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The Snail gene product is a transcriptional repressor of E-cadherin expression and an inducer of the
epithelial-to-mesenchymal transition in several epithelial tumor cell lines. This report presents data indicating
that Snail function is controlled by its intracellular location. The cytosolic distribution of Snail depended on
export from the nucleus by a CRM1-dependent mechanism, and a nuclear export sequence (NES) was located
in the regulatory domain of this protein. Export of Snail was controlled by phosphorylation of a Ser-rich
sequence adjacent to this NES. Modification of this sequence released the restriction created by the zinc finger
domain and allowed nuclear export of the protein. The phosphorylation and subcellular distribution of Snail
are controlled by cell attachment to the extracellular matrix. Suspended cells presented higher levels of
phosphorylated Snail and an augmented extranuclear localization with respect to cells attached to the plate.
These findings show the existence in tumor cells of an effective and fine-tuning nontranscriptional mechanism
of regulation of Snail activity dependent on the extracellular environment.

During gastrulation, the Snail transcription factor is respon-
sible for the transcriptional repression of E-cadherin, thus low-
ering the level of this protein and allowing cells to detach from
their neighbors and migrate (16, 29). This pathway is essential
for the success of this process, since mice deficient in the
expression of this protein fail to downregulate E-cadherin lev-
els and to complete gastrulation (7). Repression of E-cadherin
transcription is also particularly relevant in the late steps of
epithelial tumorigenesis, since a causal relationship between
loss of expression of this protein and the invasive properties of
some tumors has been established (32, 42). Recently, two stud-
ies have shown an association of Snail expression with the
degree of infiltration of breast carcinomas (4) and with E-
cadherin down-regulation in diffuse-type gastric carcinomas
(34). According to these results, there is a considerable inverse
correlation between E-cadherin and Snail mRNA levels in
most epithelial tumor cell lines (2, 6, 8, 19, 33, 44). However,
in some cases, E-cadherin and Snail mRNA levels are both
detected in the same cell lines (15).

Very little is known about the structure of the Snail protein.
Two different regions of this protein have been described: the
C-terminal DNA-binding domain (amino acids 152 to 264) and
the N-terminal regulatory domain (amino acids 1 to 151) (Fig.
1). The C-terminal part of the protein contains four zinc fin-
gers belonging to the C2H2 subclass. This domain is conserved
in other vertebrate and invertebrate homologues of the protein
(24, 29) and has the highest affinity for oligonucleotides con-
taining a 5�-CACCTG-3� sequence (25). It should be noted
that the last zinc finger of the Snail protein does not contain
the consensus CXXC-H�R/QS/TH, which is present in the

other three fingers, and that the two histidines are separated by
only one lysine. The N-terminal domain differs much more
among the various Snail homologues. In mammals, a short
sequence in the amino terminus, called the SNAG box, is
essential for repression (2). Alignment of Snail sequences cor-
responding to the N-terminal half of known homologues
showed that, excluding the SNAG box, the most conserved
region corresponds to a subdomain located between residues
82 and 151 in the mouse Snail sequence. This report presents
evidence that this subdomain contains a nuclear export se-
quence (NES). Phosphorylation of an adjacent serine-rich se-
quence made this NES accessible to the CRM1 transporter
and facilitated translocation of the protein to the nucleus.
Phosphorylated Snail was much less active as a repressor of
E-cadherin transcription or as an activator of the expression of
mesenchymal genes.

MATERIALS AND METHODS

Preparation of DNA constructs and Snail mutants. (i) Snail deletion mutants.
Murine Snail was obtained by reverse transcription (RT)-PCR amplification with
specific oligonucleotides as previously described (2). N- and C-terminal halves
were prepared from pcDNA3-Snail-HA (1) by using a BglII site present at 455 bp
from the ATG site. The 237-to-264 deletion was achieved by high-fidelity PCR
amplification of Snail with specific oligonucleotides. Antisense oligonucleotide
annealing avoided the last zinc finger and added an EcoRV site used to set the
sequence in frame with the hemagglutinin (HA) tag. The oligonucleotide (anti-
sense, 5�-CCGGATATCCGTATCTCTTCACATC-3�; sense, 5�-CCGGATCCA
CCATGCCGCGCTCCTTCCTGG-3�) encompasses the ATG site (bold) and
adds a Kozak sequence (underlined) preceded by a BamHI restriction site. The
Snail (152-236) mutant was generated from this construct by BglII digestion to
obtain the new C-terminal fragment without the 237-to-264 region. The follow-
ing specific oligonucleotides were designed to amplify the Snail serine-rich do-
main (SRD; amino acids 82 to 123): sense oligonucleotide, 5�-GCAATAGATC
TTCCACCATGGAGAGCCCCAAGGC-3� (it adds a Kozak sequence [under-
lined] and a new ATG start codon [in italics]); antisense, 5�-CGTCTGCAGCT
CCAGGGAGGAGGCCG-3� (this adds a 3� PstI restriction site). The Snail
(82-151) mutant was obtained from an 82-to-264 fragment amplified by PCR; the
152-to-264 sequence was deleted by using the BglII restriction site previously
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mentioned. Snail (�90-120) was made by ligation of two PCR fragments obtained
(i) with a sense oligonucleotide corresponding to the ATG site (previously
described) and 5�-CAATGAGCTCAGCTCTACGGCCTTGGGGCTCTCCCG
CAG-3� as the antisense oligonucleotide and (ii) with 5�-CCGTTAGAGCTCC
GCCGAGGCCTTCATC-3� as the sense oligonucleotide and an oligonucleotide
corresponding to the last amino acids of murine Snail as the antisense oligonu-
cleotide. The SacI site (underlined) was used to ligate both fragments; this
ligation introduced two serines instead of the deleted sequence. Deletion of
nucleotides 138 to 151 in the N-terminal half was performed with a BstXI
restriction site present in the 1-to-151 fragment of the Snail cDNA.

