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1  | INTRODUC TION

Cancer is a major public health problem worldwide and is the sec‐
ond‐leading cause of death.1,2 Hepatocellular carcinoma is a type of 
cancer with a high mortality rate, and was the fourth‐leading cause 
of cancer‐associated death in 2018. Resection is still an available cu‐
rative treatment option for HCC, but is hampered because of high 
recurrence rates and the development of metastasis. Metastasis is 

initiated by a process in which tumor cells disseminate and gain inva‐
sive ability, a step referred to as EMT.3

Epithelial‐mesenchymal transition is an essential phenotypic 
conversion that occurs during embryonic development, tissue re‐
modeling, wound healing, and metastasis.4-6 During EMT, activated 
cells gain stem cell‐like features, which provide a distinct advantage 
for tumor progression and metastasis.7,8 Following the comple‐
tion of EMT, the expression of epithelial markers like E‐cadherin is 
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Abstract
Functional E‐cadherin loss, a hallmark of epithelial‐mesenchymal transition (EMT), is 
important for metastasis. However, the mechanism of Snail2 in hepatocellular carci‐
noma (HCC) EMT and metastasis remains unclear. Here, we showed that Snail2 was 
upregulated in primary HCC, and significantly increased during transforming growth 
factor‐β‐induced liver cell EMT. Snail2‐overexpressing and knockdown cell lines have 
been established to determine its function in EMT in HCC. H3K9 methylation was 
upregulated and H3K4 and H3K56 acetylation were downregulated at the E‐cad‐
herin promoter in Snail2‐overexpressing cancer cells. Furthermore, Snail2 interacted 
with G9a and histone deacetylases (HDACs) to form a complex to suppress E‐cad‐
herin transcription. Snail2 overexpression enhanced migration and invasion in HCC 
cells, whereas G9a and HDAC inhibition significantly reversed this effect. Moreover, 
Snail2 overexpression in cancer cells increased tumor metastasis and shortened sur‐
vival time in mice, whereas G9a and HDAC inhibitors extended survival. Our study 
not only reveals a critical mechanism underlying the epigenetic regulation of EMT but 
also suggests novel treatment strategies for HCC.
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suppressed, whereas mesenchymal markers such as N‐cadherin, 
vimentin, and fibronectin are upregulated.9 The loss of E‐cadherin 
expression is heavily involved in EMT, and E‐cadherin is therefore 
emerging as one regulator of the epithelial phenotype. Suppression 
of this protein can be mediated through the activities of EMT‐in‐
ducing transcription factors such as Twist (TWIST1), Snail (SNAI1), 
and Snail2 (SLUG), which are known to directly repress transcription 
from the E‐cadherin promoter.10,11

Snail1 and Snail2 belong to the Snail superfamily of zinc finger 
transcriptional repressors that participate in developmental EMT 
and other processes.12 Snail1 has been reported to induce EMT in 
MDCK and breast cancer cells by suppressing E‐cadherin expres‐
sion.13-15 Moreover, Snail1 can promote cell motility and invasive 
activity by regulating EMT and enhancing some features of can‐
cer stem cells.16,17 As a transcriptional repressor similar to Snail1, 
Snail2 is known to directly repress transcription from the E‐cadherin 
promoter and thereby promote disassembly of cell‐cell contacts.10 
However, few studies have investigated the relationship between 
Snail and EMT in HCC, and its implications in tumor progression.

