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SUMMARY

The complex sequence of inductive events responsible for absence of neural plate and mesodermal markers. We show
the generation of the neural crest at the border between the that Snail is required for neural crest specification and
neural plate and the epidermis, triggers a genetic cascade migration and that it works as a transcriptional repressor.
involving several families of transcription factors. Two These functions have been previously attributed t&lug.

members of theSnail family, Snail and Slug, have both been
implicated in this cascade. In chick and<enopus loss- and
gain-of-function experiments have provided evidence that
Slugplays a key role in neural crest development. However,
in contrast to the chick,Snail rather than Slugis expressed
in the premigratory neural crest in the mouse and, in
Xenopus Snail precedesSlug expression in this population
Thus, in order to study the function ofSnail in neural crest
development inXenopus we have carried out conditional
gain- and loss-of-function experiments using differennail
constructs fused to a glucocorticoid receptor element.

We show that Snail is able to induce the expression of
Slugand all other neural crest markers testedZic5, FoxD3,
Twistand Etsl) at the time of specification. This activation
is observed in whole embryos and in animal caps, in the

However, Slug alone is unable to induce other neural crest
markers in animal cap assays, and we show the8nalil
and Slug can be functionally equivalent when tested in
overexpression studies. This suggests that, iXenopus
embryos, at least some of the functions previously
attributed to Slug can be carried out by Snail. This is
additionally supported by rescue experiments in embryos
injected with dominant-negative constructs that indicate
that Snail lies upstream of Slug in the genetic cascade
leading to neural crest formation and that it plays a key
role in crest development.

Key words:Snail Slug Neural crest, Crest specification, Crest
migration,Zic5, FoxD3

INTRODUCTION

the border of the neural plate, the cells start to migrate along

pathways dictated by their own internal programme and on
The neural crest comprises a unique set of cells, whickignals received from the environment. The migration of the
segregates from the dorsal part of the neural tube. Prior teeural crest is known to follow the triggering of the epithelial-
adopting their final fate, these cells migrate through thenesenchymal transition (EMT), the process by which an
embryo, and generate a prodigious array of cell typespithelial cell converts to a mesenchymal cell, and delaminates
including neurones and support cells of the peripheral nervodsom the epithelium (Hay, 1995; Duband et al., 1995; Perris
system, pigment cells, smooth muscle, craniofacial cartilagend Perissinotto, 2000; Locascio and Nieto, 2001). Indeed,
and bone and fin in amphibians and fish (for reviews, se8nailfamily members have been implicated in triggering EMT,
LaBonne and Bronner-Fraser, 2000; Mayor and Aybar, 200hoth in the formation of the neural crest and of the mesoderm
Nieto, 2001). The neural crest is generated at the junctioturing embryogenesis, and during tumour progression (for a
between the neural and nonneural ectoderm through a complesview, see Nieto, 2002).
series of interactions, shortly after the induction of the nervous The function of one of the vertebrate Snail family members,
system (for reviews, see Knecht and Bronner-Fraser, 2003]Jug has been studied in neural crest development by gain- and
Aybar and Mayor, 2002). IKenopusand zebrafish, a gradient loss-of-function experiments in chick antenopus In the
of BMP signalling together with posteriorising signals, such ashick embryo, antisense oligonucleotides directed ag8logt
Wnts, FGFs and retinoic acid have been implicated in thimRNA can prevent neural crest migration (Nieto et al., 1994),
process (LaBonne and Bronner-Fraser, 1998; Marchant et alvhereas overexpression &lug induces an increase in the
1998; Nguyen et al., 1998; Villanueva et al., 2002; Garciaproduction of the neural crest (Del Barrio and Nieto, 2002).
Castro et al., 2002). Once the neural crest has been inducedsanilarly, injections ofSlugantisense RNA or of a dominant-
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negative form ofSlug in Xenopusembryos reduces the  Xslug 5CCCAGTGAATTCATGCCACGATCTTTTCTG 3and 3
expression of neural crest markers and inhibits the migratioPACTGGAGCTOCATGTGCTACACAGCAS;
of the crest from the neural tube (Carl et al., 1999; LaBonne chickSnail 5SCCCAGTGAATTCATGCCGCGCTCGTTCC 3and

and Bronner-Fraser, 2000; Mayor et al., 2000). Conversely, TACTGGAGCTCCGCGTGCCCCTGAGC 3and
overexpression dlugled to an enlargement of the neural crest Cchick Slug SCCCAGTGAATTCATGCCACGCTCCTTCCTG 3

: . GR was obtained by PCR from pSP64T-MyoD-GR (Kolm and
tzegggorﬁé"asonnelta”d Bro??r?r'gas‘;' 20|oo, Miyor o al.ge, 1995) using the primers-6GCGCCGACTOCCCTCT-
2000). These results support the idea Slagplays a key role  GpaaaTCCTGG-3 and BGCGGGCTCGACCACTTTTGAT-
in neural crest development in chick and amphibian embryogaaacaGAAC-3'.

However, mice homozygous for a null mutationStug are The PCR products were purified and cloned into pGEM-T Easy
viable and display no obvious defects in neural crest formationector (Promega)EcoRI/Sad sites in theSnail and Sluggenes and,
migration or development (Jiang et al., 1998). This can b8ad/Xhd sites from GR were used to fuse the two, and ligate them
explained by the fact that, in the mouS&jgis not expressed into anEcaRl/Xhd-digested pCS2+ vector (donated by Dr D. Turner).
in the premigratory neural crest but rather the other vertebrafdie Xsnail (amino acid residues 134-259) aXdlug (amino acid

al., 1998; Sefton et al., 1998). Indeeshail is capable of Primers SGAATTCCAAGCACAAACAGTTGCACTG-3 and 3-

inducing a complete EMT in mammalian epithelial cells (Can Gﬁgﬁgggggggggﬁ?fg{gg’gﬁgJ%_?&%T%%i%%ﬁg%
et al., 2000), ar)d it should be note_d HBaailnull mutant mice GTGCTACACAGCA-3 respectively, and cloned into pGEM-T Easy
die at gastrulation due to defects in EMT at the stage when thgctor. TheecoRI andSad sites (underlined) were used to fuse them

early mesoderm delaminates from the primitive streak (Carvep GR (Fig. 1E,F). To generate tkenailNor XslugNconstructs (Fig.
et al., 2001). Thus, in neural crest development, it seems thes, H), the N-terminal part d¢snail (amino acid residues 1-145) and
the role played b$lugin the chick, may be performed Byail ~ Xslug (amino acid residues 1-151) were amplified by PCR using
in the mouse. However, owing to the early lethality of thethe primers 5GAATTCCATGCCCCGGTCATTTCTGG-3and 5-
mutants, the direct role @nail in neural crest specification GAGCTCTGGGAGTCACAGTGCAACTG-3, and 5-GAATTCA-