(ii) Snail point mutants. The Snail Leu139/1423Ala mutant was obtained by
site-directed mutagenesis with complementary specific oligonucleotides (sense,
5�-GGCCAACTTCCCAAGCAGGCGGCCAGGGCCTCGGTGGCCAAGGA
CCCCCAG-3�; antisense, 5�-CTGGGGGTCCTTGGCCACCGAGGCCCTGG
CCGCCTGCTTGGGAAGTTGGCC-3�) in accordance with the protocol for
the Quick-Change site-directed mutagenesis kit from Stratagene. The bold nu-
cleotides are those mutated from the original sequence. The first codon mutation
abolishes a PvuI site present in wild-type Snail and was used to test positive
constructs. To mutate all of the serines of the SRD (but not Thr119) in Ser3Ala
and Ser3Asp mutants, synthetic oligonucleotides (sense and antisense) corre-
sponding to the 90-to-120 sequence were purchased from Sigma-Genosys.
Codons coding for serines were replaced with alanines or aspartates by using
codons closest in sequence. 5� ends were phosphorylated, sense and antisense
complementary oligonucleotides were annealed, and blunt-ended inserts were
cloned into the Snail (�90-120) mutant in the newly created SacI site opened by
using the EcoCRI isoschizomer. This means that a new leucine was added to the
end of the domain. The Ser3Ala mutation added a new NotI restriction site that
was used to test positive constructs. All mutants were confirmed by sequencing.

(iii) Other constructs. Murine Slug was cloned, by RT-PCR with a One-Step
RT-PCR kit with Pfx Taq (Invitrogen), from 500 mg of total RNA from NIH 3T3
cells, in accordance with the manufacturer’s procedure, by using oligonucleotides
specific for its 5� and 3� tails that added a 5� BamHI restriction site and a 3�
EcoRV restriction site. The EcoRV site was designed to be in frame with an HA
tag cloned into the acceptor vector, pcDNA3. Murine SC-35 or U2AF65 was
obtained by the same procedure, in these cases by adding a SalI restriction site
at the 5� tail. The absence of mutations in all of these cDNAs was confirmed by
sequencing.

cDNAs corresponding to the Snail and Slug cDNAs were cloned into vector
pcDNA3 (Invitrogen), peGFP-C1, pDsRed1 (Clontech), pGEX-6P1, pGEX-6P3
(Amersham), or pMAL-c2X (New England BioLabs). SC-35 and U2AF65 were
cloned into pDsRed1. pGFP-Tcf-4 and pGFP-ZEB1 were prepared by inserting
into peGFP-C1 the full-length cDNAs corresponding to transcriptional factors
Tcf-4 and ZEB1, which were previously used in our laboratory (14, 28).

Analysis of Snail and E-cadherin expression by RT-PCR. All of the cell lines
used in this study were grown in Dulbecco’s modified essential medium supple-
mented with 10% fetal calf serum. Total RNA was obtained and analyzed for
Snail and E-cadherin as previously described (14). Briefly, RT-PCR analysis was
performed with a SuperScript One-Step kit and Platinum Taq polymerase (In-
vitrogen) with 1 �g of total RNA and primers corresponding to human Snail
(sense, corresponding to nucleotides 104 to 125; antisense, corresponding to
nucleotides 290 to 310), human E-cadherin (sense, corresponding to nucleotides
1977 to 2006; antisense, corresponding to nucleotides 2287 to 2316), and human
cyclophilin (sense, corresponding to nucleotides 45 to 62; antisense, correspond-
ing to nucleotides 690 to 708). The sense and antisense primers always anneal
with different exons. Thirty-five cycles were used for Snail analysis, and 32 were
used for E-cadherin or cyclophilin analysis.

Analysis of Snail expression by immunofluorescence assay and Western blot-
ting. Analysis of endogenous Snail by immunofluorescence assay was performed
with an anti-Snail polyclonal antibody obtained in our laboratory by affinity
purification of an antiserum raised in a rabbit immunized with a glutathione
S-transferase (GST)–Snail fusion protein. Previous use of this antibody has been

reported (14). Cells, plated on glass coverslips, were fixed with 4% paraformal-
dehyde for 30 min and permeabilized by incubation with 1% sodium dodecyl
sulfate (SDS) for 10 min or with 70% ethanol for 30 min. Blocking was carried
out for 1 h with phosphate-buffered saline (PBS) containing 0.1% saponin and
1% bovine serum albumin (BSA). Affinity-purified rabbit polyclonal anti-Snail
antibody was diluted 1:10 in PBS–1% BSA–0.1% saponin and incubated over-
night at 4°C (for detection of exogenous Snail) or at room temperature (for
detection of endogenous Snail). After washing, binding of primary antibody was
detected with anti-rabbit antibodies conjugated to fluorescein isothiocyanate
(Dako) or Alexa 488 (Molecular Probes). Controls with irrelevant antibodies
(anti-GST [Pharmacia Biotech] or anti-erythropoietin [a kind gift of C. de Bolòs,
IMIM, Barcelona, Spain]) confirmed the specificity of labeling. Nuclei were
counterstained with propidium iodide. Finally, fluorescence was viewed through
a Leica TCS-SP2 confocal microscope. Alternatively, analysis was performed on
suspended cells. Trypsinized cells were fixed with paraformaldehyde, permeabil-
ized with ethanol, blocked with PBS plus 3% BSA, and incubated with anti-Snail
antibody overnight at 4°C. Cells were centrifuged at 400 � g for 5 min after every
incubation.

For Western blot analysis, cell extracts were prepared directly in SDS buffer
(25 mM Tris-HCl [pH 7.6], 1 mM EDTA, 1 mM EGTA, 1% SDS) or first in CYT
buffer (10 mM HEPES [pH 7.6], 10 mM KCl, 1.5 mM MgCl2, 0.5% NP-40) and
centrifuged for 10 min in a Microfuge at 15,000 � g, and the pellet was resus-
pended in SDS buffer. Samples were separated by SDS–10 or 15% polyacryl-
amide gel electrophoresis (PAGE). After transference, membranes were ana-
lyzed with mouse (Boehringer) or rat (Roche) anti-HA monoclonal antibody
(1:1,000; for 1 h) or rabbit polyclonal anti-Snail antibody (1:100; overnight a
4°C).

Cell transfection. Transient transfections of Snail constructs cloned in plasmid
pcDNA3 or pGFP were performed with 0.75 to 1.5 �g of plasmid and Lipo-
fectamine-Plus reagent (Invitrogen) diluted in OptiMEM serum-free medium
(Invitrogen) in accordance with the manufacturer’s instructions. Cells were
plated on glass coverslips unless otherwise indicated. Protein expression was
analyzed 16 to 18 h after transfection. To inhibit nuclear export, leptomycin B
(LMB; Sigma) was added to the culture medium (5 ng/ml in ethanol) 2 h
previous to cell fixation.

