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Breast cancers are highly heterogeneous but can be grouped into subtypes based on several criteria, including level of
expression of certain markers. Claudin-low breast cancer (CLBC) is associated with early metastasis and resistance to
chemotherapy, while gene profiling indicates it is characterized by the expression of markers of epithelial-mesenchymal
transition (EMT) — a phenotypic conversion linked with metastasis. Although the epigenetic program controlling the
phenotypic and cellular plasticity of EMT remains unclear, one contributor may be methylation of the E-cadherin promoter,
resulting in decreased E-cadherin expression, a hallmark of EMT. Indeed, reduced E-cadherin often occurs in CLBC and
may contribute to the early metastasis and poor patient survival associated with this disease. Here, we have determined
that methylation of histone H3 on lysine 9 (H3K9me2) is critical for promoter DNA methylation of E-cadherin in three TGF-
β–induced EMT model cell lines, as well as in CLBC cell lines. Further, Snail interacted with G9a, a major euchromatin
methyltransferase responsible for H3K9me2, and recruited G9a and DNA methyltransferases to the E-cadherin promoter
for DNA methylation. Knockdown of G9a restored E-cadherin expression by suppressing H3K9me2 and blocking DNA
methylation. This resulted in inhibition of cell migration and invasion in vitro and suppression of tumor growth and lung
colonization in in vivo models of CLBC metastasis. Our study not only reveals a critical mechanism underlying […]
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Breast	cancers	are	highly	heterogeneous	but	can	be	grouped	into	subtypes	based	on	several	criteria,	including	
level	of	expression	of	certain	markers.	Claudin-low	breast	cancer	(CLBC)	is	associated	with	early	metastasis	
and	resistance	to	chemotherapy,	while	gene	profiling	indicates	it	is	characterized	by	the	expression	of	markers	
of	epithelial-mesenchymal	transition	(EMT)	—	a	phenotypic	conversion	linked	with	metastasis.	Although	the	
epigenetic	program	controlling	the	phenotypic	and	cellular	plasticity	of	EMT	remains	unclear,	one	contribu-
tor	may	be	methylation	of	the	E-cadherin	promoter,	resulting	in	decreased	E-cadherin	expression,	a	hallmark	
of	EMT.	Indeed,	reduced	E-cadherin	often	occurs	in	CLBC	and	may	contribute	to	the	early	metastasis	and	
poor	patient	survival	associated	with	this	disease.	Here,	we	have	determined	that	methylation	of	histone	H3	
on	lysine	9	(H3K9me2)	is	critical	for	promoter	DNA	methylation	of	E-cadherin	in	three	TGF-β–induced	EMT	
model	cell	lines,	as	well	as	in	CLBC	cell	lines.	Further,	Snail	interacted	with	G9a,	a	major	euchromatin	methyl-
transferase	responsible	for	H3K9me2,	and	recruited	G9a	and	DNA	methyltransferases	to	the	E-cadherin	pro-
moter	for	DNA	methylation.	Knockdown	of	G9a	restored	E-cadherin	expression	by	suppressing	H3K9me2	and	
blocking	DNA	methylation.	This	resulted	in	inhibition	of	cell	migration	and	invasion	in	vitro	and	suppression	
of	tumor	growth	and	lung	colonization	in	in	vivo	models	of	CLBC	metastasis.	Our	study	not	only	reveals	a	
critical	mechanism	underlying	the	epigenetic	regulation	of	EMT	but	also	paves	a	way	for	the	development	of	
new	treatment	strategies	for	CLBC.

Introduction
Human breast cancer is a heterogeneous disease with respect to 
molecular alterations, incidence, survival, and response to therapy. 
Based on gene expression profiling, 6 different subtypes of breast 
cancer have been established, including luminal A, luminal B,  
HER2-enriched, basal-like, claudin-low, and normal breast-like 
groups (1–4). Claudin-low breast cancer (CLBC), which was iden-
tified in 2007 and initially grouped into basal-like subtype (5), 
has drawn great attention recently, as it is believed to originate 
from mammary stem cells (MSCs) and has poor clinical outcome 
associated with early metastasis and resistance to chemotherapy 
(2, 4). This distinct subtype is characterized by the expression of 
EMT markers and stem cell–associated genes and has low expres-
sion of the tight junction protein claudin and adherens junction 
molecule E-cadherin (2, 4).

EMT is an essential phenotypic conversion during embryonic 
development, tissue remodeling, wound healing, and metastasis 
(6–8). In these EMT processes, epithelial cells acquire fibroblast-
like properties and exhibit reduced intercellular adhesion and 
increased motility. In addition, cells in which EMT is activated 
have stem cell–like features, which provides a distinct advantage 
in tumor progression and metastasis (9, 10). EMT is a dynamic 
and reversible process that mainly occurs at the invasive front of 
the tumor and is provoked by signals that cells receive from their 

microenvironment (11–13), such as TGF-β, Wnt, and TNF-α (14, 
15). When cancer cells disseminate to distant sites of the body, they 
no longer encounter the signals that they received in the primary 
tumor, and they can revert to an epithelial state via mesenchymal-
epithelial transition (MET) (7). The ability of EMT to convert cells 
from one state of differentiation to another suggests that EMT 
activates an epigenetic program to block MSC differentiation 
toward epithelial or luminal lineage in CLBC, resulting in the poor 
clinical outcome of this disease.

This phenotypic and cellular plasticity of EMT is determined 
by a unique gene expression pattern and can be memorized and 
passed on to daughter cells by epigenetic mechanisms through 
DNA methylation and histone modifications (16–18). DNA meth-
ylation, which commonly associates with gene repression and for-
mation of heterochromatin, is defined by the addition of a methyl 
group to the cytosine of a CpG dinucleotide commonly occurring 
in the promoter region of genes (19). Histone modifications, in 
particular acetylation and methylation, extend the information 
content of the underlying DNA sequence and confer unique tran-
scriptional potential (16). The most well-characterized modifica-
tions are the methylation of the Lys9 and Lys27 residues of histone 
H3 (H3K9me2/3 and H3K27me3), which repress gene expression, 
and acetylation of H3K4 (H3K4Ac) and H3K9 (H3K9Ac), which 
are associated with gene activation (20). Together, these epigenetic 
modifications create unique promoter architectures that control 
gene expression. The reversibility of these epigenetic modifications 
provides a rapid switch for regulating gene expression during dif-
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ferentiation while retaining cellular plasticity in response to devel-
opmental and microenvironmental signals (20, 21).

A hallmark of EMT is the loss of E-cadherin expression (7). Sev-
eral transcription factors, such as Snail, Twist, and ZEB1, have 
been implicated in the transcriptional repression of E-cadherin 
and the induction of EMT (6, 7). Snail is a transcriptional repres-
sor that controls large-scale cell movement during the forma-
tion of the mesoderm and neural crest (22). Expression of Snail 
induces EMT in MDCK and breast cancer cells by suppressing 
E-cadherin expression (23–25). Although E-cadherin expression 
is often reduced in triple-negative breast cancer (which includes 
CLBC) and inversely correlated with tumor grade and stage (26, 
27), the epigenetic mechanism by which Snail controls E-cadherin 
silencing remains unclear.

In this study, we examined the epigenetic program of EMT in 
CLBC by focusing on the transcriptional regulation of E-cadherin. 
We found that H3K9 methylation and the corresponding G9a 
methyltransferase are required for EMT-induced E-cadherin pro-
moter DNA methylation in three model cell lines and CLBC. Snail 
interacts with G9a and DNA methyltransferases (DNMTs) and is 
required for the association of these two proteins with the E-cad-
herin promoter. Knockdown of G9a restores E-cadherin expres-
sion by suppressing H3K9me2 and DNA methylation, and thus 
results in the inhibition of cell migration and invasion in vitro and 
suppression of tumor growth and lung colonization in vivo. Our 
study not only reveals a critical mechanism underlying metastasis 
but also has important implications for the development of treat-
ment strategies for CLBC.