We have previ Iv shown that. Xen nailis one of GCAATGCAGCTG-3respectively. The PCR products were purified
the Zarﬁegtpgznglsjse{éreossec} iarllt’mee cp))?gsspseca;ivs %eir%l cr cloned into pGEM-T Easy vectdEcoRl/Sad-digested and

. . ted with aSad/Xhd-digested GR fragment into pCS2+ vector

(Essex et al., 1993; Mayor et al., 1993). However, no dire igested witfEcaRI/Xha
comparison between the expressiospailandSlughas been T generate the transcriptional activator and repressor chimeras, the
performed. In additionSnail function has not been fully xspail and Xslug zinc-finger DNA-binding domains obtained as
analysed in this population. In this study we have generatefkscribed above were fused to #regyrailedrepressor domain (EnR)
functional derivatives oKenopus Snaiin order to study its orto the E1A transactivator domain in the pCS2+EnR and pCS2+E1A
role in neural crest development. Our results show3nail  plasmids (donated by N. Papalopulu).
acts as a transcriptional repressor, whose activity is require~
for the early specification and migration of the neural cresi

: : : T . . 1 259 512 777
Interestl_ngly, the activation @&nailis sufficient to trigger the A XsnailGR
expression of all the neural crest markers tested, includin 1 266 512 777
Slug Expression of these markers could be induced both i B Xslug-GR| N [ZaEl  GR ]
whole embryos and in animal caps in the absence of neural a 1 256 512 777
mesodermal markers. We propose tBaail lies upstream of c Csnail-GR | Csnail \ GR |
Slug in the genetic cascade responsible for neural cre: 1 268 512 7
specification. D Cslug-GR] e | e |

134 259 512 777
E XsnailZnF-GR GR
72 266 512 777
MATERIALS AND METHODS F XslugZnF-GR GR
1 145 512 777
Embryonic manipulation G XsnailN-GR  EENCTT] GR |
Embryos were obtained from adukenopus laevisy standard 1 151 512 777
hormone-induced egg laying and artificial fertilisation (Villanueva et H XslugN-GR | N \ GR |
al., 2002). Embryos were staged according to Nieuwkoop and Fab 134 259512 7772 298
(Nieuwkoop and Faber, 1967) and dissections were carried out usit | XsnailznF-GrR-Enr | EIG. GR | EnR |
eyebrow knives as indicated previously (Mancilla and Mayor, 1996) 134 250512 777 1 110
J  XxsnaiznF-GR-E1A [ cr | EA \

Plasmid constructs

Inducible DNA constructs were prepared by fusing the entire codinFig. 1.Snailfusion proteins. The constructs used to produce the
regions ofXsnail (amino acid residues 1-259%slug (amino acid  Snailfusion proteins are represented in this figure. The numbers
residues 1-266), chicknail (amino acid residues 1-256) amdug above the bars indicate the amino acid number in the wild-type
(amino acid residues 1-268) to the ligand binding domain of thiprotein. Red is used fofenopus Snailgreen foiXenopus Slug
human glucocorticoid receptor (GR, amino acid residues 512-777yellow for chickSnailand orange for chic8lug N, amino terminal;
(Fig. 1). Coding sequences were amplified by PCR using thznF, zinc-finger region; GR (light blue), glucocorticoid receptor
following primers (see Fig. 1A-D): domain; EnR (yellow), transcriptional repressor domain of the
Xsnail SATGCCCCGGTCATTTCTGGTC 3and 3GAGCTC Engrailed protein obrosophilg E1A (dark blue), transcriptional
CGTGGGCCACCGTGCACC'3 activator domain. See Materials and Methods for details.
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To obtain the E1A fusion protein (Fig. 1J), the pCS2+E1A vecto(upstream) and '85CATTCCCTTAAACCCTTCTTGG-3 (down-
and Xsnail zinc-finger fragment fused to GR were digested withstream);Xsnail 5-GCACAATGGACTCCTTAAATTCCTG-3 (up-
EcaRI/Xhd and ligated. The EnR fusion construct (Fig. 1l) wasstream) and '5GTGACCGGGTGCTCATTGTG-3(downstream).
generated by exchanging the E1A domain, excised ifitd and The Ets1 primer sequences used were those previously (Meyer et
Kpnl, from the pCS2+ZnFXsnallGR-E1A or pCS2+ZnFXslugGR- al., 1997)Xtwist Ncam Sox2 Xbra, H4 and BMP4 primer sequences
E1A with the EnR-coding sequence, excised with the same enzymesere obtained from the website of Dr Eddy De Robertis
from the pCS2+EnR vector. All fusion constructs were sequenced difittp://www.hhmi.ucla.edu/derobertis/protocol_page/oligos.PDF).
both strands at junction sites by automated DNA sequencing (BR@jc5 primer sequences were as described previously (Nakata et al.,
Cornell University, Ithaca, NY). All cDNAs were linearized and 2000). PCR amplification with these primers was performed over 28
transcribed with a GTP cap analog (New England Biolabs) using SP6ycles and the PCR products were analysed on 1.5% agarose gels. As
T3 or T7 RNA polymerases, as described elsewhere (Harland aradcontrol, PCR was performed with RNA that had not been reverse-
Weintraub, 1985). After DNAse treatment, RNA was phenol-transcribed to check for DNA contamination.
chloroform extracted, ethanol precipitated and resuspended in DEPC-
treated distilled water.

S . . RESULTS
RNA microinjection, lineage tracing and dexamethasone

induction

o ) . . Snail expression at stages of neural crest induction
Dejellied embryos were placed in 75% NAM containing 5% Ficoll h . it Shail andSlugin X b
and one blastomere of two-cell stage embryos was injected with '€ EXPrESSION patiern shailand siugin Aenopusemoryos

differing amounts of capped mMRNA containing 148/ul lysine ave been described prewously (Essex et al., 1993; Mayor et
fixable fluorescein dextran (40,000; FDX, Molecular Probes) as a al., 1993; Mayor et al., 1995; Linker et al., 2000). We show a
lineage tracer. For animal cap assays, mRNA was injected into tfde-by-side comparison at the stages of neural crest induction.
animal side of the two bastomeres of two-cell stage embryosThe expression ofnail commences in the dorsal marginal
Approximately 8-12 nl of diluted RNA was injected into each embryo.zone just before gastrulation (stage 9; Fig. 2A). It is at this
Ethanol-dissolved dexamethasone () was added to the culture midgastrula stage (between stage 11 and 11.5) when the onset
medium at stages 12.5 or 16 and maintained until the embryos wegg Snajl expression can be detected in the ectoderm, in an arc
e To ot e poesble ek of il chmeas, = bt surounds the prospecive neural plate (Fig. 26.D). The
processed for inysitu hybridisation omparison withSlug expression shows that where@ralil _

