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Epithelial-mesenchymal transition (EMT) is a transdiffer-
entiation programme. The mechanism underlying the
epigenetic regulation of EMT remains unclear. In this
study, we identified that Snaill interacted with histone
lysine-specific demethylase 1 (LSD1). We demonstrated
that the SNAG domain of Snaill and the amine oxidase
domain of LSD1 were required for their mutual interac-
tion. Interestingly, the sequence of the SNAG domain is
similar to that of the histone H3 tail, and the interaction
of Snaill with LSD1 can be blocked by LSD1 enzymatic
inhibitors and a histone H3 peptide. We found that the
formation of a Snail1-LSD1-CoREST ternary complex was
critical for the stability and function of these proteins. The
co-expression of these molecules was found in cancer cell
lines and breast tumour specimens. Furthermore, we
showed that the SNAG domain of Snaill was critical for
recruiting LSD1 to its target gene promoters and resulted
in suppression of cell migration and invasion. Our study
suggests that the SNAG domain of Snaill resembles a
histone H3-like structure and functions as a molecular
hook for recruiting LSD1 to repress gene expression in
metastasis.
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Introduction

The increased motility and invasiveness of tumour cells are
reminiscent of the processes at the epithelial-mesenchymal
transition (EMT), which is essential for morphogenetic
events in embryonic development, tissue remodelling,
wound healing and metastasis (Wu and Zhou, 2008; Yang
and Weinberg, 2008; Thiery et al, 2009). In these EMT
processes, epithelial cells acquire fibroblast-like properties
and show reduced intercellular adhesion and increased mo-
tility. These acquired traits confer cancer cells with the
distinct advantages of invasion, metastatic dissemination
and acquisition of drug resistance (Wu and Zhou, 2008;
Yang and Weinberg, 2008; Thiery et al, 2009). Interestingly,
EMT is a reversible process (Thiery, 2002; Weinberg, 2008).
When cancer cells disseminate to distant sites in the body,
they no longer encounter the signals that they experienced in
the primary tumour and they can revert to an epithelial state
by a mesenchymal-epithelial transition (MET). The pheno-
typic plasticity of cancer cells at EMT/MET suggests that an
epigenetically regulated differentiation programme is in-
volved (Feinberg, 2007).

In the eukaryotic nucleus, DNA is packaged with core
histones and other chromosomal proteins to form chromatin
(Bernstein et al, 2007; Downs et al, 2007; Fraser and
Bickmore, 2007). The basic repeating unit of chromatin,
nucleosome, is composed of two copies of each of the four
core histones, H2A, H2B, H3 and H4, wrapped by 146 base
pairs of DNA (Bernstein et al, 2007; Downs et al, 2007; Fraser
and Bickmore, 2007). Chromatin harbours not only genetic
information encoded in the DNA but also epigenetic informa-
tion carried by the reversible covalent modifications at the
N-terminal tails of histones (Esteller, 2007). Histone modifi-
cations, such as acetylation, phosphorylation and methyla-
tion, control gene expression by altering chromatin structure
(Berger, 2007; Bhaumik et al, 2007; Ruthenburg et al, 2007).
Methylation at specific residues of histone H3, in particular,
has a major role in the maintenance of the active or silent
state of gene expression (Martin and Zhang, 2005; Bhaumik
et al, 2007). For example, methylated lysine 9 or lysine 27 on
histone H3 (denoted as H3K9 and H3K27) is generally
associated with genes the transcription of which is repressed,
whereas methylated H3K4, H3K36 and H3K79 are found in
active chromatin. Although histone methylation was long
considered irreversible, the recent identification of several
site-specific histone demethylases provides compelling evi-
dence that this modification is dynamically regulated (Klose
and Zhang, 2007; Shi and Whetstine, 2007; Cloos et al, 2008).
The reversible methylation of histones allows gene expres-
sion to be rapidly switched on at differentiation, while
retaining cellular plasticity in response to developmental
and microenvironmental signals (Reik, 2007). The mechan-
ism underlying the epigenetic regulation of EMT at metastasis
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Figure 1 Snaill interacts with LSD1 through the SNAG domain. (A) The schematic diagram shows the stable expression of dual-tagged Snaill
in HEK293 cells (top and middle panels). The Snaill complex was isolated by two-step immunopurification, separated on SDS-PAGE and
visualized by silver staining. A protein with molecular weight close to 110 kDa was excised and identified as LSD1 by mass spectrometry
(bottom panel). (B) Flag-tagged LSD1 and HA-tagged wild-type or SNAG-deleted Snaill were co-expressed in HEK293 cells. After
immunoprecipitation, bound Snaill or LSD1 was examined by western blotting. (C) Endogenous Snaill and LSD1 were immunoprecipitated
from PC3, HCT116, SKBR3 and MDA-MB231 cells and bound endogenous LSD1 and Snaill were examined by western blotting. (D) GFP-tagged
Snaill was expressed in HEK293 cells. After fixation, the cellular localization of Snaill (green) and LSD1 (red) was examined by

immunofluorescent staining. Scale bar =50 um.

remains unclear, and thus, an understanding of this process
will provide important insight into the early steps of cancer
metastasis.

A hallmark of EMT is the loss of E-cadherin expression
(Nieto, 2002; Thiery, 2002), which is often inversely corre-
lated with tumour grade and stage (Cowin et al, 2005).
Several transcription factors, such as Snaill, Twist and
ZEB1, have been implicated in the transcriptional repression
of E-cadherin and in the induction of EMT (Nieto, 2002;
Thiery and Sleeman, 2006; Peinado et al, 2007; Yang and
Weinberg, 2008). Snaill, a DNA-binding factor, which was
identified in Drosophila as a suppressor of the transcription of
shotgun (an E-cadherin homologue), controls large-scale cell
movement during formation of the mesoderm and neural
crest (Nieto, 2002). Expression of Snaill suppresses E-cad-
herin expression and induces EMT in MDCK and breast
cancer cells, indicating that Snaill has a fundamental role
in EMT and breast cancer metastasis (Batlle et al, 2000; Cano
et al, 2000; Zhou et al, 2004). Our findings, and those of
others, clearly show that expression of Snaill correlates with
high tumour grade and nodal metastasis and is predictive of a
poor outcome in patients with breast cancer (Cheng et al,
2001; Blanco et al, 2002; Zhou et al, 2004; Martin et al, 2005).
Besides being a critical regulator of EMT, Snaill, when over-
expressed, induces resistance to apoptosis and tumour recur-
rence in breast cancer (Kajita et al, 2004; Vega et al, 2004;
Moody et al, 2005). To better understand the mechanism
underlying the epigenetic regulation of EMT at metastasis,
we undertook the unbiased approach of tandem array
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purification (TAP) coupled with mass spectrometry analysis
to identify the chromatin-modifying enzymes that interact
with Snaill. We found that Snaill interacted with lysine-
specific demethylase 1 (LSD1), a key component of several
co-repressor complexes including CoREST, CtBP and HDAC1/2,
which remove the methylation of H3K4 (Shi, 2007). In this
paper, we characterize the functional interaction of Snaill
with LSD1 and investigate their roles in mediating chromatin
modification during metastasis.