Results
TGF-β–induced EMT requires G9a-mediated H3K9 methylation. The 
majority of the CLBC cells are “locked” in the mesenchymal state 
by DNA methylation at the E-cadherin promoter, which makes it 
difficult to study the initial and dynamic event of chromatin mod-
ification leading to E-cadherin silencing in this disease (28). To 
overcome this technical issue, we began by investigating the mech-
anism underlying histone modification and DNA methylation 
during TGF-β–induced EMT in three model cell lines, NMuMG 
(mouse), MCF10A (human), and HMLE (human), all commonly 
used for studying EMT in vitro (14, 29–31). As expected, TGF-β 
treatment resulted in the induction of Snail, the acquisition of 
fibroblastic mesenchymal morphology, downregulation of epithe-
lial markers (E-cadherin and claudin-3 and -7), and upregulation 
of mesenchymal markers (vimentin and N-cadherin) in these three 
model cell lines (Figure 1, A and B). The timing of Snail induc-
tion correlated well with the downregulation of E-cadherin and 
upregulation of vimentin and N-cadherin in these cells, with full 
induction of EMT occurring at 2, 9, and 12 days in NMuMG, 
MCF10A, and HMLE cells, respectively (Figure 1, A and B).

Because chromatin modifications play a critical role in control-
ling gene expression, and because H3K9me2 and H3K27me3 are 
generally linked to gene repression in euchromatin/facultative 
heterochromatin (32, 33), we examined the histone modifications 
of the E-cadherin promoter using ChIP assays. We did not observe 
any significant variation of H3K27me3 after TGF-β treatment 
(Supplemental Figure 1; supplemental material available online 
with this article; doi:10.1172/JCI57349DS1). However, we found 
that H3K9me2 was significantly increased at the E-cadherin pro-
moter after TGF-β treatment in all three cell lines tested (Figure 
1C), and this increased H3K9me2 was accompanied by decreased 

H3K9 acetylation of the E-cadherin promoter in these cells (Fig-
ure 1C). Interestingly, the timing of increased H3K9me2 correlated 
well with the downregulation of E-cadherin and the induction of 
EMT in these cells (Figure 1, A–C). Together, these results suggest 
that the cooperative downregulation of H3K9 acetylation and 
upregulation of H3K9me2 at the E-cadherin promoter play a criti-
cal role in silencing the expression of E-cadherin.

Because H3K9me2 contributes significantly to DNA methylation 
(17) and because E-cadherin suppression is commonly associated 
with CpG island methylation within its promoter, we examined 
DNA methylation at the E-cadherin promoter in these cell lines 
treated with TGF-β. In the absence of TGF-β treatment, the E-cad-
herin promoter was completely unmethylated in NMuMG cells. 
However, de novo DNA methylation occurred at the E-cadherin 
promoter following TGF-β treatment as measured by bisulfate 
sequencing (Figure 2A). We also performed methylation-specific 
PCR (MSP) analysis and found that DNA methylation started at 
day 2 and reached a maximum at day 8 after TGF-β treatment in 
NMuMG cells (Figure 2B). A similar pattern of DNA methylation 
occurred in MCF10A and HMLE cells at day 6 and a maximal level 
was reached at day 18 after TGF-β treatment (Figure 2B).

EMT has been proposed to be a dynamic process, as NMuMG 
cells undergo EMT after exposure to TGF-β for 2 days, whereas 
the process can be reversed after withdrawal of TGF-β (14). We 
noticed that the timing of E-cadherin promoter DNA methyla-
tion fell slightly behind the increase in H3K9me2 in the model 
cell lines (Figure 1, B and C, and Figure 2B). For example, down-
regulation of E-cadherin and increased H3K9me2 were obvious 
at day 2 of TGF-β treatment in NMuMG cells (Figure 1, B and C),  
whereas E-cadherin promoter DNA methylation reached a maxi-
mal level at day 8 (Figure 2, A and B). As DNA methylation is 
known to be a relatively stable repression marker, we speculate that 
mesenchymal cells are difficult to reverse to the epithelial state 
when the E-cadherin promoter becomes DNA methylated. To test 
this idea, we treated NMuMG cells with TGF-β for 2 days (DNA 
methylation is minimal) or 12 days (DNA methylation is maxi-
mal), followed by withdrawal of TGF-β for an additional 2 days. 
We found that mesenchymal cells with 2 days of TGF-β treatment 
completely reversed to the epithelial state (Supplemental Figure 
2A). H3K9me2 and DNA methylation on the E-cadherin promoter  
had almost completely disappeared in these cells after TGF-β 
withdrawal (Supplemental Figure 2, B and C), consistent with the 
notion that EMT is a reversible event. However, mesenchymal cells 
with 12 days of TGF-β treatment did not reverse to the epithelial 
state after TGF-β withdrawal for 2 days (Supplemental Figure 2A). 
Interestingly, H3K9me2 and DNA methylation on the E-cadherin 
promoter in these cells remained unchanged (Supplemental Fig-
ure 2, B and C), suggesting that E-cadherin promoter DNA meth-
ylation is a relatively stable memory marker in cells undergoing 
long-term EMT through continuous TGF-β exposures.

G9a is a euchromatin-associated methyltransferase responsible 
for mono- and dimethylation of H3K9, which is tightly associated 
with DNA methylation (34). To further establish the causal rela-
tionship between H3K9me2 and the de novo DNA methylation 
of the E-cadherin promoter in TGF-β–induced EMT, we knocked 
down the expression of Snail or G9a or inhibited the function of 
DNMTs with the specific inhibitor 5′-Aza-dC in NMuMG cells 
(35). We found that knockdown of Snail or G9a or inhibition of 
DNMTs blocked TGF-β–induced changes of EMT markers and 
the formation of lamellipodia (staining with F-actin) in these cells 
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(Figure 2C; Western blotting data are presented on Supplemental 
Figure 3). In addition, we found that knockdown of Snail or G9a 
expression significantly suppressed TGF-β–induced H3K9me2 and 
restored the H3K9 acetylation at the E-cadherin promoter (Figure 
3A). Quantitative real-time PCR using E-cadherin promoter prim-
ers on ChIP samples also confirmed this result (Figure 3A). These 
data suggest that Snail and G9a are involved in TGF-β–mediated 
H3K9me2 within the E-cadherin promoter.

We also examined DNA methylation at the E-cadherin promoter.  
As  a  positive  control,  treatment  with  5′-Aza-dC  led  to  a  dra-
matic suppression of TGF-β–mediated DNA methylation at the  

E-cadherin promoter (lane 11 vs. lane 3, Figure 3B; and ref. 36). In 
accordance with the finding above, knockdown of Snail or G9a 
expression greatly inhibited de novo DNA methylation within the 
E-cadherin promoter (lanes 5 and 7 vs. lane 3, Figure 3B). Similar 
results were obtained by quantitative real-time PCR analysis (Fig-
ure 3B). Intriguingly, the G9a inhibitor BIX01294 did not affect 
the DNA methylation status of the E-cadherin promoter (lane 9  
vs.  lane 3, Figure 3B), although it did inhibit H3K9me2 (lane 
10, Figure 3A). This result was unexpected, because H3K9me2 is 
tightly associated with DNA methylation. Epsztejn-Litman et al. 
showed that a methylase-inactive G9a mutant could interact with 

Figure 1
H3K9 methylation at the E-cadherin promoter is associated with TGF-β–induced EMT in three model cell lines. (A) NMuMG, MCF10A, and 
HMLE cells were treated with TGF-β1 (5 ng/ml) for 3, 9, and 12 days, respectively; cell morphological changes associated with EMT are shown 
in the phase contrast images. Expression of E-cadherin (red) was analyzed by immunofluorescence staining. Nuclei were visualized with DAPI 
staining (blue). Scale bars: 50 μm. (B) NMuMG, MCF10A, and HMLE cells were treated with TGF-β1 (5 ng/ml) for the indicated time periods, 
and expression of E-cadherin (E-cad), claudin-3, claudin-7, Snail, N-cadherin, and vimentin in these cells was analyzed by Western blotting. (C) 
NMuMG, MCF10A, and HMLE cells were treated with TGF-β1 (5 ng/ml) for different time periods, and H3K9me2 and H3K9Ac at the E-cadherin 
promoter in these cell lines were analyzed by ChIP assay.
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and recruit DNMTs directly for DNA methylation (37). Thus, our 
results suggest that the H3K9me2 generated by G9a as well as the 
physical interaction between G9a and DNMTs are two distinct 
routes for DNA methylation at the E-cadherin promoter. In line 
with the changes in DNA methylation at the E-cadherin promoter, 
knockdown of Snail or G9a expression or inhibition of DNMTs 
significantly blocked the downregulation of E-cadherin mRNA 
mediated by TGF-β (lanes 3–5 vs. lane 2, Figure 3C; quantitative 
real-time PCR results are also shown). The observation that knock-
down of Snail or G9a expression or inhibition of DNMTs could 
not completely rescue the downregulation of E-cadherin mRNA 
mediated by TGF-β suggests that an additional route, such as  
miR-200, is involved in TGF-β–mediated E-cadherin downregula-
tion (38, 39). Taken together, these data indicate that both G9a 
and Snail are required for H3K9me2 and de novo DNA methyla-
tion of the E-cadherin promoter at EMT.

