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SUMMARY

The Snail gene family of transcription factors plays crucial ~ Slug and Snail, is peculiar with respect to the neural crest.
roles in different morphogenetic processes during the Slug is not expressed in the premigratory crest in the
development of vertebrate and invertebrate embryos. In mouse, whereas it is expressed in this cell population in the
previous studies of function interference for one of the chick and the opposite is true for Snail (Sefton, M.,
family members, Slug, we showed its involvement and Sanchez, S. and Nieto M. A. (199&evelopment 25, 3111-
neural crest formation in the chick embryo. Now we have 3121). This raises the question of whether they can be
carried out a series of gain-of-function experiments in functionally equivalent. To test this hypothesis both intra-
which we show thatSlug overexpression in the neural tube and interspecies, we have performed a series of ectopic
of the chick embryo induces an increase in neural crest expression experiments by electroporating chick and
production. The analysis of electroporated embryos mouseSnail in the chick embryo hindbrain. We observe
shows thatSlug can induce the expression ofhoB and an  that both genes elicit the same responses in the neural tube.
increase in the number of HNK-1-positive migratory cells, Our results indicate that they can be functionally
indicating that it lies upstream of them in the genetic equivalent, although the embryos show a higher response
cascade of neural crest development. The increase in neural to the endogenous gene, chiclug.
crest production after Slug overexpression was confined to
the cranial region, indicating that the mechanisms of crest  key words: Neural crest, Slug, Snail, RhoB, Chick, Functional
induction somehow differ between head and trunk. equivalence, Epithelial-mesenchymal transition, Dil labelling, In ovo
The expression of the two vertebrate family members, electroporation

INTRODUCTION linked to the Snail gene family throughout evolution
(Manzanares et al., 2001).
The activity of members of th&nail family of zinc-finger The first indication that this gene family was involved in

transcription factors is required in various developmentaEMT came from our previous studies of one of the family
processes, in both vertebrate and invertebrate embryos. Thesembers in the chick embryo. Incubation of early chick
factors have an evolutionarily conserved function in mesoderilastoderms with antisense oligonucleotidesltg3nhibited
development, in neural differentiation and in vertebrate neuradeural crest and mesoderm delamination from the neural tube
crest formation. Additionally, they are involved in the and the early primitive streak, respectively (Nieto et al., 1994).
determination of left-right asymmetry, in the process ofSubsequently, defects in crest migration and lack of specific
endoreplication and recently, they have also been implicated derivatives were demonstrated in the neural crexteoopus
asymmetric cell division inDrosophila (for a review, see embryos afterSlug antisense treatment (Carl et al., 1999).
Hemavathy et al., 2000; Cai et al.,, 2001). Its function inn addition, LaBonne and Bronner-Fraser (LaBonne and
mesoderm and neural crest delamination is known to bBronner-Fraser, 2000) showed tHalug was necessary for
mediated by the triggering of epithelial-mesenchymaboth the formation of neural crest precursors and for
transitions (EMT), a process by which an epithelial cell isneural crest migration (LaBonne and Bronner-Fraser, 2000).
converted to a mesenchymal cell able to delaminate from ddowever, work carried out in the spinal cord of the chick
epithelium and to migrate through the extracellular matrixembryo indicated that inhibition of neural crest delamination
(Hay, 1995; Duband et al., 1995). The conserved role igould occur in the presence &lug (Sela-Donenfeld and
mesoderm formation and the co-option of Snail/Slug to triggeKalcheim, 1999). Since the majority of studies of crest
EMT during crest delamination and the acquisition of thelelamination in relation t&lughave been carried out in the
invasive phenotype in tumours (Cano et al., 2000) has led iead region (Nieto et al., 1994; Carl et al., 1999; LaBonne and
to suggest that the triggering of EMT is a function specificallyBronner-Fraser, 2000), it cannot be excluded that different
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mechanisms may operate for neural crest delamination in thequired stages, embryos were photographed in ovo with a Leica
head and the trunk. MZFLIII dissecting microscope to record GFP expression and Dil
Another putative caveat to the idea of Slug being crucial folebelling. Subsequently, they were dissected and fixed overnight in 4%
EMT came from the phenotype $fugnull mutant mice (Jiang paraformaldehyde in PBS at 4°C. After fixation, a fraction of the Dil-
et al., 1998) that do not show defects in mesoderm or neurjﬁpe”ed embryos were washed in PBS and sectioned in a vibratome

: : to obtain serial 5Qum slices that were photographed and the area
crest' development. HoweyeSIug IS not gxpressed In the occupied by Dil-labelled migratory cells was quantified for the entire
premigratory populations in the mouse since there is a ve

o . . . Hindbrain region in the control and electroporated sides using the
striking interchange in the expression patterns of the tw@naytical Imaging Station (AIS, from Imaging). Within the Dil-

family members §lugandSnail between chicken and mouse. |apelled area outside of the neural tube, only the surface showing
This led to the suggestion th@nail rather tharSlugcould be  fluorescence above background levels was considered. For the
the gene involved in EMT in the mouse (Sefton et al., 199&ictures shown in Fig. 1F-H, sections were examined to detect either
Jiang et al., 1998). Indeed, we and others have recently showi or GFP and then photographed using a double-exposure to get a
that Snail triggers EMT in mammalian cells, acting as amerged image using a Leica DMR microscope and a conventional
repressor of the epithelial phenotype (Cano et al., 2000; Batlf@mera. These embryas=84) were electroporated with a bicistronic

et al., 2000). This raises the question of whether Snail and Slgﬁ‘sm'd containing both Slug and GFP cDNAs (ClonTech #61011).