Results

Snail1 interacts with LSD1 through the SNAG domain

To identify the potential proteins that interact with Snaill, we
generated a stable HEK293 cell line expressing dual-tagged
Snaill (Figure 1A). After enriching the nuclear extracts, we
carried out a two-step sequential protein purification process
with Flag and hemagglutinin (HA) affinity columns (Shi et al,
2003). The final immunocomplexes were separated on SDS-
PAGE and subjected to silver staining (Figure 1A). Bound
proteins were excised from the gel and subjected to mass
spectrometry analysis. Three known proteins that interact
with Snaill, GSK-3B, B-Trcp and PRMT5 (Zhou et al, 2004;
Hou et al, 2008), were found in the complexes, which
validated the specificity of this system. Lysine-specific de-
methylase 1 (Shi, 2007), an H3K4 demethylase, was also
identified as a protein that associated with Snaill. Six trypsin-
digested peptides from a protein with a molecular weight of
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Figure 2 The SNAG domain is essential for the stability of Snaill. (A) Sequence alignment of the SNAG domain from several transcriptional
repressors. The consensus sequence is shown in red and the lysine and arginine residues are highlighted in blue. (B) Scheme showing the
SNAG constructs used in this study (top panel). WT or SNAG-deleted Snaill, d2-GFP or SNAG-d2-GFP was co-expressed with the E-cadherin
promoter luciferase construct in MCF7 cells. After 48 h, luciferase activity was measured by using a Dual-Luciferase Reporter Assay (Promega)
(mean £ s.d. of three separate experiments; bottom panel). (C) WT and SNAG-deleted Snaill, d2-GFP and SNAG-d2-GFP were expressed in
HEK293 cells and analysed by western blotting. (D) WT or SNAG-deleted Snaill was expressed in HEK293 cells then treated with cycloheximide
(10 pg/ml) for different time intervals. The level of Snaill was analysed by western blotting. Densitometry results from three independent
experiments were statistically analysed and plotted (bottom panel). A representative western blotting experiment is shown in the top panel.
(E) d2-GFP or SNAG-fused d2-GFP was expressed in HEK293 cells and treated with cycloheximide as described above. The level of d2-GFP was
analysed by western blotting. Densitometry results from three independent experiments were statistically analysed and plotted (bottom panel)

and a representative blot is shown on the top panel.

about 110 kDa were perfectly matched to the protein sequence
of LSD1 (Figure 1A).

To validate the physical interaction of Snaill with LSDI1,
we co-expressed Snaill-HA and Flag-LSD1 in HEK293 cells
and conducted a co-immunoprecipitation experiment. After
immunoprecipitating LSD1, we detected the associated
Snaill, and vice versa (Figure 1B), indicating that these two
molecules are associated. Interestingly, deletion of the SNAG
(Snaill/GFI) domain (Batlle et al, 2000; Nieto, 2002; Peinado
et al, 2004; Barrallo-Gimeno and Nieto, 2009), a highly
conserved repressive domain present at the N-terminus of
several transcription factors (such as Snaill and GFI1), sig-
nificantly reduced the interaction of Snaill with LSDI1, in-
dicating that the SNAG domain is required for this interaction
(Figure 1B). We also immunoprecipitated endogenous Snaill
and LSD1 from PC3, HCT116, MDA-MB 231 and SKBR3 cells
and detected the presence of endogenous LSD1 and Snaill,
respectively (Figure 1C). Consistent with these data, when
GFP-Snaill was expressed in HEK293 cells, we found that
Snaill was co-localized with endogenous LSD1 in the nucleus
(Figure 1D). Taken together, our results indicate that Snaill

©2010 European Molecular Biology Organization

interacts with LSD1 and that the SNAG domain of Snaill is
required for mediating their interaction.

The SNAG domain is essential for the stability of Snail1
In addition to Snaill and GFI1, several other transcription
factors, such as Slug, Scratch, insulinoma-associated protein
IA-1 (Insm1) and Ovo-like 1 (OVOL1), also contain a similar
SNAG domain at their N-terminus (Figure 2A). This motif is
highly conserved among species and is important for the
repressive activity of these transcription factors in mamma-
lian cells (Batlle et al, 2000; Nieto, 2002; Peinado et al, 2004;
Barrallo-Gimeno and Nieto, 2009). We, along with others,
previously showed that Snaill is a highly unstable protein
and is regulated by protein stability and subcellular localiza-
tion (Dominguez et al, 2003; Zhou et al, 2004; Yook et al,
2005). To test whether the SNAG domain regulates the
protein stability, subcellular localization and repressive ac-
tivity of Snaill, we generated a Snaill mutant with the SNAG
domain deleted (ASNAG-Snaill) and a SNAG-fused destabi-
lized d2-GFP (SNAG-d2-GFP; Figure 2B). Consistent with
previous findings, deletion of the SNAG domain significantly

The EMBO Journal VOL 29 | NO 1112010 1805
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reduced the repressive activity of Snaill on the E-cadherin
promoter, whereas adding the SNAG domain to d2-GFP had
no effect (Figure 2B), suggesting that the SNAG domain is
required but is not sufficient for the transcriptional repressive
activity of Snaill. Interestingly, ASNAG-Snaill became less
stable than wild-type Snaill, whereas SNAG-d2-GFP became
stabilized in comparison with d2-GFP (Figure 2C). The failure
of ASNAG-Snaill to suppress E-cadherin promoter activity
(Figure 2B) was not due to the instability of this molecule, as
treatment with MG132 did not enhance the suppressive
function of this mutant (Supplementary Figure S1). To further
extend this finding, we investigated the degradation of these
proteins with treatment of the protein synthesis inhibitor,
cycloheximide, for various time intervals. We found that the
protein level of ASNAG-Snaill significantly decreased after
1h in comparison with that of wild-type Snaill (Figure 2D).
In contrast, SNAG-d2-GFP became more stable than d2-GFP
(Figure 2E), indicating that the SNAG domain is critical for
maintaining the protein stability of Snaill, in addition to its
transcriptional repressive function.

We next examined whether the SNAG domain affects the
subcellular location of these proteins. Although the intensity
of SNAG-d2-GFP was enhanced because of its increased
stability, d2-GFP and SNAG-d2-GFP were distributed equally
in the nucleus and cytoplasm (Supplementary Figure S2A).
We also expressed wild-type Snaill- and ASNAG-Snaill-GFP
in HEK293 cells and found that both were localized predo-
minantly in the nucleus (Supplementary Figure S2B).
Although ASNAG-Snaill has significantly decreased protein
stability, the loss of the SNAG domain did not affect its
nuclear localization. We also performed subcellular fractio-
nation analysis and found that the addition or deletion of the
SNAG domain did not change the subcellular localization of
d2-GFP or Snaill, respectively (Supplementary Figure S3).
Taken together, our results indicate that the SNAG domain
is critical in controlling the protein stability but not the
subcellular location of Snaill.

The SNAG domain of Snail1 interacts with LSD1

by mimicking the structure of the histone H3 tail

We also expressed d2-GFP and SNAG-d2-GFP in HEK293
cells. Immunoprecipitation of SNAG-d2-GFP, but not of d2-
GFP, revealed the association of endogenous LSD1, indicating
that the SNAG domain is sufficient for Snaill to interact with
LSD1 (Figure 3A). Lysine-specific demethylase 1 is a de-
methylase for H3K4me2 (Shi, 2007). Although it can bind
to the histone H3 tail for demethylation, it does not contain a
DNA-binding motif. The manner in which LSD1 binds to a
specific promoter chromatin remains unclear. The X-ray
structure of the LSD1-CoREST-Histone H3 peptide complex
has been determined (Forneris et al, 2007, 2008). Forneris
et al (2008) demonstrated that residues of Arg2, Thr6, Arg8,
Lys9 and Thrl1l of histone H3 (highlighted with blue dots at
the top of Figure 3B) are critical for establishing the contact
interactions of histone H3 within the catalytic cavity of LSD1.
We noticed that the sequence of the SNAG domain is highly
similar to that of the N-terminus of histone H3 and contains
arginine- and lysine-rich residues (Figure 3B). Interestingly,
the SNAG domain of Snaill contains almost identical residues
at four of these five positions (Arg3, Arg8, Lys9 and Ser11). To
identify the critical residues on the SNAG domain required for
interaction with LSD1, we performed alanine scan muta-
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genesis on the SNAG domain of Snaill (Figure 3C). Among
the 15 Snaill mutants screened, we found that mutations at
Pro2, Arg3, Lys9 and Prol0 decreased the protein stability of
Snaill (Figure 3C; Supplementary Figure S4). However, treat-
ment with proteasome inhibitor, MG132, restored the protein
stability of these mutants (Supplementary Figure S4), indicat-
ing that these four residues are critical for controlling the
protein stability of Snaill. This is consistent with the finding
that the SNAG domain is important for the protein stability of
Snaill (Figure 2). Similar to the SNAG deletion mutant of
Snaill, mutation of these four residues did not alter the
nuclear localization of Snaill (Figure 3D).

