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Control of Cell Behavior During Vertebrate 
Development by Slug, a Zinc Finger Gene 

M. Angela Nieto, Michael G. Sargent, David G. Wilkinson, 
Jonathan Cooke* 

Slug, a vertebrate gene encoding a zinc finger protein of the Snail family, is expressed in 
the neural crest and in mesodermal cells emigrating from the primitive streak. Early chick 
embryos were incubated with antisense oligonucleotides to chick Slug. These oligonu- 
cleotides specifically inhibit the normal change in cell behavior that occurs at the two sites 
in the emerging body plan in which the gene is expressed. This change, which is the 
transition from epithelial to mesenchymal character, occurs at the formation of mesoderm 
during gastrulation and on emigration of the neural crest from the neural tube. 

T h e  events leading to emergence of the 
body plan in birds closely resemble those of 
mammalian development but occur in a flat 
sheet of tissue, the blastoderm, where nor- 
.ma1 embryo formation can be continuously 
observed in a simple culture system. We 
have found that preincubation of blasto- 

M. A. Nieto, lnstituto Cajal, Doctor Arce, 37, 28002 
Madrid, Spain. 
M. G. Sargent, D. G. Wilkinson, J. Cooke, National 
Institute for Medical Research. Mill Hill. London NW7 

derms with antisense oligonucleotides (oli- 
gos) can cause specific, transient failure of 
function of certain early-acting genes. We 
have screened a complementary DNA 
(cDNA) library from a 2-day-old chick 
embryo with a probe from Xsna ( I ) ,  the 
Xenopus homolog of the Drosophila snail 
gene (Z), and isolated clones belonging to 
genes encoding related zinc finger proteins 
(3). In addition to the chick homolog of 
Xsna and of the mouse gene Sna (4). we - . ,. 

IAA, UK. have isolated a gene similar to Xsna that we 
'To whom correspondence should be addressed. have named Slug (Fig. 1). Slug displays a 

dynamic pattern of transcription during ear- 
ly development, which we have analyzed in 
detail by whole-mount in situ hybridization 
in embryos of stages 4 to 19 (5). This 
period, from about 18 hours to 3.5 days of 
development, extends from gastrulation to 
the onset of differentiation in many organs. 
Treatment with antisense oligos to the Slug 
gene causes specific developmental failures 
at the sites of Slug transcription. These 
failures implicate Slug in the control of a 
particular program of cell activity that nor- 
mallv occurs at these sites. The amenabilitv 
of the early chick embryo to in vitro cuf- 
ture, combined with the use of antisense 
oligos, may thus provide a powerful tool for 
analyzing early stages in the genetic control 
of vertebrate embryogenesis. 

The predicted amino acid sequence for 
the slug protein (Fig. 1) shows that it 
contains five zinc fingers in the 3' half of 
the protein. The finger region has 89% 
amino acid identity relative to Xsna, and 
the NH2-terminal region (residues 1 to 49) 
has 76% identity. The intervening portion 
shows only low conservation (30%). In the 
finger region, Slug is more similar to Escar- 
got (6) ,  another member of the Drosophila 
Snail family, than it is to Snail (80% and 
69% conservation, respectively). There are 
apparently no substantial similarities be- 
tween Drosophila and vertebrates in the 
nonfinger regions in genes with this distinc- 
tive 3' position and type of zinc finger 
region. 

Slug is transcribed in the flask-shaped 
epiblast cells that form the flanks of the 
primitive streak (Fig. 2A). Examination of 
transversely sectioned material after in situ 
hybridization suggests that the gene turns 
on in these cells shortly before they emerge 
through the disrupted basement membrane 
at the streak to migrate as mesenchyme in 
the process of gastrulation. However, Slug is 
never expressed in the strip of tissue that is 
left in front of the regressing Hensen's node 
and forms the notochord in the future 
dorsal midline (Fig. 2B). Unlike other tis- 
sue leaving the streak, notochord never 
enters a freely migrating mesenchymal 
phase. Even when many anterior somites 
have formed, Slug expression continues in 
the flanks of the streak-like region that " 
provides a source of tissue for progressive 
construction of the body posteriorly (Figs. 
2F and 3D). Slug RNA disappears rather 
rapidly from cells that have emerged from 
the front half of the streak, and that are 
assigned to the somite-forming tissue. 
Somite formation involves reacquisition of 
epithelial character. More lateral meso- 
derm. which retains mesenchvmal charac- 
ter, maintains detectable expression of Slug 
for a longer period after its generation at 
gastrulation, so that this lateral Slug signal 
is visible more anteriorly as the body forms. 
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The other major site of Slug transcrip- 
tion, in which greater amounts of RNA are 
seen, is initially within the nervous system. 
Transcripts are first detected in the ridges at 
the edge of the neural plate (Fig. 2C). The 
most anterior parts, the future forebrain 
folds, are never positive, but expression 
spreads back through the remaining neural 
ridges as somites form and the neural plate 

