003),Anosmin-1 (Bae et al., 2018)Jfap2e (Hong et al., 2014)References for chickPax7
(Basch et al., 2006%-myc (Khudyakov et al., 2009; Keruoso et al., 2018)myb (Betancur et al.,
2014) ;DNMT3a (Hu et al., 2012) snail2 (Nieto et al., 1994; Endo et al., 200NSD3 (Jacques-
Fricke et al., 2014) Foxd3 (Kos et al., 2001) Msx1 (Khudyakov et al., 2009)L.Sox5 (Perez-Alcala
et al., 2004) Etsl (Barembaum and Bronner, 2013ox10 (Cheng et al., 2000)

Figure 2: The Hourglass model of NC induction: upstream and downstream of Pax3/Zicl. (A)
General presentation of the "Hourglass model” fBYNC-GRN, divided into a neural border module
upstream of the activation of the two essential Fex3 and Zicl, and a downstream module,
describing Pax3 and Zicl targets in subsequent mdldction.(B) Through a combination of Wnt,
FGF and modulated BMP signals, NB-TFs are activaded mutually enhance each other's
expression, creating a feed-forward NB stabilizatimop, culminating with the robust and balanced
activation of Pax3 and ZicIC) In turn, the balanced expression of Pax3 and &alecessary and
sufficient to trigger all downstream aspects of MEvelopment. The Pax3/Zicl-dependent GRN
presented here has been validated in animal capy<sas vitro and frog whole embryads vivo. The
main regulations are shown, including the dire¢ivation of the EMT-TFssnail2 andtwistl (etsl,
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also direct target EMT-TF is not shojrDirect regulations are shown with solid linesheot
regulatory connections with dashed lines. Refer&nBenano et al., 2008; Marchal et al., 2009; Li et
al., 2009 ; Gutkovitch et al., 2010 ; Bae et a01£2 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 zé&naare shown in green, red

and blue, respectively. Informations demonstrateshiltiple models are shown in black.
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Gene Expression pattern Upstream Downstream References
frog chick zebrafish
anosmin-1 In NB during NC specification Activated by Pax3 and Zicl Necessary for normal NC and | Endo et al., 2013 ; Bae et al., 2018
sensory placode development
Enhances FGF signaling, inhibits
BMP and Wnt signaling
apocl In NB and NC Activated by canonical Wnt | Required for NB and NC | Yokotaetal, 2017
signaling specification
arl6ipl Expressed ubiquitiously Necessary for complete NC | Huang et al., 2009; Tu et al., 2012
specification
bambi-b In PPE Activated by DIx3b Inhibits NC  specification and | Reichert et al., 2013
promotes PPE specification by
inhibiting BMP signaling
cadherin 6b In NB, after Pax7 and Msx1 but before | Activated by BMP signaling Sela-Donenfeld and Kalcheim, 1999; Dady
NCC specifiers such as Snail2 and Duband, 2017
chd7 Expressed in neural plate, NC and PPE Interacts  with  PBAF complex. | Bajpai et al., 2010; Asad et al., 2016
in neurula Binds regulatory sequences of
Sox9 and Twist and control their
expressions.
Controls  Snail2 and  Sox9
expression
c-myb In NB then in NC Activates Gbx2, Six1, Twist, Pax7, | Betancur et al., 2014
Snail2 and Ets1 expression but not
Sox9 and Foxd3. Inhibits Zicl
c-myc In NB and NC Activated by Apolipoprotein C-I Activates 1d3. Interacts with Miz1. | Bellmeyer et al., 2003; Keruoso and Bronner,
Regulates the size of neural crest | 2016; Yokota et al., 2017
stem pool
cvi2 Ventro-dorsal gradient during Binds BMP and enhance BMP | Reichert et al., 2013
gastrulation then in NC territory signaling which is necessary for
NC induction
deltal Around NC territory Activated by Xirol, Hes4 and | Through Notch, represses | Cornell and Eisen, 2002; Glavic et al., 2003;
Stat3 neurogenin-1 expression Nichane et al., 2008b
Repressed by Snaill Through Notch, Stimulates NC
proliferation and differentiation
Activates 1d3
dix3 Before gastrulation, expressed in the | Depends on high BMP levels. | Represses neural fates and | Luo et al.,, 2001; Woda et al., 2003 ; Rossi et
entire ectoderm. Then during | Inhibited by Nkx6.3 promotes non-neural competence. | al., 2009 ; Pieper et al., 2012; Reichert et al.,
gastrulation, expression is Activates bambi which | 2013 ; Zhang et al., 2014
progressively restricted to the NNE and downregulates BMP  signaling
its expression is lower in NB and (necessary for PPE induction)
absent in the neural plate
dix5 Expressed in the xenopus NB whereas | Depends on attenuated BMP | Represses neural markers and | Luo et al., 2001; Steventon et al. 2012, Pera et

