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Snail/Slug family proteins have been identified in diverse species of both vertebrates and invertebrates. The
proteins contain four to six zinc fingers and function as DNA-binding transcriptional regulators. Various
members of the family have been demonstrated to regulate cell movement, neural cell fate, left-right asym-
metry, cell cycle, and apoptosis. However, the molecular mechanisms of how these regulators function and the
target genes involved are largely unknown. In this report, we demonstrate that human Slug (hSlug) is a
repressor and modulates both activator-dependent and basal transcription. The repression depends on the
C-terminal DNA-binding zinc fingers and on a separable repression domain located in the N terminus. This
domain may recruit histone deacetylases to modify the chromatin and effect repression. Protein localization
study demonstrates that hSlug is present in discrete foci in the nucleus. This subnuclear pattern does not
colocalize with the PML foci or the coiled bodies. Instead, the hSlug foci overlap extensively with areas of the
SC-35 staining, some of which have been suggested to be sites of active splicing or transcription. These results
lead us to postulate that hSlug localizes to target promoters, where activation occurs, to repress basal and
activator-mediated transcription.

The transcriptional regulator Snail is the prototype of a
family of zinc finger proteins that participate in various devel-
opmental and physiological processes. The snail mutant was
first identified in a large-scale screen for genes involved in
Drosophila embryonic patterning (45). Embryos that are ho-
mozygous for loss-of-function mutations of snail exhibit defects
in gastrulation, mesoderm formation, and germ band retrac-
tion (16, 45, 54). snail is expressed in the ventral cells of the
blastoderm-stage embryo (1, 33, 35). By directly binding to the
target promoters, Snail represses neuroectodermal genes such
as rhomboid and single-minded in the mesodermal territory to
prevent the mixing of cell fates (6, 29, 32, 33, 37). Snail may
also regulate other target genes that are important for ventral
cell invagination (8, 23, 28).

A number of genes that encode proteins with extensive ho-
mology to Snail in the zinc finger domain have been identified
in various species (2, 11, 12, 19, 30, 31, 34, 38, 43, 44, 48, 50, 51,
53, 55, 58–60, 63, 65). snail and related genes in Drosophila,
including escargot, worniu, and scratch, have been shown to be
critical, in some cases redundantly, for wing imaginal cell de-
velopment or neural cell fate determination (2, 14, 15, 22, 48).
The urochordate Ciona genome has a snail homolog that is
expressed in the dorsal neuroectoderm and functions as a
repressor for the brachyury gene (12, 13). Similarly, a cepha-
lochordate snail is expressed in paraxial mesoderm and lateral
neural plate (34). Such expression of the protochordate snail
genes is reminiscent of the embryonic patterns of vertebrate
snail homologs, including those from the frog, chicken, zebra
fish, and mouse (7, 19, 31, 43, 44, 50, 51, 53, 55, 58, 59). The
vertebrate homologs can be further divided into the Snail and

Slug subgroups (53). While both subgroups contain similar zinc
finger domains in the C termini, members of the Slug sub-
groups are also particularly highly conserved among them-
selves throughout the N termini (Fig. 1).

The expression patterns of Snail and Slug proteins suggest
conserved functions in cell migration during embryonic devel-
opment. Functional studies demonstrate that chick and frog
embryos incubated with Slug antisense oligonucleotides exhibit
defects in early development (7, 44). These defects include
epithelial-mesenchymal transition of the mesodermal cells, mi-
gration of neural crest cells, and formation of neural tubes. In
contrast, null mutations of a Slug homolog in the mouse (mSlug
or Slugh) do not exhibit obvious defects in the embryo (31),
suggesting that the function of Slug in the mouse may be
substituted by other Snail family proteins (7, 31). In addition to
the possible roles in controlling cell migration, Snail-related
proteins also participate in determining left-right asymmetry
(30) and in regulating apoptosis (26, 39). Such diversity of
cellular processes that Snail proteins are involved in under-
scores the importance of these evolutionarily conserved pro-
teins. Some Snail family proteins have been demonstrated to
function as transcriptional regulators, but very limited number
of in vivo target genes have been identified (29, 32). Further-
more, the molecular mechanism of how this family of proteins
mediate various cellular processes, which when perturbed lead
to the observed phenotypes, is largely unknown.