’ could be detected at the neural plate border from stage 11 (Fig.
In situ hybridisation and immunohistochemistry 2B,D), Slugexpression is only detectable from stage 12.5 (Fig.
Antisense  probes  containing  Digoxigenin-11-UTP  (Roche2C,F). From stage 12, the anterior domairsoéil expression
Biochemicals) were prepared fBoxD3 (Sasai et al., 2001%twist  iS downregulated, while its levels are increased in the
(Hopwood et al., 1989),Sox2 (Dr RM Grainger, personal prospective neural crest region, wh&legtranscripts can be
communication) and cytokerattk81A(Jonas et al., 1985) by invitro  detected (Fig. 2E-G).
transcription. In order to avoid cross hybridisation betw@&eail and In Xenopus the ectoderm is formed of two layers: the
Slug and to distinguish between endogenous expression ang|iperficial or sensorial layer, and the deep layer where the
exogenous mRNA, the probes fsnail (Essex et al., 1993) and o rg) crest is generated. At the mid neurula stage (Fig. 2G),

Xslug (Mayor et al., 1995) were synthesised fromuBtranslated . s
regions prepared  with the following  primers: -GCAC- the cells expressingnailin the outer band correspond to the

AATGGACTCCTTAAATTCCTG-3 (upstream) and'5 GTGACC- crest ceIIs,' While the _ceIIs in t'he thin inner band (white
GGGTGCTCATTGTG-3 (downstream), and 'BSTTTACCA-  arrowhead in Fig. 2G) will end up in the roof plate of the neural
GGACTTAACACCTCC-3 (upstream) and 'BSCATTCCCTT-  tube. In summarySnail is the earliest known gene to be
AAACCCTTCTTGG-3 (downstream), respectively. expressed in the prospective neural crest, prece8ing
Specimens were prepared, hybridised and stained according éxpressionSnail early expression is restricted to the neural
Harland (Harland, 1991) with modifications (Mancilla and Mayor, plate border, including the prospective neural crest region and

1996). Detection of labelled antisense probes was performed usifle anterior neural folds, which are fated to become the
alkaline-phosphatase conjugated anti-digoxigenin Fab fragmentgeprain (Fig. 2H,1).

(Roche Biochemicals) and with NBT/BCIP (purple) as substrate. We
have designed a new protocol to detect the lineage tracer §najl promotes neural crest specification

combination with the in situ hybridisation procedure. First, the in Smy order to analyse the influence tH@mail might have on
e

hybridisation alkaline-phosphatase reaction was stopped . .
incubation in methanol at 66 for 1 hour, then embryos were Nneural crest development, we have used an indu&hil

rehydrated and blocked with 2% Roche blocking-reagent beforéonstruct. The use of such an inducible construct is important
incubating with alkaline phosphatase conjugated anti-Fluorescein F&$Snailis expressed in the mesoderm at early stages, and any
fragments (Roche Biochemicals). The phosphatase activity resultirgffects on this tissue could indirectly influence the neural crest.
from the lineage tracing was detected using BCIP (green) as substraléhus, one blastomere of two-cell stage embryos was injected
Rabbit Polyclonal anti-phosphohistone-3 from Upstate Biotechnologwith 50 to 700 pg of XsnailGR mRNA, and the expression of
elsewhere (Turner and Weintraub, 1994). analysed at the neurula stage. A reproducible phenotype was
RNA isolation and RT-PCR analysis observed when >100 pg of mRNA were injected. This

Total RNA was isolated from embryonic tissue by the guanidinéDhenOtype involved the expansion of the area in which neural
thiocyanate/phenol/chloroform method (Chomczynski and Sacchfrest markers were expressedngil 85% of the embryos
1987), and cDNAs were synthesised using AMV reverse transcriptaséiowed expansionn£107); Slug 76% (=96); Zic5, 63%
(Roche Biochemicals) and oligo(dT) primer. The primers designed fof=97, not shown);Twist 67% (=86) and FoxD3 62%,

this study wereXslug 5- GTTTACCAGGACTTATCACCTCC-3  (n=85)], and a reduction in the area over which the neural plate
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were observed after injecting the SnailGR or
SlugGR constructSnail (92%, n=42; 82%,
n=45) or Slug (85%, n=49; 85%,n=42) (Fig.

4). Cell proliferation can be assessed by the
detection of a phosphorylated form of H3
histone (Fig. 4F). In the presence of HUA, its
signal is barely detectable (Fig. 4E). Thus, we
conclude that the expansion in the neural crest
territory is not due to an increase in cell
proliferation but instead is the consequence of
generating additional neural crest cells.

To address iSnailexpression was sufficient
to induce neural crest markers we performed
animal caps experiments. Embryos were
injected at the one-cell stage with 1 ndsofail
mRNA and at the blastula stage (stage 9), the
animal caps were dissected out and cultured
until they reached the equivalent of stage 20,
when the expression of different markers was
analysed by RT-PCR. In these experiments, the
expression of H4 histone was used as a loading
control. In whole embryos, the normal

Xsnail

Stage 11 Stage 12.5 expression of all the markers tested was
= observed, while in uninjected control animal
Fig. 2. Expression pattern @nailandSluganalysed by whole-mount in situ caps the expression of specific markers could

hybridisation. (A) Dorsal view of a stage 9 embryo. An, animal pole; Veg, vegetal not be detected (Fig. 5A). The injection of 1 ng
pole. Notice the expression in the dorsal marginal zone. (B) Dorsal view of a stage of Snail mMRNA was sufficient to trigger the
11.5 embryo. b, dorsal blastopore fnailis expressed in the prospective neural crestexpression of the neural crest mark&rsail
(arrowheads) and in a continuous band at the anterior border of the neural plate Slug Twist Zic5andEts1, but not that of neural

(arrow). (C) Same embryo as in B (stage 11.5) but hybridisesldgexpression. No late markers, such as NCAM &ox2 or
expression is seen in the ectoderm (white arrowheads). (D) Dorsovegetal view of th esodermal n’1arkers such ra (Fig. 5A)

embryo shown in B. Arrow indicat&nailstaining in the anterior ectoderm. This is . L :
also visible around the blastopore lip in the marginal zone, apart from the dorsal reglgiS result suggests th&nailitself is capable
whereSnailhas been switched off. (E) Dorsal view of a stage 12.5 embryo. ExpressiBhconverting ectodermal cells into neural crest
is visible in the mesoderm near the blastopore and in the prospective neural crest Cells, and that it could lie upstream of the
(arrowhead). An, animal pole; Veg, vegetal pole. (F) EarBasgexpression. Dorsal ~ genetic cascade required for neural crest
view of a stage 12.5 embryo. Expression in the prospective neural crest (arrowheadspecification.