Phenotypic and cellular plasticity associated with EMT are de‐
termined by a unique gene expression pattern that can be passed on 
to daughter cells by epigenetic mechanisms through histone mod‐
ifications.18,19 Histone modifications, in particular methylation and 
acetylation, extend the information content of the underlying DNA 
sequence and confer unique transcriptional potential.18 The most 
well‐characterized modifications are the methylation of the Lys9 and 
Lys27 residues of histone H3 (H3K9me2/3 and H3K27me3), which 
represses gene expression, in addition to the acetylation of H3K4 
(H3K4Ac) and H3K9 (H3K9Ac), which are associated with gene acti‐
vation.20 G9a, a histone H3 lysine 9 (H3K9) methyltransferase,21,22 
has been implicated as an important oncogenic driver in multiple 
cancers.23-25 One previous report showed that G9a can interact with 
Snail1 and DNA methyltransferases to participant in Snail‐mediated 
E‐cadherin repression in breast cancer.26 G9a was a novel epigenetic 
target for the treatment of HCC.27 Moreover, G9a promotes liver 
cancer development by epigenetic silencing of tumor suppressor 
gene RARRES3.28 Histone deacetylases can facilitate transcriptional 
repression and the formation of heterochromatin.29 Some studies 
have reported that, in general, aberrant histone deacetylation mod‐
ifications are related to cancer.30 It has been reported that HDAC1, 
2, and 3 were highly expressed and excessively activated in prostate 
cancer.31 There is a growing body of evidence showing that the ex‐
pression of class I HDACs was increased in ovarian carcinomas.32-34 
In HCC, HDAC1 and HDAC2 were correlated with a poor histologic 
differentiation and a poor prognosis.35 Moreover, pterostilbene sup‐
pressed the growth and invasion of HCC and was effective in regulat‐
ing the levels of the metastasis‐associated protein 1/HDAC1/NuRD 
complex, promoting PTEN acetylation and apoptosis in HCC.36

In the present study, we investigated the epigenetic program of 
EMT in HCC by focusing on the transcriptional regulation of E‐cad‐
herin. We found that Snail2 was remarkably increased in primary 
HCC and highly expressed in TGF‐β‐induced EMT in liver cells. 
Furthermore, we found that the levels of H3K9 methylation, H3K4 

acetylation, and H3K56 acetylation were changed in the promoter 
region of E‐cadherin. In addition, G9a, HDAC1, HDAC2, and HDAC3 
acted together with Snail2 at the E‐cadherin promoter to suppress 
transcription. Snail2 was found to interact with G9a and HDACs, 
indicating that they might form a functional complex to repress E‐
cadherin expression. We validated that the overexpression of Snail2 
significantly enhanced migration and metastatic capacity at the cel‐
lular level and in a mouse model. Furthermore, the i.p. administra‐
tion of Bix‐01294 and TSA both successfully prolonged survival in 
a mouse model of Snail2‐overexpression cancer. Thus, our studies 
indicate that Snail2 can interact with G9a and HDACs to mediate the 
repression of E‐cadherin, thereby promoting migration and invasion 
in human hepatocellular carcinoma.

2  | MATERIAL S AND METHODS

2.1 | Tissue samples

Cancer tissues and corresponding adjacent noncancerous tissues 
were obtained from patients who underwent surgical treatment at 
the China‐Japan Union Hospital of Jilin University, China. All non‐
cancerous samples were obtained from tissues adjacent to, but 
separate from, the tumors. The use of human specimens in this 
study was approved by the Ethics Committee at Jilin University. 
Written informed consent was provided by each patient. Tissue 
samples were immediately frozen in liquid nitrogen and stored at 
−80°C until use.

2.2 | Cell culture and transfection

All cancer cell lines were grown in DMEM supplemented with 10% 
FBS, except cell line QSG‐7701, which was grown in RPMI‐1640 plus 
10% FBS in a humidified atmosphere and 5% CO2, at 37°C. Cells 
were purchased from the Cell Bank of Type Culture Collection of 
the Chinese Academy of Sciences, Shanghai Institute of Cell Biology, 
Chinese Academy of Sciences. HepG2 cells were infected with 
a lentivirus expressing EGFP and Snail2 or their control lentivirus 
(Hanbio, Harbin, China) at an MOI of 10. MHCC‐97H cells were 
infected with a lentivirus expressing EGFP and Sh‐Snail2 or their 
control lentivirus (Hanbio) at an MOI of 20. Stable cell lines were 
selected using puromycin (1  mg/mL, Sigma). The shRNA (Snail2) 
sequences were 5′‐GATGCATATTCGGACCCACACATTA‐3′ and 
5′‐GGACCACAGUGGCUCAGAATT‐3′.

