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The transcription factor Snail has been described as a direct repressor of E-cadherin expression during
development and carcinogenesis; however, the specific mechanisms involved in this process remain largely
unknown. Here we show that mammalian Snail requires histone deacetylase (HDAC) activity to repress
E-cadherin promoter and that treatment with trichostatin A (TSA) is sufficient to block the repressor effect of
Snail. Moreover, overexpression of Snail is correlated with deacetylation of histones H3 and H4 at the
E-cadherin promoter, and TSA treatment in Snail-expressing cells reverses the acetylation status of histones.
Additionally, we demonstrate that Snail interacts in vivo with the E-cadherin promoter and recruits HDAC
activity. Most importantly, we demonstrate an interaction between Snail, histone deacetylase 1 (HDAC1) and
HDAC2, and the corepressor mSin3A. This interaction is dependent on the SNAG domain of Snail, indicating
that the Snail transcription factor mediates the repression by recruitment of chromatin-modifying activities,
forming a multimolecular complex to repress E-cadherin expression. Our results establish a direct causal
relationship between Snail-dependent repression of E-cadherin and the modification of chromatin at its
promoter.

The regulation of E-cadherin expression is a controlled pro-
cess that requires strict spatiotemporal tuning during natural
processes such as development, organogenesis, and tissue for-
mation. However, the regulation of E-cadherin also plays an
essential role in pathological processes such as tumor progres-
sion. The loss of expression or function of the E-cadherin
cell-to-cell adhesion molecule has emerged as an important
event for the local invasion of epithelial tumor cells, leading to
the consideration of E-cadherin as an invasion suppressor gene
(7, 8, 14, 49).

The molecular mechanisms involved in E-cadherin down-
regulation during physiological and pathological processes
have started to be uncovered in recent years. Several mecha-
nisms have been implicated in the regulation of E-cadherin
expression during tumor progression, including genetic, epige-
netic, and transcriptional changes. While genetic alterations of
the E-cadherin loci have been found only infrequently in tu-
mors, particularly, in lobular breast carcinomas and diffuse
gastric carcinomas (6, 7, 21, 44), the majority of carcinomas
with downregulated E-cadherin maintain an intact E-cadherin
locus. Epigenetic processes involving hypermethylation of the
E-cadherin promoter and/or transcriptional alterations have
emerged as the main mechanisms responsible for E-cadherin
downregulation in most carcinomas (13, 14, 23, 42). Several
transcriptional repressors of E-cadherin have been recently
identified, including the zinc finger factors Snail (5, 11) and
Slug (10, 22), the two-handed zinc factors ZEB1(�EF1) and

ZEB2 (SIP-1) (15, 20), and the bHLH factor E12/E47 (40).
Factors belonging to the Snail family are in fact involved in
E-cadherin repression and in epithelial to mesenchymal tran-
sitions (EMTs) when they are overexpressed in epithelial cell
lines (5, 10, 11) as well as in embryonic development (reviewed
in reference 37), and it has been proposed that these factors
act as inducers of the invasion process (9, 11). The generation
of mice lacking Snail has firmly established the role of this
factor in EMT and as an E-cadherin gene repressor, as the null
Snail embryos die at gastrulation and fail to undergo a com-
plete EMT process, forming an altered mesodermal layer
which maintains the expression of E-cadherin (12). Despite all
the above information, the molecular mechanisms involved in
the repression by factors of the Snail family are still poorly
understood (37, 50). A previous work established that human
Slug, a Snail family member, is a transcriptional repressor with
an N-terminal 32-amino-acid repression domain and postu-
lated the possible involvement of histone deacetylation in the
repression mechanism (26).

Chromatin remodeling and histone modifications have
emerged as the main mechanisms of the control of gene ex-
pression. Hyperacetylation of histones H3 and H4 is generally
associated with transcriptionally active chromatin (47), while
the chromatin of inactive regions is enriched in deacetylated
histones H3 and H4. The acetylation status of histones at
specific DNA regulatory sequences depends on the recruit-
ment of histone acetyltransferases or histone deacetylase
(HDAC) activities, usually as part of large multiprotein com-
plexes of coactivators or corepressors, respectively. Several
corepressor complexes have been identified to date (such as
the SIN3, Mi-2/NuRD, and CoREST complexes) with the abil-
ity to interact with several transcriptional repressors (1, 27).
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Interestingly, during the past 5 years, the connection between
DNA methylation and histone deacetylation in the silencing of
genes has been established, and the mechanisms involve the
participation of proteins belonging to the family of methyl-
CpG binding domain proteins and HDACs (4). Moreover,
other histone modifications, such as histone methylation, ap-
pear to be associated with gene regulation (32), thus suggesting
the participation of different histone and DNA modifying ac-
tivities in multiprotein complex regulators.

To gain further understanding of the mechanisms implicated
in E-cadherin repression by Snail, we have investigated the
involvement of HDACs and other potential corepressors. We
report here that the endogenous E-cadherin promoter of
Snail-expressing cells is enriched in deacetylated histones H3
and H4 and dimethylated H3 at K9 and that Snail-mediated
repression is abolished by treatment with trichostatin A (TSA).
Snail interacts directly with the endogenous E-cadherin pro-
moter, as demonstrated by chromatin immunoprecipitation
(ChIP) assays, and recruits HDAC activity. Moreover, in vivo
and in vitro interactions of Snail with histone deacetylase 1
(HDAC1) and HDAC2 and the corepressor mSin3A have
been detected. These interactions depend on the SNAG N-
terminal domain of Snail and are required for an efficient
repression of the E-cadherin promoter, which supports the
idea that Snail mediates the repression of E-cadherin by the
recruitment of a corepressor complex containing HDAC1 and
HDAC2 (HDAC1/2) and Sin3A.

MATERIALS AND METHODS

Generation of plasmids, expression vectors, and stable cell lines. All the Snail
constructions were generated by using the full-length Snail cDNA as template
(11). Snail mutants were generated by PCR with the following primers (restric-
tion sites are indicated in bold): for �SNAG, 5�-TTCAAGCTTATGAAGCCG
TCCGAC-3� (direct) and 5�-GCCGAATTCCCCGGACAAGGC-3� (reverse);
and for �Nt, 5�-GCCAAGGGATCCCAGATGCGGAAG-3� (direct) and 5�-GC
CGAATTCCCCGGACAAGGC-3� (reverse). The PCR products were cloned in
plasmids pcDNA3 or pGEX (Amersham). Snail-hemagglutinin (HA) construc-
tion was generated by mutation of the stop codon by PCR with the primers
(restriction sites are indicated in bold) 5�-TCTGCGAATTCATGCCGCGCTCC
T-3� (direct) and 5�-CTCGAGGGCGCGAGGGCCTCCGGA-3� (reverse) and
cloning in vector pcDNA3-HA (Promega). Green fluorescent protein (GFP)-
Snail construction was generated by PCR with the same direct primer that was
used for Snail-HA and the reverse primer 5�-ATCCCGGGCGCGAGGGCCTC
CGGA-3�, with cloning in vector pEGFP-C1 (Clontech). MDCK-GFP and
MDCK-GFP-Snail cell lines were generated by stable transfection with 3 �g of
plasmids pEGFP-C1 and pEGFP-Snail, respectively, and selection with 400 �g of
G418/ml for 3 to 4 weeks. The generation of MDCK-CMV and MDCK-Snail cell
lines has been previously described (11).