Pull-down assays. GST-Snail and maltose binding protein (MBP)-Snail fusion
proteins were prepared from Escherichia coli strain BL21 and purified by chro-
matography on glutathione-Sepharose (Amersham) or amylose resin (New En-
gland BioLabs), respectively. Binding assays were performed with 50 mM Tris-Cl
(pH 7.4)–150 mM NaCl–1 mM EDTA–1 mM dithiothreitol (DTT)–1 mM
MgCl2–0.5% NP-40 (binding buffer) for 30 min at room temperature with 1 �g
of GST-Snail (1-151) (either the wild-type or the mutant form) and MBP-Snail
(152-264) (either the wild-type or the 152-to-238 mutant form). Alternatively,
RWP-1 cells were transfected with the indicated forms of the C-terminal half of
Snail. After 36 h, cell extracts were prepared in binding buffer plus protease
inhibitors, and 250 �g of cell lysate was incubated with 1 �g of GST-SNA (1-151).
The GST-Snail (1-151) and MBP-Snail (152-264) complexes were precipitated
with glutathione-Sepharose or amylose resin, respectively, and proteins bound to
the beads were resolved by SDS-PAGE and blotted against rat anti-HA tag or
GST (1:2,000; BD Biosciences-Transduction Labs).

Luciferase reporter assays. Reporter assays were done with RWP-1 cells and
25 ng of the human E-cadherin promoter (�178/�92) (2), 25 ng of the human
fibronectin promoter (�637/�105, from the preprofibronectin translation start),
or 100 ng of the human LEF1 promoter (�1874/�58, from the translation start),
all cloned into the pGL3 basic vector (Promega) with a mutated E box as
described elsewhere (2). The human fibronectin promoter was obtained by PCR
from HT-29 genomic DNA with high-fidelity Pfx polymerase (Invitrogen) and
oligonucleotides 5�-ACACAAGTCCAGCCACTCCC-3� (�637 to 615) and 5�-
TTGCTGAGCCTGCCTGCCTCTTG-3� (�105 to �83), containing MluI and
XhoI sites at the 5� ends, respectively. The purified PCR product was cloned into
the MluI and XhoI restriction sites of pGL3. To keep the fragment from the
preproprotein contained in the cloned region and the luciferase gene of the
reporter in frame, the construct was linearized with MluI and HindIII, filled in
with the Klenow fragment (Promega), religated, and sequenced. The human
LEF1 promoter was obtained from the same source with oligonucleotides 5�-C
TTGTCTCCAAAGAGCG-3� (�1874/�1858), containing a KpnI site at the 5�
end, and 5�-TGGCGCAGAGTTCCGG-3� (�43/�58). The purified PCR prod-
uct was cloned into the KpnI and SmaI sites of pGL3 and sequenced. Cells were
cotransfected with the indicated amounts of reporter plasmids, 1 ng for repres-
sion and 25 ng for activation of the wild-type and mutant forms of Snail cloned
into pcDNA3 and 0.5 ng of simian virus 40-Renilla luciferase plasmid as a control
for transfection efficiency. Expression of the firefly and Renilla luciferases was
analyzed in accordance with the manufacturer’s instructions.

FIG. 1. Diagram of Snail protein. Snail domains are highlighted by
gray and light blue (N terminal) and dark blue (C terminal). This color
code is maintained in the other figures.
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32P labeling and immunoprecipitation. RWP-1 or NIH 3T3 cells grown on
60-mm-diameter plates were transfected with pcDNA3-Snail-HA or the different
mutants. After 36 h, cells were washed three times in 25 mM Tris HCl (pH
7.5)–140 mm NaCl and incubated for 3 h in Dulbecco’s modified essential
medium without phosphates but supplemented with 50 mM HEPES (pH 7.5)
and 10% dialyzed fetal calf serum. Subsequently, cells were incubated with the
same medium but containing 250 �Ci of [32P]orthophosphate (Amersham) per
ml for an additional 3 h. Afterwards, cells were lysed in immunoprecipitation-
kinase assay buffer (50 mM Tris-Cl [pH 7.4], 1 mM EDTA, 150 mM NaCl, 0.2%
NP-40, 1% Triton X-100, 1 mM DTT, 5 mM sodium fluoride, 1 mM sodium
orthovanadate, 4 mM �-glycerophosphate, protease inhibitors), incubated on
rotation for 30 min at 4°C, and centrifuged for 15 min at 20,000 � g. The
whole-cell lysates obtained were preabsorbed with protein G-agarose (Roche)
for 4 h at 4°C, and supernatants were incubated overnight at 4°C with 1 �g of rat
anti-HA monoclonal antibody (Roche). After collection of immunoprecipitates
with protein G-agarose beads for 3 h, they were resolved by SDS-PAGE and
exposed to Curix (AGFA) film for 24 to 48 h. A parallel plate of cells was used
as a control for expression. Cells were transfected with the indicated plasmids,
extracts were prepared at the same time but without inclusion of 32P during the
labeling period, and anti-HA immunoprecipitates were analyzed by Western
blotting with rat anti-HA monoclonal antibody (Roche). Alternatively, the anal-
ysis was performed with 32P-labeled MDCK cells constitutively expressing Snail
(2).

Phosphoamino acid analysis was performed by two-dimensional thin-layer
electrophoresis in silica gel plates (35). 32P-labeled Snail was hydrolyzed in 6 M
HCl for 1 h at 110°C. After concentration, phosphorylated amino acid standards
were added to the sample and separated by electrophoresis at pHs 1.9 (first

dimension) and 3.5 (second dimension). The positions of the standards were
visualized by staining with ninhydrin, and those of 32P-labeled amino acids were
determined by autoradiography.

Nucleotide sequence accession numbers. The GenBank database accession
numbers of the genes studied here are as follows: murine Snail, NM011427;
murine Slug, AB38365; human ZEB1, U12170; human Tcf-4, Y11306; mouse
SC35, NM011358; mouse U2AF65, NM133671.