continues to roll up into a tube. The onset 
of transcription at each level roughly keeps 
pace with the anterior to posterior progres- 
sion of development, which suggests that 
the cells expressing Slug may be precursors 
of the neural crest. 

Chick neural crest cells originate in the 
edges of the neural plate and later leave the 
dorsal neural tube to migrate along defined 

Fia. 1. Predicted amino 1 IIPRSFLVKKH FNSSKWNYS ELM'HTVIIS PYLYESYPVP IIPQPEILSS 

acid sequence Of 'lug 51 VAYNPITVWT lTGLLPSPLP ,LS-YP SSLGRVSPPP PSiSS,S 
cDNA. For cloning and se- 
quencing see 101 GSESPISDEE KRIQSKLSDP H A I ~ C  GLCNKTYSTF SGLAXHXQLH 

(j). T~~ 'IJmbers above 151 C!DAQSRKS:S CKYCDKEYVS LGALKHHIRT &CKIC GKAFSRPWLL 
the sequence mark the po- 
sitions of the five zinc fin- 201 QCHI-E KP.SCmCNR H M R s N L R A  W S D V N K  YQCRNCSKTP 

gers. Single-letter abbrevi- 251 SRMSLLWKHE ESGCCVAH 
ations for the amino acid 
residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; 
M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 

Fig. 2. Pattern of Slug 
expression analyzed by 
whole mount in situ hy- 
bridization. In situ hy- 
bric 
are 
the 
(mi 

jization procedures 
, given in (21). (A) In 

full-length streak 
dgastrulation), Slug 

is expressed at moder- 
ate levels as cells trans- 
form from e~iblastic e ~ -  I 

!hum into migratory 
soderm. (B) At the 

head process stage 
(stage 5), it is evident 

enchymal notochordal 

I that Slug is not ex- 
pressed in the nonmes- 

rod (n) that emerges 
ahead of Hensen's 
node. (C) By the five- 
somite stage (stage 
8+), more intense ex- 
pression is seen in the 
tips of the inward-roll- 
ing neural folds at mid- 
and hindbrain levels. 
(D) In the 10-somite 
embryo (stage lo), the 

r 
Slugexpressing neural 
crest has begun emi- 
gration at midbrain and 
branchial levels (br) 
but, more caudally, is 
still confined to the neu- 
ral tube. (E) Crest emi- 
gration is advanced at 
periocular and more 
caudal head levels in the 13-somite embryo and is also under way at cervical and more posterior 
spinal levels. (F) Lateral view of a 16-somite embryo, showing continued crest migration around 
optic and otic vesicles (op and ot) as well as continued lower level expression in posterior, newly 
recruited mesoderm (pm). (G) Slug expression in the hindbrain of a 22-somite embryo shows the 
characteristic individual crest streams. (H) Lateral view of a 35-somite embryo, showing expression 
in sites populated by crest cells, such as the branchial arches, the periocular region, and the 
primordia of the dorsal root ganglia. (I) Comparison of Slug expression and HNK-1 immunostaining 
in lateral views of 22-somite embryos. The observed patterns of migrating neural crest cells are 
comparable, but Slug expression also reveals cells that remain in the dorsal midline, as in the more 
posterior spinocaudal region and, partially, in the hindbrain. 

pathways (7). Slug transcripts can be de- 
tected in the cells of the most dorsal sector 
of the neural tube (Fig. 2C), and these cells 
subsequently emigrate from it, following 
the defined crest pathways (Fig. 2, D 
through G) and leaving the neural tube 
Slug-negative. At advanced stages (Fig. 
2H), Slug expression continues at a reduced 
level in the branchial arches. in the future 
periocular skeleton and in certain other eye 
components, and, more posteriorly, in the 
primordia of the dorsal root ganglia and in 
the cells migrating through the anterior 
parts of the sclerotomes. Thus, Slug is ex- 
pressed before and during crest migration 
and, in many cases, in crest cells that have 
reached their destination. 