G9a interacts with Snail and forms a complex with Snail and DNMTs. 
DNA  methylation  is  catalyzed  by  DNMT1,  DNMT3a,  and 
DNMT3b (19). It has been shown that G9a can associate with 
DNMT1, DNMT3a, and DNMT3b (37, 40). The  involvement 
of Snail, G9a, and DNMTs in H3K9me2 and DNA methylation 
of the E-cadherin promoter suggests that these molecules may 
interact with each other. To test this idea, we treated NMuMG 
and MCF10A cells with TGF-β for 3 and 12 days, respectively, 
to induce the expression of Snail and induction of EMT. After 
immunoprecipitating Snail, we found the association of G9a 
and DNMT1 (Figure 3D). We also coexpressed Flag-tagged G9a, 
HA-tagged  Snail,  and  Myc-tagged  DNMTs  in  HEK293  cells. 
After immunoprecipitating G9a, DNMTs, or Snail, we detected 
the association of the other two molecules, which indicated that 
these three proteins can interact mutually as a complex (Figure 
4A). To further extend our finding in CLBC cell lines, we immuno-
precipitated endogenous Snail, DNMT1, DNMT3a, DNMT3b, 
and G9a individually from breast cancer MDA-MB157, MDA-
MB231, and BT20 cells, and we found the association of the other 
components of this complex, confirming the formation of the 
G9a-Snail-DNMTs complex in vivo (Figure 4B and Supplemental 
Figure 4A). To define the relationship between these molecules, 
we knocked down the expression of Snail in MDA-MB157 cells. 
After immunoprecipitating G9a, we found that it did not affect 
the interaction of G9a with DNMTs (Figure 4C and Supplemental 
Figure 4B). However, when G9a was knocked down, the DNMTs 
bound with immunoprecipitated Snail were dramatically reduced, 

indicating that G9a is a bridge molecule that connects Snail with 
DNMTs (Figure 4D and Supplemental Figure 4C).

G9a contains several functional domains,  including a cyste-
ine-rich region, 6 centrally located ankyrin repeats, and a C-ter-
minal enzymatic SET domain (Figure 5A). To identify the region 
responsible for the interaction with Snail, we generated several 
G9a deletion mutants (Figure 5A) and coexpressed them with 
Snail in HEK293 cells. We found that the ankyrin repeats and the  
C-terminal SET domain retained the ability to interact with Snail 
(Figure 5A). The N-terminal region of G9a, however, was unable 
to interact with Snail (Figure 5A). We also purified full-length 
Snail from a GST-Snail fusion protein and subsequently cleaved 
and removed the GST portion with the tobacco etch virus (TEV) 
protease. When purified Snail was incubated with various dele-
tion mutants of GST-G9a, the ankyrin repeat, the SET domain, 
or the ankyrin repeat plus the SET domain of G9a, but not GST, 
immunoprecipitated with Snail (Supplemental Figure 5A). Con-
versely, when Snail was immunoprecipitated, we found the pres-
ence of GST-G9a (ankyrin repeat), GST-G9a (SET domain), or 
GST-G9a (ankyrin repeat plus SET domain) (Supplemental Figure 
5B), indicating that G9a interacts directly with Snail both in vitro 
and in vivo. BIX01294, which binds to the SET domain of G9a, 
did not affect the interaction of Snail with DNMTs (Supplemental 
Figure 6). This observation is in accordance with the finding that 
Snail interacts with the ankyrin repeat and SET domain of G9a 
and that inhibition of G9a activity does not affect DNA methyla-
tion at the E-cadherin promoter (lane 10, Figure 3B).

To identify the region in Snail that associates with G9a, we gen-
erated two deletion mutants of Snail (41): the N-terminal region 
of Snail (ΔC-Snail; amino acids 1–153), which contains the SNAG 
domain of Snail; and the C-terminal region of Snail (ΔN-Snail; 
amino acids 153–264), which includes the conserved zinc finger 
motif (Figure 5B). When these two deletion mutants of Snail were 
coexpressed with G9a in HEK293 cells, we found that ΔN-Snail was 
able to interact with G9a, indicating that the C-terminal region 
of Snail was responsible for its interaction with G9a (Figure 5B). 
Taken together, our results indicate that Snail, G9a, and DNMTs 
form a complex in vivo and that the binding of Snail with DNMTs 
is mediated, at least in part, through the association with G9a.

Loss of E-cadherin expression is associated with elevated H3K9me2 and 
DNA methylation at the E-cadherin promoter in CLBC. CLBC is associ-
ated with a poor clinical outcome, as it has many EMT charac-
teristics and a significantly reduced level of E-cadherin expression 
(1, 27, 42). Having established that the Snail-G9a-DNMT complex 
is required for E-cadherin silencing in three model cell lines, we 
hypothesized that this complex may also be responsible for the 
loss of E-cadherin expression in CLBC. To test this idea, we com-
pared the expression of Snail, G9a, DNMTs, and EMT markers 
in 5 luminal and 6 CLBC cell lines (previously referred as basal B 
subtype) (2, 43). Consistent with previous reports, 6 of these CLBC 
cell lines lost E-cadherin expression and gained the expression of 
Snail, N-cadherin, and vimentin (Figure 6A). However, we did not 
observe any significant alterations in the protein level of G9a and 
DNMTs when comparing the luminal and CLBC cell lines (Figure 
6A). We also examined the global level of H3K9 methylation and 
H3K9 acetylation in these cell lines and did not find any significant 
variations (Supplemental Figure 7). However, when we performed 
ChIP analysis on the E-cadherin promoter, we detected a dramatic 
elevation of H3K9me2 at the E-cadherin promoter in most of the 
CLBC cell lines (Figure 6B; quantitative real-time PCR results are 

Figure 2
G9a is critical for TGF-β–induced EMT. (A) Schematic diagram showing 
the position of 3 E-box and CpG dinucleotides at the promoter region 
of E-cadherin. NMuMG cells were treated with TGF-β1 (5 ng/ml) for dif-
ferent time periods, and EMT-mediated methylation of the E-cadherin 
promoter was analyzed by bisulfite sequencing. (B) NMuMG, MCF10A, 
and HMLE cells were treated with TGF-β1 (5 ng/ml) for the indicated 
time periods, and EMT-mediated E-cadherin promoter methylation was 
examined by MSP. m, methylated; u, unmethylated. (C) G9a, Snail, or 
non-target control (NTC) siRNA was expressed in NMuMG cells fol-
lowed by TGF-β treatment for 2 days or cells were treated with 5′-Aza-
dC. Plus and minus signs indicate treatment with and without TGF-β1, 
respectively. The morphological changes are shown in the phase con-
trast images. Expression of E-cadherin, N-cadherin, claudin-7, vimen-
tin, and alternation of lamellipodia (staining with actin-phalloidin) was 
analyzed by immunofluorescence staining. Scale bars: 30 μm.
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presented in Supplemental Figure 8). In line with these findings, 
H3K9 acetylation at the E-cadherin promoter was lower in CLBC 
cell lines than in luminal breast cancer cell lines (Figure 6B). The 
elevation of H3K9me2 at the E-cadherin promoter is likely due 
to the association of the Snail-G9a-DNMTs complex, because the 
occupancy of Snail and G9a at the E-cadherin promoter was also 
significantly higher in CLBC cell lines in comparison to that of 
luminal breast cancer cell lines (Figure 6B and Supplemental Fig-
ure 8). We also assessed E-cadherin promoter DNA methylation in 
both subtypes using MSP. Again, all CLBC cell lines showed DNA 
methylation at the E-cadherin promoter, whereas no methylation 
at the E-cadherin promoter was observed in any of the luminal 

breast cancer cell lines (Figure 6B). To further extend our observa-
tion in vivo, we collected fresh-frozen breast tumor tissues from 
25 patients with luminal breast cancer and 16 patients with triple-
negative breast cancer (triple-negative for the expression of ERα, 
progesterone receptor (PR), and HER2/neu; commonly referred 
to as basal-like breast cancer) with pathological grading (Supple-
mental Table 1). Expression of E-cadherin, ERα, and claudin-3 on 
these samples correlated with the information from pathological 
examination (Supplemental Figure 9). Although G9a expression 
did not vary substantially between luminal and triple-negative 
breast cancers, expression of Snail was greatly elevated in triple-
negative breast cancer (Supplemental Figure 9). We performed 