An, animal pole; Veg, vegetal pole. (G) Anterior view of a stage 17 embryo. Because our results show tisatailproduces
Expression in the superficial (white arrowheads) and in the deep (black arrowheadsy strong reduction of epidermal markers, and it
layers of the ectoderm and in the anterior neural fold (a, arrow). (H,I) Schematic  is known that the development of epidermis

representation dbnailandSlugexpression at stages 11 and 12.5. Anterior is Upwardsrequires high levels of BMP activity, we tested
and posterior is downwards. ’

whetherSnail overexpression had an effect on
BMP4 transcription. The expression of BMP4
was analysed in animal caps as described above
marker Sox2 (87%, n=92) and the epidermal marker and a clear inhibition of BMP4 expression was observed when
cytokeratin  (89%,n=65) were expressed (Fig. 3). It is the animal caps were injected wismail (Fig. 5B).

interesting to note that the expression of cytokeratin almost

completely disappeared from the injected side of the embrydnhibition of Snail activity blocks early neural crest

This observation suggests that the expansion of the neural crégecification

domain results from a transformation of the epidermis anth order to test whetheBnail activity is required for neural
some of the neural plate region into prospective neural cresirest development, we tested the effect of a dominant-negative
This is similar to the mechanism that has been proposed twnstruct in which the zinc-finger domain ®mail was fused
explain the increase in neural crest markers observedS#figr to the GR element (XsnailZnFGR). This construct was
overexpression (LaBonne and Bronner-Fraser, 2000; Mayor designed to bind to the appropriate sequences in the promoter
al., 2000). However, it is also possible that as a result of thef target genes, but with the idea that it will be incapable of
injection, an increase in the rate of neural crest celtegulating transcription, as has been shown for this type of
proliferation was triggered. In order to rule out this possibility,construct using th&luggene (LaBonne and Bronner-Fraser,
we repeated thBnailandSluginjections in the presence of the 2000; Mayor et al., 2000). Its injection blocked the expression
inhibitors of cell proliferation hydroxyurea and aphidicolin of Snail(82% of the embryo$1=57), Slug(77%,n=67),FoxD3
(HUA) (Harris and Hartenstein, 1991; Sharpe and Goldstoné83%, n=55), Twist (83%, n=53) andZic5 (77%, n=43, not
1997). This inhibition did not affect the expression or theshown) (Fig. 6A-D). In order to show the specificity of this
expansion of the territory in which the neural crest markerdominant negative, we performed the following rescue
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Xsnail-GR construct will not be able to bind DNA but should be capable
: ' of binding other proteins required for the transcriptional
_ GR activity of these factors, as shown for a similar FoxD3

& construct (Sasai et al., 2001). We considered that XsnailNGR

would serve as a more specific construct to test the effects of
Xsnail

- expressing dominant-negativesnail constructs. Indeed,

injection of the N-terminal dominant-negative version also
blocked the expression 8lug(89%,n=47) and~oxD3 (83%,
n=46) (Fig. 6G,H). Nevertheless, and in order to check
unambiguously the specificity of this construct, we carried
out a rescue experiment similar to that described for
XsnailZnFGR. The co-injection of the XsnailNGR (dominant
negative) together with XsnailGR (wild type) produces a
rescue in the expression of the neural crest markers analysed
(61% of normalSlug expressionn=26; and 56% of normal
FoxD3 n=25) (Fig. 61,J). Thus, taken together our results show
that Snail activity can be specifically blocked by two types of
dominant negatives and th&hail is required to control the
expression of all the neural crest markers tested.

Snail lies upstream of Slug in the genetic cascade

leading to the neural crest development

The temporal appearance $failand Slugin the neural crest
together with the ability oBnailto upregulaté&lugexpression

HUA B

Fig. 3. Snailparticipates in the early specification of the neural crest.

in whole embryos and in animal caps suggest$hnail could
A HUA

One blastomere of a two-cell stage embryo was injected with 700 py

of Xsnail-GR mRNA, treated with dexamethasone at stage 12.5, N

fixed at stage 19, and the expression of several genes analysed. Th ‘G . ',

arrowheads indicate the injected side that contained FLDx (see % e

Materials and Methods). Anterior is towards the left. (A-D) Neural X< :

crest markers. Notice the expansion of the markers on the injected Xsnail Xslug
side. (A)Snailexpression. (BBlugexpression. (CJwistexpression.
(D) FoxD3expression. (E) Expression of the neural plate marker C HUA D HUA
Sox2 is reduced on the injected side. The broken line indicates the &
dorsal midline and the brackets indicate the width of the neural plate -
(F) Expression of the epidermal mark&ytokeratin 81Adorsal [

NS '

view), is almost completely inhibited on the injected side.

(G,H) Lateral views of the same embryo where the inhibition of

Cytokeratinexpression is better assessed. G corresponds to the Xsnail Xslug
injected side.

™
-
o
experiment. Embryos were co-injected with the same amou 5 f
of mMRNA that codes for XSnailZnfGR (dominant negative) 3
and XsnailGR (wild type) and the expression of several neuri g - -
crest markers was analysed. A strong rescue in the express

of the neural crest markers was observed (Fig. 6E,F). Tt
injected embryos show a normal expressiorbloig (83% of  Fig. 4. The expansion of the neural crest territory induce&sil or
normal expression in the injected side;54), Snail (96%,  Slugdoes not require cell proliferation. One blastomere of a two-cell
n=27), Zic5 (91%,n=33, not shown) anBoxD3 (84%,n=31). stage embryo was injected with 700 pg of Xsnail-GR mRNA (A,B)
Thus, by inhibitingSnailfunction the early specification of the Or Xslug-GR (C,D), treated with dexamethasone and HUA at stage
neural crest was blocked as determined by the analysis of ﬁ,12.5_, fixed at stage 19 and the expresspn_of the n_eural crest markers
different markers. Snail(A,C) andSlug(B,D) analysed. The injected side, which can be

. Lo . . recognised by the blue FLDx staining, is indicated by the arrowhead.
Owing to the sequence similarity betwesmailand Slugin Note the expansion in the expression of the neural crest markers on

th? finger region _(Ma}nzanares et' al., 2001), the pOSSIbIIItthe injected side. (E) HUA treated and (F) control embryos stained
exists that the injection of XsnailZnFGR could affect thefo histone H3 to verify the blockade in cell proliferation induced by
function of both genes. Thus, we decided to generate anottthe treatment. The inset shows a higher magnification of the
dominant-negative construct by fusing the highly divergent Nembryos. Note the staining in absence of HUA treatment, but the
terminal domain oSnailto the GR element (XsnailNGR). This lack of staining after HUA treatment.

