Development 125, 3111-3121 (1998) 3111
Printed in Great Britain © The Company of Biologists Limited 1998
DEV2302

Conserved and divergent roles for members of the Snail family of

transcription factors in the chick and mouse embryo

Mark Sefton, Silvia Sanchez and M. Angela Nieto*
Instituto Cajal, CSIC, Avenida Doctor Arce, 37, 28002 Madrid, Spain

*Author for correspondence (e-mail: anieto@cajal.csic.es)

Accepted 2 June; published on WWW 21 July 1998

SUMMARY

The members of the Snail family of zinc-finger swapped. Later in development, the sites of expression of
transcription factors have been implicated in the formation ~ Sluand Snaare conserved between these two species. These
of distinct tissues within the developing vertebrate and data, together with the data available in other species, lead
invertebrate embryo. Two members of this family have us to propose thatSlu and Snaarose as a duplication of an
been described in higher vertebratesSnail (Sna and Slug  ancestor gene and that an extra duplication in the fish
(Slu), where they have been implicated in the formation of lineage has given rise to twaSna genes. Furthermore,
tissues such as the mesoderm and the neural crest. We haveseveral early sites ofSlu and Sna expression have been
isolated the mouse homologue of th8lu gene enabling us swapped in the avian lineage. Our analysis of the Snail
to analyse and compare the amino acid sequences and the family may also shed new light on the origin of the neural
patterns of expression of bottSnaand Sluin the chick and  crest.

mouse. We have detected features in the sequences that

allow the unequivocal ascription of any family member to

the Sna or Slu subfamilies and we have observed that, Key words:Slug Snail Mouse, Chick, Zinc-finger transcription
during early stages of development, many of the sites8fu  factor, Neural crest, Mesoderm, Gene duplication, Chordate,

and Sna expression in the mouse and chick embryo are Vertebrate, Evolution

INTRODUCTION et al., 1992). Further vertebrate members of the Snail family
have now been isolated and their expression patterns analysed
Much of the progress made in our understanding ofHammerschmidt and Nusslein-Volhard, 1993; Nieto et al.,
developmental processes over recent years has been the re$084; Thisse et al., 1993, 1995; Mayor et al., 1995). To date,
of the identification of genes responsible for mutanit appears that, based on sequence analysis, only two members
phenotypes in thBrosophilaembryo. The subsequent cloning of this family exist in vertebrate§nail (Sng andSlug(SIu).
of vertebrate homologues of such genes and the analysis l[dbwever, in zebrafish, the two genes isolated have been called
their functions has in many cases established the importan&mal (Thisse et al., 1993; Hammerschmidt and Nusslein-
of these genes in fundamental developmental events. Howev&hlhard, 1993) andSna2(Thisse et al., 1995palthough the
the increasing use of transgenic technology has brought to ligatithors mention a higher degree of similarity betwSan2
the existence of compensatory mechanisms that exist withemdSlu (Thisse et al., 1995)
gene families whereby the absence of a specific family member Whilst interest irSnawas originally due to its proposed role
may be compensated for by another. Such redundancy within mesoderm formation (Sargent and Bennet, 1990; Nieto et
gene families, along with the overlapping domains ofal., 1992; Smith et al., 1992), more recentignarelated chick
expression displayed in some cases by distinct members of thene has been implicated in the control of vertebrate left-right
same gene family, has given rise to the need to define the rolesymmetry (Isaac et al., 199Bluhas also generated a great
of the individual members of gene families and to compareeal of interest since it was first identified in the chick embryo
their function in distinct species. (Nieto et al., 1994)Sluis a useful marker for premigratory
The zinc-finger transcription fact@nail (sng, was initially ~ neural crest (Nieto et al., 1994; Mayor et al., 1995) as well as
identified in theDrosophilaembryo (Grau et al., 1984; Boulay being critical for the emigration of the neural crest from the
et al., 1987), embryos carrying mutations sna showing neural tube and of the early mesoderm from the primitive
defects in mesoderm formation (Alberga et al., 1991). Thstreak. Indeed, this property led to the suggestion Slahtay
cloning of vertebrate homologues aha confirmed the be required to release cells from epithelial structures permitting
possible role of this gene in mesoderm specification in distineghem to migrate, a process known as the epithelial-to-
species (Sargent and Bennet, 1990; Nieto et al., 1992; Smithesenchyme transition (EMT, Nieto et al., 1994). Despite the
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importance of these two genes during chick development, tiRESULTS
data available regarding their patterns of expression during
development are limited to discrete tissues. Sequence analysis of members of the Snail family
Recently, a mouse homologue 8fu has been identified We have cloned the Coding region of the moGse gene
from a murine cell line and employed to further demonstrat@nab"ng us to compare the sequences and patterns of
the role ofSluin driving EMT in tissue culture cells (Savagner expression of the two members of the Snail family of zinc-
etal., 1997). However, no expression studies of this gene hafiager transcription factor§naandSly, during early stages of
been carried out during development. In addition, we havghick and mouse development. Th8lmsequence is identical
isolated n®lu from embryonic mouse tissue and analysed itgo that cloned by Savagner et al. (1997) and encodes a protein
pattern of expression in detail. We have completed thenat shows 92% identity to the predicted cSlu protein and 65%
expression studies of the two chick genes, enabling us {gentity to cSna protein (Table 1). Comparing the amino acid
compare the expression pattern of the two vertebrate membefisquence of the vertebrate Slu and Sna proteins, several points
of the Snail family in both chick and mouse. become immediately obvious (Fig. 1). Of the eight vertebrate
As a result of this analysis, we have observed that, anail family members isolated to date, three of them showed
various sites during early development, the expressi@iof very little divergence between species and corresponded to
andSnais inverted between chick and mouse, notably in th@nouse, chick andenopu§|u proteins (mS|u and xSlu show
neural crest and the mesoderm. Other sites of expression 1929 and 91% identity to cSlu, respectively). The conservation
each of the genes are conserved between the two specigsparticularly notable in the zinc-finger domain where mSiu
When taken together, the combined expression sites for thg\d xSlu show 99% and 98% identity to cSlu respectively,
chick and mouse Snail family members is the same in eagitross the last four fingers (Table 1). The remaining five
species. Together with these expression studies, sequensi®teins correspond to the Sna subfamily, which similarly show
comparison analysis has allowed us to identify residues that high degree of conservation in the zinc-finger domain,
are characteristic of either Sna or Slu proteins and thugjthough less than that shown by Slu proteins (between 81%
diagnostic for the identification of subfamily members.and 95% identity when compared to cSna). However, they are
Finally, the comparison of both sequence and expressiauch more variable in the amino terminal portion of the
patterns of this gene family frofrosophilato mammals protein (between 40% and 55% identity when compared to
has allowed us to propose how Snail proteins may havgsna).
evolved. Indeed, our data may shed new light on the origin \When we analysed the amino terminal portion of the protein
of tissues of evolutionary significance such as the neurah greater detail, we encountered information that may prove
crest. critical for the identification of distinct family members and
that may provide clues as to the evolution of this protein family.
We identified a stretch of 29 amino acids immediately