2.3 | Quantitative real‐time PCR

Total RNA from tissue samples was isolated with TRIzol (Invitrogen). 
Quantitative PCR was carried out in the CFX96 Real‐Time PCR 
Detection System (Bio‐Rad) using TransStart Top Green qPCR 
SuperMix (Transgen) according to the manufacturer's instructions. 
Quantitative real‐time PCR data were analyzed using the compara‐
tive Ct method, and the expression of target genes was normalized 
to that of β‐actin.
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2.4 | Western blotting and Abs

Protein samples were mixed with 4× SDS loading buffer. Samples 
were boiled for 5 minutes at 98°C, and proteins were separated by 
Biofuraw Precast Gel (Tanon) and transferred to PVDF membranes. 
The following primary Abs and dilutions were used: Snail2 mAb 
(1:100, c‐166467; Santa Cruz Biotechnology), E‐cadherin polyclonal 
Ab, vimentin polyclonal Ab, fibronectin polyclonal Ab, and GAPDH 
polyclonal Ab (1:1000, 874‐1‐AP, 15613‐1‐AP, 10366‐1‐AP, 60004‐1‐
AP; Proteintech). Secondary Abs were anti‐rabbit or anti‐mouse 
HRP‐conjugated IgG (1:2000, SA00001‐4; Proteintech). Membranes 
were incubated with 1 mL ECL western blotting substrate (Promega) 
for 1 minute at room temperature and then exposed to X‐ray film.

2.5 | Chromatin immunoprecipitation assay

Chromatin immunoprecipitation assays were carried out according to 
the protocol described previously.37 Cells (1 × 107) grown to 80% of con‐
fluence were used for each ChIP. H3K9me2 (C15200154, 5 μg/ChIP), 
H3K4ac (C15410322, 5 μg/ChIP), and H3K56ac (C15410213, 5 μg/
ChIP) Abs were purchased from Diagenode (Belgium). The primers for 
the E‐cadherin promoter were: 5′‐GCCCTTTCTGATCCCAGGTC‐3′ 
and 5′‐TAGCCTGGAGTTGCTAGGGT‐3′.

2.6 | Luciferase assay

For luciferase assays, the Dual‐Luciferase Reporter Assay System 
(Promega) was used as previously described.38 Briefly, these cells 
were cotransfected with an E‐cadherin promoter containing lucif‐
erase construct together with a plasmid expressing Renilla luciferase 
(pGL3‐Bisic, Promega). Firefly luciferase activity was normalized to 
Renilla luciferase activity, which was a control for transfection effi‐
ciency. All experiments were undertaken 3 times in triplicate.

2.7 | Wound healing assay

Wound healing assays were carried out as described previously.39,40 
Cells were seeded in 6‐well plates (1 × 105 cells/well) and cultured 
at 37°C. After 24 hours, a pipette tip was used to create a wound in 
the cell monolayer. The cells were then cultured in DMEM supple‐
mented with 2% FBS at 37°C. Inhibitors, Bix‐01294 (S8006, Selleck) 
and TSA (S1045, Selleck) if used, were added to the complete me‐
dium. The width of the wound was measured under a microscope 
(DS‐U2, Nikon) 24 hours after the scratch.

2.8 | Invasion assay

Invasion assays were carried out as described previously.41,42 Boyden 
chambers were coated with Matrigel (BD Biosciences). According to 
the manufacturer's protocol, cells (5 × 103) were seeded on Matrigel 
in the upper chamber, and the bottom chamber was filled with culture 
medium containing 10% FBS as a chemoattractant. Inhibitors were 
added to the FBS‐free medium in the upper chamber. Cells that invaded 

through the Matrigel‐coated membrane after 24 hours were fixed with 
paraformaldehyde and stained with crystal violet. The fold change in 
invasion was calculated by dividing the number of cells in HepG2‐Snail2 
and MHCC‐97H‐sh‐Snail2 by the number of cells in the control cells. All 
experiments were undertaken at least twice in triplicate.

2.9 | Experimental liver metastasis model

Female BALB/c nude mice (6‐8  weeks old) were purchased from 
Charles River (Beijing, China). All animal studies were carried out in 
accordance with legal and institutional guidelines. The procedures 
were approved by the Ethical Committee for the Care and Use of 
Laboratory Animals at Jilin University. Mice were injected with 
HepG2‐Snail2 (1  ×  107 cells/mouse) and control cells by s.c. injec‐
tion (8 mice/group). After 30 days, the mice were killed. Visible liver 
metastatic nodules were examined macroscopically or embedded in 
paraffin, sectioned, and subjected to H&E. As for the survival assay, 
mice were injected with HepG2‐N or HepG2‐Snail2 (5 × 105 cells/
mouse) injected into the tail veil (8 mice/group). Bix‐01294 (10 mg/
kg) or TSA (5 mg/kg) was given i.p. 3 times a week.