Cell culture and treatments. MDCK-II, MDCK-CMV, MDCK-Snail, MDCK-
GFP, MDCK-GFP-Snail, human embryonic kidney (HEK) 293T, mouse kera-
tinocytes Pam212, and spindle CarC and CarB cells were grown in Dulbecco’s
modified Eagle’s medium, and mouse keratinocytes MCA3D and PDV cells were
grown in Ham’s F-12 medium, supplemented with 10% fetal bovine serum, 10
mM glutamine (Gibco BRL), 100 �g of ampicillin/ml, and 32 �g of gentami-
cin/ml (Sigma Chemical Co). Cells were grown at 37°C in a humidified CO2

atmosphere. The origin, tumorigenic properties, and E-cadherin expression lev-
els of the mouse cell lines have been previously described (11, 35). TSA (Sigma)
was dissolved in ethanol and added to the culture medium at 300 nM. A corre-
sponding volume of ethanol was added to control untreated cells.

E-cadherin promoter analysis. The mouse E-cadherin promoter sequences
(positions �178 to �92) cloned into vector pGL2 (Invitrogen) that was fused to
a firefly luciferase reporter gene (10) was used to determine the activity of the
E-cadherin promoter as previously described (39). Except where indicated, TSA
treatments were performed for 24 h after transfection. Cotransfections were
carried out in the presence of the indicated amounts of pcDNA3-Snail con-
structs, or 100 ng of pcDNA3-HDAC1 and pSC2-mSin3A (a gift of R. N.

Eisenmam, Fred Hutchinson Cancer Research Center, Seattle, Wash.). Lucif-
erase and Renilla activities were measured with the dual-luciferase reporter assay
kit (Promega) and normalized to the wild-type promoter activity detected in
mock-transfected (pcDNA3) or untreated cells.

Transient transfections, immunoprecipitations, and pull-down assays. A total
of 6 � 105 HEK 293T cells grown in P60 dishes were transiently transfected in
a P60 dish with Lipofectamine reagent (Invitrogen) and 2 �g of each of the
following plasmids: pcDNA3, pcDNA3-Snail-HA, pSC2-mSin3A-myc, and/or
pcDNA3-HDAC1-Flag, pcDNA3-HDAC2-Flag, pcDNA3-HDAC3-Flag (pro-
vided by E. Seto, Moffit Cancer Center, Tampa, Fla.). For immunoprecipitation,
cells were lysed 36 h after transfection in 500 �l of IPH buffer (50 mM Tris-HCl
[pH 8.0], 150 mM NaCl, 5 mM EDTA, 0.5% NP-40, 0.2 mM phenylmethylsul-
fonyl fluoride) at 4°C for 30 min and then centrifuged at 16,060 � g for 15 min
to remove cell debris. The cleared lysate was then subjected to immunoprecipi-
tation with the indicated antibodies overnight at 4°C. Protein A- or G-Sepharose
beads (Sigma) were added, and incubation continued for 2 h at 4°C. Precipitates
were washed four times with IPH buffer (1 ml) and then resuspended in 1�
Laemmli buffer. Proteins were separated on a sodium dodecyl sulfate–7.5 to 10%
polyacrylamide gel and blotted onto Immobilon-P (Millipore Co.) membranes.
Endogenous mSin3A was immunoprecipitated or detected by Western blotting
with rabbit anti-mSin3A (dilution, 1:200) (AK-11; SantaCruz Biotechnology).
Blots were also incubated (at the dilutions shown) with rat anti-HA (1:400)
(Roche), rabbit anti-HDAC2 and anti-HDAC3 (both, 1:500) (Abcam), mouse
anti-Flag (1:3,000), and rabbit anti-myc (1:500) (Sigma) antibodies. The second-
ary antibodies used (at the dilutions shown) were goat anti-rabbit conjugated to
horseradish peroxidase (HRP) (1:4,000) (Nordic), sheep anti-mouse-HRP (1:
1,000) (Amersham), or goat anti-rat-HRP (1:10,000) (Nordic).

For pull-down assays, HEK 293T cells were transiently transfected with the
indicated plasmids and lysed in IPH buffer as above. Extracts were then incu-
bated with the glutathione S-transferase (GST)-fusion proteins and the bound
fraction was purified through glutathione-Sepharose beads (Amersham). Bound
proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and analyzed by Western blotting to the indicated antibodies.

Immunofluorescence. For immunofluorescence, cells grown on coverslips and
transfected as above were fixed in methanol (at �20°C) for 1 min and stained (at
the dilutions shown) for rat anti-HA (1:100), rabbit anti-mSin3A (1:50), anti-
HDAC1, anti-HDAC2, anti-HDAC3 (all anti-HDACs, 1:300), mouse anti-Flag
(1:300), or rabbit anti-myc (1:100). The secondary antibodies used were anti-rat
Alexa 594 (1:1,000), anti-mouse Alexa 647 (1:200) (Molecular Probes), and
anti-rabbit fluorescein isothiocyanate (1:500) (Jackson). The cells were mounted
on Mowiol and the preparations were visualized with a Leica confocal TCS SP2
microscope.

HDAC activity. HEK 293T cells were transiently transfected with GFP or
GFP-Snail plasmids, and immunoprecipitates were obtained in IPH buffer as
described above but with anti-GFP antibodies (Clontech). The immunoprecipi-
tated beads were used to assay the associated HDAC activity. The beads were
incubated with 10 �l of [H3]acetate-labeled histones (1.8 nCi/�g) in 100 �l of
activity buffer (25 mM Tris-HCl [pH 7.5], 10% glycerol, 1 mM EDTA, 50 mM
NaCl) for 2 h at 37°C. The reaction was stopped by the addition of 50 �l of 1 N
HCl–0.4 M acetate and the released [H3]acetate was extracted with 600 �l of
ethyl acetate. After centrifugation, a 450-�l aliquot of the organic phase was
counted in 3 ml of scintillation cocktail.