We demonstrate here that the human Slug (hSlug) is a
transcriptional repressor. Both activator-dependent and basal
transcription are repressed by hSlug. The repression depends
on DNA binding, but the DNA-binding zinc fingers are nec-
essary but not sufficient to mediate repression. Deletion anal-
ysis reveals that the N terminus of hSlug, when linked to a
heterologous DNA-binding domain (DBD), can mediate re-
pression. While this 129-amino-acid (a.a.) N terminus pos-
sesses multiple regulatory motifs, the first 32 aa are responsible

* Corresponding author. Mailing address: Program in Molecular
Medicine, University of Massachusetts Medical School, 373 Plantation
St., Worcester, MA 01605. Phone: (508) 856-5136. Fax: (508) 856-
4289. E-mail: Tony.Ip@umassmed.edu.

5087



for most of the repressor activity. The repression is alleviated
by tricostatin A (TSA), suggesting a possible involvement of
histone deacetylases (HDACs) and chromatin modification.
Immunofluorescence staining reveals a punctated pattern of
hSlug localization in interphase nuclei. This subnuclear distri-
bution colocalizes with SC-35 staining but not with PML foci or
coiled bodies. Together, these results suggest that rather than
bringing the target genes into separate chromatin domains to
achieve silencing, hSlug modulates target promoters locally
where both activation and repression occur.

MATERIALS AND METHODS

cDNA isolation and Northern analysis. A sequence search was performed
using the sequence of Drosophila snail to match expression sequences from the
human EST (expressed sequence tag) database. The full-length Slug cDNA was
subsequently identified from a melanocyte cDNA library (Soares melanocyte
2NbHM; constructed by Bento Soares and M. Fatima Bonaldo, National Insti-
tutes of Health) and confirmed by sequencing. Comparison with the genomic
sequence available from the database (accession no. AF042001) (11) and North-
ern assay showed that it is likely a full-length cDNA. Northern analysis was
performed using blots that contained approximately 2 mg of mRNA from various
adult human tissues (Clontech product no. 7760-1 and 7759-1). The blots were
hybridized with random prime-labeled full-length hSlug cDNA. Hybridization
was carried out for 20 h at 42°C in a buffer that contained 50% formamide. The
blot was then washed sequentially with buffers that contained 23 SSC (13 SSC
is 0.15 M NaCl plus 0.015 M sodium citrate)–0.1% sodium dodecyl sulfate (SDS)
and 0.53 SSC–0.1% SDS. The final wash was carried out at 42°C. The rat 18S
rRNA probe was used to perform subsequent hybridization on the same blots.

Electrophoretic mobility shift assays. The double-stranded Snail-binding site
(SBS) was annealed from synthesized oligonucleotides with the sequences 59-T
GAGGTAGCAGGTGCACG-39and 59-TGAGCGTGCACCTGCTAC-39. The
underlined sequence is the core recognition sequence for Snail family proteins.
The SBS mutant oligonucleotides change this core sequence to 59-GTTACT-39
and 59-AGTAAC-39, respectively. The annealed SBS was end labeled with T4
polynucleotide kinase in the presence of [g-32P]ATP and then filled in the
overhangs with Klenow polymerase in the presence of deoxynucleotides. The
end-labeled DNA fragment was incubated with Escherichia coli extract pro-
grammed to express hSlug. The wild-type and zinc finger-deleted hSlug coding
sequences were placed into the pAR3040 vector. The plasmids were transformed
into E. coli BL21, and protein production was induced with isopropyl-b-D-
thiogalactopyranoside. The end-labeled DNA and the protein extracts were
allowed to incubate in a buffer as described previously (27) for 10 min at room
temperature. The mixture was then analyzed in a 4% acrylamide gel, followed by
autoradiography.

Plasmid construction and transfection assays. The hSlug cDNA sequence
from 285 to 1984 (where 11 is the translation start site) was cloned into the
pCDNA3 vector for transfection. The reporter plasmid contains a basal pro-
moter placed upstream of the luciferase (luc) gene coding sequence. The hSlug
response sequence contains three tandem repeats of the SBS (the sequence of
the top strand is 59-AGCTTAGCAGGTGCACGATATCAGCAGGTGCACC
ATATGAGCAGGTGCAA-39). The SBS fragment was cloned into the HindIII
site of the reporter vector containing either the 73 AP1 recognition sequence or
43 Gal4 recognition sequence. The hSlug deletion series were constructed by
PCR amplification of specific regions and then fusion of various DNA fragments