. . - the remaining embryos were subjected to in situ hybridisation
can be funquonal_ly equivalent when ectopically expressed hdor immunchistochemistry as described below.
the appropriate sites.

Therefore, we have decided to directly assess: (i) the role ¢f sjyy hybridisation and immunohistochemistry

Slgg in chick neural crest develogment_ by Overexpressmgingle or double labelling in situ hybridisation experiments were
chick Slug all along the anteroposterior axis of the embryo, andyried out by simultaneous hybridisation with two probes as
(ii) the possibility of functional equivalence by ectopically gescribed by Nieto et al. (Nieto et al., 1996). One probe was labelled
expressing chick and mouse Snail in the chick hindbrain. Byith digoxigenin-UTP (Boehringer Mannheim) and the second with
adopting this approach, we hoped not only to complement tHiiorescein-UTP  (Boehringer Mannheim). Digoxigenin-labelled
previous function interference studies, but also to help clarifprobes were synthesized from the full-length cDNA of clgkigand
the role of this family in the formation of the neural crest. ~ from plasmids containing fragments of tRax3 rhoA, rhoB, and
Here we show thaBlugis able to induce the formation of cadherin 6BcDNAs (kindly provided by M. Bronner-Fraser, T. Jessell
neural crest cell in the chick embryo. Moreover, we observe?r;?n'\g' ;?iksilw(i:gl’cgﬁgﬁ%emﬁrfwl;jgirnescct)ell\lnApgzzise r‘]’zgse tf)yCitgﬁzllizeed
g}f{ﬁ;eggﬁfa?g:\gsﬁﬂ ;{ES rr]g Z%h:r:]ésm?r:g\{?lﬂ\;\idré%itgr?sf.o\;vr?]?atrlg ectroporated cells by detection of transcribed plasmid sequences

. . 8 L dly provided by D. Duboule). After hybridisation, the embryos
in the cranial regioslugoverexpression increases the numbelyere * incubated ~with alkaline phosphatase-conjugated ~anti-

of premigratory and migratory neural crest, in the spinal corgigoxigenin and anti-fluorescein antibodies. The alkaline phosphatase
Slugis only able to increase the number of crest precursorstivity was detected by incubation with NBT/BCIP for digoxigenin
within the dorsal neural tube. This might have evolutionaryprobes (blue) and INT/BCIP for fluorescein-labelled probes (red, both
implications with respect to the appearance of the neural crefsobm Boehringer Mannheim). In some cases, the embryos were then
and the role of the Snail gene family in this process. In relatiopubjected to immunohistochemistry with HNK-1 antibody (prepared
to this, and based on ectopic expression studies of chick ap‘-{&m the cell line obtained from ATCC) as desgrlbed by Nieto et al.
mouseSnailin the chick hindbrain, we show that neural crestNieto et al., 1996). Some embryos were directly processed for

P - . . . iImmunostaining with anti-laminin antibody (Sigma, L9393; 1:500).
I)c;r;?r?ggi?];e?tfgr?:g%ﬁgnr?iﬁgouated with the Snail famllg/ Following hybridisation and/or immunohistochemistry, embryos

were fixed in 4% paraformaldehyde in PBS, washed in PBS and
photographed in whole mount under a Leica M10 dissecting scope.
In the majority of cases they were washed in PBS containing 50%

glycerol, flat mounted and photographed using a Leica DMR
MATERIALS AND METHODS microscope with Nomarski optics with an Olympus DP-10 digital
camera. Subsequently, they were again washed in PBS apch 15
Embryos paraffin sections (Fibrowax, BDH) or 50m vibratome slices in
Fertilised chicken eggs were purchased from Granja Santa Isabg@aﬁne (Sigma) were obtained.

Cérdoba, Spain. Eggs were incubated, opened and staged accordingjock electroporated embryos with empty pcDNA3 were

to Hamburger and Hamilton (Hamburger and Hamilton, 1951).  hyhridised with all probes used in this study in order to rule out
) . ) possible crosshybridisation between probe and vector sequences. No
In ovo electroporation and Dil labelling significant effects were observed in these control embryos.

After incubation to obtain embryos at stages 9-12, the eggs were

windowed on one side. After visualising the embryo, a solution

containing full length chick Slug, chick Snail or mouse Snail cDNAs

cloned in pPCDNA3 (Invitrogen) (5 mg/ml) was injected into the lumenRESULTS

of the neural tube in the head (stage 9) or in the trunk region (stage

11-12) together with GFP cDNA cloned in EGFPN1 (Clontech, 1S[ug overexpression through in ovo electroporation

mg/ml). In ovo electroporation (ltasaki et al., 1999) into the right hangcreases the migratory cell population in the chick
side of the neural epithelium was carried out with an Intracept TSS mbryo hindbrain

pulse stimulator (Intracell) using 5, 50 msececonds, 30 V pulses. . .
all experiments, the control side was to the left. In some cases, a DiYeé have used in ovo electroporation as a means of
solution in 10% ethanol (Molecular Probes, C-7000) was also injecte@verexpressing chickSlug in the hindbrain of the chick
into the lumen of the neural tube just after electroporation. The egd@@mbryo, to assess the effects that this may have on the
were sealed and allowed to develop for a further 15-30 hours. At thdevelopment of the neural creStugis normally expressed in
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Fig. 1. Slug overexpression
increases neural crest product
in the chick hindbrain. (A) Stac
13 control embryo showing the
normalSlugexpression in the
premigratory and migratory
neural crest. (B-D) Embryos
electroporated with plasmids
containing chick Slug and GFF
cDNAs, injected with Dil at
stage 9 and analysed 15 hours
later (stage 13-14). GFP
expression is observed in the
right hand side of the neural tu
and in cells migrating from this
side (B). Dil labelling is
observed within the neural tubi
and in all crest cells that have
emigrated from the neural tube
after electroporation (C).