We next examined the interaction of these 15 mutants with
LSD1 by immunoprecipitating endogenous LSD1. We found
that Pro2, Arg3, Ser4, Phe5, Arg8 and Lys9 mutants comple-
tely lost their ability to interact with LSD1 (Figure 3E; data
not shown). The loss of interaction of these mutants with
LSD1 was not due to the instability of these mutants, as cells
were treated with the proteasome inhibitor, MG132, to pre-
vent Snaill from degrading (input lysates on Figure 3E).
Consistent with these data, when Snaill was immunopreci-
pitated, the association of these mutants with LSD1 was also
abolished (Figure 3E). Interestingly, mutants that cannot
interact with LSD1 also lost their ability to inhibit E-cadherin
promoter luciferase activity, suggesting that the interaction
with LSD1 is critical for the suppressive function of Snaill
(Supplementary Figure S5).

We also performed protein modelling analysis on the basis
of the structure of the LSD1-CoREST-Histone H3 complex.
We found that the SNAG domain of Snaill adopted a con-
formation that was superimposed by the histone H3 tail at the
catalytic cavity of LSD1 (Figure 3F). Noticeably, Arg3, Arg8
and Lys9 of the SNAG domain of Snaill participate in similar
critical contacts within the catalytic cavity of LSD1, compared
with those of the histone H3 tail. This is consistent with the
finding that these mutants lose their interaction with LSD1
and their suppressive function on the E-cadherin promoter.
As methylation of arginine and lysine residues has been
reported on other non-histone proteins (Huang and Berger,
2008), and because Arg3, Arg8 and Lys9 in the SNAG domain
of Snaill are critical for the interaction with LSD1, we
speculate that methylation of these three residues may
regulate their interaction with LSD1. To test this idea, we
immunoprecipitated Snaill and subjected it to western blot
analysis using antibodies against H3K4, H3K9 and H3K27
methylation, as well as against pan-lysine and pan-arginine
methylation (Supplementary Figure S6; data not shown).
Unfortunately, we were unable to detect the methylation
of Snaill because of the lack of a specific methylation anti-
body on these three residues. Together, our results indicate
that the SNAG domain of Snaill interacts with LSD1 by
adopting a conformation similar to that of the N-terminal
tail of histone H3.

The amine oxidase domain of LSD1 is responsible for
its interaction with Snail1

The N-terminal one-third of LSD1 contains a SWIRM (Swi3p,
Rsc8p and Moira) domain that is commonly found in chro-
matin-remodelling complexes with unknown functions
(Figure 4A). The C-terminal two-thirds of LSD1 comprise an
amine oxidase (AO) domain that shares extensive sequence
homology with FAD-dependent AO. To identify the region that
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Figure 3 The SNAG domain of Snaill interacts with LSD1 by mimicking the structure of the tail of histone H3. (A) d2-GFP or SNAG-d2-GFP
was expressed in HEK293 cells. After immunoprecipitation of d2-GFP, bound endogenous LSD1 was examined by western blotting. (B) The
schematic diagram shows the sequence alignment of the SNAG domain with the histone H3 tail. The conserved sequence is highlighted in
yellow and arginine and lysine resides are shown in red. Residues of Arg2, Thr6, Arg8, Lys9 and Thrll of histone H3 (highlighted in blue dots
on the top) are important for establishing the critical interaction of histone H3 within the catalytic cavity of LSD1 (Forneris et al, 2008).
Triangles at the bottom represent the residues on the SNAG domain that are important for interacting with LSD1. (C) Schematic diagram shows
the position of the alanine mutations in the SNAG domain (top panel). The Snaill mutants were expressed in HEK293 cells and the level of
Snaill was examined by western blotting (bottom panel). (D) EGFP-tagged WT or mutant Snaill was expressed in HEK293 cells and the
subcellular localization of Snaill (green) was visualized by immunofluorescence microscopy (DAPI for nuclei, red). Scale bar =20 pm. (E) WT
or mutant Snaill was expressed in HEK293 cells treated with MG132 (10 uM) for 6h. Endogenous LSD1, WT or Snaill mutants were
immunoprecipitated, and the bound Snaill or endogenous LSD1 was examined by western blotting, respectively. Input lysates were shown in
the bottom panel. (F) A ball-and-stick model structure of the LSD1-SNAG-Snaill complex (green) superposed to the LSD1-histone H3 peptide
complex (yellow; PDB access code 2V1d) showing the position of key interacting residues and the substrate lysine residue (Lys4). The LSD1
molecule is shown as a partially transparent surface representation.

is responsible for the LSD1 interaction with Snaill, we from cell lysates, the SWIRM domain of LSD1 failed to

generated LSD1 domain-deletion mutants (Figure 4A) and
co-expressed them with Snaill in HEK293 cells. As expected,
immunoprecipitation of full-length LSD1 revealed the asso-
ciation with Snaill. A small C-terminal deletion mutant of
LSD1 and the AO domain retained the ability to interact with
Snaill (lanes 2 and 4; Figure 4B; Supplementary Figure S7).
The N-terminal region of the SWIRM domain, however, was
completely incapable of interacting with Snaill (lane 3;
Figure 4B). In the reciprocal immunoprecipitation experi-
ment, immunoprecipitation of Snaill revealed the associa-
tions between full-length and small C-terminal-deleted LSD1
and the AO domain, but not with the SWIRM domain
(Figure 4C). These results indicate that the AO domain is
required for the interaction of LSD1 with Snaill. Consistent
with this result, when wild-type and deletion mutants of
glutathione-S-transferase (GST)-LSD1 were pulled down

©2010 European Molecular Biology Organization

interact with Snaill (lane 3; Figure 4D), confirming that the
AO domain but not the SWIRM domain is required for
mediating the interaction of LSD1 with Snaill.