ChIP assays. To investigate the modification status of histones at the E-
cadherin promoter, standard ChIP assays were performed as previously de-
scribed (17) in cells with or without TSA (300 nM) treatment. Cells were cross-
linked with formaldehyde prior to DNA sonication. Immunoprecipitations of the
cross-linked chromatin were carried out with commercial antibodies (anti-acetyl-
histone H3, anti-acetyl-histone H4, anti-dimethyl-K4 histone H3, and anti-di-
methyl-K9 histone H3) (Upstate Biotech). A similar protocol was used for
analysis of the binding of GFP-Snail to the E-cadherin promoter but with anti-
GFP antibodies (Clontech). To investigate the association of the HDACs with
the E-cadherin promoter, an extra cross-linking step was introduced in the assay.
In this case, prior to formaldehyde cross-linking, cells were treated with 10 mM
dimethyl adipimidate, a protein-to-protein cross-linking agent, and 0.25% di-
methyl sulfoxide in phosphate-buffered saline for 45 min (31). Anti-HDAC1,
anti-HDAC2, and anti-HDAC3 antibodies were from Abcam. In all cases, chro-
matin was sheared to an average length of 0.25 to 1 kb for this analysis. PCR
amplification was performed in 25 �l with specific primers for each of the
analyzed promoters. The sensitivity of PCR amplification was evaluated on serial
dilutions of total DNA collected after sonication (input fraction). A �250-bp
fragment of the mouse E-cadherin promoter was amplified with the primers
5�-TAGGAAGCTGGGAAG-3� (direct) and 5�-TGCGGTCGGGCAGGG-3�
(reverse); a �150-bp fragment of canine E-cadherin promoter (15) was amplified
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with the primers 5�-CCCGCCGCAGGTGCAGCCGCAGC-3� (direct) and 5�-
GAGGCGGCGCGAGGCCGGCAG-3� (reverse). In both cases PCR was car-
ried out according to the following program: 32 cycles at 94°C for 40 s, 65 to 68°C
for 40 s, and 72°C for 40 s. The amplified DNA was separated on 2% agarose gel
and visualized with ethidium bromide.

Reverse transcription (RT)-PCR analysis of E-cadherin expression. Expres-
sion of E-cadherin after TSA treatment was performed by RT-PCR. Total RNA
was extracted with the RNeasy kit (QIAGEN) from cells treated for 24 h with
300 nM TSA or the vehicle. RT-PCR of E-cadherin and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) transcripts were performed as previously
described (10, 40), with Taq-DyNAzyme polymerase (Fynnzyme) and appropri-
ate primers for the amplification of mouse and canine cDNAs.

RESULTS

Snail requires HDAC activity to repress E-cadherin pro-
moter. It has been suggested that histone deacetylation could
be one of the mechanisms by which other members of the Snail
family, such as human Slug, repress transcription (26). We
decided to investigate whether Snail could be mediating the
repression of E-cadherin by the recruitment of HDACs. First,
we analyzed the effects of TSA, which specifically inhibits
HDACs (56) in the Snail-mediated repression of E-cadherin.
To this end, we studied the repressor effect of Snail on a
reporter gene system in which the mouse E-cadherin proximal
promoter was fused upstream of the luciferase cDNA (10) in
several epithelial cell lines, such as MDCK and the mouse
keratinocyte cell line MCA3D (Fig. 1). The transfection of
Snail (50 ng) in MDCK cells reduced the activity of the E-
cadherin promoter to 40%, as previously observed (10, 11).
This repressive effect was totally eliminated by treatment with
TSA (Fig. 1A). The elimination of the Snail-repressing activity
by TSA was also observed in the MCA3D cell line (Fig. 1B), in
which the reduction of the E-cadherin promoter activity by
Snail transfection was also fully relieved by TSA treatment.
These results strongly suggest that HDAC activity is required
for efficient Snail repression of the E-cadherin promoter. TSA
treatment induced a moderate increase (less than twofold) in
the activity of the E-cadherin promoter in MDCK cells trans-
fected with control vector pcDNA3 (Fig. 1A and B), which
suggests a TSA effect independent of Snail in this cell line.
However, RT-PCR analysis showed no increase in E-cadherin
transcripts after TSA treatment in either MCDK or MCA3D
cells (Fig. 1E).

We next decided to analyze the activity of the E-cadherin
promoter in the presence or absence of TSA in E-cadherin-
negative cells in which Snail determines E-cadherin repression.
We used the stably transfected MDCK-Snail cell line to assay
the activity of the E-cadherin promoter after TSA treatment.
The low basal activity of the E-cadherin promoter in this cell
line (10, 11) could be upregulated up to sixfold after 24 h of
TSA treatment (Fig. 1C). Similar levels of derepression were
obtained after only 6 h of treatment with TSA (Fig. 1D),
indicating that HDAC activity is required for Snail repression.
Similar effects were observed after TSA treatment in the E-
cadherin-deficient mouse spindle carcinoma cell line CarB ex-
pressing endogenous Snail (11). As previously reported (16,
42), we detected very low E-cadherin promoter activity in CarB
cells, but the treatment with TSA upregulates the activity by
threefold (Fig. 1C), indicating that the transcription factor(s)
implicated in the repression of E-cadherin in this cell line also
requires HDAC activity to function effectively. In agreement

with these observations, RT-PCR analysis showed the reex-
pression of E-cadherin transcripts after TSA treatment in
MDCK-Snail and spindle CarB cells (Fig. 1E). Reexpression of
E-cadherin after TSA treatment could also be detected in
CarC cells, an additional spindle cell line deficient in E-cad-
herin and with endogenous Snail expression (reference 35 and
data not shown).

Snail expression is correlated with E-cadherin promoter
deacetylation. The initial studies suggested that HDACs par-
ticipate in the Snail-mediated repression of E-cadherin. Should
the TSA treatment directly affect E-cadherin gene expression
levels, one would expect to observe changes in the histone
acetylation status at its promoter. Therefore, our next goal was
to check whether Snail expression correlated with histone
deacetylation at the E-cadherin promoter. To address this
point, we first analyzed the acetylation status of histones H3
and H4 at the E-cadherin promoter, comparing MDCK and
MDCK-Snail cell lines by means of ChIP assays.

After the formaldehyde cross-linking of MDCK-CMV and
MDCK-Snail cells, ChIP assays were performed with antibod-
ies against acetylated histones H3 and H4. The precipitated
DNA was subjected to PCR with specific primers for the en-
dogenous dog E-cadherin proximal promoter region (15). The
analysis revealed that Snail expression is associated with a
strong decrease in the levels of acetylated histones H3 and H4
at the E-cadherin promoter (Fig. 2A). Moreover, TSA treat-
ment led to a strong increase in histone acetylation at the
E-cadherin promoter in MDCK-Snail cells, while it did not
significantly change the histone acetylation status of MDCK
control cells (Fig. 2A).