GR

Xslug-G
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. R XsnailZnF-GR
o . znF |
A @*Qc\oé ° GR
L2
W e Xsnail B O A B
N -
s e Xslug ¢\° A\ O - _
—— SL S -
Xtwi SH2 P
-y Zic-5 BMP4 4 i
w— = Ets-1 asanes 4 Xslug Xsnail
—_— NCAM C D
- Sox-2 —
— Xbra ) -~
Fig. 5. Snailis able to activate the expression of neural crest markers FoxD3 Xtwist

and block BMP4 expression. Embryos were injected at the one-cell
stage with 1 ng oBnailmRNA. At stage 8, the animal caps were ; L
dissected and cultured until the equivalent of stage 20, when mRNA E +XsnailGR  F + XsnailGR
was isolated and assayed by RT-PCR as described in the Materials
and Methods. Embryo: whole embryo showing the expression of all
the markers. H4 was used as a loading control. Control: uninjected
animal capsXsnaill ng: animal caps taken from embryos injected

with SnailmRNA. (A) Note thatSnailis able to induce early and late

¢

neural crest markers in the absence of neural plate and mesoderme Xslug FoxD3
markers. (B) Note the inhibition in the expression of BMP4 after .
SnailmRNA injection. XsnailN-GR
| N GR
be upstream oSlugin the genetic cascade that specifies the G H
neural crest cells. If this is the case, the effect of a dominan -

negativeSnailcould be rescued [§iug but that of a dominant-
negative Slug should not be rescued I§nail To test this
prediction, embryos were co-injected with XsnailZnFGR e
(domma_nt neg_at|ve) and SlugGR (wild type) and the Xslug FoxD3
expression of different neural crest markers was analysed. /
almost complete rescue of the neural crest expression w | + XsnailGR  J + XsnailGR
observed (Fig. 7A,B). Injected embryos showed a norme
expression ofSlug (94%; n=69), Snail (85%; n=41), Zic5
(91%; n=46) andFoxD3 (88%; n=42). A similar rescue was e 2 ’-.
observed when the XsnailNGR dominant negative was cc -
injected with SlugGR (not shown). This suggests t®Blaig 4 4
activity is downstream ddnail To further confirm this finding, Xslug FoxD3
we developed a new dominant-negat8lagconstruct similar
tSOI XsnaIINfGR.dThe f;llgthdIV(largent N;ze:’mlplaeléjomaén ﬁiFig. 6. Inhibition of Snailactivity blocks the expression of neural

ug was fuse: _to t € element (Xslug ) and t I*crest markers. One blastomere of a 2-cell stage embryo was injected
construct was injected into one blastomere of a two-cell stagyith 700 pg of the different dominant negative constructs, treated
embryo. This injection blocked the expressionStdgitself  with dexamethasone at stage 12.5, fixed at stage 19, and the
(86% of the embryos)=43) and that oFoxD3 (74%,Nn=46)  expression of the neural crest markers analysed. The injected side is
(Fig. 7C,D) in a similar manner to that previously describedndicated by an arrowhead. (A-D) XsnailZnFGR: dominant-negative
for the dominant-negative zinc-fing8lugconstruct (LaBonne of theSnailzinc fingers. Note that the dominant negative construct
and Bronner-Fraser, 2000; Mayor et al., 2000). However, thiinhibited the expressic_)n of all the neura_l crest markers analysed.
inhibition in the expression of the neural crest markers was n{E:F) Rescue of XsnailZnFGR by XsnailGR: both mRNAs were
efficiently rescued by co-injection of SnailGR. Only 30% Oflnjected in equivalent amounts and analysed as prewously described.
the injected embryos showed a normal expressioSlog Note the normal expression of the neural crest markers in the

P injected side. (G,H) SnailN-GR: dominant-negative usingSteil
(n=23; Fig. 7E) and 38% of them showed norrakD3 N-terminal domain. Note that the dominant-negative constructs

expressionr(=38; Fig. 7F). By contrast, the rescue of 8leg  innibited the expression of all the neural crest markers analysed.
dominant-negative by SIugGR was apparent in 77% and 72| 3) Rescue of XsnailNGR by XsnailGR: both mRNAs were injected
of the embryos with respect t8lug (n=44) and FoxD3 in equivalent amounts and analysed as previously described. Note the
expressionr=43), respectively. Thus, the rescue of 8rail  normal expression of the neural crest markers in the injected side.
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: : territory expressingSlug (81% of expansionn=44), Snalil
XsnailZnF-GR _— (88%, n=44), FoxD3 (85%, n=41), Zic5 (78%, n=46, not
_ | shown) andTwist (78%, n=46) (Fig. 8A-D). Conversely,

W injecting the activator construct led to an inhibition of the
A +XslugGR B + XslugGR expression ofSlug (86% of inhibition, n=45), Snail (82%,
’ n=58), FoxD3(81%,n=48), Zic5 (80%n=56, not shown) and
Twist(76%,n=50) (Fig. 8E-H). Thus, as the repressor construct
i» produced the same phenotype as wild-tmail and the
4

opposite effect was produced by the activator construct, we

- concluded thatSnail probably functions as a transcriptional
Xslug FOXD‘B repressor in this system.
XS’“QN'GR Snail has a role on neural crest migration
N GR | As Snailis also expressed during the migration of neural crest
cells, we analysed whether it might also influence this process.
C D
. w XsnailZnF-GR-EnR
’ b s e
Xslug FoxD3 A B
E + XsnailGR F + XsnailGR -
= ﬂ ’
“' ' y Xslug Xsnail
Xslug FoxD3 C

Fig. 7. Snaillies upstream o8lugin the cascade leading to neural

crest development. One blastomere of a two-cell stage embryo was

co-injected with the different dominant-negative constructs and the

wild type, treated with dexamethasone at stage 12.5, fixed at stage FoxD3 Xtwist

and the expression of the neural crest markers analysed. The inject
side is indicated by an arrowhead. (A,B) XsnailZnFGR rescued by : r i
XslugGR: the effect of the zinc fingers dominant-neg&dineail XsnailZnF-GR-E1A
construct was rescued by co-expressioSlafj Note the normal

expression of neural crest markers in the injected side. (C,D) Effect

of injecting XslugNGR dominant-negative construct. Note the E
inhibition in the expression of the markers in the injected side.

(E,F) Co-injection of XslugNGR and XsnailGR: note that the effect

of the dominant-negativ@lugconstruct can not be rescued by co-
expression oSnail

dominant-negative bglug and the difficulty to rescu8lug ;
activity by Snailindicates thaBnailis upstream oSlugin the G
genetic cascade that specifies the neural crest in the ectode

Snail functions as a transcriptional repressor 7)

In order to better understand the molecular mechanisms th !

underlie the activity oBnailduring neural crest development, FoxD3 Xtwist

the zinc-finger region oBnail was fused to the activation

domain of E1A or the repressor domain frddnosophila - . .

engrailed Both these constructs were fused to the GFOf@ two-cell stage embryo was injected with 700 pg hail
repressor construct (A-D) or ti8nailactivator construct (E-H),

eIem{-JInt to _make tr:jem |n(_jIUC|bIe and  they vv_erel Ca”e(treated with dexamethasone at stage 12.5, fixed at stage 19, and the
XsnailZnFGRE1A and XsnaillZnFGrEnR, respectively. Onegypession of neural crest markers analysed. Arrowhead, injected

blastomere of a two-cell stage embryo was injected with onsjde. Note that thenailrepressor construct (XsnailZnF-GR-EnR)
or other of these constructs and the expression of several neLproduced an expansion of the neural crest markers on the injected
crest markers analysed at the neurula stage. The injection side (A-D), while theSnailactivator lead to an inhibition in the

the repressor construct resulted in an enlargement of tlexpression of the markers (E-H).