Figure 3
G9a is required for H3K9me2 and DNA methylation at the E-cadherin promoter. (A) G9a, Snail, or NTC siRNA was expressed in, or BIX01294 
(BIX; 2.5 μM) was added to NMuMG cells followed by treatment with or without TGF-β1 (5 ng/ml) for 3 days. H3K9me2 and H3K9 acetylation at 
the E-cadherin promoter was analyzed by ChIP. ChIP samples were also analyzed by quantitative real-time PCR (mean ± SD from 3 separate 
experiments; bottom panel). (B) NMuMG cells were treated as described in A. DNA methylation at the E-cadherin promoter was analyzed by 
MSP. Samples from MSP analyses were also analyzed by quantitative real-time PCR, and the ratio of methylated to unmethylated DNA was 
plotted (mean ± SD from 3 separate experiments; bottom panel). (C) NMuMG cells were treated as described in B. The expression of E-cadherin 
mRNA was analyzed by either semi-quantitative RT-PCR (bottom panel) or quantitative real-time PCR (top panel) (mean ± SD from 3 separate 
experiments). (D) NMuMG and MCF10A cells were treated with TGF-β1 for 3 and 12 days, respectively. After immunoprecipitation of endog-
enous Snail, associated endogenous G9a and DNMT1 were analyzed by Western blotting.
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ChIP assays on these tumor tissues and found that the association 
of G9a, the level of H3K9me2, and DNA methylation at the E-cad-
herin promoter were significantly elevated in triple-negative breast 
cancer in comparison to luminal breast cancer (Figure 6C). These 
results in human breast cancer tissues confirm our observations in 
breast cancer cell lines, which lends further support to our finding 
that G9a and H3K9me2 are critical for the epigenetic silencing of  
E-cadherin expression in CLBC.

G9a is recruited to the E-cadherin promoter by Snail and results in the 
suppression of E-cadherin expression. To further validate that the G9a-
Snail-DNMT complex is associated with the E-cadherin promoter 
and mediates the transcriptional repression of the E-cadherin gene 
in CLBC, we performed ChIP assays in MDA-MB231 and MDA-
MB157 cells. As anticipated, G9a, Snail, and DNMT1 were all 
bound to the E-cadherin promoter (Figure 7A). Interestingly, the 
occupancy of the E-cadherin promoter by G9a was significantly 

decreased when Snail was specifically knocked down in MDA-
MB157 cells (lane 5 vs. lane 4, Figure 7B; quantitative real-time 
PCR results are presented in Supplemental Figure 10), whereas 
knockdown of G9a expression did not affect the binding of Snail 
to the E-cadherin promoter (lane 7 vs. lane 6, Figure 7B), indicat-
ing that the association of G9a with the E-cadherin promoter is 
mediated by its interaction with Snail. Consistent with these find-
ings, knockdown of Snail or G9a reduced the level of H3K9me2 
and increased H3K9 acetylation at the E-cadherin promoter (lanes 
7 and 8 vs. lane 6, Figure 7C; quantitative real-time PCR results are 
also presented on the right panel). Knockdown of both molecules 
further reduced the level of H3K9me2, similar to what occurred in 
BIX01294-treated cells (lanes 9 and 10 vs. lane 6, Figure 7C). We 
also immunoprecipitated the Snail complex and performed G9a 
enzymatic assays. The Snail complex contained H3K9me2 meth-
yltransferase activity in vitro, and this enzymatic activity could be 

Figure 4
G9a forms a complex with Snail and DNMTs. (A) HEK293 cells were transiently coexpressed with Flag-tagged G9a, HA-tagged Snail, and 
Myc-tagged DNMTs. Cell extracts were immunoprecipitated separately with Flag, HA, or Myc antibodies, and the associated G9a, Snail, and 
DNMTs were examined by Western blotting, respectively. (B) Endogenous Snail, G9a, and DNMTs were immunoprecipitated from MDA-MB157, 
BT20, and MDA-MB231 cells, and bound endogenous Snail, G9a, and DNMTs were examined by Western blotting. (C) Snail or NTC siRNA 
was expressed in MDA-MB157 cells, and after immunoprecipitation of endogenous G9a, bound Snail and DNMTs was subjected to Western 
blotting. (D) G9a or NTC siRNA was expressed in MDA-MB157 cells, or cells were treated with the G9a inhibitor BIX01294 (2.5 μM), and after 
immunoprecipitating endogenous Snail, bound DNMTs and G9a were subjected to Western blotting.
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suppressed by BIX01294 (Figure 7D). These results further sup-
port the findings that Snail interacts with G9a and is required to 
recruit G9a to the E-cadherin promoter for H3K9me2.

We noticed that knockdown of G9a expression remarkably 
decreased the association of DNMT1 at the E-cadherin promoter 
(lane 9 vs. lane 8, Figure 7B), and knockdown of Snail expression 
also decreased the binding of DNMT1 at the E-cadherin promoter  
(lane 10 vs. lane 8, Figure 7B). The relatively strong DNMT1 asso-
ciation with knockdown of Snail compared with knockdown of 
G9a (lane 10 vs. lane 9, Figure 7B) was due to the large amount 
of Snail expression (lane 11, Figure 6A) and the inefficiency of 
knockdown of Snail expression in MDA-MB157 cells (Supple-
mental Figure 11). As H3K9me2 is tightly linked to DNA meth-
ylation, we examined the role of Snail and G9a on E-cadherin pro-
moter DNA methylation in MDA-MB157 and MDA-MB231 cells. 
We found that knockdown of Snail or G9a expression reduced the 
level of DNA methylation at the E-cadherin promoter (lanes 3 and 
5 vs. lane 1, Figure 7E) in both MDA-MB157 and MDA-MB231 
cells. Knockdown of the expression of both molecules further 
reduced DNA methylation to levels similar to those observed after 
treatment with 5′-Aza-dC (lanes 7 and 13 vs. lane 1, Figure 7E). 
When the Snail complex was immunoprecipitated and assayed for 

DNMT enzymatic activity, we found that the Snail complex also 
contained DNMT activity and this activity could be inhibited by 
5′-Aza-dC (Figure 7F). Together, these results indicate that Snail 
is required for the recruitment of G9a, which promotes a subse-
quent association of DNMTs and results in the methylation of 
the E-cadherin promoter in vivo.

To further establish the functional relationship of G9a and Snail 
in vivo, we knocked down the expression of G9a, Snail, or both in 
MDA-MB157 cells and measured E-cadherin mRNA levels by quan-
titative real-time PCR. Knockdown of either G9a or Snail expres-
sion enhanced the mRNA levels of E-cadherin (Supplemental Fig-
ure 12A). Knockdown of the expression of both molecules further 
enhanced E-cadherin mRNA levels. Similar results were obtained 
when  we  used  E-cadherin  promoter  luciferase  as  a  reporter  
(Supplemental Figure 12B). These data indicate a cooperative role 
for G9a and Snail in the suppression of E-cadherin expression and 
induction of EMT.

G9a is required for CLBC cell migration and invasion in vitro and tumor 
growth and lung colonization in vivo.  Suppression  of  E-cadherin 
expression is critical to EMT induction and cancer metastasis. 
Because G9a, when associated with Snail, induced H3K9me2 and 
resulted in the DNA methylation of the E-cadherin promoter 

Figure 5
G9a interacts with Snail directly. (A) Schematic diagram showing the structure of G9a and the different deletion constructs (top panel). HEK293 
cells were transiently coexpressed with plasmids encoding Flag-tagged full-length (FL) or deletion mutants (designated A, B, and C) of G9a and 
HA-tagged Snail. Extracts were immunoprecipitated with Flag or HA antibodies, and bound G9a or Snail was examined by Western blotting. (B) 
Schematic diagram showing the structure of Snail and two deletion mutants (top panel). Full-length and deletion mutants of Snail were coex-
pressed with G9a in HEK293 cells. After immunoprecipitation of G9a, associated Snail was analyzed by Western blotting. ZF, zinc finger.
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in three model cell lines and CLBC, we hypothesized that G9a 
is critical for breast cancer cell migration and invasion in vitro. 
To test this hypothesis, we established stable transfectants with 
knockdown of G9a expression in MDA-MB231 cells. We achieved 
about 80%–90% knockdown efficiency of endogenous G9a using 
two independent shRNAs (Figure 8A). Knockdown of G9a expres-
sion in both clones caused a morphological change; cells became 
clustered together, accompanied by a significant restoration of  
E-cadherin expression and a dramatic downregulation of vimen-
tin expression (Figure 8, A and B). Knockdown of G9a expression 
also reduced lamellipodia formation as evidenced by actin-phal-
loidin staining (Supplemental Figure 13). Although we did not 
observe notable changes in cell growth or proliferation in vitro as 
measured by the cell count and MTT assay, respectively (Supple-
mental Figure 14, A and B), knockdown of G9a expression greatly 
inhibited the migratory ability and invasiveness of MDA-MB231 
cells (Figure 8, C and D). Similar results were obtained when we 
knocked down G9a expression in MDA-MB157 cells (Supplemen-

tal Figure 15, A and B). These results clearly support our finding 
that G9a is the major factor controlling the silencing of E-cadherin 
in EMT and cancer metastasis.