RESULTS

Snail is located in the nucleus and cytosol of tumor cell
lines. The presence of the Snail transcription factor was ana-
lyzed in different epithelial cell lines by RT-PCR. As has been
previously reported (see introduction), there is a good inverse
correlation between Snail and E-cadherin in most cell lines,
exemplified in these assays by RWP-1 and MDA-231 cells (Fig.
2A). However, some cell lines show high levels of the RNAs
corresponding to both genes. Three examples of human cell
lines and one of murine cell lines with concomitant expression
of Snail and E-cadherin are presented in Fig. 2A. Simulta-
neous expression of both genes has been previously reported
by us and others (9, 14, 15). The expression and intracellular
localization of Snail protein were analyzed in a panel of epi-

FIG. 2. Endogenous Snail is distributed not only in the nucleus but also in the cytoplasm of human tumor cells. (A) Coexpression of Snail and
E-cadherin in epithelial cell lines. Snail and E-cadherin expression was analyzed by RT-PCR in mouse and human cell lines. Cyclophilin levels were
used as a loading control. (B) Western blotting analysis of Snail expression. Cell extracts prepared in SDS buffer (80 �g for exogenous Snail or
100 �g for endogenous Snail) were subjected to SDS–10% PAGE and analyzed by Western blotting with anti-Snail polyclonal antibody. (C and
D) Immunofluorescence distribution of anti-Snail reactivity. Cells stably transfected with Snail (MDCK SNA1) or presenting different levels of
Snail expression by RT-PCR were analyzed by immunofluorescence assay with the anti-Snail antibody. Cells were stained with propidium iodide
to localize nuclei. Note that the staining in panel C was performed at a lower temperature than that in panel D.
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thelial and mesenchymal cell lines with a polyclonal antiserum
prepared against the recombinant protein. As shown in Fig.
2B, this antiserum recognizes ectopically expressed Snail and a
protein of NIH 3T3 fibroblasts with a similar molecular mass.
By immunofluorescence assay, a signal was detected mainly in
the nuclei of cells stably transfected with Snail (2). Most of the
cell lines showed endogenous reactivity against our polyclonal
antibody not only in the nucleus but also in the cytosol (Fig.
2C). There was a good correlation between the presence of
reactivity against our Snail polyclonal antibody and detection
of Snail by RT-PCR. For instance, the signal obtained in
RWP-1 cells was much weaker than that in NIH 3T3 or MDA-
231 cells. Snail was present mostly in the cytosol in some cell
lines, such as MCF-7, Caco-2, HCT-116 (Fig. 2C), or EpH4
(not shown); these are the cell lines in which the presence of
both E-cadherin and Snail was detected by RT-PCR.

In order to better visualize the subcellular location of Snail,
and considering the low abundance of the protein (Fig. 2B),
the gene was ectopically expressed in different cell lines and
the distribution of the protein was analyzed by immunofluo-
rescence assay with our polyclonal antibody against Snail (data
not shown) or direct visualization of the subcellular location of
the fused green fluorescent protein (GFP) (Fig. 3). The distri-
bution of ectopically expressed Snail was analyzed after 12 to
18 h to avoid excessive accumulation of the protein. Similar
results were obtained by both approaches. Ectopically ex-
pressed Snail accumulated in the nuclei of some cell lines, such
as SW-480 (Fig. 3A). However, in other cell lines, such as
MCF-7, Snail protein seemed to be excluded from the nucleus
(Fig. 3B). In most of the cases, the pattern was intermediate
and cells with a predominant nuclear or cytosolic location
coexisted in the same population. In RWP-1 cells, for instance,
72% 	 8% (mean 	 standard deviation of three experiments)
of the cells transfected with GFP-Snail had nuclear plus cyto-
solic staining, 18% 	 8% had exclusively nuclear staining, and
10% 	 4% had totally cytosolic staining. Similar proportions
were observed in MDCK and NIH 3T3 cells. This pattern of
distribution was quite different from that obtained for other

transcription factors, such as Tcf-4 and ZEB1 (Fig. 3G and H),
which were located only within the nucleus.

We analyzed whether the subcellular distribution of Slug was
similar to that of Snail. As shown in Fig. 3F, GFP-Slug was
detected solely in the nucleus, with a nuclear pattern similar to
that shown by Snail. No fluorescence signal in the cytosol was
observed in any of the cell lines studied.

The distribution of Snail in the nucleus was not homoge-
neous. As has been previously described for Slug (17), Snail
was present in discrete foci in the nucleus. This dotted staining
was detected when the subcellular distribution of GFP-Snail or
Snail-HA was determined (Fig. 3 and 4A), especially if nuclear
export was blocked (see below). These Snail nuclear structures
were not stained with propidium iodide (Fig. 4A), indicating
that they corresponded to interchromatin granule clusters
(36). Consequently, Snail staining always excluded nucleoli.
The identity of these nuclear speckles was studied by co-
transfection of GFP-Snail with SC-35 and U2AF65, two
proteins that labeled these structures differentially (13, 37).
As shown in Fig. 4B, Snail colocalized much more closely with
splicing factor U2AF65 than with SC-35, contrary to what has
been previously reported for Slug (17).

Therefore, these results suggest that Snail is distributed dif-
ferently than Slug in cells and is not present exclusively in the
nucleus and prompted us to study the molecular basis of this
location.

Distinct domains are responsible for the alternative subcel-
lular location of Snail. The N- and C-terminal Snail domains
were fused to GFP and transiently transfected in several cell
lines. In all of the cell lines studied (RWP-1, MDCK, MCF-7,
NIH 3T3), the N- and C-terminal domains showed alternative
locations (Fig. 5). The C-terminal half, GFP-Snail (152-264),
had a restricted nuclear distribution. The pattern was diffuse,
with nucleolar exclusion. This contrasted with the speckled
pattern frequently obtained with the full-length protein (Fig.
4). On the other hand, the N-terminal half, GFP-Snail (1-151),
was strictly cytosolic and thus was probably responsible for the
cytosolic location of full-length Snail.

FIG. 3. Exogenous Snail is present in the nucleus and cytoplasm of human tumor cells. Cell lines were transfected with pGFP-Snail. Subcellular
location was assessed 16 to 18 h after transfection by analysis of the distribution of GFP in a confocal microscope. Nuclear counterstaining was
performed with propidium iodide. Shown are representative stainings of different cell lines. In RWP-1 cells, the most common location was that
shown in panel C; less abundant patterns are shown in panels D and E. The distribution in this cell line of other transcription factors (Slug, Tcf-4,
and ZEB1 [as fusions with GFP]) is shown in panels F, G, and H.
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The N-terminal domain was divided into two fragments, 1 to
82 and 82 to 151, fused to GFP and transiently transfected to
RWP-1 cells. As shown in Fig. 5, only the 82-to-151 sequence
excluded GFP from the nucleus. On the contrary, GFP-Snail
(1-82) had the same pattern as control GFP. This result sug-
gested that, at least in part, this 82-to-151 domain of Snail
could mediate its cytosolic location.