One problem in the study of migrating 
crest cells has been that of distinguishing 
them from neighboring cells, even though 
chick-quail chimeras have provided vital 
information (8). Marker antibodies such as 
those to the glycoprotein epitope HNK- 1 
and the neurofilament protein NF-M (9- 
I I) have allowed noninvasive analysis of 
the neural crest. These may, however, also 
label certain noncrest structures and be 
specific to particular crest subpopulations 
and stages. Thus, comparison of the Slug 
pattem of expression with the pattern pro- 
duced by immunostaining with an antibody 
to HNK-1 shows that the antibody labels 
cells only after they have left the neural 
tube, as previously described (I I), whereas 
Slug transcripts are already present in pre- 
sumptive crest cells before emigration (see 
matched embryos in Fig. 21). Unlike NF-M 
(I I), Slug appears to mark crest throughout 
the body pattem. It may therefore be the 
most useful overall marker for neural crest 
cells that has been found to date. 

We designed antisense oligos from two 
regions of the Slug mRNA (positions 3 to 
17 for oligo A and 74 to 88 for oligo B, as 
counted from the translation initiation 
point) and synthesized them as phospho- 
rothioate derivatives for protection against 
degradation by nucleases (1 2). For negative 
controls, we used the corresponding sense 
sequences and a random mixture of 15- 
nucleotide olieomer with a nucleotide com- - 
position similar to the average composition 
of the antisense sequences (1 3). Three stag- 
es were chosen for antisense treatment: the 
primitive streak (stage 4), the head process- 
headfold (stages 6 to 7), and the four- to 
eight-somite stage (stages 8 to 9). When 
preincubated with any of the control oligos 
at a concentration of up to 80 FM before 
being set up in cultures (14, 15), blasto- 
derms at these stages produced normal later 
embryos that were indistinguishable from 
those from blastoderms preincubated with- 
out oligos or those that developed in ovo 
(Fig. 3, A, D, G, I, K, M, and 0 ) .  In 
contrast, after preincubation with the an- 

SCIENCE VOL. 264 6 MAY 1994 



SCIENCE ' VOL. 264 6 MAY 1994 837 



tisense oligos, embryos showed morpholog- 
ical abnormalities in the regions of Slug 
expression (Fig. 3). We observed no differ- 
ences in the kinds and degrees of abnormal- 
ity obtained with oligos A (40 pM) and B 
(40 pM) or with a mixture of A and B at a 
concentration of 12 pM each. Used alone, 
each oligo produced somewhat less abnor- 
mality at 25 pM and none at 12 pM. 
Taken together, these observations support 
the specificity of the antisense effects and 
the synergy to be expected from the use of 
two seauences from within one gene. - 

Directly after incubation with oligos for 
4 hours, in situ hybridization showed that 
antisense oligos specifically caused great 
reduction in the amount of Slug RNA 
present (Fig. 3, S and T). However, Slug 
amounts were later restored to a substantial 
fraction of normal, which allowed us to 
follow the altered behavior of cells that 
express the gene but in which its function 
was disrupted during an intervening period 
of development. We examined embryos 
incubated with control and antisense oligos 
at stages of somite segmentation 6 to 24 
hours after treatment (Fig. 3), and the 
results are summarized in Table 1. In addi- 
tion. .we immunostained certain embrvos 
for HNK-1 at the more advanced stages 
after treatment in order to assess the overall 
amount of emigrated neural crest. 

The overall body pattern was normal in 
the antisense-treated embrvos. However. 
we consistently found defects in neural tube 
closure between the midbrain and cervical 
regions (Fig. 3, B, C, H, and N) and 
im~airment or lack of the e~ithelial-mesen- 
chymal transition in the neural crest (Fig. 
3, B and N) and in the emergence of 
mesoderm from the flanks of the primitive 
streak (Fig. 3, E, F, and L). In addition, 
HNK-1 immunocytochemistry revealed the 
same deficit in the streams of migrating 