with the Gal4 DBD in the pCDNA3 vector. The primers for generating the
deletions and fusions are P1 (59-CGGGGTACCCCTGGCCCGCCGCGATGC-
39), P2 (59-CGCGGATCCCTGAAACTTTTCAGCTTC-39), P3 (59-CGCGGA
TCCATGAAGCTACTGTCTTCT-39 [for Gal4 DBD]), P4 (59-CTAGTCTAG
ATCAGAATTCCGGCGATACAGT-39 [for Gal4 DBD]), P5 (59-CGGGGTA
CCATGTTTCAGTGCAATTTATGC-39), P6 (59-GTGGGAATTCCATATGT
CAGTGTGCTACACAGCA-39), P7 (59-CGCGGATCCGGTGTCAGATGGA
GGAGG-39), P8 (59-CGCGGATCCAGCAGCGGTAGTCCACAC-39), P9 (59-
CGCGGATCCATACGGGGAAATAATCAC-39), P10 (59-CGCGGATCCGC
TGTAGTTTGGCTTTTT-39), P11 (59-CGGGGTACCCGCCAGACCCGCTG
GCAAGATGCTCTATGAGAGTTACTCC-39), P12 (59-CGGGGTACCCGCC
AGACCCGCTGGCAAGATGGCATACAGCCCCATCACT-39), and P13 (59-
GTGATTATTTCCCCGTATCCATTCCACGCCCAGCTA-39). For generating
mutants M1 to M15 by PCR, the primer combinations given in parentheses were
used: M1 (P1 and P2), M2 (P5 and P6), M3 (P1 and P2), M4 (P1 and P7), M5
(P1 and P8), M6 (P1 and P9), M7 (P1 and P10), M8 (P11 and P2), M9 (P11 and
P7), M10 (P11 and P8), M11 (P12 and P2), M12 (P12 and P7), M13 (P12 and P8),
M14 (P1, P13, and P2), M15 (P1, P13, and P7). The fragments of M1 and M2
were cloned directly into the pCDNA3 vector, while the products of M3 to M15
were cloned into pCDNA3 vector along with the Gal4 DBD PCR fragment
amplified by primers P3 and P4 to generate the fusions.

Antibody production and immunofluorescence staining. Full-length hSlug
protein was expressed in E. coli BL21 and purified by SDS-polyacrylamide gel
electrophoresis. The purified proteins were used to immunize two guinea pigs
(Pocono Rabbit Farms, Canadensis, Pa.). The antibodies were affinity purified by
the filter binding method and then used for immunofluorescence staining. HeLa
cells or 293T cells were grown on coverslips, fixed in methanol, and rehydrated
with 13 phosphate-buffered saline (PBS). The cells were then blocked in PBT
(13 PBS, 2% bovine serum albumin, 0.5% Triton X-100) for 20 min, with one
change of the buffer. Cells were incubated with antibodies in the same buffer for
1 h, washed 10 times each with 100 ml of PBT, and then incubated with fluoro-
chrome-conjugated secondary antibodies for 20 min in the same buffer. The cells
were washed a few times with PBT, once with 13 PBS, and once with deionized
water and then mounted in glycerol-antifade (1 mg of p-phenylenediamine [Sig-
ma] per ml, 9 ml of glycerol, 1 ml of 103 PBS) medium. Confocal microscopy was
carried out using a Leica TCS NT microscope. The affinity-purified hSlug anti-
bodies were used at 1:5 dilution, and the PML (36) and coilin (67) antibodies
were used at 1:100 dilution; both antibodies were raised in rabbits. The SC-35
monoclonal antibodies (Sigma) were used at 1:1,000 dilution. The hemagglutinin
(HA) monoclonal antibody was used at 1:100 dilution.

RESULTS

Structure and expression of hSlug. We searched for genes in
the human EST database that have homology with Drosophila
snail. Subsequently, we isolated a full-length cDNA that has
homology to snail in the zinc finger-encoding region and to
chicken Slug throughout the coding region. This hSlug se-
quence has since been reported by other laboratories (11, 26).
The zinc finger domains of the Slug proteins are homologous
(about 70% identity) to those of all other members of the Snail
family. However, the N termini of the Slug subgroup, while
95% identical among themselves, are more divergent from
other Snail proteins (Fig. 1) (31, 38, 44). Another interesting