Although the AO domain of LSD1 shares high sequence
homology with other FAD-containing AOs, it contains a
unique 100-amino-acid insertion that forms a tower-like
structure (tower domain) protruding away from the AO
domain (yellow insertion; Figure 4A; Chen et al, 2006;
Stavropoulos et al, 2006; Yang et al, 2006; Forneris et al,
2007). The tower domain divides the AO domain of LSD1 into
two functional lobes, the FAD-binding lobe and the substrate-
binding and -recognition lobe. CoREST binds to the tower
domain and allosterically modulates the interaction of the
FAD-binding lobe with the substrate-binding lobe of LSD1
and thus controls the demethylase activity of LSD1 (Chen
et al, 2006; Stavropoulos et al, 2006; Yang et al, 2006; Forneris
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Figure 4 AO domain of LSD1 is responsible for its interaction with Snaill. (A) The cartoon and schematic diagram shows the structure of LSD1
and the different deletion constructs used in this study. (B, C) HA-tagged Snaill and Flag-tagged full-length or deletion mutants of LSD1 were
co-expressed in HEK293 cells treated with MG132 for 6 h. After immunoprecipitation, bound Snaill (B) and LSD1 (C) were examined by
western blotting. (D) GST-tagged full-length or deletion mutants of LSD1 were incubated with lysate from HEK293 cells expressing Snaill. The
GST pull-down complex was eluted with SDS-PAGE buffer and about one-tenth of these elutents were analysed for the association of Snaill by
western blotting (bottom panel). The rest of the elutents were examined for the presence of purified GST-LSD1 by Coomassie staining (top
panel). (E) Flag-tagged AO domain, AO domain without Tower (AOATower) or Tower domain of LSD1 was co-expressed with Snaill in HEK293
cells treated with MG132 for 6h. After immunoprecipitation, the bound deletion mutants of LSD1 and Snaill were examined by western

blotting.

et al, 2007). To further narrow down the region that is
required for the association of the AO domain with Snaill,
we generated a tower domain-only LSD1 and a tower-deleted
AO domain (AOATower) by linking FAD- and substrate-bind-
ing lobes with a polyglycine linker as described previously
(Figure 4A; Chen et al, 2006). When these deletion mutants
were co-expressed with Snaill in HEK293 cells, the AO and
AOATower mutants were still able to interact with Snaill
(Figure 4E), whereas the tower domain failed to interact
with Snaill. Conversely, immunoprecipitation of AO and
AOATower, but not of the Tower domain, revealed the asso-
ciation of Snaill. These results indicate that the AO domain,
but not the tower region of LSDI1, is responsible for the
interaction of LSD1 with Snaill.

On the basis of the structural analysis of LSD1 (Chen et al,
2006; Stavropoulos et al, 2006; Yang et al, 2006; Forneris et al,
2007), aspartic acid 375 and glutamic acid 379 form a charge
interaction with arginine 8 of histone H3, whereas glutamic
acids at positions 553, 555 and 556 interact with arginine 2 of
histone H3 (Supplementary Figure S8A). Mutation of these
critical residues within the catalytic domain of LSD1 abol-
ished its catalytic activity on H3K4 demethylation (Chen et al,
2006; Stavropoulos et al, 2006). Interestingly, mutation of
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these residues completely compromised the interaction of
LSD1 with Snaill (Supplementary Figure S8B). Taken
together, our data indicate that the SNAG domain of Snaill
adopts a structural conformation similar to that of the histone
H3 tail and interacts with the catalytic domain of LSD1 in a
manner similar to that of histone H3.

CoREST enhances the interaction of LSD1 with

Snail1 and the stability of the ternary complex

The tower region of LSD1 is required for its interaction with
CoREST (Chen et al, 2006; Stavropoulos et al, 2006; Yang
et al, 2006; Forneris et al, 2007), a SANT domain-containing
co-repressor. Binding of CoREST not only protects LSD1 from
proteasomal degradation in vivo but also modulates the
structure of the AO domain of LSD1 to control the interaction
of LSD1 with its substrate, histone H3 (Lee et al, 2005; Shi
et al, 2005). As the sequence of the SNAG domain is similar to
that of the N-terminus of histone H3 (Figure 3B), and because
the SNAG domain of Snaill interacts with the AO domain of
LSD1 (Figures 1B, 3A, 4; Supplementary Figure S8), we
reasoned that the association of CoREST with LSD1 may
affect the binding and stability of Snaill. To test this idea,
we expressed Snaill, LSD1 or CoREST in HEK293 cells.
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Figure 5 CoREST enhances the interaction of LSD1 with Snaill and the stability of the ternary complex. (A) Snaill, WT or Tower-deleted LSD1,
and CoREST were co-expressed in HEK293 cells. Cells were treated with or without MG132 for 6 h before being collected. The levels of LSD1,
Snaill and CoREST were analysed by western blotting. (B) WT or Tower-deleted LSD1 and CoREST were co-expressed in Snaill/HEK293 cells.
After immunoprecipitation of LSD1, the bound Snaill and CoREST were examined by western blotting. (C) CoREST siRNA or non-target control
(NTC) was expressed in HCT116, PC3 and MDA-MB231 cells. Endogenous LSD1, CoREST and Snaill were examined by western blotting.
(D) Cells were prepared as described above in (C). After endogenous LSD1 was immunoprecipitated, the bound CoREST and Snaill were
examined by western blotting. (E) Nuclear extracts from various cancer cell lines were analysed for the levels of Snaill, LSD1 and CoREST by
western blotting. Lamin A served as the nuclear marker. The expression intensity of these proteins was plotted and shown (bottom panel).

Consistent with previous findings (Zhou et al, 2004; Shi et al,
2005), treatment with the proteasome inhibitor MG132 sig-
nificantly stabilized Snaill and LSD1 (lanes 1 and 2 versus
lanes 7 and 8, Figure 5A). Co-expression of Snaill with wild-
type LSD1, ATower LSD1 or CoREST did not change the
stability of Snaill (lanes 2, 3 and 4, Figure 5A). As expected,
CoREST enhanced the stability of wild-type LSD1 but not of
ATower LSD1 (lane 5 versus lane 6, Figure 5A). Noticeably,
expression of Snaill, LSD1 and CoREST together significantly
enhanced the protein stability of each in the complex, as
much as treatment with proteasome inhibitor MG132 (lane 5
versus lane 11, Figure 5A). These results indicate that the
formation of the Snaill-LSD1-CoREST ternary complex is
critical for their protein stabilization and function in vivo.
Consistent with this finding, when LSD1 was immunopreci-
pitated, co-expression of CoREST significantly enhanced the
association of LSD1 with Snaill (lane 2 versus lane 1,
Figure 5B; Supplementary Figure S9). However, ATower
LSD1, which does not interact with CoREST, could not
enhance the interaction with Snaill in the presence of
CoREST (lane 3 versus lane 4, Figure 5B). These results
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suggest that the binding of CoREST with the tower domain
of LSD1 modulated the AO structure of LSDI1, and thus
enhanced the interaction of LSD1 with Snaill. To further
confirm our finding, we knocked down the expression of
endogenous CoREST in HCT116, PC3 and MDA-MB231 cells,
which slightly decreased the levels of endogenous LSD1 and
Snaill in these cells (Figure 5C). Again, when equal amounts
of LSD1 were immunoprecipitated (top panel, Figure 5D),
knockdown of CoREST expression significantly decreased the
interaction of LSD1 with Snaill in these cell lines (Figure 5D).
As LSD1 resides mainly in the nucleus and Snaill is localized
in the nucleus when it is stabilized (Zhou et al, 2004), we
measured the expression of Snaill, LSD1 and CoREST in
nuclear extracts from 11 different cancer cell lines. We
found that the level of Snaill was highly correlated with
the levels of LSD1 and CoREST in these cells (Figure 5E).
Together, our data indicate that the association of Snaill,
LSD1 and CoREST is important for their stability as a func-
tional complex; the binding of CoREST with LSD1 is not only
critical for the stability of LSD1 but also modulates the
association of LSD1 with Snaill.
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Figure 6 Interaction with Snaill is required for LSD1 recruitment to the E-cadherin promoter in vivo. (A) The LSD1 enzymatic inhibitor
Parnate (100 pM) was added to the immunoprecipitation buffer during immunoprecipitation. After endogenous LSD1 was immunoprecipitated
from HEK293 (expressing exogenous Snaill), MDA-MB231 and HCT 116 cells, bound Snaill and CoREST were detected by western blotting.
(B) H3K4me0 (1-21 amino acids), H3K4me2 (1-21 amino acids) and SNAG peptides (60 png/ml) were added to the immunoprecipitation buffer
during immunoprecipitation. After endogenous LSD1 was immunoprecipitated, bound Snaill and CoREST were detected by western blotting as
described above. (C) In vitro histone demethylation assay was carried out as described in the Materials and methods section using
mononucleosomes as substrate. After the reaction, demethylation of histone H3K4 was examined by western blotting. The statistical analysis
for the demethylation from three independent experiments is shown on the bar graph (top panel). A representative demethylation assay is
shown in the bottom panel. (D) The association of endogenous Snaill and LSD1 with the E-cadherin promoter was analysed by chromatin
immunoprecipitation (ChIP) assay in HCT116 and BT549 cells. (E) Snaill, LSD1 or non-target control (NTC) siRNA was expressed in HCT116
cells, the association of endogenous Snaill and LSD1 with the E-cadherin promoter was analysed by ChIP assay. (F) Snaill, LSD1 or non-target
control siRNA was expressed in HCT116 cells; methylation of H3K4 on the E-cadherin promoter was analysed by CHIP assay using anti-