crest cells (Fig. 3, P and Q). The presump- 
tive crest remained integrated into the neu- 
roepithelium dorsally without any sign of 
the normal transition to mesenchyme (Fig. 
3H). It thus prevented proper tube closure, 
which is normally executed by the Slug- 
negative neural cells lying immediately 
ventral. In severely affected embryos, in 
more posterior areas, a different kind of 
neural abnormality was observed. The neu- 
ral tube failed to roll in, which left a 
wide-open boat-shaped structure. The nor- 
mal thickening of neuroepithelium that 
results from the lengthening of its cells was 
reduced throughout the neural cross section 
(Fig. 3J). This abnormality does not have a 
straightforward interpretation in terms of 
the normal Slug neural expression pattern. 
Cells expressing Slug are confined to the 
edges of the folds, and at this axial level and 
time of development do not yet exhibit 
mechanical activities (such as crest emigra- 
tion) whose disruption or absence might 
affect tube architecture elsewhere. Howev- 
er, in embryos treated with antisense oligos 
to Slug, the paraxial and flanking mesoderm 
beneath the neural plate was to a variable 
extent deficient as a result of the above- 
mentioned interference with primitive 
streak function. Forces from this mesoderm 
may normally assist those generated in the 
neural plate itself to cause the plate to 
thicken and roll in to form the tube (1 6). 

Treatment of embryos with an antisense 
oligo specific for the related chick snail gene 
causes a different but equally reproducible 
abnormality (1 7). We believe this to be an 
additional indicator of the biological mean- 
ingfulness of the abnormalities we describe. 
In genes required very early in develop- 
ment, complete loss of function such as that 
resultintr' from exuerimental knockout in - 
mice may result in the absence of an em- 
bryonic axis and thus may be uninformative 

Table 1. Results of oligo treatment. We have arbitrarily subdivided the observed degrees of 
disturbance into two categories. The moderate category includes embryos showing imperfectly 
closed, crinkled neural folds, inhibition of crest migration, and thickened streak. Embryos in the 
severe category show thinning of posterior mesoderm, crinkled and widely open spinocaudal neural 
folds, and severely impaired migration of neural crest and mesodermal cells. Dashes indicate not 
done. 

Numbers of embryos affected by treatment with 
Develop- Degree of mental 

stage abnormality No oligo Sense oligo Random oligo Antisense oligos 
control control control (A, B, and A + B) 

4 to 5 None 5 5 15 
Moderate 0 0 0 
Severe 0 0 0 

6 to 7 None 5 6 19 
Moderate 0 0 0 
Severe 0 0 0 

8 to 9 None - - 9 0 
Moderate - - 0 5 
Severe - - 0 11 

about gene function. Because of its early 
transcription throughout the streak, Slug 
could be such a gene, but our method of 
making observations after graded partial 
losses of its activity during specific periods 
of development may have overcome the 
difficulty posed by complete loss of func- 
tion. Our observations suggest that Slug 
function is required in cells that release 
themselves as a group from epithelial struc- 
tures and subsequently migrate, a sequence 
of activities undergone both by the neural 
crest and by mesoderm at gastrulation (1 8). 
Persistent low-level transcription of Slug in 
lateral mesoderm is consistent with Slug's 
continued function in the maintenance bf 
the mesenchymal cell phenotype. 

The predicted structure of the Slug pro- 
tein suggests that it functions as a transcrip- 
tion factor and regulates the activity of 
other genes. In view of the change of cell 
form that Slug appears to control, genes 
whose products mediate cell-substratum in- 
teractions should be explored as candidates 
for such regulation, direct or indirect (1 9). 
But other types of genes involved in early 
patterning of the neural tube could also be 
targets of Slup. which affords an alternative -, 

explanation for abnormal form in the neu- 
ral tube after anti-Slug treatment but before 
the neural crest is due to emigrate (Fig. 3, 
C, F, and J). Thus the relation between 
Slup and dorsalin-1 (20). which encodes an - . 
intercellular peptide signal of the trans- 
forming growth factor p superfamily in the 
most dorsal portion of the neural tube, may 
be informative. Finally, pathological acti- 
vation of Slug or of functionally related 
genes could contribute to the onset of the 
invasive or metastatic phenotype during the 
progression of cancers of epithelial origin, 
because the ability to break through an 
epithelial basement structure is reminiscent 
of the mechanism by which mesoderm and 
the neural crest originate. 
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Microtubule Dynamics Modulated by Guanosine 
Triphosphate Hydrolysis Activity of p-Tubulin 
Ashley Davis,* Carleton R. Sage, Cynthia A. Dougherty, 