(D) HNK-1 staining in the sam«
embryo. Both Dil labelling and
HNK-1 immunohistochemistry
confirm the increase in neural
crest production in the electroporated side. White arrows in C indicate the r4 and r6 crest streams where an increagatoryheethi
population can be observed when compared to the control side. Black arrowhead shows Dil-labelled cells adjacent to rhojsd®isce 5
Fig. 2H). A representative section taken at the level of r4 is shown in E to better assess the relative increase inati@st (frdd)luA section
taken from a different embryo at the level of r6 showing (F) exogenous GFP-Slug expression, (G) Dil labelling and (H) thmagzged
otic vesicle; r, rhombomere. In all experiments, the control side is to the left.

the premigratory and migratory hindbrain crest populations asxpression in the electroporated embrywssl@). Although we
previously described (Nieto et al., 1994) and as can beould not distinguish between the exogenous and the
observed in the flat mount of a stage 13 embryo shown in Figndogenous gene in the migratory population, we were
1A. We have electroporated chi€tugtogether withGFP in interested in determining the amounSdiigpositive cells that
the hindbrain of stage 9 chick embryos as described iresulted from the electroporation of the exogenous gene. Fig.
Materials and Methods, and analysed the phenotype 15 howé shows one of these embryos at the post-otic level. See the
later when they had reached stage 13-14. Migratory Dil- and/drigh level of Slug expression all along the right side of the
GFP-labelled cells observed in these embryos correspond hindbrain and the increased populatioshfgexpressing cells
neuroepithelial cells that have migrated from the neural tubmiigrating from it. This was observed in all the embryos
after electroporation. As can be seen in the embryo shown analysedrf=13). Double labelling with HNK-1 confirmed that
Fig. 1B, the majority of cells in the right hand side of the neuratnany of these migratory cells were double-positive (white
tube incorporated the plasmids and show GFP expression, amrowheads), although some ectopic cells located close to the
this case from the posterior part of rhombomere 2 to the bordaght side of the tube and posterior to ré6 were @llygpositive
with the spinal cord. In addition, Dil labelling showed that in(Fig. 2A,B, black arrowheads). This can be better observed in
88% of the embryos (66/75), there was a significant increaghe sections taken form this embryo and shown in Fig. 3A,B.
in neural crest migrating from the neural tube in theSee below for an analysis of different migratory crest
electroporated side (Fig. 1C, white arrows). HNK-1populations. These results indicate that increased expression of
immunohistochemistry confirmed an increase in the migrator$lug in the neural tube induces the formation of supernumerary
neural crest population on the right hand flank of theserest cells in the hindbrain.
embryos (Fig. 1D). In order to quantify the increase in the ) ) )
migratory population, we carried out a serial section analysi€lug also increases the premigratory cell population
of some of the Dil-labelled embryos=<(7) by measuring the and induces the expression of r - hoB and Pax3 in the
area occupied by Dil-labelled cells in the control anddeveloping chick hindbrain
electroporated sides in the hindbrain region as described in order to analyse the phenotype of the electroporated
Materials and Methods. Our results show a 208+37% oémbryos in more detail, the expressionfudB was studied.
increase (meants.e.mxz7). One of the representative sectionsThis member of the family of small GTPases is expressed in
is shown in Fig. 1E. Fig. 1F-H show a section from a differenthe premigratory and early migratory crest and has been
Dil-labelled embryo that was electroporated with a plasmidmplicated in the delamination of the neural crest from the
containing bothSlugand GFP. This section was taken at thespinal cord (Liu and Jessell, 1998). In the control side (left)
level of r6. Note the overlap in the distribution of the GFP anaf stage 13 embryoshoB expression was detected in a small
Slug-expressing cells (Fig. 1F) with those that have emigratgabpulation of premigratory crest cells (compare Fig. 2C with
from the neural tube after the electroporation process (Fig. 1Ghe expression o$lugin Fig. 1A) and in early migratory

In a separate set of experiments, we looked Sarg cells delaminating from r4 and r6. However, in the
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Fig. 2. Slug expression directly or indirectly induces the expressiohnad andPax3in the chick hindbrain. (A, B) Embryo electroporated

with chick Slugat stage 9 and analysed 15 hours later (stage 13) by in situ hybridisation witBlali@k) and subsequently subjected

to HNK-1 immunohistochemistry (B). The electroporated cells on the right hand side of the neural tube express high layelscirite
Slug-expressing cells can be observed migrating from the post-otic hindbrain. It is interesting to note that although +egme Sy

migratory cells are also HNK-1 positive (white arrowheads in A and B), some migrating cells do not show HNK-1 reactiviyriMdeads

in A and B). The dotted line shows the level of the section in Fig. 3A. (C,D) Different embryos subjected to the sameaiectmpcess

and hybridised witlhoB or Pax3at stage 13. Note the ectopioB expression in the premigratory crest of rhombomeres 4 and 5 and a greater
area covered by thoB-expressing cells emigrating from r4 and r6. This can be better observed in the sections (G,H) taken from this embryo
at the levels indicated by the dotted lines in (C). White arrows in H indicate cells migrating out from r5. (D) An incteakv@ist ofPax3
expression can be seen all along the AP axis of the hindbrain. (E,F) Another stage 15 embryo illisiBaEigand HNK-1 expression (F)

after Slugelectroporation. Note that there is an increase in crest cells migration from the right hand side, which expresses tleggwo mark
Abbreviations as in Fig. 1.