A leucine-rich signal is involved in CRM1-dependent nu-
clear export of Snail. Several different mechanisms can explain
the effect of the Snail regulatory domain on the cytosolic lo-
cation of the protein. This domain may anchor Snail to specific
cytosolic proteins, inhibit nuclear import, or mediate its nu-
clear export. The most common mechanism of nuclear export
of proteins in eukaryotic cells is based on CRM1-dependent
systems and requires the presence of a hydrophobic Leu-rich
sequence (11, 12, 41). We examined the Snail amino acid
sequence for a Leu-rich sequence similar to those described for
CRM1-mediated nuclear export. The sequence LGQLPKQL
ARLS (leucines are underlined), between residues 132 and 143
of mouse Snail, almost matches the perfect consensus se-
quence previously defined for an NES [LX(1-3)LX(2-3)LXL].
Replacement of Leu with Val, as occurs in human Snail (Leu135
to Val), has been observed in some NESs, as well as longer
spaces among leucines (21). This putative NES is not present

in the Snail relative Slug, whose localization was exclusively
nuclear (Fig. 3F). Deletion of part of this sequence (residues
138 to 151, which deletes the last two leucines) from a GFP–
N-terminal domain fusion protein was sufficient to impair its
exclusion from the nucleus, as shown in Fig. 5.

To check whether CRM1 is responsible for Snail nuclear
export, we inhibited the system with LMB. LMB is an antifun-
gal molecule that is able to bind CRM1 and block the forma-
tion of the CRM1/Ran-GTP/nuclear protein complex neces-
sary for export (20, 30). Treatment of transfected RWP-1 cells
with LMB rapidly relocated Snail protein to the nucleus (Fig.
6A). The effect was analyzed in one of the few cells in this
population with cytosolic staining only and in other cell lines
where this pattern was more predominant, such as MCF7.
LMB caused rapid translocation of Snail from the cytosol to
the nucleus as early as 10 min after addition of the drug.
Accumulation of the protein in nuclear speckles required some
additional time. Similar results were obtained when the effect
of LMB on the location of other exclusively cytosolic Snail
constructs was studied. In the presence of this drug, both the
complete regulatory domain (amino acids 1 to 151) and a
fragment containing the NES (82 to 151) were detected mostly
in the nucleus (Fig. 6B). Staining in the nucleus was homoge-
neous without labeling in speckles, indicating that positioning
in these structures requires the zinc finger domain.

To further confirm that the 132-to-143 sequence behaves as
an NES, we performed a selective mutation of two leucines to
alanine, i.e., Leu139,1423Ala, the same residues of the NES
eliminated by the 138-to-151 deletion. This mutation almost
totally abolished the ability of full-length Snail to be exported
and, thus, its cytosolic location. A similar export inhibition was
obtained when the distribution of the GFP-SNA (1-151)
(Leu139,1423Ala) mutant was determined (Fig. 6C).

We concluded from these results that Snail harbors a func-
tional NES preceding the zinc finger domain. This sequence,

FIG. 4. Snail is located in nuclear speckles. RWP-1 cells were
transfected with GFP-Snail (A and B) and RFP-SC-35 or RFP-
U2AF65 (B). Its subcellular location was assessed 16 to 18 h after
transfection by analysis of the distribution of GFP with a confocal
microscope. When appropriate, nuclear counterstaining was per-
formed with propidium iodide (A).

FIG. 5. A subdomain in the N-terminal half of Snail excludes GFP
from the nucleus. The subcellular distribution of GFP fused with
distinct domains of Snail is shown. The indicated GFP-SNA mutants
were transfected to MDCK cells, and the location of GFP was analyzed
24 h later with a confocal microscope. Shown is the most abundant
pattern (in more than 90% of the cells) for each mutant. Although in
all cases, cells were counterstained with TOP-Ro or propidium iodide,
for the sake of clarity, only the distribution of GFP is shown.
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which includes residues 132 to 143, is responsible for the effi-
cient nuclear export of Snail and the cytosolic location of this
protein in some epithelial cells.

Phosphorylation of the SRD modulates the nuclear export
and transcriptional activity of Snail. The activity of the Snail
NES seemed to be variable among the cell lines studied, as
Snail preferred a nuclear location in some cell lines, whereas it
had a marked preference for an extranuclear location in others
(see above). This suggested a possible modulation of the ex-
port process. A relevant clue was provided by two independent
observations.

First, selective deletion of the SRD of Snail (residues 90 to
120) blocked nuclear export almost entirely. This mutant,
GFP-Snail (�90-120), was only distributed in the nucleus in all
of the cell lines tested (Fig. 7A), including those with a pre-
vailing cytosolic location of wild-type Snail. Therefore, this

SRD was a good candidate as a mediator of modulation of the
adjacent NES activity. Curiously, the effect of the SRD dele-
tion on nuclear location was dependent on the presence of the
zinc finger domain, since GFP-SNA (1-151) (�90-120) had the
same cytosolic distribution as the wild-type N-terminal domain
(Fig. 7A).

Moreover, analysis of the Snail protein in stable transfec-
tants (2) showed a doublet, which is indicative of a covalent
modification of the protein (Fig. 8A). This doublet was more
evident when the Western blot assay was performed after elec-
trophoresis in high-percentage polyacrylamide gels. Incubation
of the cell extracts with recombinant alkaline phosphatase led
to the disappearance of the upper band, suggesting that this
band corresponded to the phosphorylated protein (Fig. 8B).

To assess more definitively whether Snail was being phos-
phorylated in vivo, the protein was immunoprecipitated from

FIG. 6. The cytosolic location of Snail depends on its CRM1/NES-mediated nuclear export. (A) LMB rapidly relocates GFP-Snail to the
nucleus. RWP-1 cells transfected with pGFP-Snail were treated with LMB (5 ng/ml); the change in the location of GFP in a cell that presented
predominant cytosolic staining is shown at different times (in minutes). (B) LMB treatment relocates Snail truncations usually present in the
cytosol. This experiment was performed as described for panel A, with the indicated Snail mutants. (C) Mutation of leucines 139 and 142 to Ala
prevents nuclear exclusion. Leucines 139 and 142 were mutated to alanines in full-length Snail or the N-terminal domain [GFP-Snail (1-151)].
Mutant constructs were fused to GFP and expressed in RWP-1 cells. The distribution of GFP after an 18-h transfection is shown. WT, wild type.
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transiently transfected RWP-1 cells labeled with 32P. Snail was
consistently labeled with this isotope, either in these cells (Fig.
8C) or in NIH 3T3 or MCF-7 cells (not shown). This phos-
phorylation was mainly due to serine modification, as con-
firmed by phosphoamino acid analysis, although a minor spot
corresponding to PThr was also detected (Fig. 8D). Further-
more, phosphorylation occurred within the SRD, as a mutant
Snail protein without this subdomain [deletion mutant Snail
(�90-120)] was not labeled with 32P (Fig. 8C).