2.10 | Statistical analysis

The GraphPad Prism software for Windows (GraphPad Software) 
was used for all statistical analyses. The results are expressed as 
mean values ± SD. Significant differences between 2 groups were 
assessed using paired 2‐tailed Student's t tests. A P value <.05 was 
considered statistically significant.

3  | RESULTS

3.1 | Snail2 highly expressed in HCC

To explore the potential role of Snail2 in different carcinomas, we 
examined the expression level of Snail2 in paired cancerous and 
corresponding adjacent noncancerous tissues including RCC, SCC, 
and HCC (Figure 1). We found that the mRNA level of Snail2 in RCC 
tissues was significantly lower than that in noncancerous tissues. 
Similarly, the expression level of Snail2 in SCC tissues was slightly 
lower than in the adjacent noncancerous tissues. In contrast, Snail2 
was remarkably upregulated in HCC. Thus, our results suggest that 
Snail2 might play different functions in diverse carcinomas and that 
Snail2 might be involved in the tumorigenesis and metastasis of HCC.

3.2 | Snail2 participates in TGF‐β‐induced EMT in 
liver cells

We next confirmed the function of Snail2 by investigating TGF‐β‐in‐
duced EMT in the liver cell line QSG‐7701. We found that treatment 
with 10 ng/mL TGF‐β1 for 12 days induced QSG‐7701 cells to undergo 
EMT. As expected, TGF‐β treatment resulted in the acquisition of fibro‐
blastic mesenchymal morphology in the cell line (Figure 2A), which was 
accompanied by the downregulation of epithelial markers including 
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E‐cadherin and the upregulation of mesenchymal markers including 
N‐cadherin, vimentin, and fibronectin at the RNA level (Figure  2B) 
and protein level (Figure 2C) in the model cells. In addition, we also 
checked the expression level of Snail1 that was downregulation during 
EMT (Figure 2B). Our results showed that Snail2, but not Snail1, was 
significantly increased, along with the downregulation of E‐cadherin, 
in QSG‐7701, indicating that TGF‐β‐induced EMT in liver cells was as‐
sociated with Snail2 expression.

3.3 | Snail2 induces EMT in HCC cells

To validate the function of Snail2 in EMT in HCC cells, we further estab‐
lished stable Snail2‐overexpressing cell lines using poorly metastatic 
HepG2 cells (designated as HepG2‐Snail2) and also knocked down the 
expression level of Snail2 in the highly metastatic MHCC‐97H cells 
(designated as MHCC‐97H‐sh‐Snail2). We found that the HepG2‐
Snail2 cell line showed a fibroblastic, mesenchymal morphology, which 
was not apparent in respective control cells (that had an epithelial 
phenotype) (Figure  2D). Snail2 knockdown in MHCC‐97H cell lines 
resulted in the acquisition of epithelial morphology (Figure 2D). This 
observation was also confirmed by quantitative PCR and western blot 
analyses of the expression levels of an epithelial marker (E‐cadherin) 
and mesenchymal markers (fibronectin and vimentin) (Figure 2E). We 
found that Snail2 overexpression in the HepG2 cell line significantly 
decreased the expression of E‐cadherin, and increased the expression 
of fibronectin and vimentin (Figure 2F). In contrast, silencing Snail2 in 
MHCC‐97H cells resulted in the upregulation of E‐cadherin and the 
downregulation of fibronectin and vimentin (Figure 2F). These findings 
supported that Snail2 could induce EMT in HCC cell lines.

3.4 | Snail2 regulates E‐cadherin expression 
through H3K9 methylation and H3K4 and H3K56 
deacetylation

Chromatin modifications, including histone methylation and deacety‐
lation, play crucial roles in suppressing gene expression. To determine 
whether Snail2 can epigenetically regulate the expression of E‐cadherin, 
we examined levels of repressive histone modifications at the E‐cadherin 
promoter using ChIP assays. As one of the most important repressive 

modifications, the H3K9me2 euchromatic histone methylation marker 
was remarkably upregulated at the E‐cadherin promoter in HepG2‐
Snail2 cells (Figure 3A). Furthermore, a significant reduction of H3K4ac 
and H3K56ac markers at the E‐cadherin promoter was detected in the 
HepG2‐Snail2 cell line (Figure  3A). These results suggest that Snail2 
might repress the expression of E‐cadherin by mediating H3K9 methyla‐
tion, as well as H3K4 and H3K56 deacetylation, in the promoter region.