FIG. 1. Structural relationship of Snail family proteins. The three proteins shown on the top, Snail, Worniu, and Escargot, are from Drosophila. mSnail is from the
mouse, and the three Slug proteins are from the mouse, chicken, and human, respectively. The other members of the family, including two zebra fish Snails, frog Snail
and Slug, protochordate Snails, chicken Snail, human Snail, and Drosophila Scratch, are not shown here. The N termini of all three Drosophila proteins are highly
divergent among themselves; these regions are also highly divergent among vertebrate and invertebrate proteins. The Drosophila N-terminal (NT) box and the
vertebrate SNAG domain are different motifs, but both contain highly basic amino acid residues. The C-terminal binding protein (CtBP) interaction motif has the
sequence related to P-DLS-K/R (41, 42, 47). The DBD contains four to six highly conserved zinc fingers.
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feature is that the N-terminal 7 aa are conserved among ver-
tebrate Snail family proteins and Gfi-1 proteins. These amino
acids constitute part of the SNAG (Snail/Gfi-1) domain, which
has been shown in the Gfi-1 proto-oncoprotein to be essential
for mediating transcriptional repression and nuclear localiza-
tion (18). In addition, many Snail family proteins contain one
to two short stretches that are similar to the P-DLS-R/K se-
quence, which are potential C-terminal binding protein core-
pressor interaction motifs (41, 42, 47).

To gain insight into the possible functions of hSlug, we ex-
amined the expression in various adult human tissues. North-
ern analysis revealed a prominent band of approximately 2.2 kb
(Fig. 2), a size similar to that of the cDNA obtained. The
hybridization signals were detected in all tissues tested except
peripheral blood leukocytes, similar to findings presented in a
recent report (26). The level of expression was higher in the
ovary than in other tissues tested. Thus, the hSlug transcript is
expressed in most adult human tissues.

hSlug binds to the consensus sequence that interacts with
Snail family proteins. The DNA-binding ability of hSlug was
examined by electrophoretic mobility shift assays. Since there
is no known target gene in humans, we designed an oligonu-
cleotide (SBS) that contains the consensus core CAGGTG
sequence, to which Snail, Escargot, and mSnail can bind (14,
29, 37, 40). The bacterial extract containing hSlug exhibited a
prominent DNA-binding activity that interacted with this oli-
gonucleotide (Fig. 3). This activity was present only in extract
that was programmed to express hSlug (lanes 2 to 4), not the
control extract (lane 1). Furthermore, the DNA-binding activ-
ity was absent if the zinc finger domain was deleted (lanes 5 to
7). These results demonstrate that hSlug can interact with
DNA and that the binding requires the zinc finger domain.

A competition assay was carried out to test the specificity of
hSlug toward the target sequence. Increasing amounts of the
same, unlabeled SBS competed efficiently with the binding
(Fig. 3, lanes 8 to 10), while a similar oligonucleotide that had
the core consensus mutated could not compete (lanes 11 to
13). The results demonstrate that hSlug is a sequence-specific
DNA-binding protein and can recognize the same target site as
other members of the family. A recent study (26) using random
selection also revealed that hSlug can interact with sequences
containing the core consensus that we used here.

To further demonstrate that the DNA-binding activity in the
bacterial extract contained the hSlug protein, we performed
antibody interaction assays. Antibodies were raised using non-

fusion, full-length proteins which were purified through gel
electrophoresis separation and subsequent elution. Antisera
obtained from two immunized animals contained activities that
blocked the formation of the DNA-protein complex in the
mobility shift assay (Fig. 3, lanes 16 and 18). The disappear-
ance of the major complex was concomitant with the appear-
ance of a weak supershift complex. The preimmune sera did
not exhibit this activity (lanes 17 and 19). These results further
support the conclusion that hSlug is the protein in the extracts
responsible for the specific DNA-binding activity.

Repression of basal and activated transcription by hSlug.
To test whether hSlug can function similar to Drosophila Snail
as a transcriptional regulator, we performed transfection as-
says using the target DNA motif tested in the previous series of
experiments. Human 293T embryonic kidney cells were co-
transfected with various combinations of plasmids that con-
tained different protein coding sequences under the control of
the cytomegalovirus promoter and different target motifs
placed upstream of a minimal promoter-driven luc reporter
gene. The low level of activity exhibited by the luc reporter was
considered the basal transcriptional activity. The addition of
JunD or Gal4-VP16 activator resulted in much higher lucif-
erase activity, which was dependent on the presence of correct
targets (Fig. 4A and C), because in the absence of an AP1 or
Gal4 binding motif no activation occurred (data not shown).
Cotransfection of an hSlug expression plasmid into this system
did not result in a significant change of reporter activity (Fig.
4A and C), demonstrating that expression of hSlug alone can-
not modulate the transcriptional activities of irrelevant target
genes. In contrast, when SBS were placed upstream of the
activator sites, the reporter activities were much lower in the
presence of cotransfected hSlug (Fig. 4B and D). The results
demonstrate that hSlug, upon binding to the targets, can re-
press activator-dependent transcription.