During recent years it has been proposed that the patterns of
different histone modifications constitute a sort of code that is
read by different factors to bring about distinct downstream
events (47). Active genes are rich in acetylated histones H3 and
H4. Also, K4 of histone H3 has been found to be methylated in
active euchromatic regions (46). On the other hand, the his-
tone deacetylation and methylation of K9 of histone H3 have
been associated with gene silencing (32). In order to determine
whether the histone modification pattern of the E-cadherin
promoter was also affected by stable transfection of Snail, we
performed ChIP assays with antibodies against dimethyl-K4
histone H3 and dimethyl-K9 histone H3 amplified with primers
for the E-cadherin promoter. ChIP assays with anti-dimeth-
yl-K4 histone H3 indicated that K4 of H3 is methylated in a
higher proportion in MDCK control cells than in MDCK-Snail
cells (Fig. 2B, upper panel), as expected from their E-cadherin
expression patterns. As shown in Fig. 2B (lower panel), ChIP
assays with antibodies against dimethyl-K9 histone H3 indi-
cated that methylation of K9 of histone H3 at the E-cadherin
promoter occurs at higher levels in MDCK-Snail than in
MDCK-CMV cells, which is compatible with the silenced state
of the gene in this cell line.

To further confirm that Snail expression is correlated with
the deacetylation status of the E-cadherin promoter, we per-
formed ChIP assays in several keratinocyte cell lines. We used
the keratinocyte cell lines MCA3D and Pam212 characterized
by high E-cadherin expression and no Snail expression and the
spindle carcinoma CarB cell line that expresses Snail and does
not express E-cadherin (references 11 and 35 and data not
shown). The analysis revealed that acetylated histone H3 at the
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FIG. 1. TSA inhibits the Snail-mediated repression of the E-cadherin promoter. (A and B) E-cadherin promoter activity was analyzed in epithelial
MCDK (A) and epidermal keratinocyte MCA3D (B) cells in the presence of plasmids pcDNA3 control and pcDNA-Snail. Where indicated, cells were
treated with TSA (300 nM; white bars) or with ethanol (black bars) for 24 h after transfection. (C and D) The activity of the E-cadherin promoter was
analyzed in MDCK-Snail (C and D) and spindle carcinoma CarB (C) cells. Cells were treated with TSA (300 nM; white bars) or with ethanol (black bars)
for 24 h (C) or at the indicated time points (D) after transfection. Luciferase and Renilla activities were determined 24 h after transfection; the promoter
activity is represented as the relative luciferuse units (RLU) for control untreated cells. Results represent the averages 	 standard deviations of at least
two independent experiments performed in duplicate. � (D), cells treated with ethanol for 24 h after transfection. (E) RT-PCR analysis of E-cadherin
levels. The indicated cell lines were treated for 24 h with TSA (300 nM) (lanes marked with plus sign) or with vehicle (lanes marked with a minus sign);
total RNA was extracted and subjected to RT-PCR analysis with specific E-cadherin primers. The levels of GAPDH were analyzed as a control of the
amount of cDNA.
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FIG. 2. Histone acetylation and methylation analysis at the endogenous E-cadherin promoter in Snail-expressing and Snail-deficient cells. (A
and B) ChIP analysis of the modification status of histones H3 and H4 at the endogenous E-cadherin promoter in MDCK-CMV (MDCK) and
MDCK-Snail cells, with anti-acetyl-histone H3 (
-Ac-H3) and anti-acetyl-histone H4 (
-Ac-H4) and anti-dimethyl-K4 histone H3 (
-Met-K4-H3)
and anti-dimethyl-K9 histone H3 (
-Met-K9-H3) antibodies. Where indicated, cells were treated with TSA (300 nM) for 24 h before formaldehyde
cross-linking. The amplified dog E-cadherin promoter sequences in the input and the immunoprecitated bound and unbound fractions are shown
in the upper panels. (C) ChIP assays of the histone H3 and H4 acetylation status at the endogenous E-cadherin promoter in mouse keratinocyte
MCA3D, Pam212, and spindle CarB cells, with anti-acetyl-histone H3 (
-Ac-H3) and anti-acetyl-histone H4 (
-Ac-H4) antibodies. Where
indicated, cells were treated with TSA (300 nM) for 24 h before formaldehyde cross-linking. The amplified mouse E-cadherin promoter sequences
in the input (upper panels) and bound and unbound (lower panels) fractions are shown. Results from controls with no antibody (NAB), in which
no amplification occurs, are also included for each cell line. Quantification of the amplified sequences in the immunoprecipitated fractions
(represented as the ratio of bound to unbound fractions) with each antibody and corresponding cells lines and treatments is shown in the lower
(A and B) and right (C) panels. Results represent the averages 	 standard deviations of at least two experiments. B, bound; UB, unbound.
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mouse E-cadherin promoter was almost undetectable in CarB
cells, in contrast to results for MCA3D and Pam212 cells, while
similar levels of acetylated histone H4 were detected in all
three cell lines (Fig. 2C, bound and unbound panels). Further-
more, treatment of CarB cells with TSA led to a strong in-
crease in the immunoprecipitated fraction with anti-acetyl H3
antibodies, but it did not affect the level of acetylated histone
H4 bound to the E-cadherin promoter (Fig. 2C), indicating
that TSA does indeed affect the histone H3 acetylation status
at the E-cadherin promoter in CarB cells.

Snail interacts in vivo with the E-cadherin promoter and
recruits HDACs. It has been described previously that Snail
interacts with the E-Pal element of the mouse E-cadherin
promoter to repress transcription (10, 11); however, the inter-
action at the chromatin level has not yet been demonstrated.
To assess this point, and because of the lack of highly specific
anti-Snail antibodies, we generated a fusion GFP-Snail con-
struct and obtained stable transfectants from MDCK cells.
Two independent MDCK-GFP-Snail clones and a control
MCDK-GFP clone were used in ChIP assays with anti-GFP
antibodies. As shown in Fig. 3A, this analysis confirmed that
there is an interaction between the GFP-Snail protein and the
endogenous E-cadherin promoter in MDCK-GFP-Snail cells
(Fig. 3A, right lanes); this interaction is specific for the GFP-
Snail protein as revealed by the absence of E-cadherin pro-
moter sequences in the immunoprecipitate from control
MDCK-GFP cells (Fig. 3A, left lane).

Since all the previous results indicated that Snail-dependent
repression of E-cadherin is affected by TSA treatment and
resulted in E-cadherin promoter histone deacetylation, we
wondered whether Snail could, in fact, be recruiting HDAC
activity to achieve its repressor effect. To address this issue, an
HDAC activity assay was performed in HEK 293T cells tran-
siently transfected with GFP or GFP-Snail plasmids in which
the GFP immunoprecipitates were incubated with 3H-labeled
histones and the released [3H]acetate was measured. We ob-
served a significantly higher level of HDAC activity in the
GFP-Snail immunoprecipitated fraction compared to the level
in the GFP negative control. The HDAC activity was inhibited
by TSA treatment in the GFP-Snail immunoprecipitate (Fig.

3B, right columns), while it did not affect the basal HDAC
activity in the control GFP immunoprecipitate (Fig. 3B, left
columns).