3.5 | G9a and HDACs are required for Snail2‐
mediated repression of E‐cadherin in HCC

To further investigate the cofactors involved in Snail2‐mediated repres‐
sion of E‐cadherin, a truncated E‐cadherin promoter region (−108 bp 
to +126 bp) was subcloned into the pGL3‐basic vector (designated as 
E‐p). As shown in Figure 3B, in contrast to that in control cells, cotrans‐
fecting pGL3‐basic and Snail2 significantly reduced luciferase activity 
from the E‐cadherin promoter in HEK293T cells. This repression was 
not observed if the E‐box of the E‐cadherin promoter was mutated, 
indicating that Snail2 can repress E‐cadherin promoter activity by in‐
teracting with the E‐box domain. In addition, the overexpression of 
histone H3K9 methyltransferase G9a reduced luciferase activity com‐
pared to that in Snail2‐overexpressing cells. However, we could not 
detect any reduction in the luciferase activity when G9a alone was 
overexpressed, indicating that Snail2 mediates the interaction be‐
tween G9a and the E‐cadherin promoter (Figure 3C). We also found 
that histone deacetylases, including HDAC1, HDAC2, and HDAC3, 
could all remarkably suppress the activity of the E‐cadherin promoter 
and these repressive effects also required Snail2 (Figure 3D‐F).

Furthermore, to confirm the repressive function of G9a and 
HDACs on the E‐cadherin promoter, we treated Snail2‐overexpress‐
ing cells with the G9a inhibitor Bix‐01294 and the HDAC inhibitor 
TSA. As expected, siG9a and TSA treatment significantly rescued 
the Snail2‐mediated repression of E‐cadherin promoter, suggesting 
that the Snail2‐mediated transcriptional inhibition of E‐cadherin is 
facilitated by G9a and HDACs (Figure 3G). Moreover, Bix‐01294 or 
TSA treatment also significantly rescued the Snail2‐mediated re‐
pression of E‐cadherin promoter, suggesting that the Snail2‐medi‐
ated transcriptional inhibition of E‐cadherin is facilitated by G9a and 
HDACs (Figure 3H). Furthermore, we determined whether G9a and 

F I G U R E  1   Expression levels of Snail2 in different carcinoma tissues. The expression levels of Snail2 in (A) 33 paired renal cell carcinoma 
(RCC) tissues and adjacent noncancerous (NC) tissues, (B) 54 paired stomach carcinoma (SCC) tissues) and NC tissues, and (C) 27 paired 
hepatocellular carcinoma (HCC) tissues and NC tissues were quantified by quantitative real‐time PCR. Data represent the mean ± SD; 
*P ≤ .05, **P ≤ 0.01
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HDACs cooperate to repress E‐cadherin in HCC. In the HepG2 cell 
line, inhibition of G9a or HDACs alone slightly upregulated activity of 
the E‐cadherin promoter compared to that in Snail2‐overexpressing 
cells, whereas inhibition of both simultaneously remarkably rescued 
the Snail2‐mediated repression of E‐cadherin promoter (Figure 3I). 
Taken together, our results indicated that G9a and HDACs are re‐
quired for Snail2‐mediated repression of E‐cadherin in HCC.

3.6 | Snail2 interacts with G9a, HDAC1, 
HDAC2, and HDAC3 to form a functional 
multicomplex

The involvement of Snail2, G9a, and HDACs in the transcriptional in‐
hibition of E‐cadherin suggests that these molecules might interact 
with each other. To identify the specific domain within G9a that is 
responsible for the interaction with Snail2, we generated 2 truncated 
G9a proteins and coexpressed each of them with Snail2 in HEK293T 
cells (Figure  4A). The results showed that the G9a deletion mutant 
containing ankyrin repeats and the C‐terminal SET domain (G9a‐CD) 