Kevin W. Farrell 
Microtubule dynamic instability underlies many cellular functions, including spindle mor- 
phogenesis and chromosome movement. The role of guanosine triphosphate (GTP) hy- 
drolysis in dynamic instability was investigated by introduction of four mutations into yeast 
p-tubulin at amino acids 103 to 109, a site thought to participate in GTP hydrolysis. Three 
of the mutations increased both the assembly-dependent rate of GTP hydrolysis and the 
average length of steady-state microtubules over time, a measure of dynamic instability. 
The fourth mutation did not substantially affect the rate of GTP hydrolysis or the steady- 
state microtubule lengths. These results demonstrate that the rate of GTP hydrolysis can 
modulate microtubule length and hence dynamic instability. 

Microtubules are composed of tubulin, an 
a-P heterodimer that binds GTP exchange- 
ably at the P subunit E site. During micro- 
tubule assembly the E-site GTP is hydro- 
lyzed to yield a phosphate ion, which is 
temporarily bound to the microtubule, and 
guanosine diphosphate (GDP)-tubulin, 
which incorporates into the microtubule 
lattice (1). Microtubules are thought to be 
stabilized by a "cap" (2) of GTP-tubulin or 
[GDP + inorganic phosphate (Pi)]-tubulin 
subunits at microtubule ends, and the loss 
of this cap may result in rapid microtubule 
depolymerization. Random loss and regain 
of the cap can thus account for the stochas- 
tic growing and shortening of microtubules, 
a process termed dynamic instability, which 
has been observed both in vitro (3) and in 
vivo (4). Dynamic instability is thought to 
contribute to spindle morphogenesis and 
the reorganization of microtubule arrays 
during the cell cycle (5). 

The tubulin-GTP cap model (2, 3) 
predicts that the GTPase activity of P-tu- 
bulin would be imoortant in determining - 
cap size and microtubule dynamics. To 
investigate the relation between guano- 
sine triphosphatase (GTPase) activity and 
microtubule dynamics, we combined site- 
directed muta~enesis with a arocedure for " 
purifying assembly-competent tubulin 
from the veast Saccharomvces cerevisiae (6 ,  ~. 
7). We report on four mutations directed 
to the highly conserved-region of P-tubu- 
lin, Lys103-Gly-His-Tyr-Thr-Glu-Gly10g 
Sequence comparisons (8) suggest that 

- - 

Department of Biolog~cal Sciences, Univers~ty of Cal- 
~fornia, Santa Barbara, CA 93106, USA. 

*To whom correspondence should be addressed. 

SCIENCE VOL. 264 6 MAY 1994 

this region may be functionally equivalent 
to the Gly-X-X-X-X-Gly-Lys motif of 
GTPase superfamily members, which par- 
ticipates in phosphate binding and hydro- 
lysis. We substituted the conserved Lys103 
with Met, a change that removed the 
charged amino group but retained the 
similar overall size and shape of the side 
group; substitution of Lys with Met in the 
pZ1"' Gly-X-X-X-X-Gly-Lys motif re- 
duced that protein's GTPase activity (9). 
We also substituted P-tubulin Thr107 with 
Gly, Lys, or Trp because this amino acid 
modulates the GTPase activity of other 
superfamily members (1 0). 

Because three of the mutations (Gly107, 
Lyslo7, and Trplo7) were lethal in haploid 
cells, we purified tubulin from heterozygous 
diploid strains (Table 1). In these strains, 
one p-tubulin gene was full-length (TUB2 
wild type or TUBZ-derived mutant) and the 
other (tub2-590) was missing the last 12 
codons (I I). The tub2-590 background al- 
lowed immunological detection of full- 
length p-tubulin with a rabbit polyclonal 
antibody to the COOH-terminal 12 amino 
acids of p-tubulin. The tubulin preparations 
were therefore composed of dimers with 
full-length (wild type or mutant, as appro- 
priate) and truncated p subunits, in equal 
amounts (12). Purification of tubulin dimers 
containing only full-length P subunits could 
be accomplished chromatographically (1 3) ; 
however, the yields were too small to make 
the method routinely useful. The protein 
derived from each of the heterozygotes as- 
sembled into bona fide microtubules, and 
immunogold staining with the COOH ter- 
minal-specific antibody showed that both 
mutant and wild-type tubulins incorpo- 
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