Fig. 8. Snailfunctions as a transcriptional repressor. One blastomere
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XsnailGR ZnFXsnailGR

B C

XslugGR
Fig. 9. Snailcontrols neural crest
migration. One blastomere of a two-cell

g : ; stage embryo was injected with 700 pg of
IZ - SnailGR (A,D), its dominant negative

B iy (B,E) or SIugGR (C,F) treated with

B P ¥ dexamethasone at stage 16, fixed between
,g_‘ A | A stages 22 and 23, and the expression of the

neural crest markeSluganalysed.
(A-C) Injected side (arrowhead).
E F (D-F) Uninjected side of the embryos
- : shown in A-C. The leading edge of
,ﬁ migration is indicated with a broken line.
tif- ; Note that SnailGR (A,D) and SlugGR
= (C,F) produces a stronger migration in the
®, injected side; while the injection of
ZnFXsnailGR (B,E) leads to an inhibition
in the migration of the crest cells.

A

L
D#
LY

Control side

Embryos injected with XsnailGR and with XsnailZfGR crest, we wanted to know whether they are functionally
(dominant negative) were allowed to develop to the midneurulaquivalent in these cells and whether the chick genes have a
stage (stage 16-17) when the neural crest is specified asihilar effect when ectopically expressed in the frog. After
expresses botBlug and Snail (Mayor et al., 1995; Mancilla injection of mMRNA encoding the inducible forms ®fugand

and Mayor, 1996). When the injected embryos were treatefinail from Xenopusand chick into one blastomere of a two-
with dexamethasone at stage 16, and the expression of neurall stageXenopusembryos, the expression of the neural crest
crest markers was analysed at stage 22-23, a prominent effecarkerSlugwas analysed at the late neurula stage (stage 25).
on neural crest migration was observed. The population dfhe expression dslugwas enhanced by the injection of 500
migrating crest expressinglug (81% of embryos with an pg of MRNA for XsnailGR (83% of enlargementSitigin the
increase in the injected sides43; Fig. 9A,D) andnail (82%, injected siden=53), XslugGR (88%n=55), chick SnailGR
n=51, not shown) increased following injection of XsnailGR.(67%,n=45) and chick SlugGR (82%5=46) (Fig. 10). Thus,

In addition, injection of XsnailZfGR resulted in a reduction inthese injections produced an expansion of the neural crest
the migration of the crest cells (67% of embryos with aerritory and, an enhanced migration of the crest migration on

reduction in the migration in the injected siae48; Fig.
9B,E) or Snail (74%, n=46, not shown). These results

similar to those observed when tBiig dominant-negativ
construct was used previously in equivalent experin
(LaBonne and Bronner-Fraser, 2000).$\8goverexpressio
had not been examined previously at stages during whic
neural crest is migrating, we also injected embryos

XslugGR and treated them in a similar way. Overexpre!
of Slugproduced an increase in the migratory populatic
crest cells as seen by the expressioslof(77% of embryo
with stronger migration in the injected siae47, Fig. 9C,F
andSnail(75%,n=51, not shown). Thus, boSnailandSlug
overexpression during the stages of crest migration give
to an increase in the migration of this population of cell

Ectopic expression of chick and mouse Snail and

Slug in Xenopus embryos

Slug has been shown to be important in triggering E
during crest migration in the chick (Nieto et al., 1994;
Barrio and Nieto, 2002). In the mou$&mailrather tharSlug
is the gene expressed in this population, &ndil has als«
been shown to induce a complete EMT in mammi
epithelial cells (Cano et al., 2000). Thus, during neural
development, it seems likely that in the mo&®il might
fulfil the role played bySlugin the chick. This suggests tt
these genes may be functionally equivalent and that bo
capable of triggering EMT when expressed at the appro|
time and place (Del Barrio and Nieto, 2002). Becaus
Xenopudoth genes are expressed in the premigratory r

A Xsnail-GR B Xslug-GR
. P
Q
% B 4 ’ ‘
X .. ;
: "
B 1 .
c Csnail-GR D Cslug-GR
>~ 4 *
© ; .
5 ’ :
1 B >

Fig. 10.Functional equivalence of tt&nailgenes assayed Kenopus
embryos. One blastomere of a two-cell stage embryo was injected with
500 pg of MRNA encoding for different members of 8mailgene

family, treated with dexamethasone at stage 12.5, fixed at stage 25, and
the expression of the neural crest mageiganalysed. Arrowhead
indicates injected side. (A,Bjenopugienes: Xsnail-GR (A) or Xslug-

GR (B). (C,D) Chick genes: Snail-GR (C) or Slug-GR (D). Note that in
all the injected sides of the embryos a more vigorous and larger
population of migratory crest cells (asterisks).
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the injected side. Similar results (Fig. 10) were obtained afteSnail is required for the early specification of neural

injection of mouseSlug (65%, n=60) andSnail (72%,n=51)  crest cells

(not shown). ThusSnail and Slug from Xenopus chick or  Having illustrated the intriguing expression patternSofail

mouse are functionally equivalent when overexpressed iwe examined its role in neural crest development. Because

Xenopusmbryos. Snail is also involved in mesoderm development, one must
take care in interpreting the phenotypes generated by
overexpressing this gene from the two-cell stage of

DISCUSSION development. A phenotype relevant to the neural crest could be

the result of a previous effect on mesoderm development. For
Snail family members during neural crest this reason, we have used inducible constructs that were
development activated around the time the neural crest is specified (Mayor

Snailfamily members encode transcription factors of the zincet al., 1995; Mancilla and Mayor, 1996) and long after
finger type (for a review, see Nieto, 2002). They are composeadesoderm specification (Smith et al., 1985).