MATERIALS AND METHODS
Table 1. A comparison of the identity between vertebrate

Embryos . .

. . members of the Snail famil
The embryos used throughout this study were obtained from natural - y :
matings of Balb-C (Harlan) and SJL mouse strains (Jackson), and No. of Total Four fingers Non-fingers

White Leghorn chickens (Granja Rodriguez-Serrano, Salamancaene fingers cSlu cSna  cSlu cSna cSlu  cSna
Spain). Chick eggs were incubated and opened, and the embrya

staged according to Hamburger and Hamilton (1951). For mous Sl g 19020 gg 19%0 gf %3910 ff
embryos, ages were determined as days post-coitum (d.p.c.), the 5 o1 65 08 92 84 40
on which the vaginal plug was detected being designated 0.5 d.p.c.

cSna 5 68 100 90 100 56 100
Isolation of m Slu by PCR mSna 4 50 58 81 85 29 40
Degenerate primers were designed, based upon the first and Iasfggl Z 2? gi gi gi gg Zi
amino acid sequences of the chick afehopusSlu proteins (Nieto  ,gna2 5 53 57 83 83 32 41

et al., 1994; Mayor et al., 1995), to amplify cDNA isolated from 9.5

d.p.c. mouse embryos. A fragment that approximated in size to thethe percentage identity of each vertebrate member of the Snail family is
full-length chick andXenopusDNAs was cloned into the pGEM T- - shown with respect to the chick Slu (left) and Sna (right) proteins. The
vector (Promega). When sequenced, this cDNA showed a high degreember of fingers contained within each gene is shown in the first column.
of similarity to the chick sequence and a predicted 92% identity at thé/e have calculated the identity that exists across the whole protein (Total)

amino acid level. and in the last four fingers only (Four fingers). We restricted our analysis to
the last four fingers in order to compensate for the proteins in which the first
In situ hybridisation finger is absent. For the same reason we have compared each vertebrate

L T . . . rotein with the chick proteins. We also calculated the identity in'the 5
Whole-mount in situ hybridisation was carried out in chick and mousgz-ﬁ?ion, that is from the methionine at the amino terminal of the protein to the

embryos at various stgges_ of _development as previously desc_”bgo ino acid immediately preceding the first zinc-finger domain or the

(Nieto et al., 1996). Digoxigenin-labelled probes were synthesizegyresponding amino acid in proteins containing only four fingers. The data
from the complete coding sequence oBlmor fragments of the presented show that each of the vertebrate proteins shows a higher degree of
cDNAs corresponding toStu mSnaand Snaas follows: nsly, identity to its chick homologue than to the other chick members of the family.
nucleotides 1-807 (complete coding sequencBly aucleotides 1-  This is true in both the' &nd finger region, as well as in the protein as a

360; nBna nucleotides 433-824; Sma nucleotides 258-767. Wwhole. Moreover, the Slu homologues show a greater degree of identity

Following hybridisation, the embryos were embedded in fibrowax anfetween themselves than is seen for Sna homologues. The accession numbers
sectioned at 1fim. ' are indicated in the legend to Fig. 1.
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cSlug MPRSFLVKKHFNSS- KKPNYSELD- - THTVI | SPY LYESY PVP- | | PQPEI LSSVAYNPI TVWTTTG- LLPSPLPN DLSPLSGYPSSL GRVSPPP
mSlug MPRSFLVKKHFNAS- KKPNYSELD- - THTVI | SPY LYESYPI P- VI PKPEI LTSGAYSPI TVWTSSAAPLHSPLPS GLSPLTGYSSSL GRVSPPP
xSlug MPRSFLVKKHFENSA- KKPNYGELD- - NHTVI | SPF LYERYPVS-VLPQPDI YSSVAYSPI TVWTG- - - LLHPPLPS DLSPLSGYPSSL GRVSPPP
cSnail MPRSFLVKKHFSAS- KKPNYSELES|® - TVLAAPL LYETCPPPEVL- GP- - - - - GAYYPPBVWDAG- - LLSSGLGT DLTTLSS- - - - - GKSSGPP
mSnail MPRSFLVRK- PSDPRRKPNYSEL- - l@DACVEFT- F PYD- QPPPEVL- NP- - - - - AASLPTHEI WDS- - - LLVPPLRE ELTSLS- - -~ - - GKSSQPP
xSnail MPRSFLVKKHFSAS- KKPNYSELES®T- - VYl SPF | YDKF PQPEI L-- -~ -~ STGAYYTPBVWDTG- - LLTTPL- - DLTSFSS- - - - - GKTSDPP
zSnail 1 MPRSFLVKKIFIS”KRPNYSELE NDT”’SP.YP'LNDFPVTC"’I’TTG fffff VWDVS- - LLPSPL - - DLSSISSISCSIGRTSDPP
zSnail 2 MPRSFLVKKMFEN- - KKPNYSELESRT- - - -~ - - Y- - - PQCFPLDDP- llvPK- -l¥YPSMBVWSSSA--LP-PL- - DLSSBSss- - sSBICRTSDPP