Careful examination of the reporter gene activity revealed
that basal transcription was also repressed by hSlug (Fig. 4B
and D). This repression of basal activity was dependent on the

FIG. 2. mRNA expression of hSlug in adult tissues. The hSlug full-length
cDNA was used to prepare a radioactive probe, which was then used to hybridize
with mRNA from various human tissues. The analysis reveals a single mRNA
species of approximately 2.2 kb that hybridized with the probe. Expression is
relatively high in the ovary and almost undetectable in peripheral blood leuko-
cytes. All other tissues tested have detectable and variable levels of expression.
The lower panel shows hybridization of the same blots after stripping using the
rat 18S rRNA probe, which cross-hybridized with the homologous human tran-
scripts.

FIG. 3. hSlug is a sequence-specific DNA-binding protein. Bacterial extracts
that contained full-length or zinc finger domain-truncated hSlug proteins were
incubated with a double-stranded oligonucleotide probe that contained the con-
sensus SBS. The mixture was then analyzed on an acrylamide gel. A prominent
protein-DNA complex was detected that has slower mobility than the free DNA
(lanes 2 to 4, increasing amount of extract). This complex was not seen in extract
that contained the zinc finger domain-deleted hSlug (lanes 5 to 7). The compe-
tition assay (lane 8 to 14) demonstrates that the wild-type, unlabeled oligonu-
cleotide (SBS) is an efficient competitor, while the oligonucleotide that contained
mutations in the recognition core (SBSmut) could not compete. One microliter
each of two antisera (ab1 and ab2) raised against full-length hSlug protein was
added in similar assays (lane 15 to 21). The antisera abolished complex forma-
tion, while the preimmune sera (preimm1 and 2) did not. Weak bands (*) with
slower mobility were also formed when the antisera were added to the mixture,
indicating the formation of complexes that contained the antibodies for hSlug.
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correct target site, since reporter plasmids that did not contain
SBS were not repressed by hSlug expression (Fig. 4A and C).
Although the repression of basal transcription on the 73 AP1
recognition sequence-containing reporter was not as efficient,
better repression could be obtained with increasing amounts of
transfected hSlug (data not shown). It may be that there are
endogenous activators that interact with these AP1 sites and a
higher concentration of hSlug is required to overcome this
activity.

Alternatively, the apparent repression of basal transcription
could be due to the competition by hSlug of an endogenous

protein that activates through interaction with the SBS. To
further investigate this alternative possibility, we constructed a
fusion protein that contained the N terminus of hSlug and the
heterologous Gal4 DBD. Cotransfection of the Gal4 DBD
alone led to a modest increase in reporter activity, showing that
the occupation of the target promoter by a DNA-binding pro-
tein does not automatically result in repression. The cotrans-
fection of hSlug and the Gal4 DBD, in contrast, led to a 4 fold
decrease in reporter activity compared with the reporter plas-
mid itself, or a 10-fold decrease compared with the reporter in
the presence of Gal4 DBD (Fig. 4E). The result confirms that
hSlug can repress transcription from the basal promoter.

hSlug-dependent repression is mediated through a separa-
ble N-terminal domain. Systematic analysis of the structural

FIG. 4. Repression of basal and activated transcription by hSlug. Human
293T cells were transfected with different combinations of expression and re-
porter plasmids. The specific DNA-binding sites on the promoter of the reporter
plasmids used are illustrated at the top of each panel. Luciferase reporter
activities were measured 48 h after transfection. In the presence of appropriate
binding sites, JunD (A) and Gal4-VP16 (C) increased the reporter activity
substantially, indicating activation of transcription. The addition of hSlug did not
repress transcription if the binding sites for hSlug were not present (A and C). In
the presence of the SBS, hSlug repressed the activated transcription by both
JunD and Gal4-VP16 (B and D). Furthermore, the basal transcription was also
repressed significantly by hSlug (B and D). Panel E shows that a fusion construct,
the hSlug N terminus fused with the Gal4 DBD, repressed basal transcription.
The reporter contained the Gal4 binding sites and was modestly activated by the
GAL4 DBD alone. Therefore, occupation of the binding sites by the hSlug fusion
reduces the activity to a level much lower than the basal level, suggesting active
repression.
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requirement of hSlug reveals that a repression domain is
present in the N terminus of the protein. We first examined the
C-terminal DBD or the N-terminal half of hSlug and found
that neither was sufficient for repressing JunD-activated tran-
scription (Fig. 5, M1 and M2). Therefore, it is likely that the
DBD brings the protein to the target promoters and the N-
terminal regulatory domain mediates the repression. To test
this hypothesis, we designed a construct that had the N termi-
nus of hSlug fused with the heterologous Gal4 DBD. Cotrans-
fection assays demonstrated that this fusion protein (construct
M3) repressed the activated transcription by JunD in a Gal4
binding-site-dependent manner (Fig. 5 and data not shown).
As shown in Fig. 4, this fusion protein also repressed basal
transcription.