We also extended our findings in a xenograft metastasis model 
in which MDA-MB231 cells were used to generate pulmonary 
metastases. First, we used a spontaneous metastatic model by 
injecting MDA-MB231 cells and the corresponding clones with 
knockdown of G9a expression into the mammary fat pad of SCID 
mice. Although knockdown of G9a did not affect the growth of 
MDA-MB231 cells in vitro, knockdown of G9a expression signifi-
cantly suppressed tumor formation in vivo (Figure 9A). When 
tumors from the control group (shNTC) reached 2 cm3 in size, 
we removed the tumors and allowed these mice to grow an addi-
tional 4 weeks to examine lung metastases. We noticed that the 
control mice had large numbers of lung metastases, whereas mice 
with knockdown of G9a expression did not have any sign of lung 
metastases (data not shown). Although this result is intriguing 
and indicates the critical function of G9a in tumor growth and 

Figure 6
G9a-related repressive marks are enriched at the E-cadherin promoter in CLBC cell lines and tumor samples. (A) Cell extracts were prepared 
from 5 luminal and 6 claudin-low subtypes of human breast cancer cell lines, and expression of Snail, G9a, DNMT1, and other EMT markers 
was analyzed by Western blotting. (B) The association of G9a, Snail, and the level of H3K9me2 and H3K9 acetylation at the E-cadherin pro-
moter in various cell lines was analyzed with the ChIP assay. Methylation of the E-cadherin promoter in various breast cell lines was examined 
by MSP (bottom 2 panels). (C) The association of G9a, H3K9me2, and DNA methylation at the E-cadherin promoter in fresh frozen human 
tumor tissues of luminal (25 cases) and triple-negative (16 cases) breast cancer was analyzed by ChIP and MSP, respectively. Statistical analy-
ses (mean ± SD) for the association of G9a (0.26 ± 0.08 versus 1.68 ± 0.44), H3K9me2 (0.18 ± 0.07 versus 1.83 ± 0.6), and DNA methylation 
(0.70 ± 0.13 versus 3.00 ± 0.48) is shown in the distribution plots. TNBC, triple negative breast cancer.
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metastasis, we cannot determine whether the lack of lung metas-
tases from cells with knockdown of G9a expression is due to the 
slow growth of the primary tumor or to the inability of these cells 
to invade and disseminate in primary tumors. Thus, we used an 
experimental metastasis model in which the tumor cells were 
directly injected into the tail veil of SCID mice. Although an equal 
number of cells (1 × 106) was injected and these cells had migrated 
to the lung, as determined by comparable intensity of biolumi-
nescence (Supplemental Figure 16), we found that knockdown of 
G9a expression in both stable clones suppressed lung colonization 
in these mice (Figure 9B). To further extend these observations, 
we established two stable clones with knockdown G9a expression 

in another breast cancer cell line, MDA-MB435 (Supplemental 
Figure 17A). Similar to the observation in MDA-MB231 cells, 
knockdown of G9a expression suppressed migration and inva-
sion of these cells in vitro (Supplemental Figure 17, B and C)  
and inhibited both breast tumor growth and lung colonization 
in vivo (Supplemental Figure 17, D and E). Together, our results 
demonstrate that G9a is critical for cell migration, invasion, and 
tumor growth and colonization through its interaction with Snail 
and DNMTs to suppress E-cadherin expression.

Knockdown of G9a expression alters the expression of epithelial and 
mesenchymal markers associated with EMT. Breast cancer is catego-
rized into 6 clinically relevant subtypes based upon molecular gene 

Figure 7
G9a is recruited to the E-cadherin promoter for epigenetic silencing of E-cadherin expression. (A) The association of endogenous G9a, Snail, and 
DNMT1 at the E-cadherin promoter was analyzed by ChIP. (B) G9a, Snail, or NTC siRNA was expressed in MDA-MB157 cells, and the association 
of endogenous G9a, Snail, and DNMT1 at the E-cadherin promoter was analyzed with the ChIP assay. Results of quantitative real-time PCR are 
presented on Supplemental Figure 10. (C) G9a, Snail, or NTC siRNA was expressed in MDA-MB157 cells, or cells were treated with BIX01294 
(2.5 μM); H3K9me2 and H3K9 acetylation at the E-cadherin promoter was analyzed by the ChIP assay. Results of quantitative real-time PCR are 
presented in the right panels (mean ± SD from 3 separate experiments). (D) Statistical analysis of the in vitro G9a methylation assay, mean ± SD 
from 3 independent experiments, is shown. (E) G9a, Snail, or NTC siRNA was expressed in MDA-MB157 and MDA-MB231 cells, or these cells 
were treated with the DNMT inhibitor 5′-Aza-dC (5′-Aza; 10 μM), and DNA methylation at the E-cadherin promoter was analyzed by MSP. Ctrl, 
control. (F) Statistical analysis of the in vitro DNA methylation assay, mean ± SD from 3 independent experiments, is shown.
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Figure 8
Knockdown of G9a expression inhibits breast cancer cell migration and invasion in vitro. (A) MDA-MB231 cells stably expressing control vector 
or G9a shRNA were examined for the expression of G9a, E-cadherin, and vimentin by Western blotting. (B) Morphological changes in MDA-
MB231 cells and stable transfectants with knockdown of G9a are shown in the phase contrast images. Expression of E-cadherin and vimentin 
in these cells was analyzed by immunofluorescence staining. Nuclei were stained with DAPI (blue). Scale bars: 25 μm. (C) The migratory ability 
of MDA-MB231 cells and the corresponding stable transfectants with knockdown of G9a expression was analyzed by wound healing assay. 
Statistical analysis for the cell migration is shown in the bar graph (mean ± SD from 3 independent experiments), and a representative experi-
ment is shown in the right panel. Scale bars: 100 μm. (D) The invasiveness of MDA-MB231 cells stably expressing control vector or G9a shRNA 
was analyzed with a modified Boyden chamber invasion assay. The percentage of invasive cells is shown in the bar graph (mean ± SD from  
3 separate experiments), and a representative experiment is shown in the right panel. Scale bars: 10 μm.
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signatures. These subtypes fit into the broader groupings of either 
“basal” or “luminal” types because of their molecular similarity 
to the basal or luminal cells of the normal mammary gland. The 
basal-type breast cancers (including basal-like, claudin-low, and 
normal-like) express high levels of basal cell markers (cytokeratins 
5, 6, and 14), whereas luminal-type breast cancers (including lumi-
nal A and luminal B) are defined by high expression of luminal cell 
markers (ERα, GATA3, FoxA1, and cytokeratin 18) (44). To exam-

ine whether G9a regulation is specific to E-cadherin or the EMT 
differentiation program in general, we performed gene expression 
array analysis on MDA-MB231 cells and the corresponding stable 
transfectants with knockdown of G9a expression. Of the 433 differ-
entially expressed genes identified (P < 0.01), 183 were upregulated 
and 250 were downregulated. Among these differentially expressed 
genes, we noticed the downregulation of EMT markers (such as 
vimentin and N-cadherin) and basal markers (such as CK6 and 

Figure 9
Knockdown of G9a expression suppresses breast tumor growth and lung colonization in vivo. (A) MDA-MB231 cells stably expressing control 
vector or G9a shRNA were injected into the mammary fat pad of ICR-SCID mice. The growth of breast tumors was monitored every 3 days. After 
9 weeks, the size of tumors from each group was recorded by using bioluminescence imaging and quantified by measuring photon flux. Values 
are the mean of 6 animals ± SEM. (B) Cells from A were also injected into the tail vein of ICR-SCID mice. After 9 weeks, the development of 
lung metastases was recorded using bioluminescence imaging and quantified by measuring photon flux (mean of 6 animals ± SEM). Results for  
3 representative mice from each group are shown. Mice were sacrificed, and lung metastatic nodules were examined macroscopically or 
detected in paraffin-embedded sections stained with H&E. Scale bars: 100 μm. Arrowheads indicate lung metastases.
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EGFR) and upregulation of luminal molecules (ERα, GATA3, and 
CK18) (Figure 10A; quantitative real-time PCR results are also pre-
sented). Strikingly, the expression of many claudin genes was also 
upregulated in G9a-knockdown cells (Supplemental Figure 18). 
These findings support our observation that G9a is critical in con-
trolling the switch between epithelial and mesenchymal states of 
the cells. Ingenuity pathway analysis (IPA) of these 433 transcripts 
revealed networks and pathways related to TGF-β, Wnt, and cell 
adhesion signaling (data not shown). We measured the activation 
of these pathways in MDA-MB231 cells and the corresponding 

stable transfectants with knockdown of G9a expression using the 
TGF-β responsive element TOP/FOP and E-cadherin promoter 
reporter luciferase. Consistent with the IPA analysis, knockdown 
of G9a expression inhibited the activation of TGF-β and β-catenin 
pathways and upregulated E-cadherin promoter luciferase activity 
(Supplemental Figure 19).