Finger 1 Finger 2
I J I I J | |-

| 1 | 1
v A 4
cSlug PSDT|SSKDHSGSESPI SDEEERI QSKLSDPHAIJEAEKFQCGLCNKTYSTFSGLA- KHKQL- HCDAQSRKSFSCKYCDKEYVSLGALKMHI RRIHTLPCV
mSlug SSDT|[SSKDHSGSESP| SDEEERLQPKLSDPHAIJEAEKFQCNLCNKTYSTFSGLA- KHKQL - HCDAQSRKSFSCKYCDKEYVSLGALK MHI RRFHTLPCV
EAEKFQCSLCSKTYSTFSGLA- KHKQL - HCDAQSRKSFSCKYCEKEYVSL GALKMHI RRIHTLPCV
conal TAP- - - oSS AAAER- - oo FRCAQCAKAYSTFAGLS KHKQL-  HCDAQTRKSFSCKYCEKEYVSLGALKMHI RISHTLPCV
mSnail SPAPSS- FSSTSASSL----------------"- EAEAF--------- | AFPGLGQLPKQLARLDPQSRKIFNCKYCNKEYLSLGALKMHI REHTLPCV
xSnail SSA- -ttt TEAEKFQCNLCSKSYSTFAGLS- KHKQL- HCDSQTRKSFSCKYCEKEYVSLGALKMHI REHTLPCV
zSnail 1 | SSDTY- HPQQTSRPRRSNKSRAGQR- - - - - - - - E- DKSE- -~ AAVTAA------------~------ SRPAFFCKIgKEYISLGALKMHI HTLPCV
zSnail 2 [ PSDR- - - - - - FQCAHCGKSCSSPACLS- RH- QLAHCG! SGRTSFHCK KEYMNSLGALKMHI REHTLPCV
Finger 3 . Finger 4 . Finger 5 1
II | II | 1

cSlug CKI CGKAFSRPWLLQGHI RTHTGEKPFSCPHCNRAFADRSNLRAHL QTHSDVNKYQCKNCS[{- TFSRMSLLHKHEESGCCVAH

mSlug CKI CGKAFSRPWLLQGHI RTHTGEKPFSCPHCNRAFADRSNLRAHLQTHSDVKKYQCKNCS[{- TFSRMSLLHKHEESGCCVAH

xSlu CKI CGKAFSRPWLLQGHI RTHT GEKPFSCPHCNRAFADRSNLRAHL QTHSDVKKYQCKNCS[{- TFSRMSLLHKHEESGCCVAH

cSnail CKMCGKAFSRPWLLQGHI RTHT GEKPFSCTHCNRAFADRSNLRAHL QTHSDVKKYQCKTCSR- TFSRMSLLHKHEETGCSGAR

mSnail CTTCGKAFSRPWLLQGHVRTHTGEKPFSCSHCNRAFAVRSNLRAHLQTHSDVKRYQCQACAR- TFSRMSLLHKHQESGCSGGPR
xSnail CKI CGKAFSRPWLLQGHI RTHTGEKPFSCTHCNRAFADRSNLRAHLQTHSDVKKYQCKSCSR- TFSRMSLLHKHEETGCTVAH

zSnail 1 CPTCGKAFSRPWLLIGHIRTHTGEIPFSCPHCNRAFADRSNLRAHLQTHADVKKYQCSTCS 'TFSRMSLLQKHSAAGCCISTANVQ

zSnail 2 CSTCGKAFSRPWL LIBGHI RTHTGERPFSCPHCNRAFADRSNLRAHLQTHSEVKKYQCGSCSIRRTFSRMSLLHKHTLSGCCBAL

Fig. 1. Sequence comparison of the vertebrate homologues of the Snail family of zinc-finger transcription factors. The amino acid
sequences of the three vertebrate Slu proteins in mouse, chideangusare compared with the vertebrate Sna proteins from mouse,
chick, Xenopusand zebrafish. The grey arrowheads above the sequences indicate the sites where stretches of amino acids in Sna protein
that do not correspond to sequences within the Slu proteins have been excluded. Amino acids that correspond to the dives8hsus of
proteins are shaded in yellow and those that do not in white. Where no consensus exists between Slu homologues, all areino acids
shaded in white. The zinc-finger domains are indicated in the figure from the first cystidine of the finger domain to thdifest gt

box identifies a 29 amino acid stretch that is highly conserved, and that we consider diagnostic for Slu homologues. Ttidsamino a
shaded in black are those in the zinc-finger region that are conserved between ascidian and vertebrate Slu proteineesrdt &nandiff
those in Sna proteins. The amino acids that are distinct in Sna from Slu but that are conserved in all vertebrate Saeewiodeied in

blue and those specific to the two zebrafish homologues are shaded in red. The accession numbers for the sequenceS$Skhown are: ¢
X77572; nSlu, U97059; 6lu, X80269; Sna Y09905; nBng X67253; X5nag X53450; Bnal, X74790; Bna2, U24225.