We also checked whether phosphorylation of the SRD can
affect NES function. As described for other factors (31, 39), we
considered the possibility that a charge accumulation in this
region may unmask a sequence relevant to its nuclear location.
This idea is supported by the fact that 14 out of the 18 serines
predicted to be phosphorylated in the protein are concentrated
within this domain. To test this hypothesis, we replaced all of
the serine residues in the SRD with alanines (Ser3Ala mu-
tant) or aspartates (Ser3Asp mutant). These changes gave an
unphosphorylated domain and mimicked a phosphorylated
form, respectively. Both the Ser3Ala and Ser3Asp mutants
were not phosphorylated in 32P-labeled cells (Fig. 8C), con-
firming that these serines were the target of the phosphoryla-
tion in vivo. After transfection, the GFP fusion constructs of

these two mutants disclosed a stunning inversion of their sub-
cellular location patterns: whereas the Ser3Ala mutant was
mainly nuclear, the Ser3Asp mutant was almost exclusively
cytosolic (Fig. 7B). Moreover, LMB totally reversed the
Ser3Asp mutant extranuclear distribution and translocated it
to the nucleus (Fig. 7B), thus confirming that the Ser3Asp
mutant was mostly cytosolic, not because of its inability to
travel to the nucleus but because of its increased nuclear ex-
port. According to these findings, we concluded that phosphor-
ylation of the SRD was responsible for the modulation of Snail
nuclear export. When inside the nucleus, the two mutants were
located differently: whereas the Snail Ser3Asp mutant accu-
mulated in speckles, the Snail Ser3Ala mutant (either in the
presence of LMB or not in the presence of LMB) was distrib-
uted homogeneously apart from nucleoli.

As has been previously reported, Snail directly binds to the
E-cadherin promoter and represses its activity (2, 6). Nuclear

FIG. 7. The SRD of Snail modulates its nuclear export. (A) The
SRD of Snail determines its nuclear export. The indicated GFP fusions
with a deletion comprising amino acids 90 to 120 were expressed in
MDCK cells, and their distribution was analyzed in a confocal micro-
scope. (B) Phosphorylation of SRD modifies the subcellular distribu-
tion of Snail. This experiment was performed as described for panel A,
with the indicated SRD mutant forms of Snail and addition of LMB
when appropriate. WT, wild type.

FIG. 8. Snail is phosphorylated at the SRD. (A and B) Detection of
Snail protein as a doublet in cell lines. (A) Extracts were prepared
from MDCK or HT-29 M6 cells stably transfected with Snail (1) by
lysis of the cells in 25 mM Tris HCl (pH 7.5)–1 mM EDTA–1 mM
EGTA–1% SDS and analyzed by Western blotting after electrophore-
sis in 15% polyacrylamide gels. (B) Cell extracts were diluted 1:10 in 25
mM Tris HCl (pH 7.9)–10 mM MgCl2–1 mM DTT–100 mM NaCl–1%
Triton X-100 and incubated in a final volume of 350 �l without (�CIP)
or with (�CIP) 20 U of calf intestinal phosphatase (New England
BioLabs) for 6 h at 37°C. Migration of the Snail band was analyzed by
Western blotting as described above. (C) Immunoprecipitation of HA-
tagged Snail after 32P labeling. The indicated forms of Snail, tagged
with the HA epitope, were inserted into plasmid pcDNA3 and trans-
fected into RWP-1 cells. At 24 h after transfection, cells were labeled
for 3 h with 32P, cell extracts were prepared, and Snail was immuno-
precipitated with anti-HA antibody. A representative result of four
experiments performed is shown. No radioactivity was observed in the
Snail band when cells were transfected with an empty plasmid. A
parallel plate of cells transfected with the indicated plasmids was used
as a control for expression of the mutants; extracts were prepared
without labeling, immunoprecipitated, and analyzed by Western blot-
ting with anti-HA antibody. (D) Phosphoamino acid analysis of 32P-
labeled Snail. An immunoprecipitate from the experiment whose re-
sults are shown in panel C was hydrolyzed and analyzed by two-
dimensional thin-layer electrophoresis as indicated in Materials and
Methods. The migration of the phosphoamino acid standards is indi-
cated. PTyr, phosphotyrosine; PSer, phosphoserine; PThr, phospho-
threonine; WT, wild type.
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location of Snail protein should be essential for its transcrip-
tional function. Therefore, we predicted that cytosolic Snail
would not repress the E-cadherin promoter. Similarly, those
deletion mutants with impaired or absent nuclear location
would have inefficient repressor activity. To assess this, we
analyzed the repressive activity of the Snail mutants on a
300-bp proximal human E-cadherin promoter, which includes
the three E boxes described for Snail binding (2). As shown in
Fig. 9A, mutants with greater export efficiency, such as the
Snail Ser3Asp mutant, presented lower repression activity
than the wild-type protein or mutants deficient in export. This
effect was not due to impaired binding to DNA, since the Snail
Ser3Asp mutant bound an oligonucleotide probe containing
the CACCTG sequence just as efficiently as the wild-type pro-
tein did (data not shown).

Snail expression also causes induction of the mesenchymal
LEF-1 and fibronectin genes (14). As shown in Fig. 9B and C,
Snail induces a significant increase in the activity of the LEF-1
or fibronectin promoter. A P2A Snail mutant, unable to re-
press E-cadherin (2), did not induce these promoters, although
its cellular distribution was identical to that of the wild-type
protein, indicating that the SNAG box is essential for Snail
transcriptional effects independently of the nuclear localiza-
tion. As expected, Snail mutants that were retained better in
the nucleus, such as the Snail Ser3Ala and Leu139,1423Ala
mutants, caused greater activation of these promoters than did
the wild-type form, whereas Snail (Ser3Asp) was consistently
less active (Fig. 9B and C).

Phosphorylation of the serine-rich sequence modulates the
interaction between the amino- and carboxy-terminal domains
of Snail. Thus, phosphorylation of the SRD modulates the
function of the NES of Snail. One possible reason for this
result is that accumulation of charges in this region may pro-
mote conformational changes in the protein that cause unfold-
ing of the protein and exposure of the NES, which is normally
not accessible to the CRM1 transporter. Data obtained with
several Snail deletion mutants seemed to favor this hypothesis.
First, as mentioned above, deletion of the SRD in GFP-Snail
(1-151) did not impair its nuclear export, as it did when this

deletion was performed on the full-length protein (Fig. 7A).
This indicated that the presence of the zinc finger domain is
necessary for the SRD effects on NES function and suggested
the existence of an interrelationship between these two do-
mains.