Having identified genes regulated by G9a in EMT, CLBC, and 
metastasis, we then sought to elucidate their clinical relevance in 
breast cancer. If genes associated with G9a regulation are biologi-
cally meaningful, we expect that a subset of the genes regulated 

Figure 10
Knockdown of G9a expression alters the expression of epithelial and mesenchymal markers associated with EMT. (A) The differentially 
expressed markers for EMT and basal and luminal breast cancer from MDA-MB231 cells and the corresponding stable clone with knockdown 
of G9a expression were analyzed by quantitative RT-PCR. (B) Kaplan-Meier overall survival curve separates the tumors (from GSE1456) into  
3 groups with expression of a 9-gene prognostic signature (top panel). Expression of the 9-gene signature in 159 breast cancer patients is shown 
in the heatmap (bottom panel). Top bars: tumor grade (1: blue, 2: pink, 3: red) and tumor subtypes (normal-like: blue, luminal A: yellow, luminal B:  
orange, basal: pink, HER2-positive: red]). P1, probe 1; P2, probe 2. (C) A proposed model to illustrate the interaction of Snail with G9a and 
DNMTs leading to E-cadherin promoter methylation and EMT induction (see Discussion).
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by G9a may confer prognostic value in breast cancer. To this end, 
we chose GSE11121 (comprises 200 node-negative breast cancer 
patients) as a training dataset to stratify genes whose expression 
is potentially associated patient survival and overlapped with 
genes affected by G9a knockdown. We identified a 9-gene signa-
ture (10-probe set) (OLFML3, ZFP36L2, OGN, PECAM1, COL6A1, 
which were upregulated after knockdown of G9a; NKX21, SQLE, 
CDR1, SLCO4C1, which were downregulated after knockdown of 
G9a) that effectively separated patients into poor and good prog-
nosis groups (Supplemental Figure 20A, P = 1.999 × 10–8). This 
signature also separated patients by grade, with low-score group 
having more grade 1 and high-score group having more grade 3 
tumors (Supplemental Figure 20B). To validate this 9-gene signa-
ture, we applied it to GSE2034, consisting of 286 node-negative 
breast patients. It can separate these patients into different prog-
nosis groups (Supplemental Figure 21A, P = 0.00469), although 
this separation seems to be independent of their ER status (Sup-
plemental Figure 21B). In addition, we applied this signature to 
GSE1456, which includes 159 breast patients whose lymph node 
status was not reported. Again, the 9-gene signature was able to 
separate patients into three prognostic groups, using either dis-
ease-free survival or overall survival (Figure 10B and Supplemental 
Figure 22A; P = 0.00919 and P = 0.00197). This corresponded well 
with grades and breast tumor subtypes, with the low score group 
having more grade 1 and normal-like subtypes, and the high score 
group having more grade 3 and basal-like as well as HER2 subtypes 
(Figure 10B and Supplemental Figure 22B). The clinical validation 
of genes associated with G9a regulation supports the finding that 
G9a is critical in controlling EMT in CLBC and metastasis.

Discussion
Our study provides several insights into the epigenetic program in 
EMT, CLBC, and metastasis. First, we have identified a key mecha-
nism underlying the epigenetic regulation of EMT and reinforce 
the notion that EMT is an epigenetically regulated program. To 
uncover the mechanism of epigenetic regulation of EMT, we exam-
ined the dynamic chromatin modifications at the promoter of  
E-cadherin, a typical epithelial molecule and trait marker of EMT, 
in three model cell lines that are commonly used for EMT induc-
tion. The gradual increase in H3K9me2 and decrease in H3K9 
acetylation correlated with the timing of Snail  induction, the 
morphological changes indicative of EMT, and the de novo DNA 
methylation of the E-cadherin promoter. These findings suggest 
that H3K9me2 plays a critical role in silencing the expression of  
E-cadherin. G9a, a key methyltransferase responsible for H3K9me2 
at euchromatin and facultative heterochromatin, does not contain 
a DNA binding sequence. We found that Snail interacted with G9a 
both in vitro and in vivo and was required for G9a recruitment 
to the E-cadherin promoter (Figure 10C). Consistent with this 
finding, the immunoprecipitated Snail complex contained G9a 
methyltransferase activity, and knockdown of Snail expression 
disrupted the association of G9a with the E-cadherin promoter. 
The domains responsible for their interaction were mapped to 
the ankyrin repeat and SET domains of G9a and the C-terminal 
zinc finger region of Snail, respectively. This is consistent with the 
observation that the interaction of Snail with G9a is independent 
of the catalytic activity of G9a. The transcriptional repressive activ-
ity of Snail requires both the N-terminal SNAG domain and the 
C-terminal zinc finger region (7). We and others showed previously 
that the SNAG domain of Snail interacted with LSD1 and Sin3A/

HDAC for H3K4 demethylation and histone deacetylation, respec-
tively (45, 46). However, H3K4 demethylation is known to be an 
initial step in gene repression (47), suggesting that an intermediate 
step is required to bridge H3K4 demethylation to the DNA meth-
ylation on the E-cadherin promoter. Here we identified that the 
C terminus of Snail interacted with G9a directly, which recruited 
DNMT to the E-cadherin promoter for DNA methylation. Thus, 
demethylation on H3K4 and methylation on H3K9 by LSD1 and 
G9a, respectively, provide great synergy in gene repression and 
DNA methylation (17, 48). Consistent with this observation, a zinc 
finger transcriptional repressor, REST, also recruits LSD1 and G9a 
through its C-terminal domain and middle region, respectively, in 
repressing neuronal gene expression (49).

Histone  methylation  is  intimately  linked  to  DNA  methyla-
tion, which provides reinforcement as well as establishment of 
gene silencing. DNA methylation is executed by a family of highly 
related DNA methyltransferase enzymes (DNMT1, DNMT3a, and 
DNMT3b) that transfer a methyl group to the cytosine in a CpG 
dinucleotide, which commonly occurs in the promoter region of 
genes (17, 19). Typically, the maintenance of DNA methylation in 
somatic cells is attributed to DNMT1, whereas de novo DNA meth-
ylation during embryonic development is credited to DNMT3a and 
DNMT3b. However, there is overlap in the function of these two 
types of DNMTs, as DNMT1 can also contribute to de novo DNA 
methylation both in vitro and in vivo, and the maintenance of meth-
ylation in certain regions of the genome requires DNMT3a and 
DNMT3b (17, 19). We found that Snail can interact with DNMT1, 
DNMT3a, and DNMT3b, and this interaction is likely to be indi-
rect, as knockdown of G9a expression disrupted the interaction of 
Snail with DNMTs. Thus, G9a provides a platform for the efficient 
assembly of the Snail-G9a-DNMTs complex in vivo (Figure 10C).