electroporated side (right) a larger number of cellsThe Slug-induced increase in premigratory neural
expressingrhoB, both premigratory and migratory, was crestis restricted to dorsal territories
detected (Fig. 2C). Vibratome sections at the level of r4 ands we have shown abov8|ug overexpression increases the
r5 clearly show the increase in the numberhafB-positive  production of crest cells in the hindbrain. The sections also
cells emigrating from the neural tube on the electroporatenhdicate that supernumerampoB-expressingcells are only
side (Fig. 2G,H). produced in the dorsal region of the tube. To better assess the
It has been previously demonstrated that very few neuralorsoventral phenotype in relation to the extension of the
crest cells emigrate from r5. Moreover, those cells that delectroporated area along this axis we looked Saig
originate in r5 usually join the streams emigrating from rdexpressing cells in sections taken from $hegelectroporated
and r6 (Birgbauer et al., 1995; Graham et al., 1997). Iembryos. In Fig. 3A, which is a section taken from the embryo
electroporated embryosslug overexpression inducethoB  shown in Fig. 2B, clearly demonstrates that although there is
ectopic expression in the r5 neural epithelium and thectopic Slug expression in the whole hemi-tube, crest cells
accumulation of crest cells adjacent to it (Fig. 2H, whitemigrate only from the dorsal part. As can be observed in the
arrows). Similar phenotypes, in the r4 to r6 region weravhole-mounted preparation (Fig. 2B), this double-labelled
observed in 72% of the embryos (18/25). Double labelling witlsection shows that many of the cells that expfsg also
HNK-1 confirms that the majority of migratoryhoB-  express HNK-1, although there are ectopic cells close to the
expressing cells also express this neural crest marker (Figbe that only expresSlug (Fig. 3A, Fig. 2B). A higher
2E,F). We additionally analysed the expression of anothenagnification photograph (Fig. 3B) shows the presence of
member of the Rho familyhoA (Liu and Jessell, 1998) also heterogeneous populations of crest with respect to the
expressed in the neural tube at these stages, and we did not faxgression of these two markers. Since HNK-1 expression is
any difference in thé&lug electroporated embryos<7; not  known to be acquired by crest cells after migration form the
shown). These results suggest thlatgcan specifically induce neural tube, we confirmed the existenc&lofgpositive/HNK-
ectopic expression of rhoB in the chick hindbrain. 1-negative cells located close to the neural tube not only in the
We have looked a@Pax3expression because although it hascontrol side but also in control embryos (Fig. 3C-E). Similar
been shown to prece@ugexpression in the spinal corglug  results were obtained forhoB/HNK-1 double-labelled
is first to appear in the hindbrain (Buxton et al., 1997a). Fig. 2mbryos at this stage (not shown).
D shows thatSlug overexpression induces a higher level of The competence of cells at the different dorsoventral levels
Pax3 expression in the hindbrain. However, this phenotypeo respond t&lugwas also confirmed in embryos hybridised
could be observed in only 30% of the embryos (6/20). with rhoB and neomycinprobes (Fig. 4A). Detection of
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Fig. 4. Slug overexpression in the chick hindbrain induces ectopic
epithelial-mesenchymal transition in the dorsal part of the neural
tube. (A) A section from an embryo hybridised witioB (blue) and
neomycin (red; to detect electroporated cells, see text). There is a
clear increase in premigratory crest cells in the dorsal neural tube and
a higher amount ahoB-expressing migratory cells (B).

(C,D) Composit images of high power views of the boxed regions in
A, corresponding to control and electroporated sides, respectively.
Observe the Slug-induced ectopic EMT concomitant with the

Fig. 3.Slug overexpression in the chick hindbrain increases the breakdown of the basement membrane indicated by the white arrow
production of neural crest cells from the dorsal neural tube. in D. The site of breakdown is confirmed by immunostaining with

(A) Embryo showing ectopiBlugexpression at the right side of the the basement membrane marker laminin and indicated by stars in E
hindbrain all along its dorsoventral axis. This section was taken fronand F.

the embryo shown in Fig. 2B at the level indicated by the dotted line.

Observe thaBlugexpressing cells do not migrate from intermediate . . .

or ventral levels of the neural tube. A higher number of migratory ~induce the formation of ectopic premigratory neural crest
cells can be observed in the electroporated side, some of which do precursors in the dorsal neural tube (Fig. 4B). It has been
not express HNK-1. This can be better observed in the magnificatiofproposed thatSlug induces neural crest delamination by
shown in B, where the existence of different migratory populations igriggering EMT (Nieto et al., 1994; Nieto, 2001). A closer

readily apparent. Black arrowheads indicakegpositive/HNK-1- examination of this section (Fig. 4C,D) shows that indeed cells
negative cells; white arrowheads exemplify the double-labelled |ocated in an extended region of the dorsal hindbrain are
population and black arrows indicate exampleSlafy undergoing EMT. Note the difference in the position at which

negative/HNK-1-positive cells (see text). These populations are als ; ;
detected both in the control side of the electroporated embryos (A)Othe basement membrane is undergoing breakdown on both

and in control embryos such as that shown in C-E, hybridised with srl]dez of the ne;neﬂ tutk)Je (white arrowg). This is lfonfllrmgq by
Slugand subsequently stained with HNK-1. A section at the level of (N détection of the basement membrane marker laminin in

16 is shown in E. Slugelectroporated embryos. A representative section of these
embryos is shown in Fig. 4E,F.