of a highly conserved C terminus, which contains from four to Overexpression o$nail in whole embryos augmented the
six zinc fingers, and a much more divergent N terminal regiordomain of expression of all the neural crest markers analysed
The Snail family occupies a central role in mesodermat the expense of the adjacent ectoderm and neural plate. The
development from invertebrates to mammals, and plays amplification of this domain was not the result of an increase
crucial role in neural crest formation in vertebrates (Nietojn cell proliferation as it was not inhibited when cell division
2002). Indeed, as a result of experiments wh8&tag was blocked. Thus, we infer th&nail has the ability to
expression was manipulatedXenopusand chick, it has been transform ectodermal cells into neural crest cells. This
proposed that this family member is a crucial gene for neuralbservation was further confirmed in animal cap assays, where
crest development (Nieto et al., 1994; LaBonne and BronneexpressingSnail mMRNA alone was sufficient to trigger the
Fraser, 1998; Carl et al., 1999; Mayor et al., 2000; LaBonnexpression of a series of early and late neural crest markers, in
and Bronner-Fraser, 2000; Del Barrio and Nieto, 2002). A lothe absence of the expression of neural plate and mesodermal
of work has been focused on the involvemerlofyin neural  markers. This differs from results obtained when other early
crest development since it became the first gene to beeural crest markers are expressed. The expression of genes
implicated in the triggering of EMT during neural crestsuch asvieis Pbx FoxD3 and Zic family members not only
delamination (Nieto et al., 1994). Indeed, it is the daihail  triggers the expression of neural crest markers, but also induces
family member expressed in the premigratory crest cells in thine expression of neural plate markers (Sasai et al., 2001;
chick (Sefton et al., 1998) and we still believe that is involvedNakata et al., 2000; Mizuseki et al., 1998; Nagai et al., 1997;
in the specification of both head and trunk neural crest and iKakata et al., 1997; Nakata et al., 1998; Maeda et al., 2002).
the migratory process in the head region (Del Barrio and Nietd;urthermore,Slug overexpression was unable to trigger the
2002). However, irXenopus both Slugand Snail are present expression of neural crest markers in animal cap assays as
in this population, where in fa8nailis expressed befoi®lug analysed by in situ hybridisation (LaBonne and Bronner-
(Essex et al., 1993; Mayor et al., 1993; Linker et al., 2000) (thiraser, 1998). Thus, it seems tRatail is the only gene that
work). In the mouseSnail is the family member that is has been described to date that is capable of specifically
expressed in neural crest precursors, however, mutant mice diansforming ectodermal cells into neural crest cells.

too early to analyse its function in this tissue. These difficulties In support ofSnail performing a central role in neural crest

in studying this facet oSnail behaviour in the mouse has development, blockin@nail activity through the injection of
prompted us to examine the role it plays in neural cresdlominant negative constructs produced a complete inhibition

development irKenopus. in the expression of neural crest markers. One of these
o _ constructs involved fusing the DNA binding domain to the GR
Snail is the earliest marker for the neural crest element to make it inducible. A similar construct has been used

Snailis the earliest marker of the neural crest described to date studySlug function (LaBonne and Bronner-Fraser, 2000).
in Xenopusembryos, as it can be detected in the prospectivé/e were aware of the possibility that this construct could affect
neural crest from stage 11 onwards. All the other early neuréthe function of both genes because of the sequence similarity
crest markers such &ug FoxD3and members of the Zic and betweenSnailandSlugin the zinc-finger region (Manzanares
Meis families are not detected in the neural folds until later oet al., 2002). It is worth noting that we were able to show that
in development (Sasai et al., 2001; Nakata et al., 2000; Linkén the mesoderm, where there is a complementary expression
et al., 2000; Maeda et al., 2002). We show that, in addition, th&f SlugandSnail the inhibition ofSlugfunction by this Slug
initial expression ofSnail in the ectoderm constitutes an arc dominant-negative version could only be rescue®lngand

that surrounds the neural/nonneural territory, including theot by co-injection oSnail(Mayor et al., 2000). This suggests
anterior neural plate border. Just before the other early neutiat it specifically works inhibitin§lugfunction. However, the
crest markers appear, or become confined to the credimitation of this approach is particularly relevant when
producing neural foldsSnail expression becomes weaker in studying the function oBnailfamily members in neural crest
the anterior region that will become part of the forebrain andevelopment ilXenopusas both genes are co-expressed in this
does not form neural crest (Le Douarin and Kalcheim, 1999}issue. Therefore, we generated another dominant negative
This expression pattern is unique fBnail and perfectly construct that contained the N-terminal regiorsoéil which
compatible with the recently proposed induction-is highly divergent from that oflug Using this construct, a
posteriorisation model for neural crest formation (Villanuevasimilar inhibition of neural crest markers was observed,
et al., 2002; Aybar and Mayor, 2002). indicating that the activity o§nailis indeed required for the
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early specification of the neural crest. Furthermore, we wemouse, as a subpopulation of migratory crest express both
able to rescue the effect of tB@ail dominant-negative using genes (Sefton et al., 1998; Cano et al., 2000).
Slugco-injection, but we were not able to rescue the effect of ] ]
Slug dominant-negative by usingnail co-expression. Taken Snail and Slug show functional equivalence
together, these results strongly support the conclusion that this work, we show thaSnail plays a key role in the
Snailis upstream o8lugin the specification of the neural crest development of the neural crestXenopusembryos, similar
cells. to that seen afteBlugoverexpression (LaBonne and Bronner-
We have also shown th&nail probably functions as a Fraser, 1998). One explanation for this is that both genes are
transcriptional repressor, as the injection of a repressdunctionally equivalent and that overexpression experiments
construct produces the same phenotype as that of the wild-typannot discriminate between the two. This possibility was
Snail and has the opposite effect to that of an activatotested by comparing the effect of injectiBnail or Slug
construct. This is not surprising, as Snail family membersnRNAs intoXenopusembryos. No obvious differences could
have been shown to act as repressors in many species fram@ detected in the effects of either gene on the expression of
Drosophila to humans (Nieto, 2002). Thus, the simplestneural crest markers or the migration of the neural crest.
interpretation of our data is th&nailrepresses the expression Furthermore, overexpressirgnail or Slug from chick and
of a factor that prevents the expression of the other neural cresbuse also produced similar results, supporting earlier data
markers. The ability dbnailto transform animal caps into cells where it was suggested that both genes are functionally
expressing neural crest markers and the inhibition of epidermatjuivalent in chick embryos (Del Barrio and Nieto, 2002).
markers in the whole embryo suggest that such an unknowihis also indicates that overexpression Xenopuscannot
factor should be expressed in the ectoderm. Candidatéscriminate between their specific activities. Along the same
molecules include BMP4 and the genes downstream of it, sudimes, the results obtained with dominant-negative constructs
asMsxland the DIx genes (Bendall and Abate-Shen, 2000may also reflect a lack of specificity. As mentioned above, to
Indeed, the observation th&nail is able to repress BMP4 avoid such a problem, we have used a dominant-negative
expression in animal caps supports the idea that this factoonstruct, which is specific as it contains the highly divergent
could be the target oBnail repression during neural crest region of the different family members that lies outside of the
specification. A similar function has been attributedStog  zinc-finger domains (Manzanares et al., 2001) and we were
in the dorsal mesoderm, where this gene influences thable to rescue the effect &nail dominant negative by co-
development of the Spemann organiser by repressing BMRkpression ofSnail wild type. In summary, considering that
expression in this tissue (Mayor et al., 2000). Thus, our resulnailis expressed befofugin the crest precursors, tHaail
suggest thaSnail is also a repressor of BMP4, and that thisbut notSlugis able to induce neural crest markers in animal
repression is required for the specification of the neural cresap assays and th@nailis able to induc&lug we believe that
territory. This conclusion is supported by the model in whichSnail may be responsible for at least some of the functions
the neural crest is induced by a gradient of BMP activitypreviously associated t8lug Thus, we propose th&nail
(Marchant et al., 1998; Morgan and Sargent, 1997; Nguyerather tharSlugplays an early role in neural crest development
et al.,, 1998). Thus, ifSnail were to repress BMP4Snail  in Xenopusas has been suggested in mammals (Sefton et al.,
injections will cause the levels of BMP4 to be reduced over 4998; Jiang et al., 1998; Cano et al., 2000; Carver et al., 2001).
more extended area, thereby displacing the threshold levAs mentioned beforeSlug may fulfil similar or additional
necessary to specify neural crest to the epidermal region afighctions in the premigratory population at later stages and also
leading to the conversion of ectodermal cells to neural crestduring migration.