Although the causal relationship between H3K9me2 and DNA 
methylation can be bidirectional, both processes are tightly associat-
ed in heterochromatin and transcriptionally repressed euchromatic 
regions. For example, H3K9me2, catalyzed by G9a, is absolutely 
required for DNA methylation in fungi, plants, and mammals (50, 
51). Conversely, reactivation of silenced tumor suppressor genes 
in response to 5′-Aza-dC–induced DNA demethylation is accom-
panied by a decrease in H3K9me2, but not other silencing mark-
ers such as H3K9me3 or H3K27me3 (52). In this study, we found 
that H3K9me2 coincided with DNA methylation at the E-cadherin 
promoter in three model cell lines and CLBC. Knockdown of G9a 
expression significantly inhibited DNA methylation at the E-cad-
herin promoter and reactivated E-cadherin expression in MDA-
MB231 cells. Our study suggests that G9a-mediated H3K9me2 is 
one of the key events in the maintenance of transcriptionally silent 
gene promoters in cancer. In line with our findings, G9a is enriched 
at the promoters of aberrantly methylated genes in cancer cells, and 
co-recruitment of G9a, DNMT1, and HP1 to the promoter of the 
survivin gene stimulates H3K9me2 and DNA hypermethylation 
(53). Intriguingly, G9a seems to use two distinct modes for gener-
ating DNA methylation at the E-cadherin promoter (Figure 10C). 
In the first mode, G9a creates H3K9me2 via its catalytic activity, 
which subsequently recruits HP1 and DNMTs for DNA methyla-
tion (17). In the second mode, G9a interacts with DNMTs directly 
and recruits them to the E-cadherin promoter through the asso-
ciation with Snail. This explains why the interaction of the Snail-
G9a-DNMT complex does not require G9a activity and indicates 
that the inhibition of G9a activity does not significantly alter DNA 
methylation at the E-cadherin promoter.
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E-cadherin downregulation is commonly associated with DNA 
methylation of  its promoter (28, 54), which provides a relative 
stable “memory” marker for gene silencing. Using a classic TGF-β– 
induced EMT model in NMuMG cells, which was first identified ele-
gantly by Derynck’s group in 1994 (14), we found that DNA meth-
ylation on the E-cadherin promoter can be reversed (Supplemental 
Figure 2). Two mechanisms of DNA demethylation have been pro-
posed (19, 55). The first one is passive DNA demethylation, in which 
the activity of DNMT is suppressed and DNA methylation cannot 
be maintained during DNA replication. This results in the loss of 
DNA methylation after cell propagation (19). The second mecha-
nism involves active DNA demethylation, in which the 5′-methyl-
cytosine (5 mC) is recognized and removed by DNA mismatch and 
repair enzymes (55). The recent identification of ten-eleven trans-
location 1 (TET1) supports this notion (56). TET1 converts 5 mC 
to 5-hydroxymethylcytosine (5 hmC), which precludes the preferen-
tially binding of methyl-CpG–binding proteins (MBDs and MeCP) 
that commonly associate with histone deacetylases (HDACs) in gene 
repression (55). In addition, 5 hmC facilitates DNA demethylation 
through a process that requires the base excision repair pathway 
mediated by cytidine deaminases or thymine-DNA glycosylase (57). 
In our study, the decreased DNA methylation on the E-cadherin 
promoter after TGF-β withdrawal suggests that a passive mecha-
nism is involved. This may be due to the downregulation of Snail 
after TGF-β withdrawal and the consequent loss of G9a and DNMT 
recruitment to the E-cadherin promoter.

Second, our study has delineated a critical role of the Snail-G9a-
DNMT complex in CLBC. Ample evidence supports an epithelial 
hierarchy within the human breast. This cellular differentiation 
process starts with an undifferentiated ERα-negative MSC that 
either maintains itself through self-renewal or differentiates into 
committed progenitors (4). These progenitors ultimately give rise 
to progeny that consist of mature ductal and alveolar cells, which 
belong to the luminal epithelial cell lineage and line the lumen of 
the mammary gland, and mature myoepithelial cells, which sur-
round the luminal epithelium and contact the basement mem-
brane (4). Because the MSC signature was enriched in CLBC, 
which is characterized by the expression of mesenchymal and 
stem cell–associated genes and the lack of expression of claudin 
and E-cadherin, it is speculated that CLBC may originate from 
the transformation of MSCs that arrest at an early stage of dif-
ferentiation (2, 4). Alternatively, this can be mediated by a de-dif-
ferentiation process, as proposed by Weinberg and colleagues (10, 
58). Both of these phenotypic and cellular conversions require the 
activation of EMT. Intriguingly, CLBC has many EMT characteris-
tics (1, 9, 27, 59–62), suggesting that the activation of EMT blocks 
cellular differentiation by repressing epithelial molecules, such 
as E-cadherin in this case. Consistent with this idea, we found 
that the G9a is critical for EMT in both three model cell lines and 
CLBC through its interaction with Snail. Although the protein 
level of G9a and DNMTs remained unchanged between luminal 
and CLBC cell lines, the association of Snail, G9a, and the level of 
H3K9me2 at the E-cadherin promoter were dramatically elevated 
in both CLBC cell lines and tumor samples, indicating the criti-
cal role of G9a and H3K9me2 in the epigenetic silencing of the 
E-cadherin promoter in CLBC. In line with this finding, knock-
down of G9a expression downregulated EMT and basal markers 
(vimentin, N-cadherin, CK6, and EGFR) and upregulated luminal 
epithelial molecules (ERα, GATA3, CK18, and E-cadherin) and 
claudin. Furthermore, knockdown of G9a expression suppressed 

cell migration and invasion in vitro, inhibited metastasis in vivo, 
and predicted increased survival for patients with breast cancer. 
Thus, we speculate that G9a is involved in the control of a com-
mon epigenetic EMT program to block differentiation toward 
epithelial or luminal lineage (Figure 10C).

Third, our study indicates that the cellular plasticity of CLBC 
represents a potential therapeutic target. Because they are char-
acterized by acquisition of an EMT phenotype and loss of E-cad-
herin expression, CLBC cells have a distinct advantage in terms of 
invasion and metastasis to distant organs or tissues during neo-
plastic development. This EMT program is also indicative of stem 
cell–like characteristics, making CLBC resistant to apoptosis medi-
ated by standard chemotherapeutics (10, 63). It is likely that CLBC 
becomes “addicted” to this program for the advantage of survival 
and metastasis. Activation of this program can be achieved by 
genetic mutation/deletion of the E-cadherin gene or by epigenetic 
reprogramming of gene expression in such a way that abnormal 
silencing becomes the default state and is inherited by progeny 
upon cell division. However, while gene mutation is rare in invasive 
breast ductal carcinoma, promoter DNA methylation is a common 
mechanism causing the loss of E-cadherin expression in this disease 
(54, 64). We found that knockdown of G9a led to the restoration of 
E-cadherin gene expression and suppression of cell migration, inva-
sion, and metastasis in CLBC. These data suggest that the machin-
ery for E-cadherin expression in these tumor cells remains intact 
and functional and can mediate reexpression if the repressive signal 
regulating histone and/or DNA methylation is removed. Thus, the 
epigenetic program in CLBC may represent a therapeutic target for 
treating this aggressive and metastatic disease.

In summary, our study highlights the importance of G9a-mediated 
epigenetic modification in EMT, CLBC, and metastasis. Blocking the 
binding in Snail-G9a-DNMTs may pave the way for the development 
of novel therapeutic approaches that target metastatic CLBC.

Methods
Plasmids, siRNA, and antibodies. G9a shRNA expression plasmids were 
purchased from MISSION shRNA at Sigma-Aldrich. Smartpool siRNA 
against human G9a (siRNA-1) and Snail (siRNA-1) were from Dhar-
macon. Expression plasmids  for DNMT1, DNMT3a, DNMT3b, and 
DNMT3b3 were provided by Arthur D. Riggs (City of Hope, Duarte, Cali-
fornia, USA). Human G9a was amplified from a HeLa cDNA library and 
subcloned into pcDNA3-Flag. Deletion mutants of G9a were constructed 
as described previously (41, 45). The expression plasmid for human Snail 
was described previously (15, 25, 41, 45).

Antibodies against Myc, HA, Flag, and actin were purchased  from 
Sigma-Aldrich. Antibodies  for E-cadherin and β-actin were from BD 
Transduction Laboratories. N-cadherin and G9a antibodies were from 
Upstate and Abcam, respectively.

Cell culture. All cancer cell lines were grown in DMEM/F12 supplemented 
with 10% FBS, except breast cancer cell lines T47D and ZR75, which were 
grown in RPMI-1640 plus 10% FBS. HMLE cells were provided by Robert 
A. Weinberg (Whitehead Institute, Massachusetts Institute of Technology, 
Cambridge, Massachusetts, USA). For establishing stable transfectants 
with knockdown of G9a expression, MDA-MB231-Luc-D3H1 (with stable 
expression of luciferase, from Xenogene Corp.) and MDA-MB435 cells were 
transfected with G9a shRNA; stable clones were selected with puromycin 
(300 ng/ml) for 4 weeks.