neomycinenables all the electroporated cells to be identified he increase in neural crest migration induced by

although to avoid masking the signal obtained with otheBlug is confined to the head region of the

markers the visualisation of this probe was normallydeveloping chick

underdeveloped (pale red). On the side of the embryos thetaving seen thablugoverexpression increases the formation of

overexpresse&lug the area ofhoB-expressing cells within neural crest in the chick hindbrain, we wanted to determine
the dorsal hindbrain was larger indicating tBaigis able to  whether the same may occur in other regions along the
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Fig. 5. Slug overexpression increases the migratory neural crest
population in the cranial region of the chick. Control (A) and
electroporated sides (B) of the same whole-mounted embryo
hybridised withrhoB 24 hours after electroporation willug(stage
15). In B, observe the higher numberrio6B positive cells in the

crest cells migrating from the forebrain, midbrain and hindbrain
regions (arrowheads). (C,D) AnothHglugelectroporated embryo
double labelled forhoB and HNK-1 at stage 17. (E) A section taken
from this embryo at the different levels indicated by the dotted lines
in C and D allows the visualization of different crest populations tha
are increased in the electroporated side (top in this picture).

(F,G) High power views of the boxed areas in E. Black arrowheads,
rhoB-positive/HNK-1-positive cells; white arrowheadsoB positive
cells; black arrows, HNK-1-positive cells.

Fig. 6. Slug overexpression increases the premigratory neural crest
population in the trunk. (A) Trunk level of an embryo processed for
rhoB and HNK-1 expression 30 hours after being electroporated with
Slugat stage 12. No differences can be detected in the migratory
neural crest of control and experimental sides although numerous
electroporated GFP-expressing cells had migrated from the tube and
can be seen in a similar pattern to that observed for HNK-1 (B).
(D,E) A section of this embryo, confirming that the migratory
population is similar in both sides. However, note an increase in the
rhoB-expressing area in the right half of the spinal cord (E, brackets).
This is better observed in a similar embryo only hybridised with

rhoB (F). (C) Flat mount of the posterior hindbrain of an embryo
electroporated at stage 9. The increasbaB-expressing crest cells
both in the premigratory and in the migratory population can be
better assessed in the section taken at the level of the dotted line (G).

increase in the number of migratatyoB-expressing cells was
observed in the side of the embryo overexpresSing24 hours
after electroporation (Fig. 5A,B, arrowheads). Another embryo
double labelled forhoB and HNK-1 at stage 17 shows an
increase in similar crest populations (Fig. 5C,D, also shown in
section Fig. 5E). Some of thHeoB-expressing cells were also

l%belled by HNK-1 (white arrowheads). Another population of

cells expresshoB but not HNK-1. Both these cell populations
were found on either side of the head, although a higher number
were found on the electroporated side (black arrowheads). There
is still a further population of cells that contain HNK-1 but that
did not expresshoB (black arrows). The nature and amount of

anteroposterior axis of the neural tube. We first analysed motkese populations are better observed in the control and in the
anterior head regions by electroporating embryos at stage 9 fragtectroporated side in the magnified views shown in Fig. 5F,G,

the midhindbrain to the prosencephalon and observed amorresponding to the boxed areas in Fig. 5E. Analysis of control

increase in migratory crest cells in 77% of the embryos (7/9embryos confirms their presence (not shown).

One of these embryos analysed at stage 15 is shown in Fig. 5AWe also overexpress&lugin the developing spinal cord by

B. In the diencephalon, the midbrain and r4 of the hindbrain, aglectroporating embryos at stage 11-12 and analysing the
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Fig. 7. Ectopic expression of chick Snail increases neural crest
production in the chick hindbrain. Electroporations were carried out
as described in the legend to Fig. 1. (A) GFP expression and (B) Dil

labelling to visualise the neural crest cells that have emigrated from production in the chick hindbrain. Electroporations were carried out

the hindbrain. C illustrates a similar embryo showingB . ; : : :
expression (blue). This embryo was also hybridised with a neomycir‘%1S described in the legend to Fig. 1. (A,B) GFP expression and Dil

probe to detect the electroporated area (pale red). (D) A high powerlabe”mg identifying neural crest emigrating from the hindbrain. In C

view showing the increase in premigratory and migratory neural cre% similar embryo shows ectopitoB expression (blue). (D) A high
(arrowheads). (E,F) Sections taken from the same embryo at the ower view of premigratory and migratory neural crest. Arrowheads

Lo : . indicate regions of ectopic expression. Note the amountitod-
levels indicated by the dotted lines in C. positive cells at the level of r5,