in chick, it is expressed in NNE and
more faintly in NB. Expressed in NC

levels
Induced by BMPs

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

al., 1999; Streit, 2002; McLarren et al., 2003




dnmt3a In NB Represses Sox2 and Sox3 by | Huetal., 2012
methylating CpG islands
ednra In late NB and NC Depends on Msx1 expression in | Required for NC specification. [ Bonano et al. 2008; Bae et al., 2014
vivo Inhibits apoptosis in NC.
Activated by Pax3 and Zicl
etsl In cranial and vagal NC Activated by Pax7 and Msx1l. | Activates directly Sox10 | Betancur et al., 2010, Barembaum and
Depends on cMyb activity expression Bronner, 2013 ; Betancur et al., 2014
foxd3 In NC (and already in NB in zebrafish) Wnt signals are necessary via | Maintains multipotency of NC Sasai et al., 2001; Tribulo et al., 2003 ; Sato et
Axudl. Activated by Pax3/Zicl, by al., 2005 ; Wang et al., 2011 ; Nitzan et al.,
Msx1, Hoxb5, Snail2 and Sox9. 2013 ; Bae et al., 2014 ; Ka Man Kam et al.,
Downregulated by PRDM12 2014; Simoes-Costa et al., 2015; Matsukawa
et al., 2015
gata2 In non-neural ectoderm Activated  directy by BMP | Required for placodal and | Luo etal., 2001 ; Pieper et al., 2012
signaling epidermal fate
gbx2 In a broad region including NB at st12. | Activated directly by Wnt signaling | Upregulates Pax3 and Msx1 Li et al., 2009
At st. 16, Gbx2 is expressed in NC | Depends on cMyb activity Betancur et al., 2014
domain, and is excluded from PPE.
hes4 In NB and NC Activated by intermediate BMP | Maintains NB cells in a proliferative | Tsuji et al., 2003; Glavic et al.,, 2003;
levels, FGF and Wnt signaling and non-differentiated state by | Nagatomo and Hashimoto, 2007; Nichane et
Downstream effector of | repressing p27°*  expression. | al., 2008a
Delta/Notch interaction Required for NC induction
downstream of BMP and FGF
signaling
id3 In the non neural ectoderm then | Direct target of c-myc Inhibits cell cycle inhibitor p277** Kee and Bronner-Fraser, 2005; Light et al.,
restricted to the NB Represses Sox10 2005
krm2 In NC Activated by canonical Wnt | Enhances Wnt signaling by binding | Hassler et al., 2007
signaling to LPR6 and enhancing its cell
surface levels
nkx6.3 In the non neural ectoderm and NB Inhibited by DIx3 Inhibits DIx3. Necessary for Pax3, | Zhang et al., 2014
Zicl and Msx1 normal expression.
nsd3 Expressed in neural plate and more Dimethylates H3K26. Required for | Jacques-Fricke et al., 2014
strongly in NB/NC Sox10 and Snail2 activation
notch In neural plate and NB With Delta, represses neurogenin- | Cornell and Eisen, 2002; Glavic et al., 2003;
1 expression Nichane et al., 2008b
With  Delta, Stimulates NC
proliferation and differentiation
Activates 1d3
meis3 In neural plate Activated by Pax3/Zicl Activates FGF expression. | Aamar and Frank, 2004; Elkouby et al., 2010;
Activated in the ectoderm by | Required for hindbrain neural and | Gutkovitch et al., 2010
mesodermal Wnt3a NC development
msx1 In non neural ectoderm and NB then | Activated by intermediate levels of | Necessary for Snail2 expression. | Suzuki et al.,, 1997; Tribulo et al., 2003;