H3K4me2 antibody.

Interaction with Snail1 is required for LSD1 recruitment
to the E-cadherin promoter in vivo

We found that the SNAG domain of Snaill and the AO domain
of LSD1 were required for their association, and this interac-
tion was regulated by CoREST. Given a high sequence simi-
larity between the SNAG domain and the N-terminus of
histone H3 (Figure 3B), we reasoned that Snaill used its
SNAG domain as a pseudo-substrate for LSD1 by mimicking
the structure of the histone H3 tail, which allowed for the
recruitment of LSDI1 to its targeted gene promoter. To test
this idea, we immunoprecipitated endogenous LSD1 from
HEK293 (with exogenously expressed Snaill), HCT116 and
MDA-MB231 cells in the presence or absence of Parnate
(tranylcypromine), a mechanism-based inhibitor that binds
to the catalytic cavity of LSD1 (Schmidt and McCafferty, 2007;
Yang et al, 2007b). We found that Parnate significantly
disrupted the interaction of LSD1 with Snaill (Figure 6A).
This inhibitory effect is specific, as Parnate did not alter the
association of LSD1 with CoREST. A similar finding was also
obtained using another LSD1 inhibitor, Pargyline (data not
shown; Yang et al, 2007a). To further extend our observation,
we added H3K4meO (1-21 amino acids), H3K4me2 (1-21
amino acids) and SNAG (1-17 amino acids) peptides for
competition binding during the immunoprecipitation of
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endogenous LSD1 in HCTI16 and MDA-MB231 cells
(Figure 6B). We found that H3 peptides significantly dis-
rupted the interaction of LSD1 with Snaill. Noticeably, the
SNAG peptide completely abolished the interaction of LSD1
with Snaill, suggesting that the SNAG peptide has higher
affinity for binding to LSD1 than does the histone H3 peptide.
Together, these results indicate that agents (inhibitors, his-
tone H3 and SNAG peptides) competing for the binding of the
catalytic cavity of LSD1 can disrupt the association of LSD1
with Snaill.

To test whether the Snaill complex contains LSD1
demethylase activity (Shi et al, 2005), we immunoprecipi-
tated Snaill and incubated the complex with purified mono-
nucleosome. We found that the Snaill complex was able to
demethylate H3K4me2 in vitro and that this enzymatic activ-
ity was suppressed by LSD1 inhibitors Parnate and Pargyline
(Figure 6C). To further examine whether the Snaill-LSD1
complex is associated with the E-cadherin promoter and
mediates transcriptional repression during EMT in vivo, we
performed chromatin immunoprecipitation (ChIP) assays on
two cancer cell lines. As expected, Snaill and LSD1 can
interact with the E-cadherin promoter in these two cell lines
(Figure 6D). Interestingly, the interaction of LSD1 with the
E-cadherin promoter was significantly decreased when Snaill
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Figure 7 Knockdown of Snaill and LSD1 expression suppresses cell migration. (A) An E-cadherin promoter luciferase construct was co-
expressed with or without Snaill, non-target control (NTC) or LSD1 siRNA in MCF7 cells. After 48 h, luciferase activities were normalized and
determined (mean *s.d. of three separate experiments). Luciferase activities for each sample were statistically analysed by Student’s t-test
(P<0.01). *P<0.001; #, no significance. (B) LSD1 or NTC siRNA was expressed in isogenic MCF7 and Snaill/MCF?7 cells. After 48 h, a scratch
(‘wound’) was induced in a cell monolayer and cell culture was continued for an additional 48 h. Images were obtained at the beginning and at
the 48 h time point to monitor the cell migration for the closure of the wound. The percentage of cell migration was calculated on the basis of
the migration of MCF7 cells (experiments were conducted at least twice in duplicate). Statistical analysis was performed by Student’s t test
(P<0.01). *P<0.001; #, no significance. (C) Snaill (SN), LSD1, CoREST and NTC siRNA were co-expressed with the E-cadherin promoter
luciferase construct in HCT116, PC3 and MDA-MB231 cells. After 48 h, luciferase activities were normalized and determined (mean *s.d. of
three separate experiments). (D) Snaill (SN), LSD1 and NTC siRNA were expressed in HCT116, PC3 and MDA-MB231 cells as described in (C).
After 481, a scratch (‘wound’) was induced in a cell monolayer and cell culture was continued for 48 h to measure cell migration as described
in (B). The statistical analysis for the migration of PC3 cells is shown on the bar graph, whereas statistical results for HCT116 and MDA-MB231
cells are shown in Supplementary Figure S12A. Representative images from PC3 cells are shown in Supplementary Figure S12B. (E) PC3 cells
were treated as described above and expressions of LSD1, Snaill, N-cadherin, vimentin, ZO-1 and Actin were examined by western blotting.

was specifically knocked down in HCT116 cells (lane 7 versus
lane 8, Figure 6E), indicating that the interaction of LSD1
with the E-cadherin promoter is mediated through the asso-
ciation of Snaill that binds to the E-box on the E-cadherin
promoter through zinc-finger motifs. Consistent with this
idea, no H3K4 methylation on the E-cadherin promoter
could be detected in HCTI116 cells (lane 5, Figure 6E).
However, knockdown of Snaill or LSD1 expression enhanced
the methylation of H3K4 (lanes 6, 7 and 8, Figure 6F). Taken
together, our results indicate that the interaction with LSD1 is
critical for the suppressive activity of Snaill and that Snaill is
required for LSD1 recruitment to the E-cadherin promoter
in vivo.