Snail associates with HDAC1/2 and mSin3A. To get further
insights into the model of Snail-mediated repression, we de-
cided to analyze the association of specific HDACs with Snail.
For this purpose, we analyzed the possibility that Snail could
be interacting with the class I family of HDACs. To this end,
transient transfections of an HA-tagged version of Snail were
performed in HEK 293T cells, and coimmunoprecipitation
with several class I HDAC proteins was detected. We first
analyzed the interaction of Snail-HA with the endogenous
HDAC2/3 proteins. As shown in Fig. 4A, the immunoprecipi-
tate of Snail-HA associates with endogenous HDAC2, as de-
tected by Western blotting. A similar analysis of the anti-HA
immunoprecipitate with anti-HDAC3 antibodies did not show
an interaction between Snail-HA and HDAC3 (Fig. 4B). We
next sought to confirm the interaction of Snail with HDAC1;
for this purpose, we coexpressed HDAC1-Flag with Snail-HA
and analyzed the fraction immunoprecipitated with anti-HA.
The analysis by Western blotting with anti-Flag antibodies
showed that there is an interaction between Snail and HDAC1
(Fig. 4C).

HDAC1/2 are associated in at least three different multipro-
tein complexes named SIN3, Mi-2/NuRD, and CoREST (1,
27). To determine if Snail could be recruiting additional pro-
teins, we analyzed the potential interaction of Snail with the
corepressor mSin3A (a specific component of the SIN3 com-
plex) in HEK 293T cells. Analysis of the immunoprecipitated
fraction of Snail-HA showed the existence of an interaction
between endogenous mSin3A and Snail-HA (Fig. 4D). This
interaction was also confirmed by coimmunoprecipitation anal-
ysis with anti-mSin3A and Western blotting with anti-HA an-
tibodies (Fig. 4E). The specificity of the Snail-HA interactions
with HDAC1/2 and mSin3A were confirmed by the use of a
control (unrelated) immunoglobulin G (IgG) (Fig. 4A to E).
The ability of Snail-HA to interact in vivo in a complex with
HDAC1/2 and exogenous mSin3A was also confirmed in re-
verse immunoprecipitation assays. Immunoprecipitation with
specific antibodies against endogenous HDAC2, HDAC1-

FIG. 3. Snail interacts with the endogenous E-cadherin promoter and recruits HDAC activity. (A) MDCK-GFP and MDCK-GFP-Snail cells
were analyzed by ChIP assays with anti-GFP (
-GFP) antibodies. Amplification of the endogenous dog E-cadherin promoter in the input and
immunoprecipitated fractions of a control MDCK-GFP clone and two independently isolated MDCK-GFP-Snail clones is shown. (B) HDAC
activity was determined in the 
-GFP immunoprecipitated fractions obtained from HEK 293T cells transiently transfected with GFP (left lanes)
and GFP-Snail (right lanes) vectors and either untreated (black bars) or treated with TSA (300 nM) (white bars) for 24 h.
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FIG. 4. Snail associates with HDAC1/2 and the mSin3A corepressor through the SNAG domain. (A to D) HEK 293T cells were transiently
transfected with Snail-HA and HDAC1-Flag constructs. Cell extracts were immunoprecipitated with anti-HA antibodies (
-HA) and control IgG,
as indicated, and analyzed by Western blotting with anti-HDAC2 (
-HDAC-2), anti-HDAC3 (
-HDCA-3), anti-Flag (
-Flag), and anti-mSin3A
(
-mSin3A) antibodies. (E) HEK 293T cells transiently transfected as above were immunoprecipitated with anti-mSin3A antibodies and analyzed
by Western blotting with anti-HA. Cell extracts (HEK) were analyzed in parallel in all panels. (F) HEK 293T cells transiently transfected with
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Flag, and mSin3A-myc, followed by Western blotting against
Snail-HA, revealed the coimmunoprecipitation of Snail-HA
with all three proteins (Fig. 4F, lanes 2, 4, and 6) and the
specificity of these interactions, as shown with the IgG control
immunoprecipitations (Fig. 4F, lanes 3, 5, and 7). In contrast,
no interaction of Snail-HA with endogenous HDAC3 could be
detected in the anti-HDAC3 immunoprecipitate (data not
shown). Higher levels of Snail-HA were apparently immuno-
precipitated by anti-Flag than by anti-myc antibodies (Fig. 4F;
lanes 4 and 6), suggesting that in overexpressing cells Snail
might interact with HDAC1 in additional complexes indepen-
dent of mSin3A. Nevertheless, different affinities of the anti-
bodies may also explain the above results, and this possibility
could not be formally discarded at present.

The above evidence supports the existence of physical inter-
actions between Snail and HDAC1/2 and the corepressor
mSin3A, suggesting the formation of a multimolecular com-
plex to repress E-cadherin expression. To analyze whether
Snail interacts with the three proteins in a direct or indirect
fashion and to determine the Snail domains involved in those
interactions, GST pull-down assays were carried out on HEK
293T cells. As shown in Fig. 4G, endogenous HDAC2 and
exogenous HDAC1-Flag and mSin3A-myc are able to interact
with a full-length GST-Snail protein, while no interaction with
endogenous or exogenous HDAC3 could be detected (Fig. 4G
and data not shown). As expected, the C-terminal half of Snail
carrying the zinc finger DNA-binding domain does not support
the interaction with any of the three partners (Fig. 4G, GST-
�Nt), indicating that the N-terminal half of Snail is required
for the interactions. Indeed, the N-terminal SNAG domain of
Snail, previously involved in the repression function (5, 34), is
required to establish the interaction with HDAC1/2 and the
corepressor mSin3A, since its deletion is sufficient to eliminate
interactions with the three proteins (Fig. 4G, GST-�SNAG).
These results, therefore, indicate that the SNAG domain is
essential for Snail recruitment of HDAC1/2 and the mSin3A
corepressor.

To further analyze the in vivo functionality of the complexes
comprised of Snail and the HDCAs and mSin3, confocal im-
munofluorescence analyses of transiently transfected HEK
293T, MDCK, and CarB cells were performed. Nuclear colo-
calization of endogenous mSin3A with Snail-HA and HDAC1-
Flag (Fig. 5A, left panels) or HDAC2-Flag (Fig. 5A, right
panels) proteins could be detected in a punctuate pattern,
indicative of defined nuclear substructures, and with apparent
nucleolar exclusion in the three cell lines (Fig. 5A). To confirm
this point we also performed costaining of Snail-HA with en-
dogenous HDAC-1 (Fig. 5B, left panels), HDAC-2 (Fig. 5B,
central panels), and mSin3A (Fig. 5B, right panels). Colocal-
ization of the molecules could clearly be detected in punctuate
nuclear substructures, which are indicative of active transcrip-
tion sites in CarB, MDCK, and HEK 293T cells (Fig. 5B and

data not shown). In agreement with the immunoprecipitation
and pull-down assays, endogenous HDAC3 did not reveal a
colocalization with Snail-HA (data not shown), thus indicating
that the nuclear colocalization of Snail-HA with HDAC1/2 is
specific.