preceding the zinc-finger domain, which is exclusive to andhe vertebrate homologues as is the case for the only Snail
highly conserved in vertebrate Slu proteins (boxed in Fig. 1¥amily homologues described in sea urchin and ascidians
This sequence may be diagnostic for vertebrate Slu protein@llingworth et al., 1992; Corbo et al., 1997). The vertebrate
Furthermore, the vertebrate Sna proteins appear to contginoteins of the Sna and Slu subfamilies contain sequences in
several amino acid stretches of variable size at conserveldis 5 region that are specific to both esg or sna. These data
positions that are absent in the Slu protein sequences (grieydicate that the vertebrate abdosophilagenes arise from a
arrowheads in Fig. 1). The identity between each of these shadmmon progenitor.
sequences is not sufficiently conserved as to enable us to ) ) _ )
consider these stretches of amino acids diagnostic for Shgnalysis of the expression of Snail family members
proteins. However, we have identified a few amino acids thdf the neural crest
are distinct in Sna from Slu but that are conserved in all Snd/e have determined the distribution ofSha transcripts at
proteins (shaded in blue in Fig. 1). Taking all this data togethevarious stages of development by in situ hybridisation and
it became evident that the two genes isolated from zebrafistompared the distribution of bothlu and Snatranscripts in
embryos belong to the Sna subgroup. equivalent developmental stages of chick and mouse
When compared to the three members of the Snail family idevelopment. The whole-mount in situs comparing the sites of
Drosophilg sna(Boulay et al., 1987)kscargot(esg Whiteley  expression between these genes are shown in Figs 2 and 3. A
et al., 1992) andcratch(scr, Roark et al., 1995), it appears more detailed analysis with respect to their expression in
that all vertebrate members of the family show a slightlyspecific tissues is presented in the remaining figures.
greater degree of identity to the producesf(between 50 and The Slugene was first described in the chick embryo where
59% identity) than to that ofna (between 44 and 55% it is expressed at high levels in both the premigratory and
identity), scr being the most distant relative of tbeosophila  migratory neural crest (Nieto et al., 1994). Indeed, loss-of-
genes (Table 2). The region 6 the zinc-finger domains in function experiments indicated that this gene is critical for the
each of theDrosophilaproteins is notably larger than that of emigration of the neural crest from the neural tube. For this
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Table 2. A comparison of the identity between vertebrate  cells (Fig. 3B) but 8na expression was detected in a
members of the Snail family and twdDrosophilamembers ~ subpopulation of migratory hindbrain neural crest from stage
of the family, sna and esg 14 (Fig. 4D). At stage 18, the majority of ba&hr andSna
expressing crest had arrived at their destination although
No. of expression of both genes could still be detected in some
Gene  fingers  cSlu  cSma ¢Sl cSna  cSlu  cSna migrating cells (Fig. 3C,D). This could be clearly seen in the

Total Four fingers Non-fingers

sha esg sha esg sna  esg hindbrain-derived crest that migrates to the branchial arches. It
rcnss'fu g gg g; ;Z gi gg gg is interesting to note that the number of crest cells that express
xSIu 5 a7 57 73 84 26 33 cSluis S|gn|f|cantly greater than thpse expressiBgayFig.

4C,D,K,L). Thus, it appears that, in the neural cressnan

cSna 5 53 55 69 83 37 27 S imilar to that Bl d th : f
mSna 2 a4 52 67 77 32 n expression is very similar to that dble, and the expression o
xSna 5 48 59 68 83 37 37 cSnaand nBluis also very similar to each other.
zSnal 4 45 50 70 74 32 37 _ . _ _
zSna2 5 46 52 67 77 39 34 The expression of Snail family members in the

primitive streak and early mesoderm
When we compared the similarity between the vertebrate members of the ;
Snail family and the two family members frdbmosophila sna and esg, a In the chick embryo, bot8luandSnaare expressed from early

slightly greater identity to esg was observed. This was true for all vertebrate onin deV_eI(_)Pment- At stage BSIC! transcnpts were restricted
proteins and in all regions of the protein except for the non-finger domain of t0 the primitive streak and the ingressing mesodermal cells,
zSna2 and cSna. The accession numbers are indicated in the legend to Fig.Whilst cSnatranscripts were absent from these cells (Nieto et
and those corresponding to theosophilaproteins are sna, Y00288; esg, al., 1994; Isaac et al., 1997; Fig. 2A,B). At an equivalent stage
Mg3207. of mouse postimplantation development, nSlatranscripts
were detected in 7.5 d.p.c. embryonic tissues (Fig. 2G). In
contrast, Mna expression is particularly strong in the

reason, we first analysed the expression®fuim the cephalic mesoderm as it migrates from the primitive streak (Nieto et al.,
neural crest, and compared it with the expressi@nain both  1992; Smith et al., 1992; Fig. 2H). The expression $heand
chick and mouse embryos. In the chick, strong expression tifie absence of 8lutranscripts both in the primitive streak and
cSluin the premigratory and migratory crest was observed aarly mesoderm were also observed in mouse embryos at 8.5
all stages examined (stage 8-18: Figs 2C,E, 3A,C, 4A,C,KH.p.c. (Fig. 5E,F). Similarly, in the posterior region of stage 8
However, when w-
analysed the expression
mSluin embryos at 8.5 ar
9.5 d.p.c., transcripts we
observed in  migratin
neural crest cells but not
the premigratory neur
crest (Figs 2K, 3E
4E,G,I). In contrast, tF
expression ofSna in the
mouse neural cre
appeared to be very simi
to that observed for Siu
both in  premigrator
(compare Fig. 2J,L wit
C.,E and Fig. 4H with A
and migratory cephal
neural crests cells (comp:
Fig. 4J with C). Transcrip
of mSnawere expressed
a greater number
migratory crest cells the
mSlu (Fig. 41,J).