Moreover, a mutant lacking the last zinc finger, Snail (1-
236), was excluded from the nucleus (Fig. 10A). The cytosolic
location of the Snail (1-236) mutant protein was reversed by
LMB treatment, indicating that this mutant had not lost its
ability to travel to the nucleus but that it was rapidly exported
(Fig. 10A). This mutation did not modify the nuclear distribu-
tion of the C-terminal domain, since Snail (152-236), a frag-
ment unable to be exported because it lacked the NES, was
detected in the nucleus (Fig. 10A). Hence, we deduced that the
last C-terminal amino acids may preclude the accessibility of
CRM1 to the NES in concert with the SRD.

This effect could be explained by a direct interaction be-
tween the N domain and the last zinc finger of the C-terminal
tail. To test this hypothesis, we cotransfected the two domains
as fusions with fluorescent proteins: Snail (1-151) was fused to
GFP, and Snail (152-264) was fused to red fluorescent protein
(RFP) (Fig. 10B). As expected, the C-terminal domain was
expressed in the nucleus. Only in cells expressing the RFP-C
domain was the above-described cytosolic location of the N
domain not observed. In these cells, and not in those without
expression of the C domain, the pattern observed for GFP-
Snail (1-151) was similar to that observed for the complete
protein. This confirmed that the C domain restricted the ex-
port ability of the N domain.

The association between the two domains was verified by
pull-down assays. The Snail N- and C-terminal domains were
fused to GST and MBP, respectively, and purified. As shown in
Fig. 11A and B, direct binding of the two domains was evi-
denced by the copurification of both in either glutathione-
Sepharose or amylose resin. An MBP–C-terminal domain fu-
sion lacking the fourth zinc finger, Snail (152-236), interacted
with GST-Snail (1-151) significantly less than the whole zinc
finger domain, Snail (152-264) (Fig. 11A and B). The interac-
tion was also detected when the C-terminal domain was tran-

FIG. 9. Phosphorylation of the SRD of Snail modulates its transcriptional activity. Effects of Snail mutations on repression of the E-cadherin
promoter and activation of the fibronectin or LEF1 promoter are shown. Promoter activity was assessed by using luciferase reporter assays, as
described in Materials and Methods, after transfection of the indicated Snail forms inserted into the vector pcDNA3. The results shown are the
average 	 the standard deviation of three (fibronectin or LEF1 promoter) or four (E-cadherin promoter) experiments performed in triplicate. WT,
wild type.
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siently expressed in RWP-1 cells. Very little association was
observed when the N-terminal domain was limited to the
1-to-82 sequence (Fig. 11C), suggesting that the 82-to-151 frag-
ment, which included the SRD and the NES, was necessary for
the association.

The interaction between the two domains was impaired
when the serines present in the SRD were mutated to Asp,
thus mimicking its phosphorylation (Fig. 11D). As expected,
no significant differences were observed between the binding
of the C-terminal domain to the GST-SNA (1-151) wild type or
the Ser3Ala mutant (data not shown). These results explain
why phosphorylation of SRD facilitates export: it hinders the
interaction between the two domains, exposing the NES.

The same conclusion was reached when the ability of the N-
and C-terminal domains to interact was analyzed in vivo with
different fluorescent proteins (Fig. 11B). The ability of the
RFP-Snail (152-264) fusion to translocate GFP-Snail (1-151)
to the nucleus was not detected when the Ser3Asp N-terminal
mutant protein was used, confirming that the presence of a
negative charge in this sequence prevents the interaction of the
two domains.

Snail phosphorylation and subcellular distribution are con-
trolled by cellular attachment to the ECM. We looked for
conditions that could regulate Snail phosphorylation and func-
tion. The extracellular matrix (ECM) microenvironment has
been reported to affect the characteristics of epithelial cells
(22). Acting through integrin activation, ECM proteins have
been shown to modulate E-cadherin expression (23, 26, 43).
Therefore, we checked whether integrin adhesion modulates
Snail phosphorylation. As shown in Fig. 12A and B, detach-
ment of cells from the plate caused an increase in the phos-
phorylation of the Snail protein present in the MDCK SNA1
cell line. This increase was observed following the shift in the
molecular weight of the Snail protein or the extent of 32P
incorporation into the protein. In both cases, a significant

increase in the phosphorylation of Snail was observed in cells
that were trypsinized before lysis, in contrast to the cells di-
rectly scraped into homogenization buffer (Fig. 12A and B).
Trypsinization also affected the cellular distribution of Snail
protein. As shown in Fig. 12C, Snail was observed mostly in the
nuclei in adherent MDCK SNA1 cells. However, resuspended
cells presented a different pattern, with a diffuse reactivity
throughout the cell. Vertical sections evidenced nuclei that
were not predominantly stained and, in some cases, seemed to
be excluded. Therefore, Snail phosphorylation and distribution
were altered by loss of cell attachment.

DISCUSSION

There is increasing evidence that regulation of the activity of
some transcription factors can be achieved by determining
their ability to reach the nucleus or stay in it (3, 27, 38, 47).
Some of these transcription factors, such as p53, have NESs
that direct their export through the CRM1 transporter (11, 12).
In some cases, nuclear export of a factor can be regulated by
phosphorylation on Ser/Thr residues (18, 31, 46). Thus, a
mechanism based on phosphorylation can control the tran-
scriptional activity of these factors by modulating their loca-
tion. As has been reported for these factors (10, 46), this way
of regulation permits rapid responses to extracellular stimuli or
other signals and results in a powerful modulation of the sys-
tem, as it can be switched on or off almost immediately.

In this report, we present data indicating that the transcrip-
tion factor Snail cycles between the nucleus and the cytosol of
cells and that the higher activity of a NES present in the
protein is responsible for its exclusion from the nucleus. This
NES has been allocated to amino acids 132 to 143 in mouse
Snail, a sequence that is conserved among all known mamma-
lian Snail homologues (human, mouse, dog, pig, and cow).
However, it is worth noting that this sequence is not present in

FIG. 10. Interaction between the N and C domains controls the intracellular location of Snail. (A) Deletion of the last 28 amino acids modifies
the subcellular distribution of Snail. Mutant forms of Snail were expressed as GFP fusions in RWP-1 cells for 24 h before their distribution was
determined. When indicated, LMB (5 ng/ml) was added and the mixture was incubated for 2 h. (B) The C-terminal domain of Snail shifts the
cellular distribution of the N domain. GFP-Snail (1-151) was cotransfected into RWP-1 cells with the RFP-Snail (152-264) fusion, and the
subcellular location of both fluorescent proteins was examined by confocal microscopy. WT, wild type.
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other family members, such as Slug. This raises the possibility
that only mammalian Snail can be exported from the nucleus.
It would be relevant to assess whether other previously unrec-
ognized sequences can perform a similar function in other
homologues or if the cytosolic location is exclusive to mamma-
lian Snail. Our results obtained with mutant forms that are
preferentially cytosolic indicate that nuclear export controls
the transcriptional activity of Snail, as could be foreseen. How-
ever, we cannot totally discard the possibility that cytosolic
Snail plays some positive role in the acquisition of migratory
abilities by tumor cells.