Immunostaining, immunoprecipitation, and immunoblotting. Experiments were 
performed as described previously (25). For immunofluorescence staining, 
cells were grown on chamber slides, fixed with 4% paraformaldehyde, and 
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incubated with primary antibodies. Secondary antibodies used were Texas 
red–conjugated goat anti-mouse, FITC-conjugated goat anti-rabbit, or 
Alexa Fluor 350–goat anti-rabbit (Molecular Probes, Invitrogen).

DNA methylation analysis. Genomic DNA (~0.75 μg) was treated with 
sodium bisulfite using the EpiTect system (QIAGEN) by following the 
manufacturer’s protocol. Bisulfite-converted DNAs (~50 ng) were used 
as templates for PCR amplification of the CpG islands in the CDH1 pro-
moter. All PCR products were purified from 1.5% agarose gels using a 
Gel Extraction Kit (QIAGEN) and cloned into the pGEM-T Easy vector 
(Promega). Five randomly selected clones from each sample were selected  
for  sequencing.  MSP  was  performed  on  bisulfate-modified  DNA  as 
described by Herman et al. (65).

Quantitative real-time PCR. Total RNA was isolated using the RNeasy 
Mini Kit (QIAGEN) according to the manufacturer’s instructions. Spe-
cific quantitative real-time PCR experiments were performed using 
SYBR Green Power Master Mix following the manufacturer’s protocol 
(Applied Biosystems).

GST pull-down assay. GST proteins were expressed as described previously 
(45). The pull-down complexes were examined by Western blotting.

Invasion assay. Invasion assays were performed as described previously 
(15, 45). All experiments were performed at least twice in triplicate. Sta-
tistical analysis was performed using the Student’s t test; a P value of less 
than 0.05 was considered significant.

Luciferase reporter assay. Invasion assays were performed as described pre-
viously (15, 25, 45). All experiments were performed 3 times in triplicate.

RT-PCR. Total RNA was prepared using the TRIzol reagent (Invitrogen) 
following the manufacturer’s protocol. RT-PCR was performed using a 
SuperScript One-Step RT-PCR Kit (Invitrogen). The PCR products were 
analyzed by electrophoresis on a 2% agarose gel containing ethidium bro-
mide, and visualized and photographed under UV light.

ChIP. ChIP assays were performed as described previously (45). The prim-
ers for the E-cadherin promoter were: 5′-ACTCCAGGCTAGAGGGTCACC-
3′ and 5′-CCGCAAGCTCACAGGTGCTTTGCAGTTCC-3′.

The frozen fresh tumor samples were collected from resected breast 
tumors from patients at the University of Texas MD Anderson Cancer 
Center with the approval of the IRB. Data regarding the stage, grade, and 
expression of ERα, PR, and HER2 are presented in Supplemental Table 1. 
These frozen samples were snap-frozen in liquid nitrogen and stored at 
–80°C. Each sample was examined histologically with H&E-stained sec-
tions. Regions from tumor samples were microdissected and examined, 
and only samples with a consistent tumor cell content of more than 75% 
in tissues were used for ChIP analysis. The tumor samples were prepared 
using the Imprint ChIP Kit (Sigma-Aldrich) according to the manufactur-
er’s instructions. Briefly, 100 mg of breast tumor tissue was cross-linked 
with 1% formaldehyde (Pierce). The sample was then homogenized using 
20 strokes of a Dounce homogenizer in 1 ml of homogenizing buffer. Fol-
lowing centrifugation, the pellet was resuspended in 0.25 ml lysis buffer 
and processed for ChIP assay.

G9a and DNMT methyltransferase assay. HEK293T cells were cotransfected 
with constructs encoding G9a and Snail. After immunoprecipitation of 
Snail1 or G9a, the complexes were analyzed for DNA methyltransferase 
activity and H3K9 methyltransferase activity using the DNA Methyltrans-
ferase Assay Kit and the H3K9 Methyltransferase Assay Kit (Epigentek) fol-
lowing the manufacturer’s protocols. The enzymatic activities of DNMTs 
and G9a were detected with a microplate reader at 450 nm and fluorescent 
plate reader at 450 nm, respectively.

Experimental lung metastasis model. Female ICR-SCID mice (6–8 weeks 
old) were purchased from Taconic and maintained and treated under spe-
cific pathogen–free conditions. Mice were injected with MDA-MB231-luc-
D3H1 (1 × 106 cells/mouse) or MDA-MB435 (2 × 106 cells/mouse) cells and 

their corresponding stable clones with knockdown of G9a expression via 
mammary fat pad or tail vein (6 mice/group). Mice with MDA-MB231 cells 
were imaged from dorsal and ventral views once per week. All mice (6 of 6) 
injected with MDA-MB231 cells developed the expected lung metastatic 
lesions, with luciferase signals beginning to appear at week 5. For MDA-
MB435 cells, lung metastatic lesions were developed in 12 weeks. Visible 
lung metastatic nodules were examined macroscopically or detected in 
paraffin-embedded sections stained with H&E. Data were analyzed using 
Student’s t test; a P value less than 0.05 was considered significant.

Microarray profiling and G9a prognostic signature. Expression profiling anal-
ysis was performed on MDA-MB231 cells and the corresponding stable 
transfectants with knockdown of G9a expression (performed in tripli-
cate for each sample) using Affymetrix U133A microchips (dataset was 
deposited in the NCBI GEO database, with accession number GSE34925). 
The most differentially expressed probesets (as defined by fold change in 
median expression values) were subjected to SAM (significance analysis of 
microarrays) analysis (66) using a minimum of a 1.33-fold change in dif-
ferential expression in comparison with control. This analysis yielded 183 
genes that were upregulated and 250 genes that were downregulated after 
knockdown of G9a expression in MDA-MB231 cells, with a predicted false 
discovery rate (FDR) of 0.85%.

To identify genes potentially regulated by the G9a signaling and play-
ing a role in breast cancer patient survival, we first chose the GSE11121 
dataset (from the NCBI GEO website; http://www.ncbi.nlm.nih.gov/geo/) 
comprising 200 node-negative breast cancer patients as the training data-
set and performed a univariate Cox proportional hazards regression analy-
sis to find genes whose expression was potentially associated with patient 
survival. This gene list was then overlapped with the G9a-knockdown gene 
signature to find common genes, and further limited by clustering analy-
sis to 9 genes that are coexpressed in breast cancers (OLFML3, ZFP36L2, 
OGN, PECAM1, COL6A1, which were upregulated after G9a knockdown, 
and NKX21, SQLE, CDR1, SLCO4C1, which were downregulated after G9a 
knockdown). We next constructed a multi-gene score using the follow-
ing algorithm. Normalized probeset log2 values were first subtracted with 
median values from all samples for one particular probeset. The multi-gene 
score is the averaged sum from 5 upregulated genes minus that from 4 
downregulated ones. Based on the gene expression heatmap, an arbitrary 
cutoff was set at ±0.45 to stratify patients into three groups having low, 
medium, and high 9-gene scores (Supplemental Figure 20B). This effectively  
separated patients into poor and good prognosis groups (Supplemental 
Figure 20A, P = 1.999 × 10-8). In addition, it separated grade 1 and grade 3 
patients from the extreme groups (Supplemental Figure 20B).

To validate the 9-gene signature, we first used GSE2034, another dataset 
with 286 node-negative breast patients, and applied the same 9-gene score 
stratification procedure to separate these patients into different prog-
nosis groups (Supplemental Figure 21A, P = 0.00469). The separation of 
the patients seemed to be independent of their ER status (Supplemental 
Figure 21B). We next used GSE1456, which included 159 breast patients 
whose lymph node status was not reported. Again, the 9-gene signature 
was able to separate patients into three prognostic groups, using either dis-
ease-free survival or overall survival (Supplemental Figure 22A, P = 0.00919 
and 0.00197). This corresponded well with grades and tumor subtypes, 
with the low-score group having more grade 1 and normal-like tumors, 
and the high-score group having more grade 3 and basal as well as HER2 
tumors (Supplemental Figure 22B).

Statistics. The experiments were repeated at least 2 times. Results are 
expressed as mean ± SD or SEM as indicated. An independent Student’s 
t test was performed to analyze the luciferase assay; a 2-tailed Student’s 
t test was used for intergroup comparisons. A P value less than 0.05 was 
considered statistically significant.
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Study approval. All procedures for animal study were approved by the 
Institutional Animal Care and Use Committee of the University of Ken-
tucky College of Medicine and conform to the legal mandates and federal 
guidelines for the care and maintenance of laboratory animals.
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