Conversely, 8ne
transcripts were n Fig. 2.Whole-mount in situ hybridisations showing the early expression of members of the Snail family in
observed in the chic chickand mouse embryos. In all the figures, whole-mount hybridisations in chick embryos are labelled with

; the gene name preceded by a ‘Sl(cA,C,E and &naB,D,F) and in mouse embryos by a ‘m’$mnG,I,K

premigratory neural cre : !
(Figs 2D,F, 4B,D) or in th and r_rSnaH,J,L). _The developmen_tal stages of each embryo is shc_nwn, according to Hamburger and

. Hamilton (1951) in the case of chick embryos and in days post coitum (d.p.c.) for mouse embryos. In the
mlgratory.crest cells atea figure, hybridisations of equivalent developmental stages of chick (stages 5-10; A-F) and mouse embryos
stages (Fig. 2F). Uptoste (7.5 and 8.5 d.p.c.; G-L) are presented. Note the differences of expression between embryos in the primitive
13, Sna transcripts wer  streak, early mesoderm, and neural crest. The star in the whole mount of a stage 8+ chick embryo indicates
completely absent the asymmetric left-right expression®ailin the lateral plate mesoderm (star in D). al, allantois; em,
migratory hindbrain cre  early mesoderm; nc, neural crest; pnc, premigratory neural crest; ps, primitive streak; s, somites.

"'“4‘ "B
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Fig. 3. Whole-mount in situ hybridisations
showing the expression of the Snail family
members in chick and mouse at later
stages of development. The whole-mount
hybridisations are labelled as outlined in
Fig. 2. Note the complementary expression
of SluandSnain the paraxial and lateral
mesoderm between chick embryos and
mouse embryos. As well as the
complementary expression between the
same species (A,B and E,F), an inversion
in the sites of expression exists between
chick and mouse. flb, forelimb bud; Im,
lateral mesoderm; nc, neural crest; pnc,
premigratory neural crest; pm, paraxial
mesoderm; wb, wing bud.

chick embryos, the expression &laand the absence ofna  expression was detected exclusively in the lateral mesoderm
transcripts in these tissues was readily appreciated both (Rigs 3E, 6E,G) whereas, in contrastSmatranscripts were
whole mounts and in sections (Fig. 5A-D). As described abovebserved in the paraxial mesoderm (Figs 3F, 6F,H).

for the neural cres§naexpression in the primitive streak and  The pattern of mesoderm expression of these genes in the
early mesoderm in the mouse is similar to thaSkfin the  chick was somewhat more complex. In whole-mount chick

chick. embryos at stage 13, the inverted pattern of expression of both
) cSluand Snawith respect to their mouse counterparts can be
Mesodermal expression of  Slu and Sna readily appreciated (compare Fig. 6A,B with E,FBlw

As development proceeds and the mesoderm segregates itremscripts were restricted to the paraxial mesoderm in caudal
distinct populationsSnail family members are expressed in aregions, whereasSnatranscripts were detected in lateral plate
more complex fashion reflecting these processeSlum mesoderm (Fig. 6A,B). However, in more rostral regions but

Fig. 4. Expression of chick and mouseg
members of th&nailfamily in the
cephalic neural crest and its derivative
Transverse paraffin sections at the le
of the hindbrain of whole-mount in sit
showing the expression 8fuandSna
in the premigratory and migratory
neural crest (A-J). Note the expressio
of cSluand nSnain the premigratory
neural crest (A,F,H) and at later stage
the expression of botBluandSnain
the migratory crest in both species
(C,D,1,J). Also note the difference in th
number of migratory neural crest cells
expressingnaor Slu G and H are

of Snabut notSlutranscripts in mouse
premigratory neural crest. The lower &
panels show high-power images of thez
branchial arches in chick (K,L) and
mouse embryos (M,N). Note the ba./
expression of both genes in derivatives
of the neural crest within the branchial
arches. ba, branchial arches; nc, neural !
crest; ov, otic vesicle; pnc, premigrator
neural crest.
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Fig. 5.Expression of chick and mouse
members of the Snail family in the early
mesoderm. High-power images of the
posterior region of whole-mount in situs
highlight the expressiorStu (A) and the
absence of8na(B) in the primitive streak
and early mesoderm of stage 8 chick
embryos. This is more clearly seen in
transverse paraffin sections of these whole
mounts, taken at the level indicated by the
dotted line, as shown in C and D. The
equivalent paraffin sections below
demonstrate the inverted expressioishf(E)
andSna(F) in the early mesoderm and primitive streak of mouse embryos. The star in F emphasises the asymmetric left-rightah&nession
in the mesoderm. The open arrows in A indicate the orientation of the anteroposterior axis in A and B. em, early mesuilmitiveps,

streak.

caudal to the last-formed somite, more complicated patterns &nha and Slu transcripts in somites at these stages were
expression were observed. In the paraxial mesode8in, ¢ conserved in chick embryos of an equivalent a§aabeing
continued to be expressed in the absenceSaatranscripts expressed in the myotome and sclerotome (Fig. 7J), whilst
(Fig. 6C,D). However, in the lateral mesoderm, both genes
appeared to be expressed, although in complementary doma
(Fig. 6C,D). The more medial lateral mesoderm cells expresst
¢Slu but not &natranscripts, whereas, in the more lateral
regions of the lateral plate mesoderm, cells do not exp&ss c
but cSna transcripts were detected. These domains o
expression appear to be complementary. This applied both
the somatic and splanchnic mesoderm although the bounde
betweerSlu andSnaexpressing cells is positioned at different
points along the mediolateral axis in each tissue. _
A distinct domain of expression in the paraxial mesodern
was observed immediately prior to the last-formed somite
which is separated from the rest of the paraxial mesoderm | |
a non-expressing domain. This transitory expression doma il
could be identified in whole mounts of mouse embryos at 8.
and 9.5 d.p.c. labelled f@na(Figs 2J, 6F) or conversely in &
stage 13 chick embryos labelled iu (Fig. 6A).