The N-terminal domain was further analyzed by deleting
various portions of the protein. Sequential deletion from the C
terminus (constructs M4 to M6) caused only minor loss of the
repressor function. Thus, the first 32 aa of the protein contains
the major activity. These result are consistent with the impli-
cation of the SNAG domain in repression. However, unlike
Gfi-1, the first 20 aa of hSlug is not sufficient for maximum
repression. Half of the activity was lost when a smaller con-
struct (M7) was analyzed. When the first 32 aa were deleted
from the otherwise full-length N-terminal domain, the repres-
sor activity disappeared (construct M8). Therefore, the 32-aa
segment is necessary and no other region in the N terminus can
replace its function.

Interestingly, deletion of the N-terminal 32 aa caused a

dramatic change in regulatory activity, such that the fusion
protein became a potent activator. This protein could function
as an activator with or without the addition of JunD. The core
activation domain was localized between aa 33 and 63 (M10),
while it best activated when extended to aa 94 (M9). When the
core central domain from aa 33 to 63 was deleted (M14 and
M15), the activation was lost. The M14 construct, which con-
tains all of the N terminus except the central domain actually,
functioned as the best repressor. Therefore, the central do-
main may antagonize the repression function in the context of
the full-length protein. The presence of such an activation
domain implies that hSlug can be an activator in vivo or that it
is an artifact of deletion manipulation (see Discussion).

The structure-function analysis, thus, demonstrates that the
N terminus of hSlug contains a tripartite transcriptional regu-
latory domain. The core repressor domain is located in the first
32 aa of the protein. The middle 30 aa can activate transcrip-
tion, but the activation potential is masked by the core repres-
sor domain. The last 30 aa of the N terminus functions as a
helper domain for repression. These different functional mod-
ules may contribute to the in vivo regulatory activities of hSlug.

hSlug-mediated repression is alleviated by an HDAC inhib-
itor. Many repressors recruit corepressor proteins to form the
functional units which can modify chromatin (3, 9, 10, 66).
Chromatin modification proteins include HDACs, which re-
move acetyl groups from the histones and lead to compacting
of chromatin (4, 46). Since hSlug can repress activator-medi-
ated and basal transcription, we tested whether hSlug-medi-

FIG. 5. The N terminus of hSlug contains both repression and activation modules. A transfection assay using the M1 and M2 constructs and SBS-containing reporter
demonstrates that neither the N or C terminus of hSlug changes the reporter activity. Various portions of the N terminus of hSlug were then fused in frame with the
Gal4 DBD (A). The constructs were cotransfected with a luciferase reporter that contained both four Gal4 binding sites (for hSlug-Gal4 repression) and seven AP1
binding sites (for JunD activation) (B). The N-terminal hSlug-Gal4 DBD fusion (M3) repressed activation efficiently, demonstrating the presence of the repression
domain in the N terminus. Serial deletion shows that the first 32 aa contain the most potent repression domain. This domain is dominant over the central activation
domain (aa 33 to 94). The region from aa 95 to 129 contains a helper domain for repression (compare M3 and M4 with M14 and M15), since the construct M14 presents
the best repressor activity. However, this helper domain is not sufficient to override the activation by the central domain (M8). Full-length hSlug, M1, and M2 were
transfected with a different reporter that contained the SBS target.
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ated repression may involve HDAC. Transfection assays were
carried out in the presence of increasing amounts of the
HDAC-specific inhibitor trichostatin A (TSA). As controls, the
addition of TSA up to 200 ng/ml led to a modest (1.8- or
3.6-fold) increase of basal reporter activity; TSA also led to
some (2- or 5-fold) increase of transcription in the presence of
the activators (Fig. 6). While hSlug reduces the activator-me-
diated transcription approximately 10-fold, the addition of
TSA led to a significant reversal of reporter activity. For JunD,
TSA at 200 ng/ml increased transcription twofold, while the
same concentration released the repression of hSlug fivefold
(Fig. 6A). For Gal4-VP16, TSA alone increased transcription
5-fold, but the inhibitor released the repression of hSlug 18-
fold (Fig. 6B). These results indicate that hSlug represses tran-
scription possibly through the help of HDACs.