Fig. 8. Ectopic expression of mouse Snail also increases neural crest

corresponding phenotypes 24-30 hours later. AtbeB and  of EMT has been described in chick and mouse. As far as the
HNK-1 double labelling, we could not observe differences in thehick neural crest is concerne®lugis expressed in both the
amount or in the pathways taken by the migratory cefi§g)  premigratory and migratory populations wher&asilis only
(Fig. 6A). The amount of GFP-expressing cells migrating fronpresent in a subpopulation of migratory cells at a distance from
these axial levels confirmed that the spinal cord had bedhe neural tube (Sefton et al., 1998). Since the opposite is true
extensively electroporated (Fig. 6B). In sections taken fronmn the mouse, we suggested that the role played by Slug in the
these embryos, we confirmed the absence of differences in tbhkick might be performed by Snail in the mouse (Sefton et al.,
migratory population of both sides (Fig. 6D). However, an1998). This is in keeping with the fact that Snail is able to
increase in the area dfoB-expressing premigratory crest cells convert mammalian epithelial cells into migratory and invasive
could be detected in the electroporated side in 78% of embryasesenchymal cells (Cano et al., 2000; Batlle et al., 2000). This
(7/9; Fig. 6E). This increase is better observedhoB-single  raises the question of whether the two vertebrate family
labelled embryos (Fig. 6F). We also analysed the expressianembers, Snail and Slug, can be functionally equivalent. To
cadherin6B a marker of premigratory neural crest cells whosalirectly address this question, we have ectopically expressed
expression precedes that &lug in the neural tube. No chick Snail in the chick hindbrain following a similar protocol
significant differences were seen in the embryos analpséd;( to that used in the experiments described above for &higk
not shown) as was the case Raxx3(n=15; not shown), which (Fig. 7). The electroporated embryos show a greater number of
in the trunk, is also expressed befSheg(Buxton et al., 1997a). Dil-labelled cells (Fig. 7B) and a greater number of both
After looking carefully at the postotic region of the premigratory and migratory andhoB-expressing cells (Fig.
electroporated embryos we observed an increase inC,D flat mount and E,F sections). The phenotype was milder
premigratory and migratoryhoB-expressing cells up to the than that observed with chidkiugand was readily visible in
level around the fourth and fifth somites. This is shown bot®9% (10/17) and 46% (6/13) of the embryos analyse8lioy
in the flat mount (Fig. 6C) and in a section taken from it (FigandrhoB, respectively.
6G). Interestingly, this axial level coincides with the border If SlugandSnailcan be functionally equivalent in inducing
between the hindbrain and the spinal cord, as defined by chictte production of chick neural crest cells, we wanted to assess
quail chimeras analyses (Cambronero and Puelles, 2000). whether this equivalence could extend across species. To
address this question, we electroporated m&usa! into the

Ectopic expression of chick and mouse  Snail chick hindbrain (Fig. 8). Mous8nail induces a full EMT in
increase neural crest production in the chick murine and canine epithelial cell lines (Cano et al., 2000) and
hindbrain indeed, it was also able to increase neural crest production in

The swapping in expression of Slug and Snail in the regionthe chick hindbrain. As in the case of chiGaall, the
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phenotype observed was also milder than that obtained witamily, is expressed in premigratory and early migratory crest
chick Slug Nevertheless, a high percentage of embryos (72%ells (Liu and Jessell, 1998) and thus, expression of this gene
13/18) showed a significant increase in the number of Dilwas used to assess the effects 8lagoverexpression had on
labelled migratory cells (Fig. 8B) and in both premigratory anctrest precursors. In addition to detecting many more cells
migratory rhoB-expressing cells in the electroporated sidemigrating from the hindbrain, we also observed an expansion
(54%, 7/13; Fig. 8C,D). in the area occupied bifioB-expressing cells within the neural
Taken together, these results indicate that vertel$asédl  tube, indicating tha$lugis involved in neural crest induction.
family members are able to function as inducers of neural creSimilarly, using an inducible inhibitory mutant LaBonne and
formation both intra- and interspecies, although the embryoBronner-Fraser (LaBonne and Bronner-Fraser, 2000)
exhibit stronger phenotypes after overexpression of the gemkemonstrated that Slug is implicated in both the formation of
normally expressed in this tissue, chigkig neural crest precursors and in neural crest migration in
Xenopus The expression of HNK-1 in the majority of the
migratory crest population induced I8lug overexpression

DISCUSSION confirms their phenotype, although cells located at ectopic

o positions close to the neural tube are not labelled by HNK-1.
Slug overexpression increases neural crest This is compatible with HNK-1 being acquired in crest cells
production in the chick embryo hindbrain after their emigration from the neural tube upon receiving