Snail is involved in neural crest migration The relationship between  Snail, Slug and other

As Snail is expressed in migratory neural crest cells, weieural crest markers

investigated what function it may fulfill during migration. A number of different transcription factors have been shown to
Because we have shown tl&tail interferes with neural crest be expressed in the prospective neural cresXefiopus
specification, we adopted the same approach to study the ra@mbryos Keisl, Pbx1, severalZic genes,FoxD3 and Slug),

of Snailin migration by activating the inducible constructs onlyand have been implicated in its early development (Sasai et al.,
once neural crest precursors had already been forme®@001; Nakata et al., 2000; Pohl and Knéchel, 2001; Maeda et
Overexpression oBnail at the midneurula stage produced anal., 2001; Maeda et al., 2002; LaBonne and Bronner-Fraser,
increase in the number of migrating neural crest cells. This $998; LaBonne and Bronner-Fraser, 2000; Mayor et al., 2000).
in agreement with results obtained by overexpresSingin ~ We now show thabnailfulfils a similar function. We show that
the chick (Del Barrio and Nieto, 2002). BlockiBgailactivity =~ Snailis the earliest specific marker of crest precursors and we
with dominant-negative constructs led to a reduction in neurdlelieve that it lies upstream of these other factors in the genetic
crest migration as has also been describe8lfggin Xenopus cascade of crest specification for the following reasons: (1)
(LaBonne and Bronner-Fraser, 2000). However, somé&nailis able to induce all the above-mentioned neural crest
migratory cells were observed in the manipulated embryosnarkers; (2) considering the onset of expressionZihgenes
suggesting that other factors probably cooperate Siithil in are expressed in the prospective neural plate from very early
the migratory process. Among the possible factSisgis a  stages and become restricted to the neural crest territory long
good candidate because it has already been proposed to actfier Snait (3) SlugandFoxD3are expressed in the precursors

a maintenance factor of the mesenchymal phenotype (Ros @t the neural crest afte8nait (4) all the above-mentioned
al., 1997). Moreover, it has been suggested that these twgenes includingic5 (Nakata et al., 2000), with the exception
factors cooperate during crest migration in the chick andf SnailandSlug induce neural plate markers as well as neural
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crest markers when assayed in animal caps; an&l{g)is members highlights their ability to promote chick neural crest formation.
incapable of inducing any known crest markers in animal caps. Development 29, 1583-1593.

Furthermore, we have recently proposed a model for neurg#and, J. L., Monier, F, Delannet, M. and Newgreen, D(1995).
crest induction (ViIIanueva et al. 2002 Aybar and Mayor lliplth(ilguzlmérge;sf;enchyme transition during neural crest developrieta.

. ) . o ! S o nat. 3 -/(0.

2002) in which the entire _neural_plate border is mduced flrissex, L. J., Mayor, R. and Sargent, M. G(1993). Expression ofenopus
but later crest production is restricted to the posterior regionssnail in mesoderm and prospective neural fold ectod@ev. Dyn.198,
of the neural fold. This model predicts that the earliest cresijt(lg 10?'1C22-t VoL Marcell G and B - M. (2002)

e H H H Cla-Castro, A P arcell, .an ronner-rraser, . .
specific genes I.nduced should be. express_ed in the emlre. ne %Ctodermal Wnt function as a neural crest induseience297, 848-851.
plate border, with later genes being restricted to the definitivRarjang, R. M. (1991). In situ hybridization: an improved whole-mount
neural crest-forming region. Interestinglynail is the only method for Xenopus embryadslethods Cell Biol36, 685-695.
gene described to date whose expression fits in well with thigarland, R. and Weintraub, H. (1985). Translation of mRNA injected into

m L1 rl XDr ion alon h ntire lenath of the Xenopusocytes is specifically inhibited by antisense RK&ll Biol. 101,
odel. Its early expression along the entire length of t 81094_1099.

”e““’?", p"?‘te bo,rder correlates Wlth,th,e first phage of Creﬁarris, W. A. and Hartenstein, V. (1991). Neuronal development without
specification (Fig. 2H). However, definitive crest will be only el division inXenopuembryosNeuron6, 499-516.

produced at more posterior levels upon the action of signallingay, E. D. (1995). An overview of epithelio-mesenchymal transformation.
molecules (Wnt, FGF, retinoic acid) which will maintain high Acta Anat.154, 8-20.

levels of Snail expression (Fig. 21). In agreement with this, 7oPwood; N. D., Pluck, A. and Gurdon, J. B(1989). A Xenopus mRNA
related toDrosophila twistis expressed in response to induction in the

FGFR signalling is needed for the maintenanceSaail mesoderm and the neural cre3ell 59, 893-903.
expression in the mouse primitive streak (Ciruna and Rossantang, R., Lan, Y., Norton, C. R., Sundberg, J. P. and Gridley, T1998).
2001). This would justify that the low levels @nail The Slug gene is not essential for mesoderm or neural crest development in

expression observed in the anterior neural plate do notmice.Dev. Biol.198 277-285.

s a : anes, E., Sargent, T. D. and Dawid, |. §1985). Epidermal keratin gene
generate crest, and would also explain its ability to induce a‘?l"expressed in embryos of Xenopus laefimc. Natl. Acad. Sci. USA2

neural crest markers with the high dose used in animal capss13.5417.

assays. FinallySnailis the only gene described to date ableknecht, A. K. and Bronner-Fraser, M. (2002). Induction of the neural crest:
to specifically induce all neural crest markers in the absencea multigene processlat. RevGenet.3, 453-461. o _

of neural plate markers. Altogether, our data indicate thdfolm, P. J. and Sive, H. L.(1995). Efficient hormone-inducible protein

L ) . . function in Xenopus laeviPev. Biol.171, 267-272.
Snaillies h'gh and upstream ﬁuQm the hlerarchy of crest LaBonne, C. and Bronner-Fraser, M. (1998). Neural crest induction

specification, being activated very early in the territory in xenopus, evidence for a two-signal modBkvelopmentl25 2403-
Competent to become crest. 2414.
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