Knockdown of Snail1 and LSD1 expression suppresses
cell migration

To examine the functional relationship of Snaill and LSD1
in vivo, we expressed an E-cadherin promoter luciferase
construct in MCF7 cells that expresses no detectable endo-
genous Snaill. As expected, co-expression of Snaill sup-
pressed E-cadherin promoter luciferase activity (Figure 7A;
Supplementary Figure S10A). However, knockdown of LSD1
expression blocked the suppressive effect of Snaill on the
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E-cadherin promoter in these cells. We also measured the cell
migration of isogenic MCF7 and Snaill/MCF cells (Figure 7B;
Supplementary Figure S10B). As we have shown previously,
stable expression of Snaill in MCF7 cells enhances the
migratory ability of these cells (Wu et al, 2009a). However,
knockdown of LSD1 expression abolished the enhancement
of Snaill-mediated cell migration in Snaill/MCF7 cells
(Figure 7B), whereas knockdown of LSD1 expression in
MCF7 cells has no significant effect on cell migration.
These results suggest that the repressive function of Snaill
depends on LSD1. Similarly, we knocked down the expres-
sion of Snaill or LSD1 or CoREST in HCT116, PC3 and MDA-
MB231 cells, which express different levels of endogenous
Snaill, LSD1 and CoREST, and measured E-cadherin promo-
ter luciferase activity. Knockdown of CoREST expression
partially derepressed the suppression of the E-cadherin
promoter. Knockdown of either Snaill or LSD1 expression
significantly derepressed the suppression of the E-cadherin
promoter (Figure 7C; Supplementary Figure SI1).
Knockdown of both Snaill and LSD1 expression further
enhanced the activity of the E-cadherin promoter luciferase
in all three cell lines tested, suggesting that the functional
interaction of Snaill and LSD1 is important for E-cadherin
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Figure 8 Expression of Snaill correlates with the level of LSD1 and CoREST in tumour tissues. (A) The 116 surgical specimens of breast cancer
were immunostained using antibodies against Snaill, LSD1, CoREST, and the control serum (data not shown). Representative stainings from
the same tumour samples are shown. Scale bar =100 um. (B) The expression patterns of Snaill, LSD1 and CoREST in the 116 breast tumour
samples were determined and summarized. Correlation of Snaill with LSD1 and CoREST was analysed using Fisher’s exact test (P<0.001).
P<0.05 was set as the criterion for statistical significance. (C) A proposed model to illustrate how Snaill recruits the LSD1-CoREST complex to
the E-cadherin promoter. The SNAG domain of Snaill assembles a histone H3-like structure and serves as a molecular ‘hook’ (or pseudo-
substrate, a red dot indicates the critical residues in Snaill and histone H3 that interact with LSD1) to interact with the LSD1-CoREST complex.
The formation of this complex stabilizes the individual components from potential proteasomal degradation. Snaill brings this complex to
its targeted gene promoters through the binding of the E-box through the zinc-finger motifs. An overabundant amount of histone H3 at
the chromatin region outcompetes the binding of the SNAG domain with the catalytic core of LSD1 and results in the demethylation of

histone H3K4.

promoter suppression. Consistent with this finding, knock-
down expression of Snaill or LSD1 suppressed the migration
of HCT116, PC3 and MDA-MB231 cells, and knockdown
of both molecules further enhanced this suppressive effect
on migration (Figure 7D; Supplementary Figure S12).
Furthermore, knockdown of Snaill, LSD1, CoREST or both
Snaill and LSD1 in PC3 and MDA-MB231 cells impaired the
invasiveness of these cells (Supplementary Figure S13).
In line with these functional changes, knockdown of either
Snaill or LSD1 expression decreased the expression of the
mesenchymal markers N-cadherin and vimentin and en-
hanced the expression of the tight-junction molecule ZO-1
(Figure 7E). Knockdown of both molecules can significantly
enhance this effect. We speculate that this additive effect was
due to the higher knockdown efficiency on the functional
Snail1-LSD1 repressor complex when both molecules were
targeted at the same time. Together, our results indicate that
the functional interaction of Snaill with LSD1 is critical in
mediating E-cadherin promoter suppression and enhancing
cell migration.

Expression of Snail1 correlates with the level of LSD1
and CoREST in tumour tissues

Having established that the interaction of Snaill and LSD1 is
critical for their stability and for the suppressive function of
Snaill, we further extended our findings in vivo by examining
the correlation between the expression of Snaill and LSD1 in
116 resected human breast tumour specimens. In agreement
with previous findings (Shi, 2007), expression of LSD1 was
significantly correlated with the expression of CoREST.
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Again, consistent with our results obtained from cell lines
(Figure 5E), the expression of Snaill was highly correlated
with the expression of LSD1 and CoREST in tumour samples
(Figure 8A and B). These results in human breast cancer
tissues confirm our observations in cell culture, lending
further support to our hypothesis that the interaction of
Snaill with LSD1 is required for their stability and for the
suppressive function of Snaill during cell invasion and
metastasis.