Somitic expression of  Slu and Sna

The somites form as a result of the segmentation and epithel &8
transformation of the paraxial mesoderm. Each somit ©

subsequently subdivides into distinct domains tha
differentiate and give rise to different tissues. BSth and .
Sna are expressed within the somites, their patterns c Sl
expression changing depending on the differentiated state or i _ ) _
the somite. In the early somites,Stu transcripts were Flg.' 6. Expression of chick and mouse memt_)ers of the _Snall family
detected from as early as 8.5 d.p.c. in the whole of the somi #”ng the development of the mesoderm. High-power images are

. . ; L own of the posterior halves of whole-mount in situs of chick (A,B)
(Figs 21,K, 7B,G). This expression pattern was similar to thal 4 mouse embryos (E,F) to demonstrate the complementary

observed for §na which was also expressed ubiquitously gxpression oSluandSnain the lateral and paraxial mesoderm in
across the somite between stage 8 and 14 (Isaac et al., 199%1 species. Also note the inversion of the patterns of expression in
Figs 2D, 3B, 7C,F). The expression of boBiwcand nBna  the mesoderm between chick and mouse for 8atandSna A

was confined to cells situated ventrally in the somites at theseparate domain of expression in the paraxial mesodersiwdind

early stages of somite development, most probably cell®Snais indicated by the white arrowhead in A and F, respectively.
undergoing EMT (Fig. 7A,E,D,H). By 9.5 d.p.c..Sha was Transver§e paraffln sections of th_e whole mounts in A,B and E,F at
detected in sites corresponding to the rostral halves of tHBe level indicated by the dotted lines are shown in C,D and G,H. The
e (g 0 T Creoniad o e e s o s ety b e
gggﬁoﬂgg&}“?hge a:rrnot;’ ?/JSe(FSi;Ier?c}lg))m; ?ﬁe\évgsstca%rgrrpa?]d ch gene between species. The arrowheads in the somatic and

. . ) splanchnic mesoderm in C and D indicate the boundary along the
transcripts were detected in the neural crest and in the cells ghgiolateral axis of the lateral mesoderm ®Bluand Sna

the somite proper, being excluded from the dermatome whilgpression. The open arrows in A indicate the orientation of the
being expressed in the myotome and sclerotome (Nieto et adnteroposterior axis in A and B. Im, lateral mesoderm; pm, paraxial
1992; Smith et al., 1992; Fig. 7L). The distribution of bothmesoderm; sm, somatic mesoderm; spm, splanchnic mesoderm.
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Fig. 8. Expression of chick and mouse members of the Snail family
during limb development. The high-power images of whole-mount in
situs of limb buds (A,C,E,G) and the corresponding longitudinal
sections (B,D,F,H) show the expressiorSobandSluin the early

limb bud. The expression &nhain much of the limb bud

mesenchyme is conserved between chick (B) and mouse (F).
Similarly, the more restricted expressiorStdiin the progress zone
was also observed in both species (D,H). In the lower half of the
figure (I-L), the conservation of expression between chick and mouse
at later stages of limb development is also shown. aer, apical
ectodermal ridge; de, dorsal ectoderm; id, interdigital area; Ibm, limb
bud mesenchyme; pz, progress zone; ve, ventral ectoderm.

Fig. 7.Expression of chick and mouse members of the Snail family
during somite development. High-power images at the level of the
somites of whole-mount in situs 8fu(A,B) andSna(C,D) in chick
(A,C) and mouse embryos (B,D). In transverse paraffin sections of
these whole mounts at the level indicated by the dotted lines, the
expression of 8lu(E) and nSna(H) restricted to cells in the ventral

domain of the early somite can be clearly appreciated. The ; : ;
ubiguitous expression ofi(G) and SnafF) in the early somite is 1997) and we therefore investigated whether this pattern of

also shown. The arrowheads in E and H indicate the ventrally Iocate%;(prefs'on might _be r?orll_served In t_he mouse. The expression
cells within the somites undergoing a transition from mesenchymal Of MSluand n&nain the limb bud primordium was observed

to epithelial cells. In H the asymmetric left-right expressionSufa from 9.5 d.p.c. (Fig. 3E,F). As the limb bud develope8&jun

in the lateral plate mesoderm is again indicated by a star. The transcripts were observed in the ventral and dorsal ectoderm of
transverse paraffin sections below show the expressiStuaf the the limb bud, as well as in the forelimb mesenchyme (Fig.
trunk neural crest emigrating from the neural tube in both chick (I) 8G,H). This pattern of @luexpression in the limb bud is very
and mouse (K). The expressionSrfain the myotome and similar to that seen in the chick (compare Fig. 8C,D with G,H).

sclerotome in both chick and mouse embryos can be observed in J However, the principal difference was the presence $ium
and L, respectively. dm, dermatome; my, myotome; nc, neural crestyyanseripts in the ventral ectoderm of the limb bud whéia ¢
Ennecs'opzjrgmgrsat?nrysn(la:rzilhﬁzgsrh ess',os(?é?rl;e’ SC, sclerotome; sm, somajic, nqcrints were not detected at these stages. Transcripts of
; Spm, sp ' mSnawere observed in a more extensive domain of the limb
bud mesenchyme whilst they appeared to be excluded from the
limb bud ectoderm (Fig. 8E,F). Transcripts dna were
cSlutranscripts were only observed in migratory trunk neurakssentially expressed in a similar extensive mesenchymal

crest cells (Fig. 71). domain to that observed in the mouse and were excluded from
) S the limb bud ectoderm (Fig. 8A,BfSna transcripts were

Slu and Sna expression during limb bud detected before the appearancé&hfexpression (see Fig. 3).

development A further observation was the presence &lurbut not nEna

We have previously described a highly dynamic pattern ofranscripts in the apical ectodermal ridge (AER; Fig. 8H),
expression for 8lu in the developing limb bud (Ros et al., whilst neither gene was expressed in the AER of the chick limb
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msia

Fig. 10.The transient left-right asymmetry 8haexpression is
conserved in the chick and mouse. Transverse paraffin sections show
the asymmetric distribution of expressionSsfatranscripts in the

lateral mesoderm of a stage 8 chick (A) and 8.5 d.p.c. mouse (B)
embryo. The star emphasises the higher levels of expression on the
right hand side.