Overexpression of chicRluginduced by in ovo electroporation signals present in the migratory pathways.
in the hindbrain leads to an increase in the migration of chick The ectopic expression ofioB in the Slug electroporated
neural crest cells. This can be clearly appreciated by thandbrain indicates tha&lugcan directly or indirectly induce
increase in the number of Dil-labelled cells that emigrate fronnhoB expression, which we can now consider a downstream
the hindbrain and in the amount of cells that express the neuttarget of Slug This is not surprising, sincehoB has been
crest marker HNK-1 (Tucker et al., 1984). These results are implicated in crest delamination and in the sequential order of
agreement with previous studies where interference 8litf  gene induction by BMP signalling it is precededSiyg (Liu
function was shown to inhibit neural crest migration (Nieto etand Jessell, 1998). ThuSlugis located upstream @hoB in
al., 1994). They are also in keeping with both loss- and gairthe temporal hierarchy of gene expression during neural crest
of-function experiments carried out Xenopusembryos (Carl  formation.
et al., 1999; LaBonne and Bronner-Fraser, 1998). Pax3is another gene that is expressed very early in the neural
Looking at the overall pattern of migratory cells in thetube, defining the dorsal regions including those that contribute
experimental side, it seems that although there is a higio the formation of the neural crest (Goulding et al., 1993). Since
increase in this population, the overall migratory pattern iSlug overexpression in turn elevated the levels R#x3
similar to that in the control side. The usual streams of cellexpression in the hindbraiax3 also appears to be another
that emerge from the even-numbered rhombomeres can Heect or indirect target ofSlug in the hindbrain. This is
nicely appreciated, indicating that the normal migratorycompatible with the fact that the onset [edix3 expression
pathways are being followed. In these experiments, we hav¥ellows that ofSlugin the head region (Buxton et al., 1997a).
not assessed the contribution of individual rhombomeres but Mutations in PAX3 have been associated with Waardenburg
is known that the number of crest cells that emigrate from r8yndrome (WS) (Tassabehiji et al., 1992), as have mutations in
and r5 is small and that they join the streams of cells th&8OX10andMIFT. Recently it has been suggested that SOX10,
migrate from r2 and r4 (Birgbauer et al., 1995). Neverthelesé synergy with PAX3, strongly activates MITF expression
crest-free areas arise through a combination of cell deatBondurand et al., 2000; Potterf et al., 2000). If we consider that
(Graham et al., 1997) and the generation of exclusion zonebick SlugandSox10show similar expression patterns and that
adjacent to r3 and r5 (Farlie et al., 1999). These mechanisr$ugexpression precedes that®dx10(Cheng at al., 2000), it
seem to operate even in the presence of an exc&agfat  is tempting to speculate tHalugmay be involved in melanocyte
least in the r3 region. However, upon closer examination of théevelopment by indirectly upregulating the expressioMidif
embryos, a significant population of crest cells adjacent to rhrough the activation d?Pax3and possibly5ox10
can be observed, whose movement is probably impeded by theSince Snail family members are thought to act as repressors
presence of the otic vesicle (see Figs 1 and 2). They seemitoanimals ranging fronbrosophilato human (Hemavathy et
be r5-derived crest although we cannot exclude the possibiligl., 2000), it is likely thaSlugwill only indirectly regulate the
of this population being r4 crest that accumulates in this regioexpression of bothhoB and Pax3 although the possibility of
Since Dil labelling and HNK-1 staining do not provide it acting as an activator cannot be excluded at the moment.
information regarding the premigratory crest population, we ) )
examined the expression of premigratory crest markerd.he competence of the hindbrain to respondto  Slug
Slug expression was not useful because it detects all th@verexpression is restricted to its dorsal territory
electroporated cells. Neither was another marker of th&he ectopiachoB expression induced by Slug does not extend
premigratory populationcadherin6B,appropriate, since its to all the electroporated cells. Rather, and in a similar way to
expression is very transient and at the stages analysed, it isthat observed inXenopus Slug overexpression increases
longer expressed in the hindbrain (Nakagawa and Takeichihe production of neural crest cells only in territories of
1995). In addition, the expression cédherin 6Bis more endogenous expression or close to them (LaBonne and
extensive and precedes thatSifigin the neural epithelium, Bronner-Fraser, 1998). In our experiments, an expanded
making it unlikely that its expression would be affecte®hyg  territory of rhoB expression is observed but it is, however,
overexpressionRhoB,a member of the Rho small GTPasesrestricted to the dorsal part of the neural tube. This could be
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partly explained by the fact that intermediate chick neural plateINK-1 is observed at abnormal positions, including different
cells lose their capacity to form neural crest after stage l@orsoventral levels of the neural tube (Kos et al., 2001).
(Basch et al., 2000). Recently, the competence to becomeThe capacity of Slug to increase the migratory population is
neural crest has been associated with the presence of noelirlbhserved from the anterior head region to its border with the
a secreted glycoprotein present in the neural folds before Slugpinal cord. It is interesting to note here that we have observed
Over-expression of noelin 1 in chick embryos leads to aan increase in cell migration up to the region of the fourth-fifth
increase in the period of crest production (Barembaum et abpmite, exactly the axial level that has been mapped by chick-
2000). Additional molecules such as targets of BMP, FGF ofjuail chimeras studies to correspond to the border between the
Whnt signalling that are not present in the ventral neural tubkindbrain and the spinal cord (Cambronero and Puelles, 2000).
may also be required in conjunction wilug (Liem et al.,  Within the spinal cord, we have observed an extended area
1995; lkeya et al., 1997; Mayor et al., 1997; Dorsky et al.expressing the premigratory markdroB but we have not
1998; LaBonne and Bronner-Fraser, 1998). Alternatively, or imletected changes in the amount or the position of migratory
addition, inhibition ofSlugfunction by ventral signals can also cells. This indicates that different mechanisms may control the

operate in these embryos. delamination of the neural crest in the head and in the trunk
o ) o regions.

Slug overexpression induces ectopic epithelial- The demonstration that different mechanisms are involved

mesenchymal transition in the dorsal part of the in neural crest delamination in the head and the trunk have

chick hindbrain independent support from data being generated along the

Since inhibiting Slug activity in the early chick embryo years in which clear differences were observed in these two
impaired neural crest and early mesoderm delamination, it wasgions with respect to the molecules used by the neural crest
originally suggested th&lugmay trigger the process of EMT cells to attach to the extracellular matrix (Bronner-Fraser and
(Nieto et al., 1994). Further support for this hypothesis comdsallier, 1988; Lallier et al., 1992). In addition, the hyaluronate
from the interpretation of experiments in which retinoic acidreceptor CD44 is restricted to the neural crest of the cranial
(RA) treatment induced the loss the mesenchymal phenotypeliegion (Corbel et al., 2000). Furthermore, the gradient of
neural crest cells (Shankar et al., 1994). Si®lag is  noggin expression that, complementary to that of BMP along
downregulated by RA (Ros et al., 1997; Buxton et al., 1997the AP axis, has been proposed to control the time of trunk
Romano and Runyan, 2000), it seems likely that the RArest delamination (Sela-Donenfeld and Kalcheim, 1999) is
treatment was inhibiting Slug function. In this work, wenot observed in the head. Since there is evidence of BMP
demonstrate thablug does indeed induce EMT in the chick signalling also being involved in crest delamination in the
hindbrain since the area covered by the cells that emigrate fronead (Kanzler et al., 2000), it is plausible that a different BMP
the hindbrain is greater in regions wh&itagis overexpressed. signalling inhibitor may be implicated (Coffinier et al., 2001).
Moreover, the area of the neural tube that lacks basemeAnhother very pertinent example of differences observed
membrane is also increased by this manipulation, the breakpoinétween head and trunk is thatReh3. Whereas Slug is the
of which can be seen more ventrally than on the control sidefirst to be expressed in the head, Pax3 is expressed before Slug
in the trunk region (Buxton et al., 1997a). This is compatible