Colocalization of hSlug with transcription/splicing foci. Im-
munofluorescence staining using anti-hSlug antibodies reveals
that the proteins are present in discrete foci in interphase
nuclei (Fig. 7). The hSlug antibodies were raised against bac-
terially expressed, gel-purified, full-length, nonfusion hSlug
protein. Staining with affinity-purified antibodies revealed that
more than 50 foci of hSlug could be detected in the nuclei of
HeLa cells (Fig. 7A, E, and H) and 293T cells (data not
shown). The staining was not observed with preimmune sera,
and sera obtained from two independent animals showed iden-
tical pattern. Furthermore, the antisera showed the same stain-
ing pattern both before and after affinity purification. Also,
staining was abolished when the antisera were first incubated
with purified hSlug protein (data not shown). These same two
antisera can inhibit in vitro hSlug DNA binding, as shown in
Fig. 3. We further tested whether transfected hSlug exhibited
specific nuclear staining. Full-length hSlug was fused with the

HA tag, and the transfected protein was visualized by immu-
nofluorescence staining using monoclonal anti-HA antibody.
Cells that expressed the fusion protein frequently showed
punctate HA staining (Fig. 7K, compare the differential inter-
ference contrast [DIC] image of surrounding cells in Fig. 7J).
Thus, the subnuclear staining revealed by the anti-hSlug anti-
bodies likely represents the distribution of endogenous hSlug
protein.

The intensity and size vary among the hSlug foci, and these
nuclear foci are not located in the nucleoli (compare the DIC
image in Fig. 7D with the immunofluorescence staining in Fig.
7A). We then tested whether hSlug colocalized with other
known nuclear structures. The PML protein involved in acute
promyelocytic leukemia has been found in discrete nuclear
foci, which colocalize with the SP100 and the HP1 heterochro-
matin protein foci (52, 61, 62). The double staining with PML
showed that the hSlug staining did not overlap with the PML
foci (Fig. 7E to G). The hSlug staining, on the other hand, is
reminiscent of the punctate pattern of splicing factor SC-35
nuclear staining (25, 56, 57, 64). SC-35 foci represents active
splicing sites as well as nascent transcription regions (25, 56,
57, 64). Indeed, double staining revealed that hSlug and SC-35
overlapped extensively (Fig. 7A to C).

Another well-studied nuclear structure is the coiled body,
which has been suggested to be the site of spliceosome assem-
bly (5). We tested whether hSlug might be associated with
these sites by double staining of hSlug together with the mono-
clonal antibody R228, which recognized coilin, a resident pro-
tein of the coiled bodies. The results showed that there was no
overlap of the two patterns (Fig. 7H to J). Therefore, it is more
likely that hSlug is associated with active transcription or ac-

FIG. 6. hSlug repression is affected by an HDAC inhibitor. The cultured cells were cotransfected with expression plasmids as indicated. The reporter plasmids
contain the corresponding binding sites for both protein expression plasmids. The HDAC inhibitor TSA was added 24 h after transfection; the cells were harvested 24 h
later. The presence of dimethyl sulfoxide solvent (2TSA) did not result in any relief of repression. Basal transcription and activated transcription could be elevated
to some extent by the addition of TSA, demonstrating some nonspecific increase of transcription. However, the addition of TSA caused more significant relief of the
hSlug-mediated repression (5-fold versus 2-fold in panel A; 18-fold versus 5-fold in panel B). These suggest that HDACs may mediate part of the repressor function
of hSlug.
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FIG. 7. Colocalization of hSlug with SC-35 domains. The antibodies raised against hSlug were affinity purified and used for immunofluorescence staining. The
staining for hSlug is predominantly nuclear and punctate in HeLa cells (A to J) as well as in other cell types tested (data not shown). Furthermore, the transfected
hSlug-HA fusion protein in 293T cells (K and L) also exhibited punctate nuclear staining. Double stainings were performed together with the anti-SC-35 (A to C),
anti-PML (E to G), and anti-coilin (H to J) antibodies. There are fewer foci for PML, and the pattern does not overlap with that of hSlug (PML staining is indicated
by arrows in panels F and G). Similar double staining with SC-35 shows that the two patterns overlap extensively (two examples are indicated by the arrows in panels
A to C). The coiled bodies also contain splicing factors, but the double staining with coilin reveals that hSlug and coilin do not colocalize (coilin staining is indicated
by arrows in panels I and J). All panels are images obtained from confocal microscopy.
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tive-splicing regions, not the regions that assemble the splicing
complexes.