Discussion

In this study, we showed that the interaction of Snaill with
LSD1 is critical for their stability and for the transcriptional
repressive function of Snaill. Our study provides several new
insights into the regulation of EMT and metastasis. First,
Snaill may represent the first unique example of a transcrip-
tion factor that uses a histone-mimicking motif, SNAG
domain in this case, for recruiting chromatin-modifying en-
zymes. Although transcription factors contain DNA-binding
motifs, they do not modify chromatin. On the contrary,
chromatin-modifying enzymes contain many histone-binding
modules (such as the Bromo, Chromo and PhD domains) and
are capable of changing the chromatin structure through
acetylation or methylation, although they lack specific
DNA-binding motifs. The manner in which transcription
factors recruit specific chromatin-modifying enzymes to
their target gene promoters remains a subject of major
interest and an area of intensive investigation. We found
that the SNAG domain is required and sufficient for Snaill to
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interact with LSD1 (Figures 1B and 3A). Interestingly, the
sequence of the SNAG domain is highly similar to that of the
N-terminus of histone H3 and adopts a conformation similar
to that of histone H3 at the catalytic cavity of LSD1 (Figure 3B
and F). Mutation of the critical contact residues (Arg3, Arg8
and Lys9) of the SNAG domain of Snaill completely disrupts
the interaction of Snaill with LSD1 and blocks its sup-
pressive activity on the E-cadherin promoter (Figure 3E;
Supplementary Figure S4). We also found that the SNAG
domain of Snaill interacts with the AO domain of LSD1
(Figure 4), which consists of the catalytic core of LSD1 and
is required to interact with the tail of histone H3 for H3K4
demethylation (Chen et al, 2006; Stavropoulos et al, 2006;
Yang et al, 2006; Forneris et al, 2007). The interaction of
Snaill with LSD1 is disrupted by LSD1 enzymatic inhibitors
and histone H3 peptides (Figures 6A and B). In addition, the
Snaill-LSD1 interaction is regulated by CoREST (Figure 5),
which is known to bind to the tower region and modulates
the structure of the AO domain of LSD1 for controlling its
interaction with the histone H3 tail (Chen et al, 2006;
Stavropoulos et al, 2006; Yang et al, 2006; Forneris et al,
2007). We showed that expression of CoREST enhanced the
formation of the Snail1-LSD1-CoREST ternary complex and
significantly stabilized individual components of the com-
plex, whereas knockdown of CoREST expression decreased
the interaction of LSD1 with Snaill (Figure 5). This result is
further supported by the finding that expressions of Snaill,
LSD1 and CoREST are highly correlated in multiple cancer cell
lines and in the 116 primary breast cancer samples (Figures
SE and 8B). The region connecting the SNAG domain and the
zinc-fingers in Snaill contains a serine-rich motif. We, along
with others, previously showed that this serine-rich motif is
highly phosphorylated and controls the subcellular localiza-
tion and stability of Snaill (Dominguez et al, 2003; Zhou
et al, 2004; Yook et al, 2005). As Snaill is a labile protein, we
speculate that deletion or mutation of the SNAG domain
disrupts the interaction of Snaill with the LSD1-CoREST
complex, and thus leads to the accessibility of phosphoryla-
tion and consequent proteasome degradation by GSK-38 and
B-Trcp (Dominguez et al, 2003; Zhou et al, 2004; Yook et al,
2005). This is supported by the finding that the SNAG domain
does not alter subcellular localization but controls the stabi-
lity of Snaill (Figure 2; Supplementary Figures S2 and S3).
Our results also indicate that the association of LSD1 with the
E-cadherin promoter requires the binding of Snaill.
Knockdown of Snaill expression inhibits the association of
LSD1 with the E-cadherin promoter (Figure 6). Our results,
together with previous findings (Shi, 2007), lead us to
propose a plausible model for how Snaill recruits the
LSD1-CoREST complex to its targeted gene promoter for
transcriptional repression (Figure 8C). The SNAG domain of
Snaill resembles a histone H3-like structure and functions as
a molecular ‘hook’ (or pseudo-substrate) to interact with
LSD1-CoREST. The formation of this ternary complex stabi-
lizes the individual components from potential proteasome
degradation. Snaill brings this complex to its targeted gene
chromatin through the binding of the E-box through zinc-
finger motifs. An overabundant amount of histone H3 at the
chromatin region outcompetes the binding of the SNAG
domain with the catalytic core of LSD1 and results in the
demethylation of histone H3K4. Our study is supported by
the finding that the SNAG domain of GFI1 interacts with LSD1
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and CoREST and that this interaction is required for hemato-
poietic cell differentiation (Saleque et al, 2007). Although our
model provides a new mechanism for the manner in which
Snaill recruits chromatin-modifying enzymes to target gene
promoters, there are many questions remaining for further
investigation. For example, future studies should address
whether Arg3, Arg8 and Lys9 on the SNAG domain are
methylated in vivo and how the SNAG domain is released
from the LSD1-binding pocket after Snaill interacts with
promoter DNA. Elucidation of these questions will provide
new insights into the regulation of EMT and metastasis.
Second, our study indicates that Snaill uses either the
SNAG domain or the CtBP-binding motif for recruiting the
LSD1-CoREST complex. All vertebrate Snaill genes contain
the SNAG domain, but they do not have a CtBP-binding
motif. However, Drosophila Snaill does not contain the
SNAG domain, but it has a consensus PxDLSx motif that is
required to interact with the co-repressor CtBP (Chinnadurai,
2002; Nieto, 2002; Barrallo-Gimeno and Nieto, 2009). Both
the SNAG domain and the CtBP motif are critical for the
function of vertebrate and Drosophila Snaill, respectively.
Deletion or mutation of the SNAG domain abolishes the
repressive function of SNAG domain-containing transcrip-
tional repressors (Okubo et al, 2001; Zhu et al, 2002; Fiolka
et al, 2006). Similarly, mutation or deletion of the CtBP-
binding motif in Drosophila Snaill eliminates its repressive
activity (Hemavathy et al, 2004). Interestingly, LSD1 was
initially identified as a protein associated with CtBP1 during
protein purification and it has been confirmed that the
interaction of LSD1 and CtBP1 is critical for many repressor
complexes (Shi et al, 2003). Thus, our results suggest that
vertebrate and Drosophila Snaill recruit the same LSD1-
CoREST co-repressor complex for their repressive function
through either the SNAG domain or the CtBP-binding motif.
Third, our study indicates that Snaill uses different
co-repressor complexes to achieve its repressor function
during the EMT process. The reciprocal relationship of
H3K4 and H3K27 methylation in gene regulation is exempli-
fied by the antagonistic action of TrxG and PcG proteins
(Sparmann and van Lohuizen, 2006; Schuettengruber et al,
2007). The polycomb group (PcG) and trithorax group (trxG)
genes were first discovered in Drosophila as a repressor and
activator of Hox gene expression in controlling cell identity
during the establishment of body segmentation. The trxG
complex has H3K4 trimethylase activity for activating gene
expression. However, PcG proteins form three different
classes of complexes. The PRC2 protein contains the four
core components of E(z) (enhancer of zeste), Esc (extra sex
combs), Su(z)12 (suppressor of zeste 12) and Nurf-55 (in
humans, EZH2, EED, SUZ12 and RbAp46/48). The SET
domain-containing EZH2 of PRC2 trimethylates H3K27
(H3K27me3) and results in gene silencing (Sparmann and
van Lohuizen, 2006; Schuettengruber et al, 2007). In our
study, Snaill interacted with the LSD1-CoREST complex,
resulting in demethylation of H3K4me2 at the E-cadherin
promoter to suppress its expression. Interestingly, Snaill
has been shown to interact with EZH2 and Suzl2 of PRC2
and induce the trimethylation of H3K27 at the E-cadherin
promoter (Herranz et al, 2008). Knockdown of PRC2 proteins
compromised the ability of Snaill to repress E-cadherin
expression. The manner in which Snaill corporately induces
the demethylation of H3K4 and the methylation of H3K27
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requires further investigation. The finding that Snaill also
interacts with PRMT5 adds another layer of intricacy to the
regulation of E-cadherin expression during EMT (Hou et al,
2008). Hou et al. showed that PRMT5 interacts with the
SNAG domain of Snaill through Ajuba and is translocated
into the nucleus in a Snaill- and Ajuba-dependent manner.
The Snaill-Ajuba-PRMTS ternary complex is found at the
proximal promoter region of the E-cadherin gene, where it
increases arginine methylation of H4R3. Furthermore, Snaill
interacts with the Sin3A-HDAC1/2 complex through the
SNAG domain to deacetylate histone H3 and H4, leading to
the suppression of E-cadherin expression (Peinado et al,
2004). In Drosophila, transcriptional silencing is initiated
through the removal of H3K4 methylation by the LSD1
homologue SU(VAR)3-3 (Rudolph et al, 2007), indicating
that the demethylation of H3K4 by LSDI1 is the critical
initiating step for gene silencing. However, E-cadherin is
frequently silenced through DNA hypermethylation on its
promoter in many cancer cell lines and tumour samples
(Lombaerts et al, 2006). The manner in which the demethy-
lation of H3K4 by the LSD1-CoREST complex cooperates with
methylation (H3K27 and H4R3) and deacetylation (H3 and
H4), and subsequently leads to E-cadherin promoter methy-
lation remains an important area for further investigation.

In summary, we demonstrated that the interaction with the
LSD1-CoREST complex is critical for the stability and func-
tion of Snaill. Our results provide a new model for how a
transcription factor recruits chromatin-modifying enzymes to
target gene promoter during transcription. This finding has
important clinical ramifications in that chemical compounds
that mimic the structure of the SNAG domain of Snaill may
hold great promise for inhibiting the function of Snaill in
mediating EMT induction and cancer metastasis.

Materials and methods

Antibodies and plasmids

Human cDNA for LSD1 and CoREST was amplified from HeLa
cDNA and cloned into pCMV-Tag2B and pcDNA3 with the N-
terminal Flag or HA tag, respectively. Deletion mutants for LSD1
were generated by PCR and subcloned into the GST expression
vector pGEX-6P-3-TEV that contains two protease cleavage sites of
tobacco etch virus. Snaill mutants were generated using the
QuikChange Mutagenesis kit (Stratagene, La Jolla, CA) as described
previously (Wu et al, 2009b). All sequences were verified by DNA
sequencing. Antibodies against Snaill, LSD1 and CoREST were
purchased from Cell Signaling Technology (Danvers, MA). Anti-Flag
and anti-HA antibodies were obtained from Sigma-Aldrich (St
Louis, MO) and Roche Molecular Biochemicals (Indianapolis, IN),
respectively. An antibody against H3K4me2 was purchased from
Millipore (Bedford, MA).