Although the activity of the NES seems to be responsible for
the cytosolic location of Snail, we have also considered that
enhanced nuclear import or retention in the cytosol can also
contribute to this location. Although the mechanism responsi-
ble for Snail import into the nucleus is still unknown, the
similar and rapid import of the Ser3Asp mutant and wild-type
forms of Snail after addition of LMB does not support this
possibility.

The distribution of Snail in the nucleus is not homogeneous.
As has been previously described for Slug (17), and as also
reported here, Snail is present in discrete foci in the nucleus.

These nuclear speckles have been identified as sites of active
RNA splicing on the basis of their costaining with the factor
U2AF65 (13). Snail accumulation in nuclear speckles was bet-
ter observed when nuclear export was inhibited with LMB,
suggesting that its presence in these structures precedes its
export. The presence of Snail in these nuclear foci was not
detected with the N and C domains of the protein in the
presence of LMB, which indicates that the entire protein is
required. Moreover, the Ser3Ala mutant does not accumulate
in speckles, suggesting that phosphorylation may be a requisite
for translocation to these structures. Other Snail mutants that
present an unfolded conformation, such as Snail (1-236) or
Snail (Ser3Asp), show a remarkable dotted staining when
nuclear export is inhibited with LMB, indicating that the open
conformation of the protein (see below) is required for asso-
ciation with nuclear speckles.

The activity of the NES is regulated by phosphorylation in an
adjacent SRD. Although we do not know which kinase(s) mod-
ifies Snail, a significant amount of the protein seems to be
modified in vivo. Analysis by Western blot assay indicates that
Snail migrates as a doublet with the two bands, corresponding
to the phosphorylated and unphosphorylated forms, present at

FIG. 11. Phosphorylation of the SRD regulates the interaction between the Snail N and C regions. (A and B) GST-Snail (1-151) was incubated
with MBP fusions containing the 152-to-264 and 152-to-236 C-terminal fragments of Snail, both tagged with the HA epitope. Complexes were
bound to glutathione-Sepharose (A) or amylose resin (B) and analyzed by Western blotting (WB) with the indicated antibodies. As a control, the
same GST and MBP fusions were incubated with similar amounts of MBP and GST, respectively. (C and D) The N-terminal half of Snail (1 to
151) and the corresponding mutant forms were fused to GST and incubated with cell extracts from RWP-1 cells expressing the C-terminal domain
of Snail (152 to 264) tagged with the HA epitope. Complexes bound to glutathione-Sepharose beads were analyzed by Western blotting against
HA or GST as a control. The molecular masses of the fusion proteins containing the different fragments of Snail are indicated. WT, wild type.

VOL. 23, 2003 REGULATION OF Snail TRANSCRIPTIONAL ACTIVITY 5087



almost equimolecular levels. This result indicates that approx-
imately 50% of the Snail protein in the cells studied is modi-
fied. Furthermore, phosphorylation is relevant to the structure
of Snail: introduction of negative charges into this SRD hin-
ders the interaction of this region with the C-terminal zinc
finger domain and induces a conformational change that, pre-
sumably, makes the NES more accessible to the CRM1 trans-
porter. Our data also suggest an important role in the inter-
action with the N domain for the last zinc finger, since a
C-terminal domain lacking this structure interacts inefficiently
with the N terminus. However, it is also possible that this
atypical zinc finger does not interact directly with the N do-
main but coordinates the structure of the rest of the fingers in
the zinc finger domain. Anyhow, these results indicate for the
first time the role of the SRD, a domain conserved in all Snail

family members. Since only unfolded Snail protein is located in
the nuclear speckles, it is also possible that phosphorylation,
through changes in the structure of Snail, may modulate other
Snail actions, even in the absence of export. This possibility
would require that its presence in the different nuclear struc-
tures affects the activity of Snail.

Our results show that a substantial amount of Snail is phos-
phorylated in epithelial cells and that the modified protein is
much less active as a repressor of E-cadherin or as an inducer
of the mesenchymal genes. However, when phosphorylated, it
retains the ability to bind DNA. We think that, rather than
inactivating the transcriptional repressor activity of Snail,
phosphorylation probably just shifts the protein out of the
nucleus, blocking its access to the target promoters. Therefore,
in the absence of other changes, Snail promotes its effects on
the epithelial phenotype when its cellular levels increase above
a certain threshold, it cannot be totally phosphorylated and
exported, and it stays in the nucleus. Accordingly, Snail over-
expression has been reported to repress epithelium-specific
genes and to induce mesenchymal genes in several cellular
systems (2, 6, 45). However, as this threshold does not have to
be the same in different epithelial cell lines, the total levels of
Snail protein are not fully indicative of its activity. These re-
sults explain why, in some cell lines, Snail and E-cadherin
RNAs have been detected simultaneously (15).

We also present data indicating that Snail phosphorylation,
intracellular distribution, and activity are controlled by cell
attachment to the ECM. There is a rapidly growing body of
evidence indicating that the extracellular environment affects
the phenotypic characteristics of many epithelial cells (22).
Effects of the ECM have also been attributed to tumor pro-
gression, in particular, to the acquisition of invasive properties
by the cells situated at the edge of the tumor (5; discussed in
reference 1). We have previously reported that the ECM, act-
ing through the activation of the integrin-linked kinase, can
promote activation of Snail transcription and a mesenchymal
transition (40). The results presented here add additional com-
plexity to this system, since Snail is also activated posttransla-
tionally by attachment to the extracellular environment. Ex-
periments need to be performed to further characterize the
signal pathway involved in the phosphorylation of Snail and to
identify the Snail kinase. The possible involvement of kinases
related to integrin activation is currently being studied in the
laboratory. In any case, these results suggest that cells with low
levels of Snail present the ability to respond to changes in the
microenvironment with a rapid modulation of Snail-sensitive
genes. The possibility that Snail also plays a role in certain
properties of epithelial cells, for instance, in cell migration,
also deserves to be investigated.
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