DISCUSSION

We have demonstrated that the hSlug protein can function
as a transcriptional repressor, and the repression depends on
the N-terminal half, which is separable from the DNA-binding
zinc fingers. The repression has a dominant effect on neigh-
boring activator-mediated and basal transcription. hSlug ap-
pears to be colocalized with SC-35 foci in the nucleus. Such
foci have been shown to be sites of active splicing and tran-
scription. Thus, hSlug may repress gene expression by locating
itself to the target sites where active transcription occurs.

The analysis of Drosophila Snail provided much information
regarding the molecular function of this protein family. Snail
binds directly to at least three target promoters and represses
gene expression in the early embryo (6, 8, 23, 28, 29, 32, 33, 35,
37). The repression domain resides in the N terminus (17).
However, this N terminus of Snail is highly divergent and is
approximately twice the length of hSlug (Fig. 1). Therefore, it
was not clear whether hSlug could function as a repressor, or
whether the two proteins use any conserved motif to repress
transcription. The results presented in this paper demonstrate
that hSlug not only binds to similar target sequences but also
represses transcription through the N terminus. The first 32 aa
of the N terminus constitute the major repressor activity, and
the region contains a partial SNAG domain. It has also been
shown that mSnail functions as a repressor in cultured cells and
that its SNAG domain is essential (40). However, we show
here that the SNAG domain (20 aa) of hSlug is not sufficient.
The most potent repression domain requires the first 32 aa,
which are highly conserved among vertebrate Snail and Slug
proteins. How this domain mediates repression requires fur-
ther investigation.

A mechanism of repression is to heterochromatinize the
target region to ensure long-range silencing for a long period
of time (10, 24). Our results suggest that hSlug, although it can
silence neighboring genes efficiently, does not seem to bring
the target genes to heterochromatin domains. The staining of
hSlug does not colocalize with the PML pattern, which has
been shown to overlap with that of SP100 and heterochromatin
protein HP1 (52, 61, 62). Instead, hSlug colocalizes with the
splicing and transcription regions characterized by SC-35 stain-
ing (25, 56, 57, 64). Since hSlug repression is to some extent
sensitive to TSA, we postulate that the repressor may recruit
HDACs to modify local chromatin as part of the mechanism to
inhibit transcription.

Interestingly, structure-function analysis reveals that hSlug
may contain an activation domain in the N terminus (Fig. 5).
Perhaps the Snail family proteins can function as activators or
repressors at different target promoters (23), depending on
parameters such as neighboring cofactors and binding se-
quences. Some other repressor proteins also contain both ac-
tivation and repression modules (20, 21). Whether they are
artifacts of protein dissection or represent in vivo function
remains unclear. This can be verified only after more direct
target genes are characterized.

Another issue that awaits investigation is whether the re-
pression and subnuclear localization of mSlug can be linked to
the biological functions and to the phenotypes observed in
different organisms. mSlug has been demonstrated in prolym-
phocytes to possess antiapoptotic activity (26). Interestingly,
the Caenorhabditis elegans protein Ces-1, a Snail family zinc
finger protein most related to Scratch, was identified as an
antiapoptotic molecule (39). It has been proposed based on

genetic analysis that Ces-1 may be a repressor (39). The idea
that the antiapoptotic activity of hSlug depends on gene re-
pression can now be tested based on the results presented in
this report.

Antisense experiments in chick and frog embryos, as well as
in rat bladder carcinoma NBT-II cells, showed that the other
vertebrate Slug homologs may participate in controlling cell
movements during embryogenesis (7, 44, 49, 51). Gene knock-
out experiments in the mouse, however, demonstrate that null
mutations of mSlug do not lead to any morphological pheno-
type (31). One possible explanation is the redundant function
provided by other Snail-related proteins, as shown in frog
embryos that the antisense-induced phenotype can be rescued
by either Slug or Snail (7). Molecular genetic experiments in
Drosophila also demonstrate possible redundant functions
among different members of Snail family (2, 15). In addition to
regulating cell movement, the cSnail can regulate left-right
asymmetry (30), and Drosophila Snail family proteins have
essential functions during nervous system development (2, 48).
Details of how these proteins regulate the various biological
processes are not known. However, at least in the case of
Drosophila Snail, repression of the known target genes, though
essential for mesoderm specification, is not sufficient to explain
the gastrulation phenotype (23). Whether hSlug and other
family members repress the same or different sets of target
genes and how such regulation leads to the correct decision in
various developmental and physiological processes remain to
be determined.
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