Different mechanisms account for neural crest with our finding thatSlugcan inducePax3expression in the
migration in the head and trunk of the chick embryo. hindbrain and it is incapable of doing so in the trunk region.
Evolutionary implications At stages at whiclslugis already expressed in the neural

Our analysis of Slug overexpression all along the folds, blocking of BMP signalling by Noggin inhibited
anteroposterior axis of the chick neural tube indicatesSloat neural crest delamination that was preceded by the
is able to augment both the premigratory and migratorglownregulation of rhoB and cadherin 6B but had no effect
populations in the head. It should be stated here that tlen Slug expression (Sela-Donenfeld and Kalcheim, 1999).
expression of several markers indicates that different cellhus, whilst BMP signalling is not needed to maintaing
populations were observed in the head region. Firstly, not alixpression at these stages, Sela-Donenfeld and Kalcheim
Slug- or rhoB-expressing cells were HNK-1 positive. As suggested that eithemoB and/orcadherin 6Bexpression are
mentioned earlier, this may be the result of HNK-1 expressiomdependent of Slug or that Slug was not sufficient to induce
only being acquired in migratory crest cells at a distance frortheir expression. We have shown here ttaB is directly

the neural tube. This explains the population of HNK-1 negativer indirectly regulated b$lugand thattadherin 6Bdoes not

cells located close to the neural tube. However, HNK-1 is nateem to be a target of Slug. However, independently of the
expressed in som8lug- and/orrhoB-expressing neural crest induction of target gene expression and of the expanded area
cells located at different positions along the migratory pathof crest produced within the neural tube, it is clear 8iag
suggesting that HNK-1 is not expressed in all migratory cresiverexpression does not increase the delamination of neural
cells. Nevertheless, there is a significant population that onlgrest in the trunk region.

express HNK-1, in agreement with the fact that Isitigand Thus, it appears that Slug is involved in the specification of
rhoB are only transiently expressed in the migratory crest. Thithe neural crest precursors but not in crest emigration in the
existence of these different populations has been confirmed frunk region, as already suggested by Sela-Donenfeld and
control embryos. This indicates that the excess of neural crestlcheim (Sela-Donenfeld and Kalcheim, 1999). This might
cells induced bySlug overexpression follow the normal have important evolutionary implications. The sirgiailgene
migratory pathways and express the appropriate markepesent in ascidian and amphioxus embryos is expressed at the
according to their location. This is in contrast to the phenotypesdges of the neural plate and interestinglyCiana, Snail is
obtained after overexpressing Foxd3, since in this case, ectopitso expressed in pigmented cells (Corbo et al., 1997;
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Langeland et al., 1998; Wada and Saiga, 1999). Furthermore,lt is interesting to note that the interchange in the expression
thePaxgene representative Béx3andPax7both in amphioxus patterns is not complete, but occurs in the sites of EMT
and ascidiansAmphiPax3/7and HrPax37, are also expressed throughout the developing embryo (Sefton et al., 1998)
in bilateral stripes along the edges of the neural plate (Hollan@npublished observations). This raises the question of how
et al., 1999, Wada et al., 1997). The expression of these neuthis unusual phenomenon occurred in evolution. But firstly, the
crest markers in amphioxus and urochordates in the site gfiestion that has to be addressed is whether the two of them
neural crest induction in vertebrates has led to the suggestiane functionally equivalent when ectopically expressed at the
that they reveal a precursor population of the neural crest thappropriate sites both intra- and interspecies. CBitkil was
is already specified in invertebrate chordates (Holland et alcapable of mimicking the effect &lugoverexpression when
1999). InDrosophila snail has been implicated in mesoderm ectopically expressed in the chick hindbrain, a region where
specification (Boulay et al., 1987) and the non-vertebraté is not expressed at these stages (Sefton et al., 1998)
chordates also expressail in the early mesoderm. Thus, it is (unpublished observations). However, the effect of this ectopic
tempting to speculate that Snail genes played an ancestral reepression was milder than that observed by overexpressing
in the specification of tissues such as the mesoderm and ttiee endogenous gene. This indicates 8mtilandSlugcan be
neural crest. The absence of Slug function in trunk cregsunctionally equivalent in the development of the neural crest.
emigration could derive from the acquisition of this functionSimilar results were obtained after ectopically expressing
only in the cranial region. Taken together, our results indicatsouseSnail demonstrating that this functional equivalence is
that the involvement of th&nail gene family in neural crest also maintained within different vertebrate species. These
development is conserved throughout evolution. transcription factors are composed of two main domains, a
From their specification to their delamination, mediated byDNA binding domain essentially identical among3iailand
the triggering of EMT, the formation of the neural crest is &lugvertebrate family members and a much more divergent
developmental process intrinsically linked to the Snail familyputative protein-protein interaction domain. Hence, the
The EMT necessary for delamination may be carried out bghallenge that remains is to determine the mechanisms used by
Slugor Snaildepending on the vertebrate species (see belowdhese two proteins to fulfil the same role during evolution with
In addition, they have been co-opted for the induction of EMTsespect to their target genes, their regulatory partners and the
needed for other morphogenetic processes such as thenetic cascades in which they are involved.
formation of heart cushions (Romano and Runyan, 2000) or
pathological situations such as the malignisation of epithelial We are grateful to Eduardo Gonzalez Otero, Annamaria Locascio
tumours (Cano et al., 2000; Batlle et al., 2000). Since thand Maria Jose Blanco for their help in the_ asse_ssments of the
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; . nzanares for stimulating discussions and critical reading of the
placodes are believed to be fundamental in the emergence gnuscript, to Juan Lerma for his help in manufacturing electrodes
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