Fig. 9. Expression of chick and mouse members of the Snail family
in the developing lenses. Parasagittal paraffin sections highlight the
expression oSluin the developing chick (A) and mouse (C) lens.
The adjacent chick (B) and mouse (D) sections demonstrate the
absence oBnatranscripts in the lens or other parts of the eye at
equivalent stages of development. |, lens.

mouse homologue o8luy, and compared its sequence and
expression with that of the other mouse and chick Snail family
members.

Sequence comparisons of the vertebrate Snalil
family members

bud. Moreover, neither of these genes were observed to @omparing the amino acid sequences of the existing vertebrate
restricted to the zone of polarising activity in the mouse as hasembers of the Snail family, it is apparent that they are best
been reported during the early stagesSitiexpression in the grouped into two subfamilies corresponding to$ih@andSlu
limb bud (Ros et al., 1997; Buxton et al., 1997). genes already described (Fig. 1). The predicted Slu proteins
At later stages of forelimb development, a similarshow a degree of identity across their whole sequence
distribution of n8lutranscripts was observed at 13.5 d.p.c. toconsiderably higher than that between Sna proteins, suggesting
that observed at HH stage 32 in the chick limb (Fig. 8&ll), a greater evolutionary divergence among the latter. This
transcripts being restricted to the interdigital regions of the&livergence is particularly evident in therggion of the Sna
limb. A conservation in the pattern of expression was alsproteins, the zinc-finger domains of all family members being
observed foiSnain both mouse and chick limbs (Fig. 81,K). highly conserved. Members of the Slu subfamily contain a
) highly conserved stretch of 29 amino aciti®5he zinc-finger
Further observations domains that we consider diagnostic for Slu proteins. Indeed,
In our examination of the expression pattern of m@lgewe  this sequence is absent from the vertebrate Sna proteins and,
observed transcripts in the lens of the developing eye at 10iterestingly, is also absent from the two Snail family members
d.p.c. (Fig. 9C). This expression in the lens was conserved igolated from zebrafish (Hammerschmidt and Nusslein-
chick embryos between stage 14 and stage 18 (Fig. 9A). Wblhard, 1993; Thisse et al., 1993, 1995). The absence of this
were unable to detect any mouse or cl8oleexpressing cells sequence, together with the presence of several amino acid
in the eye (Fig. 9B,D). stretches at conserved positions in Sna but not in Slu
Another facet ofSnaand Sluexpression that seems to have homologues, may be diagnostic for Sna proteins. In summary,
been conserved between these two species is the asymmewie have detected diagnostic hints that permit the immediate
left-right expression oBnadescribed in the chick, and thought identification of members of the Sna or Slu subfamily. Thus,
to be related to the establishment of left-right asymmetry (Isaagith respect to the existing Snail family members, we conclude
et al., 1997). The transient asymmetric expressi@nain the  that mouse, chick andenopuscontain oneSnaand oneSlu
lateral mesoderm was observed in both mouse and chigene, whereas zebrafish has Smagenes.
embryos, expression being notably higher in the right side of A peculiarity of the Snail family of proteins identified in
the embryo (Figs 2D, 10). We were unable to detect adistinct vertebrates is the variability in the number of zinc-
asymmetric distribution o8lutranscripts in any tissue at any finger domains that they contain. Whilst all Slu proteins
of the stages examined. identified contain 5 fingers, two of the five vertebrate Sna
proteins, mSna and zSnal, contain only 4 fingers. It has been
suggested that there might be a certain relationship between
DISCUSSION the number of fingers and the sites of expression that could
reflect a subdivision for the family members (Thisse et al.,
The Snail family of zinc-finger transcription factors has beeri995). The information that we have compiled in conjunction
implicated in the formation of distinct tissues during the earlywith the expression patterns of these genes indicates that this
development of the vertebrate embryo. We have cloned thie not the case. The absence of the first finger in mSna and



Snail family members in chick and mouse development 3119

zSnal brings into question its functional significance. Witrdevelopment is inverted in the chick. Thus, we propose that this
respect to this, the zinc-finger protein GL1 contains 5-fingeinversion must have occurred in the avian lineage after the
domains of a similar structure to that of the Snail family, andlivergence between birds and mammals. This is corroborated
it has been shown that the first of these domains does noy the fact that the sum of the expression sites of both genes
interact with DNA (Pavletich and Pabo, 1993). is conserved in vertebrates.

The data that we present here also enables us to clarify theThe inversion in expression sites betw8amandSnaseems
confusion over the identity of certain genes within the familylikely to be the result of recombination events between the
for example that of the chiclSnailrelated gene &nR. regulatory sequences of both genes. Thus, our data indicate the
Despite the high degree of identity at the amino acid level texistence of modulatory elements that can independently
the existing vertebrat8nagenes, it remained unclear, owing regulate the temporal and spatial expression of these genes. In
to differences observed by the authors in the patterns sfpport of this hypothesis, distinct elements have been
expression betweenSaoR and nBna at early stages, as to identified in the promoter of Shathat are required for its
whether this gene represented the trBeahomologue. We mesodermal and ectodermal expression (Mayor et al., 1993).
show that, structurally speakingSrR belongs to theSna  One explanation for our observations is that a reshuffling of
subfamily and that the combined sites of expressiorSaRc these elements has occurred in the avian lineage. This would
and Slu are the same as those identified in other vertebratee consistent with the swapping of only some sites of
species for the Snail family members. On this basis, wexpression and the conservation of others. Thus, it would be of
consider it correct to assume that th&nR does indeed interest to analyse the promoter regions of the family members

represent the true chicknahomologuecSna in several species, the prediction being that some of the
] ] ) vertebrate regulatory sequences @mawould be regulating
The evolution of the Snail famlly cSluand vice versa.