Taken together with the immunoprecipitation analyses,
these results confirm the in vivo formation of a multiprotein
complex involving the repressor Snail, the corepressor
mSin3A, and HDAC1/2 in the nucleus.

HDAC1/2 interact with the E-cadherin promoter. The pre-
vious results indicate that Snail directly interacts with the E-
cadherin promoter and recruits HDAC activity. In addition, we
have demonstrated the existence of a physical interaction be-
tween Snail and HDAC1/2 and the corepressor mSin3A. To
get additional evidence for the functionality of these interac-
tions in E-cadherin regulation, we performed ChIP assays with
antibodies against HDAC1/2/3 to determine whether these
proteins are indeed interacting with the E-cadherin promoter
in Snail-expressing cells.

Interestingly, we found a specific interaction of HDAC1/2
with the E-cadherin promoter in MDCK-Snail cells (Fig. 6A,
upper panel). In contrast, our results indicated a lack of asso-
ciation of HDAC3 with the E-cadherin promoter that showed
an increased amount in the unbound fraction compared with
results for HDAC1/2. In MDCK-CMV cells, these interactions
between HDAC1/2 and the E-cadherin promoter were absent
(Fig. 6A, lower panel). Similar ChIP assays were also per-
formed in mouse MCA3D and CarB cells, selected because of
their patterns of expressing E-cadherin and Snail (11). Spindle
CarB cells (E-cadherin negative and Snail positive) showed a
ChIP pattern similar to MDCK-Snail cells: the association of
HDAC1/2, but not HDAC3, at the mouse E-cadherin pro-
moter (Fig. 6B, upper panel), supporting the participation of
HDAC1/2 in E-cadherin repression. In contrast, keratinocyte
MCA3D cells (E-cadherin positive and Snail negative) showed
a distinct ChIP pattern: the association of HDAC3 and, to a
lesser extent, of HDAC1 and lack of interaction of HDAC2 at
the E-cadherin promoter (Fig. 6B, lower panels). These results
suggest that HDAC3 and/or HDAC1 could be mediating a
basal E-cadherin repression in MCA3D cells, as indicated by
the TSA effect on the promoter in this cell line (Fig. 1B), which
might be recruited by other endogenous weaker repressors,
such as Slug expressed in MCA3D cells (10, 11). Nevertheless,
the lack of changes in the levels of E-cadherin transcripts in
MCA3D cells after TSA treatment (Fig. 1E) support a tran-
sient TSA effect on the E-cadherin promoter in this cell line.

Cooperation of Snail, mSin3A, and HDAC1 to repress the
E-cadherin promoter requires the SNAG domain of Snail. To
look into the functionality of the identified protein interactions
on the E-cadherin promoter, we analyzed the effect of HDAC1
and the corepressor mSin3A in the absence or presence of
Snail on the E-cadherin promoter activity in wild-type MDCK

Snail-HA, HDAC1-Flag, and mSin3A-myc constructs were immunoprecipitated with the indicated antibodies and analyzed by Western blotting
with anti-HA antibodies (upper panel). Detection of IgG heavy chain is shown in the lower panel as an internal control. Input (10%) of whole cell
extract was also analyzed in parallel. (G) Cell extracts obtained from HEK 293T cells transiently transfected as above were incubated with the
indicated GST fusion proteins. The bound fractions from the glutathione-Sepharose beads and the input cell extract were analyzed by Western
blotting with the indicated antibodies (upper panel). Analysis of the different recombinant GST fusion proteins used is shown in the lower panel.
WB, Western blotting; IP, immunoprecipitation; Ab, antibody.
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cells. To observe potential cooperation, pcDNA3-Snail was
transfected under conditions (50 ng) that resulted in a partial
repression (60%) of the promoter in this cell line (Fig. 1A and
6C, lane 2). Transfection of HDAC1 induced a modest repres-
sion (40%) of the E-cadherin promoter (Fig. 6C, lane 3); no
effect was detected after transfection of mSin3A (Fig. 6C, lane
4) and cotransfection of both HDAC1 and mSin3A induced a
repression level similar to that induced by HDAC1 alone (Fig.
6C, lane 5). Cotransfection of either HDAC1 or mSin3A with
Snail resulted in a similar or even lower repression than that
induced by Snail alone (Fig. 6C, lanes 6 and 7). However, a
strong repression (80%) was observed after cotransfection of
Snail with HDAC1 and mSin3A (Fig. 6C, lane 8), indicating
that the three proteins have an additive effect in E-cadherin
promoter repression. Similar results were obtained in HEK
293T cells (data not shown), supporting the idea that the
model of cooperation between Snail, HDAC1, and mSin3A in
E-cadherin repression operates in other epithelial cell lines.

The interaction analyses, shown in Fig. 4G, indicated that
the SNAG domain of Snail is required for the recruitment of

HDACs and the mSin3A corepressor. To further establish the
participation of the SNAG domain in the repressor function of
Snail on the E-cadherin promoter, cotransfection assays were
performed with two N-terminal Snail deletion mutants
(�SNAG and �Nt). Both Snail mutants were unable to effi-
ciently repress E-cadherin promoter activity (Fig. 6C, lanes 9
and 13) and to cooperate with HDAC1 and mSin3A in the
repression of the promoter in MDCK cells (Fig. 6C, lanes 10 to
12 and 14 to 16). As expected from these results, the �SNAG
construct can act as a dominant negative of Snail in different
cell systems. �SNAG derepresses the E-cadherin promoter
activity in Snail-expressing cells, such as CarB and MDCK-
Snail (Fig. 7A, and data not shown) to a larger extent than the
�Nt construct. In addition, �SNAG is able to fully overcome
the E-cadherin promoter repression induced by transient
transfection of Snail in keratinocyte PDV cells (Fig. 7B) defi-
cient in Snail expression (11). These results, together with the
interaction assays, strongly indicate that the SNAG domain is
required for the repression function of Snail through the re-
cruitment of HDAC1/2 and corepressor mSin3A.