Cell cultures, transfections and reporter assays

The human embryonic kidney HEK293, breast cancer MCF7, MDA-
MB231 and SKBR3, prostate cancer PC3 and colon cancer HCT116
cell lines were purchased from the American Type Culture
Collection (Manassas, VA) and grown in Dulbecco’s modified
Eagle’s/F12 medium plus 10% foetal bovine serum as described
previously (Wu et al, 2009a). Lysine-specific demethylase 1,
CoREST and Snaill were transiently transfected into cells using
FuGENE 6 (Roche Molecular Biochemicals). For luciferase assay,
cells were plated in six-well plates at a density of 2 x 10° cells per
well. Cells were transfected with 0.3 pg of the pGL3-E-cadherin
promoter-luciferase plasmid along with 0.1nM of Snaill and/or
LSD1 siRNA in each well. To normalize transfection efficiency, cells
were also co-transfected with 0.1 ug of pRL-CMV (Renilla lucifer-
ase). At 48h after transfection, luciferase activity was measured
using the Dual-Luciferase Assay kit (Promega, Madison, WI). Three
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independent experiments were performed, and the calculated
means and s.d. values are presented.

GST pull-down assay

Glutathione-S-transferase proteins were expressed as described
previously (Wu et al, 2009b). Cells were subjected to lysis in GST
pull-down buffer (20 mM Tris, 150 mM NaCl and 1% Nonidet P-40
with protease cocktail) and rotated with glutathione-Sepharose-
bound wild-type or deletion mutants of GST-LSD1. The binding
complexes were eluted with SDS-PAGE sample buffer. About one-
tenth of these elutents were analysed for the association of Snaill
by western blotting and the rest were examined for the presence of
purified GST-LSD1 by Coomassie staining.

Histone demethylation assay

Mononucleosomes were purified from HeLa S3 nuclear extract
(Utley et al, 1996). The histone demethylation assay was performed
as described previously using mononucleosomes as a substrate (Lee
et al, 2005; Shi et al, 2005; Yang et al, 2006). Briefly, HEK293 cells
were co-transfected with constructs encoding LSD1, CoREST and
Snaill. After immunoprecipitation of Snaill, complexes were
incubated with mononucleosomes in demethylation buffer
(50 mM Tris-HCI (pH 8.0), 50mM KCIl, 5mM MgCl,, 2mM DTT
with proteosome inhibitors) with or without Parnate or Pargyline at
37°C for 12h. Reactions were stopped with SDS sample buffer.
Western blot analysis was performed with an antibody against
H3K4me2 (Upstate). The same membrane was then stripped and
re-probed with o-histone H3 (Abcam, Cambridge, MA, ab1791) as a
substrate-loading control.

Western blot analysis and immunoprecipitation

For protein extraction, 5 x 10° cells per well were plated onto six-
well plates and transiently transfected with 0.5 pg of pcDNA3-Snaill
and 0.5 pg of pCMV-Tag2B-LSD1 or vector. At 48 h after transfection,
cells were incubated with or without the proteasome inhibitor
MG132 (10 umol/1) for an additional 6 h before protein extraction
and western blot analysis. Primary antibodies against Flag (M2,
1:1000) and HA (3F10, 1:4000) were used for protein detection. For
immunoprecipitation, HEK293 cells transfected with the indicated
expression plasmids were lysed in buffer (50 mmol/1 Tris (pH 7.5),
150 mmol/l NaCl, 5 pg/ml aprotinin, 1 pg/ml pepstatin, 1% Nonidet
P-40, 1 mmol/l EDTA and 0.25% deoxycholate). Total cell lysates
(1000 pl) were incubated overnight with 1 pg of anti-HA or anti-Flag
antibody conjugated to agarose beads (Roche Molecular Biochem-
icals) at 4°C. The beads were then washed with lysis buffer, and
the immunoprecipitated protein complexes were resolved by 10%
SDS-PAGE.

Invasion assay

Invasion assays were performed as previous described (Wu et al,
2009a). Briefly, Boyden chambers were coated with Matrigel
according to the manufacturer’s protocol (BD Biosciences, San
Jose, CA). Cancer cells were seeded on top of the Matrigel in the
upper chamber, and the bottom chamber was filled with culture
medium containing LPA (10 uM) as the chemoattractant. Cells that
invade through the Matrigel-coated membrane after 4 or 24 h were
fixed with paraformaldehyde, followed by staining with crystal
violet. All experiments were conducted at least twice in triplicate.
Statistical analysis was performed with Student’s t-test; a P-value of
<0.05 was considered significant.

Chromatin immunoprecipitation

Chromatin immunoprecipitation assays were performed according
to the protocol described by Nowak et al (2005) with some
modifications. The cells were crosslinked with disuccimidyl
glutarate (Pierce, Rockford, IL) and formaldehyde at room
temperature. Cells were subjected to lysis with L1 buffer (50 mM
Tris, 2mM EDTA, 0.1% IGEPAL, 10% glycerol, 1 mM dithiothreitol,
1 mM phenylmethylsulfonyl fluoride (PMSF) and protease inhibitor
mixture (pH 8.0)) on ice. After centrifugation, the nuclear pellet was
resuspended in ChIP lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris
and protease inhibitor mixture (pH 8.0)). Cell lysates were
subjected to sonication and then incubated with 4pg of Snaill
(Abcam) or LSD1 (Sigma-Aldrich) antibody overnight, followed by
incubation with a 50% slurry of protein A-agarose/Salmon sperm
DNA (Upstate Biotechnology, Lake placid, NY) for 3 h at 4°C. Bound
DNA-protein complexes were eluted and crosslinks were reversed
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after a series of washes. Purified DNA was resuspended in TE buffer
(10mM Tris-HCI and 1 mM EDTA (pH 8.0)) for PCR. The primers
for the E-cadherin promoter were 5-ACTCCAGGCTAGAGGGTCACC-
3’ and 5-CCGCAAGCTCACAGGTGCTTTGCAGTTCC-3'.

Immunofluorescence imaging

For immunofluorescence microscopy, cells were grown on cover-
slips, fixed with 4% paraformaldehyde and incubated overnight
with anti-LSD1 monoclonal antibody. Proteins were visualized by
incubation with goat anti-mouse conjugated with Alexa fluor 568
(Invitrogen, Carlsbad, CA). Finally, coverslips were incubated with
4/ ,6’-diamidino-2-phenylindole (Sigma-Aldrich) for 20min and
visualized under a fluorescent microscope.

Immunohistochemical staining

All the breast tumour samples used in this study are invasive ductal
carcinoma. The average age for patients in this group is 56.8
(% 13.4) years with either negative (53.3%) or positive (N1=34.6;
N2=12.1%) lymph node metastasis. These samples are of stage I
(12.5%), stage II (38.2%), stage III (41.1%) or stage IV (8.2%).
Tissue samples were stained with anti-Snaill (1:200 dilution,
Abcam), anti-LSD1 (1:150, Abcam) and anti-CoREST (1:150, BD
Biosciences) antibodies, and each sample was scored by an H-score
method that combines the values of immunoreaction intensity
and the percentage of tumour cell staining as described previously
(Wu et al, 2009a). Chi-square analysis was used to analyse the
relationship between Snaill and LSD1 and CoREST expression;
statistical significance was defined as P<0.05.

Subcellular fractionation

Cytoplasmic and nuclear fractions were prepared as described
previously (Wu et al, 2009b). Briefly, cultured cells were suspended
in buffer A (10mM HEPES (pH 7.9), 1.5mM MgCl,, 10mM KCl,
0.5mM EDTA and protein inhibitor cocktail) on ice and lysed using
a Dounce homogenizer. The nuclear pellet was washed and
isolated. Nuclei were subjected to lysis in RIPA buffer (150 mM
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