In Drosophila three members of the Snail family have been The expression of different family members in a particular
identified: :1a, esgand €r (Boulay et al., 1987; Whiteley et tissue in distinct species is not unusual and probably evolves
al., 1992; Roark et al., 1995). Whilshas appears to be from a situation where both family members are co-expressed
functionally more closely related to the vertebrate gerss, ein such a tissue following gene duplication (see below).
shows a slightly greater sequence similarity to both vertebratdowever, to our knowledge, the swapping of expression sites
Sna and Slu Short stretches of amino acids that are foundetween different species as observed here, has not been
independently in sna or esg correspond to amino acids in tliescribed for other gene families. One implication of these
5' region of the vertebrate genes. Our interpretation of theddings relates to the analysis of knockouts and to the results
sequence comparisons is that tsophila and vertebrate of loss- or gain-of-function experiments referring to this family.
genes have descended from a common progenitor. It is possilfler example, according to the data regardhgunction in the

that the duplication giving rise to the two vertebrate geneshick (Nieto et al., 1994), one might expect that the mouse
might have occurred at the described major phase of gek@ockout forSlushould show defects in the emigration of the
duplication at the origin of vertebrates (Holland et al., 1994)neural crest cells from the neural tube or in the delamination of
In support of this idea, only a singBndSlu homologue has the early mesoderm. However, in the light of our results one
been identified in the sea urchin (lllingworth et al., 1992) andvould more expect this phenotype for a mouse deficieBhan
ascidians (Corbo et al., 1997). The predicted protein sequenfienction, or possibly, for the double mutant mice.

of the sea urchin gene is clearly identifiable as a member of ) .

this family owing to the absolute conservation of the first 9°hylogenetic and ontogenetic early and late

amino acids and the high degree of conservation within the fivgxpression sites of the ~ Snail gene family

zinc-finger domains. The conserved diagnostic sequence in Sis discussed by Cooke et al. (1997), gene duplication offers
is not present in the sea urchin or in the ascidian proteimn opportunity for the acquisition of new roles for different
suggesting that this sequence may have arisen later in the $hembers of gene families. The expression of duplicated genes
subfamily. The conservation of certain amino acids specific toan be gradually modified such that they might be inactivated
the Slu protein in the zinc-finger domains is evidence that botin some tissues and recruited to others where new

these proteins also show a similarity to Slu. morphological features unique to the vertebrate lineage would
) ) ) form (Holland and Garcia-Fernandez, 1996). This is likely to

Inversions of sites of expression for Slu and Sna have been the case for the Snail family.

between the chick and mouse Recent duplicates would originally have overlapping

In our analysis of embryos at early developmental stages, vexpression patterns at ancestral sites that could gradually be
observed that ®lu expression was absent in tissues thamodified. Thus, the expression of one of the duplicates in a
expressSlu in the chick. Surprisingly, in many of the sites specific tissue might be lost and the acquisition of new
where chickSluwas expressed, we obsent&abexpression in  expression sites in an independent manner for each duplicate
the mouse. Moreover, at sites oBma expression,Slu  might also occur (see below). Once the expression of one
transcripts are expressed in the mouse. Thus, an inversionfamily member were lost in a tissue, it is not difficult to
the expression of Snail family members appears to havienagine that evolutionary pressure would maintain the
occurred between the chick and mouse in the premigratogxpression of the other. Otherwise, the loss of function of the
neural crest, early mesoderm and during early somitevo Snail family members in any tissue might give rise to
formation. The expression &fenopus SnandSluis similar  serious problems during development and possible lethality.
to that of both genes in the mouse (Essex et al., 1993; Mayéccording to this, the expression sites of the ancient gene
et al.,, 1995), indicating that expression at early stages ofhight have been distributed between the two duplicates, as
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seems to be the case for the mesodermal expression of Srddilthe Snail family is the neural crest. The neural crest is a
genes. This expression in the mesoderm has been consertisdue that, along with the placodes, is believed to have been
from Drosophila(Alberga et al., 1991) to vertebrates (Nieto etcrucial in the formation of complex sensory organs giving rise
al., 1992; Smith et al, 1992; Essex et al., 1993fo the ‘new head' of vertebrates as proposed by Gans and
Hammerschmidt and Nusslein-Volhard, 1993; Thisse et alNorthcutt (1983) and, thus, it has classically been considered
1993; Mayor et al., 1995), where different mesodermahs a vertebrate character. However, it is interesting to note that
populations expressSna or Slu Indeed, we observe a the neural crest first appears at the edges of the neural folds,
complementarity in the mesodermal expression of the twprecisely the region where the ascidismail homologue is
genes within one species in the newly formed mesoderm ampressed (Corbo et al., 1997). This raises the possibility that
its derivatives (paraxial and lateral mesoderm). these cells are the evolutionary precursors of the neural crest
The twoSnailgenes isolated from zebrafidn@landSnag  that also appear to be present in the cephalochordata (for a
are very likely the result of an additional duplication in the fishreview see Baker and Bronner-Fraser, 1997; Corbo et al.,
genome, which is believed to have undergone all th&997). Thus, the study of this gene family may be of great help
evolutionary changes of the vertebrates as well as sonie the understanding of the mechanisms that generated the
additional ones (see Cooke et al., 1997). Indeed, there ameural crest during evolution.
several conserved residues specific to these two zebrafish Sna
proteins. Being more recent duplicates, they maintain We are grateful to Mic_hael Sargent and Pierre Savagner for
redundant expression sites (e.g. in the early mesoder$f}aring sequences of partial clones of the malaggene before
paraxial mesoderm, migratory neural crest and the somites), BdPlication and to Alberto Ferrds, Jordi Garcia-Fernandez and
well as differential expression sites such as in the premigrato e anonymous referees, for helpful advice and discussions. This
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