FIG. 5. Snail colocalizes with HDAC1/2 and mSin3A in the nucleus. (A) MDCK (a to f), CarB (g to l), and HEK 293T (m to r) cells were
transiently transfected with Snail-HA and HDAC1-Flag (a to c, g to i, and m to o) or with Snail-HA and HDAC2-Flag (d to f, j to l, and p to r)
constructs and costained with anti-HA (red), anti-mSin3A (green), and anti-Flag (cyan) antibodies. Note the nuclear colocalization of the proteins
(white to pink) in the merged images of the corresponding three channels presented in the lower panels. (B) CarB cells were transiently transfected
with the Snail-HA construct and costained with anti-HA (a to c) and anti-HDAC1 (d), anti-HDAC2 (e), or anti-mSin3A (f). Merged images of
the corresponding two channels show the nuclear colocalization of Snail-HA with endogenous HDAC1 (ad), endogenous HDAC2 (be), and
endogenous mSin3A (ef). Bar, 5 �m.
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DISCUSSION

Downregulation or loss of function of E-cadherin has been
firmly implicated in the acquisition of invasive potential by
carcinomas (8, 14, 23). A large body of evidence accumulated
in recent years suggests that epigenetic mechanisms involving
chromatin modification, hypermethylation of CpG islands,
and/or transcriptional repression are the main mechanisms
responsible for E-cadherin silencing in different types of tu-
mors and cancer cell lines (13, 14, 42). Several transcriptional
repressors of E-cadherin have been identified in the last 3
years. Among them, the transcription factor Snail has been
described as a strong repressor of E-cadherin in different mu-
rine and human carcinoma and melanoma cell lines and tu-
mors (5, 9, 11, 13, 41, 48, 55) as well as during Drosophila and
mouse embryo development (12, 25, 37, 38). An additional
member of the Snail family, Slug, has also been reported to act
as an E-cadherin repressor (10, 22). Both factors, as well as
additional identified repressors, E47 bHLH and ZEB2 (SIP-1),
bind to specific E boxes of the proximal E-cadherin promoter
(5, 10, 11, 15, 40). However, the affinity of Snail binding for
specific E boxes is much higher than for the other repressors
(10).

To date, the molecular mechanisms underlying E-cadherin
repression by factors belonging to the Snail family have not
been elucidated, although some previous works have provided
insights into the function of the N-terminal region. The repres-
sor effect of Snail is associated with a motif found in a short
amino-terminal sequence (5, 34) called SNAG because it was
first described as a repressor domain of the Gfi1 protein (19).
In Drosophila embryos, the N-terminal region of Snail has been
shown to recruit the corepressor CtBP (C-terminal binding
protein) to exert its transcriptional repression (36). On the

other hand, the repressor domain of human Slug has been
ascribed to a 32-amino-acid N-terminal domain (containing
the SNAG motif) and proposed to require association with
HDACs at sites of active transcription (26). In contrast to
Drosophila Snail and to vertebrate Slug factors, the mouse and
human Snail proteins do not contain a CtBP binding domain
(25). In fact, in vertebrate development there is no evidence
for the interaction of Snail with corepressors, and the rele-
vance of the SNAG motif in mouse or human Snail to support
interactions with other proteins such as HDACs or associated
corepressors has not been previously established (25).

In the present study, we report the identification of a func-
tional association of mouse Snail (mSnail) and HDAC1/2 and
the corepressor mSin3A that interact to repress E-cadherin
expression through the SNAG motif of Snail. Our results rep-
resent the first evidence that the Snail protein can interact with
a corepressor complex to recruit HDAC activity and repress
E-cadherin expression by modification of the local structure of
the chromatin.

Snail-mediated E-cadherin repression requires HDAC ac-
tivity. Repression of the E-cadherin promoter mediated by
mSnail requires the recruitment of HDAC activity, as demon-
strated by the derepression exerted by treatment with the
HDAC inhibitor TSA. The derepression effect of TSA was
detected after cotransfection of exogenous mSnail in E-cad-
herin-expressing cells and, more significantly, in Snail-express-
ing E-cadherin-deficient cells in which the TSA treatment in-
creased the basal activity of the E-cadherin promoter up to
three- to fourfold in spindle carcinoma CarB cells or up to six-
to sevenfold in MDCK-Snail cells, leading to reexpression of
the E-cadherin transcripts (Fig. 1). These results are, there-
fore, in agreement with previous observations indicating that
the repression effect of the human Slug protein on artificial
promoters requires HDACs (26). In addition, the ChIP assays
performed here to analyze the acetylation status of histones H3
and H4 at the endogenous E-cadherin promoter have in fact
detected very reduced levels of acetylated histones H3 and H4
in MDCK-Snail cells compared to levels in control MDCK
cells. A similar ChIP analysis in spindle CarB cells, expressing
endogenous Snail, showed very reduced levels of acetylated
histone H3 compared with levels in MCA3D and Pam212 cells
deficient in Snail expression (see Fig. 2). In agreement with the
above observations, TSA treatment induced a significant in-
crease in the level of acetylated histones H3 and H4 or of H3
associated with the endogenous E-cadherin promoter in Snail-
expressing cells, further supporting the recruitment of HDACs
to the proximal promoter. Indeed, association of HDAC ac-
tivity with Snail has been demonstrated in the immunoprecipi-
tates of GFP-Snail-expressing cells, in which ChIP assays with
anti-GFP antibodies have additionally confirmed that GFP-
Snail associates to the endogenous E-cadherin proximal pro-
moter. All these results suggest that Snail represses the E-
cadherin promoter by HDAC recruitment, indicating that the
repression mechanism involves the modification of the local
chromatin structure.

Snail associates with HDAC1/2 and mSin3A in a multimo-
lecular complex. HDACs are frequently recruited to specific
DNA sites by association with corepressor molecules, which
together with other associated proteins operate as multimo-
lecular repressor complexes (27). The two major complexes

FIG. 5—Continued.
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containing class I HDACs are the NuRD and SIN3 complexes
(1, 29). The SIN3 complex has been previously described as
containing the Sin3A and Sin3B corepressors, class I
HDAC1/2, and additional associated proteins. To date several
transcriptional repressors have been shown to associate with
the SIN3 complex to mediate repression of specific target
genes (3, 24, 30, 51, 57). Interestingly, the methyl CpG binding

protein, MeCP2, has also been found to be associated with the
SIN3 complex (28, 52). Here, we present evidence for the in
vitro and in vivo association of Snail with the mSin3A core-
pressor and class I HDAC1/2, indicating the Snail-mediated
recruitment of a multimolecular complex to the E-cadherin
promoter. The four proteins are colocalized to the cell nucleus,
apparently in defined nuclear domains and with a nucleolar

FIG. 6. HDAC1/2 proteins are recruited at the endogenous E-cadherin promoter and cooperate with mSin3A in Snail-mediated repression of
the promoter activity. (A and B) ChIP assays of HDAC1/2/3 at the endogenous E-cadherin promoter in MDCK-Snail (A, upper panel) and
MDCK-CMV (A, lower panel) cells, and in spindle CarB (B, upper panel) and epidermal keratinocyte MCA3D (B, lower panel) cells. ChIP assays
were performed as indicated in Materials and Methods with antibodies specific for HDAC1 (HD1), HDAC2 (HD2), and HDAC3 (HD3). The
amplified sequences of the dog or mouse E-cadherin promoter detected in the input and in the immunoprecipitated bound and unbound fractions
are shown. Results for controls with no antibody (NoAb), in which no amplification occurs, are also included for each cell line. (C) The activity
of the E-cadherin promoter was analyzed in MDCK cells in the presence of the indicated Snail expression vectors (50 ng) and in the absence or
presence of cotransfection with HDAC1 and/or mSin3A expression vectors (100 ng). Promoter activity was determined 24 h after transfection, as
indicated in the legend of Fig. 1.
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exclusion pattern (Fig. 5), supporting their joint association to
transcription sites. In contrast, no association of Snail with the
class I HDAC3 and no nuclear colocalization have been ob-
served. In agreement with these observations, the HDAC1/2
proteins but not HDCA3 have been found associated to the
endogenous E-cadherin promoter in Snail-expressing cells.
Moreover, the cooperation of HDAC1 and mSin3A with Snail
seems to be required for effective repression of the E-cadherin
promoter. These results strongly indicate that Snail is associ-
ated in vivo with several components of the SIN3 repressor
complex to mediate transcriptional repression of the E-cad-
herin promoter.