restricted to neural border at neurula
stages

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

Ednra. Interacts
Axud to bind

Upregulates
directly  with

Brugger et al.,, 2004 ; Monsoro-Burg et al.,
2005 ; Phillips et al., 2006 ; Bonano et al.,




FGF signaling

enhancers of NC specific genes

2008 ; Li et al.,, 2009 ; DeCrozé et al., 2011

Activated by Gbx2, TFAP2a, Simoes-Costa et al., 2015 ; Zhang et al., 2016
Nkx6.3
msx2 In NB Immediate downstream target of | Necessary for expression of Snail2 | Suzuki et al., 1997; Tribulo et al., 2003;
BMP signaling. Brugger et al.,, 2004 ; Phillips et al., 2006 ;
BMPR1a/ALK3 and Khadka et al., 2006 ; Schille et al., 2016
BMPR1b/ALK6 are both involved
pax3 In NB and NC Integration of BMP, Wnt and FGF | At high doses activates Xhe | Bang et al., 1999 ; Monsoro-Burq et al., 2005 ;
signals. Activated by Gbx2 and | (hatching gland marker). With Zicl | Hong et al., 2007 ; Garnett et al., 2012 ; Bae et
directly by TFAP2a activates NC specification genes. al., 2014 ; Plouhinec et al., 2014
Directly activates Snail2
pax7 In NB Depends on cMyb activity Necessary for Snail2, Sox9 and | Basch et al., 2006 ; Maczkowiak et al., 2010 ;
Faintly expressed in neural anterior Sox10 expression Betancur et al., 2014
plate then reinforced in brain and
truncal paraxial mesoderm
pfkfb4 In neural plate then in NB and NC Necessary for ectodermal | Pegoraro et al., 2013; Pegoraro et al., 2015;
patterning, NC specification | Figueiredo et al., 2017
through Akt signaling
prdmla In NB (from 70% epiboly stage) Repressed by Notch Directly activates Sox10, Foxd3 | Rossi et al., 2009 ; Hernandez-Lagunas et al.,
and TFAP2a, inhibits oligd who | 2011 ; Powell et al., 2013
promotes neural fate
prdm12 In preplacodal ectoderm Activated by BMP and repressed | Repress expression of Foxd3, | Matsukawa et al., 2015
by Wnt signaling Snail2 and Sox8 by promoting
histone H3K9 trimethylation
rhov In late NB and early anterior NC | Activated by Wnt canonical | Necessary for Sox9, Sox10, Snail2 | Guemar et al., 2007
domain pathway and Twist expression
six1 Expressed in PPE Depends on cMyb activity. | Necessary for placode Brugmann et al., 2004; Litsiou et al., 2005 ;
Downregulated by BMP and Wnt | development Betancur et al., 2014
signaling and activated by FGF
signaling at the time of PPE
specification
snaill In NB and NC Necessary for NC induction Aybar et al., 2003
snail2 InNC Controled directly by Wnt and | Activates Twist Vallin et al., 2001; Sakai et al., 2005; Sakai et
BMP signaling Controls EMT al., 2006; Betancur et al., 2014 ; Plouhinec et
Depends on cMyb activity. al., 2014 ; Matsukawa et al., 2015
Activated by Sox9
Directly activated by Pax3
Expression repressed by PRDM12
snwl Neural plate (except medial region), NB Enhances BMP signalisation (acts | Wang et al., 2010; Wu et al., 2011
and NC upstream BMP receptors).
Modulates Wnt signaling during
NC specification
S0X2 Neural plate Inhibited by BMP signaling Inhibits NC development Wakamatsu et al., 2004
sox5 Expressed in ectoderm then restricted Enhances NC production Perez-Alcala et al., 2004

to NB and NC

Activates RhoB and Sox10

Nordin and LaBonne, 2014




In NC (Sox5L)

expression. Interacts with Sox5
Associates with  Smadl and
regulates BMP targets specificity