Based on the pull-down assays, the interaction of Snail with
HDAC1/2 and mSin3A seems to be direct and depends on the
presence of the SNAG transactivation domain (Fig. 4G). Sig-
nificantly, the �SNAG mutant is unable to cooperate with
HDAC1 and mSin3A in E-cadherin promoter repression, sup-
porting the functional participation of the SNAG domain in
the recruitment of the complex comprised of Sin3A and
HDAC1/2. These results, apart from reinforcing the previously
assigned repressor function of the SNAG domain (5, 34), pro-
vide for the first time a molecular mechanism for Snail repres-
sion of the E-cadherin promoter, which is linked to the recruit-
ment of the Sin3A and HDAC1/2 components of the SIN3
complex. The participation of additionally associated compo-
nents of the SIN3 complex in the Snail-mediated repression of
E-cadherin remains an open question. However, and as sug-
gested by the colocalization analysis (see Fig. 5), it is likely that
the SIN3 complex recruited by Snail might represent a minor
subfraction of the endogenous nuclear SIN3 complex specifi-
cally recruited to the E boxes of the E-cadherin promoter, as
reported for other repressors that recruit particular SIN3 com-
plexes to specific promoter sequences (30, 33, 43, 51, 53, 54, 57,
58).

Regulation of E-cadherin repression might involve several
repressor complexes. Our present results clearly indicated that
mSnail recruits several components of the SIN3 repressor com-
plex to downregulate E-cadherin expression in epithelial cell
lines. Nevertheless, the participation of Snail in other core-
pressor complexes recruiting HDAC1/2 or containing addi-
tional histone- or chromatin-modifying activities, such as meth-
yltransferases, cannot presently be discarded. In fact, our ChIP
assays have shown a lower level of dimethyl-K4 of histone H3
and a higher level of dimethyl-K9 of histone H3 at the E-
cadherin promoter in MDCK-Snail cells compared to levels in
control MDCK cells (Fig. 2B), suggesting the participation of
additional histone- and chromatin-modifying activities in Snail-
mediated regulation. Interestingly, CarB and CarC cells
present hypermethylation of the CpG islands of the proximal
E-cadherin promoter, and their treatment with the DNA de-
methylating agent 5-aza-2�deoxycytidine leads to reexpression
of E-cadherin in both cell lines (M. Fraga et al., unpublished
data), suggesting that cooperation between methyl-CpG bind-
ing domain proteins and HDACs recruited by Snail might
operate in these two cell lines, as demonstrated in other sys-
tems (4).

Besides Snail, additional repressors of E-cadherin have been
identified in the last 2 years, among them the ZEB1 (�EF1)
and ZEB2 (SIP-1) two-handed zinc binding factors (15, 20).
Very recently, a new CtBP corepressor complex has been de-
scribed, containing histone-modifying activities (HDAC1/2
and K9 methyltransferase) and ZEB1 (�EF1) and ZEB2 (SIP-
1), with the ability to affect the histone modification status and
the activity of the E-cadherin promoter in osteosarcoma cells
(45). Taken together with our present data, these results indi-
cate that at least two distinct corepressor complexes, SIN3 and
CtBP, can be recruited by different repressors to the E-cad-
herin promoter to mediate its transcriptional silencing.

FIG. 7. The �SNAG construct acts as a dominant negative of Snail in E-cadherin promoter repression. (A) The activity of the E-cadherin
promoter in Snail-expressing CarB cells was more efficiently derepressed by the �SNAG than by the �Nt Snail mutant. (B) E-cadherin promoter
activity in Snail-deficient PDV cells. The repression of the E-cadherin promoter induced by cotransfection of Snail was fully relieved by the �SNAG
mutant but not affected by the �Nt mutant. Promoter activity was determined 24 h after transfection, as indicated in the legend of Fig. 1.

VOL. 24, 2004 Snail RECRUITS HDAC1/2 and Sin3A TO REPRESS E-CADHERIN 317



Whether both repressor complexes can operate on the same
cell system or whether they are targeted to the same regulatory
sequences of the E-cadherin promoter remains to be estab-
lished. In this regard, previous studies have determined that
mSnail binds to two adjacent E boxes present in the E-Pal
element (positions �90 to �70) of the mouse E-cadherin pro-
moter with a much higher affinity than other repressors, such
as E47 and mSlug (10). In contrast, Snail does not bind to a
proximal �30 E box (10), to which the ZEB2 (SIP-1) factor
binds in conjunction with the �79 E box (15). Therefore, it
might be possible that the independent transcriptional repres-
sors Snail, ZEB1, and ZEB2 can target distinct repressor com-
plexes, such as the SIN3 and CtBP complexes, to specific reg-
ulatory sites of the E-cadherin promoter. However, the high
binding affinity of Snail for the more distal E boxes and the
absence of a CtBP binding site in mSnail (25) make it unlikely
that the Snail-recruited SIN3 complex can compete with a
CtBP complex for E-cadherin promoter repression in the same
cellular context. Additional work is clearly needed to further
clarify this important issue.

Understanding the mechanisms involved in the regulation of
Snail and other E-cadherin repressors is an important issue to
advance in our understanding of the tumor invasion process.
Recently it was reported that the Mi-2/NuRD corepressor
complex is involved in the transcriptional repression of Snail in
an estrogen receptor-dependent fashion in breast cancer cells
(18). This information suggests additional levels of regulation
for the Snail-mediated repression of E-cadherin, involving the
participation of at least two corepressor complexes. It is tempt-
ing to speculate that these corepressors might operate in a
hierarchical fashion in some specific contexts, such as in estro-
gen-dependent tissues. In such scenarios, under a positive es-
trogen receptor signal an active Mi-2/NuRD complex will re-
press Snail and maintain E-cadherin expression, while its
inactivation will lead to the expression of Snail, which can then
recruit the SIN3 complex to repress E-cadherin expression. In
the field of tumor invasion and metastasis, an important issue
that remains to be solved in the near future is the possible
modification of either corepressor complex by external growth
factors signals, such as transforming growth factor � which
operates as a tumor promoter at advanced stages of tumor
progression (2) and was recently reported to act as an inducer
of Snail expression (39).
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