Murko et al., 2017

Sox8 In NC Expression, activated by | Interacts with Sox5 and activates | Hong and Saint-Jeannet, 2005; Bae et al.,
Pax3/Zic1, repressed by PRDM12 Sox10 2014 ; Kastuyama et al., 2015; Murko et al.,
2017
Sox9 In NC Repressed by 1d3 Activates Snail2, Cad6B, Cad7, | Spokony et al., 2002 ; Saint-Germain et al.,
and directly Sox10. Required for | 2004 ; Cheung and Briscoe, 2003; Light et al.,
cranial neural crest development. | 2005 ; Cheung et al., 2005 ; Betancur et al.,
Required for trunk NC survival. | 2010 ;
Represses  neural progenitor
markers
sox10 In NC Activated by BMP signaling, Wnt | Necessary for NC maintenance, | Cheng et al., 2000; Honore et al., 2003;
signaling (mediated by Axud), survival and proliferation Perez-Alcala et al., 2004 Light et al., 2005 ;
TFAP2e, and directly by Sox5, Betancur et al., 2010, Aoki et al., 2013,
Sox8, Sox9, Ets1, c-Myb. Reichert et al., 2013, Betancur et al., 2014,
Repressed by Id3 Simoes-Costa et al., 2015; Murko et al., 2017
sox11 Expressed early in the NB Essential for NC development in | Uy et al., 2015
zebrafish and Xenopus
tfap2a In ectoderm before gastrulation then | A direct target of FGF and Wnt | Induces NC when misexpressed in | Shen et al., 1997; Hoffmann et al., 2007; Li
upregulated in NB during early | signaling neural plate. Activates Pax3, Hes4 | and Cornell, 2007; deCrozé et al., 2011; Wang
gastrulation. Not expressed in NB in and Msx1 expressions. Binds | etal., 2011
zebrafish directly to Pax3 promoter.
tfap2e In NB and NC. Not in NNE contrary to | Activated by Pax3 and Zicl Necessary for Sox10 and Snail2 | Bae etal., 2014 ; Hong et al., 2014
TFAP2a expression
twist In NC Activated by Snail2, FoxD3, Chd7, | Controls EMT Aoki et al., 2003; Aybar et al., 2003 ; Sasai et
RhoV, cMyb al., 2001 ; Meulemans and Bronner-Fraser,
Directly activated by Pax3 2004 ; Guemar et al., 2007 ; Bajpai et al.,
2010 ; Betancur et al., 2014 ; Plouhinec et al.,
2014 ; Bae et al., 2014
xirol In late gastrula, in neural plate (except Represses Bmp4 expression and | Glavic et al., 2003
the midline) and less strongly in NB activates Hes4, Msx1 and Deltal
expressions
zicl Neural territory then restricted to the | Depends on BMP attenuation Activates RALDH2 (retinoic acid | Mizuseki et al.,1998; Hong et al.,, 2007 ;
NB Activated by ILF-3 signaling). Activates Six1 non-cell | Marchal et al., 2009 ; Hong et al., 2001;
autonomously via retinoic acid | Fishwick et al., 2012; Bae et al., 2014;
signaling. With Pax3 activates NC | Plouhinec et al., 2014; Jaurena et al., 2015
specification genes
zich In NB. Stronger anteriorly. Then in NC Activated by Pax3 and Zicl. | Required for NC development Nakata et al., 2000; Monsoro-Burg et al.,
Expression promoted by FGF 2003 ; Bae et al., 2014
znf703 Neural plate (except midline), NB, NNE [ Activated by Pax3 and Zicl Necessary for Sox 10 and Snail2 | Hong and Saint-Jeannet, 2017

posteriorly to hindbrain. Decreases in
the NNE during NC specification

expression but not of FoxD3