retained the ability to interact with Snail2 (Figure 4B). However, an‐
other mutant containing the N‐terminal region without these identi‐
fied domains (G9a‐ND) was not able to bind Snail2. We also generated 
a series of Snail2 deletion mutants to examine which domain of Snail2 
is responsible for its interaction with G9a. We found that a Snail2 mu‐
tant harboring only the N‐terminal region did not interact with G9a, 
indicating that the C‐terminus of Snail2 is necessary for G9a binding 
(Figure  4B). We also successfully detected the interaction between 
Snail2 and HDAC1/HDAC2/HDAC3 in vitro (Figure  4C). Moreover, 
our results indicated that G9a can also interact with HDAC1, HDAC2, 
and HDAC3 in vitro (Figure 4D). To further extend our findings in the 
HCC cell line, we undertook coimmunoprecipitation experiments in 
the HepG2‐Snail2 cell line and found that endogenous G9a, HDAC1, 
HDAC2, and HDAC3 were selectively coimmunoprecipitated using 
specific Abs to Snail2, revealing the existence of the Snail2‐G9a‐
HDACs complex in vivo (Figure  4E). Hence, these observations to‐
gether indicated that Snail2 can interact with G9a, HDAC1, and 
HDAC3 to form a multicomplex that participates in the transcriptional 
inhibition of E‐cadherin.

F I G U R E  2   Expression profiles of epithelial and mesenchymal markers during transforming growth factor (TGF)‐β‐induced epithelial‐
mesenchymal transition (EMT) in liver cells and the change of cell morphology and expression levels of EMT markers after Snail2 modulation 
in hepatocellular carcinoma (HCC). A, Liver cell line QSG‐7701 was treated with TGF‐β1 (10 ng/mL) for 12 days; cell morphological changes 
associated with EMT are shown as phase contrast images taken at 10× magnification. B, QSG‐7701 cell line was treated with TGF‐β1 
(10 ng/mL) for the indicated time periods. mRNA levels of genes encoding E‐cadherin, N‐cadherin, fibronectin, vimentin, Snail1, and 
Snail2 in cells were analyzed by quantitative real‐time PCR and shown as “relative mRNA levels”. Data represent the mean ± SD. *P ≤ .05; 
**P ≤ .01; ***P ≤ .001. C, Protein levels of E‐cadherin, fibronectin, vimentin, and Snail2 in the cell line were analyzed by western blotting. D, 
Morphology of HepG2‐Snail2, HepG2‐N cells, MHCC‐97H‐sh‐Snail2, and MHCC‐97H‐N cells, as shown by phase contrast images taken at 
20× magnification. E, mRNA levels of genes encoding an epithelial marker (E‐cadherin) and mesenchymal markers (fibronectin and vimentin) 
were analyzed by quantitative real‐time PCR in these cells lines. F, Protein levels of the epithelial marker (E‐cadherin) and mesenchymal 
marker (fibronectin) were analyzed by western blotting in these cell lines
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3.7 | G9a and HDACs mediate the migration‐, 
invasion‐, and metastasis‐promoting properties of 
Snail2 in HCC cells

Because G9a and HDACs are required for the Snail2‐mediated re‐
pression of E‐cadherin in HCC cells, we next investigated their 
cooperative functions with respect to the invasion and metastasis 
of HCC. Compared to those in control cells, the overexpression of 
Snail2 in HepG2 cells significantly increased the cell migratory ability 

(Figure 5A). In contrast, the downregulation of Snail2 in MHCC‐97H 
cells remarkably reduced the rate of migration (Figure 5B). We then 
treated these cell lines with the G9a inhibitor Bix‐01294 and the 
HDAC inhibitor TSA and further compared migration to those in 
untreated cells. Our results showed that G9a inhibition significantly 
reduced the migratory capacity of HepG2‐Snail2 and MHCC‐97H‐
sh‐Snail2 cell lines (Figure 5A,B). The functional suppression of G9a 
and HDAC activity also markedly reduced the rate of invasion in 
HepG2‐Snail2 cells (Figure 5C). Thus, these data indicated that G9a 

F I G U R E  3   Epigenetic modifications at the promoter of E‐cadherin in Snail2‐overexpressing cell line and the function of Snail2, G9a, and 
histone deacetylases (HDACs) on the activity of E‐cadherin promoter. A, Levels of H3K9 dimethylation (H3K9me2), H3K4 acetylation (H3K4ac), 
and H3K56 acetylation (H3K56ac) at the promoter of E‐cadherin in the HepG2‐Snail2 cell lines, as well as their respective control cell lines, 
were assessed by ChIP. “Percentage of input” indicates the ratio of the DNA fragment of each promoter region bound by H3K9me2, H3K4ac, 
and H3K56ac, to the total amount of input DNA without H3K9me2‐, H3K4ac‐, and H3K56ac‐specific Ab pull‐down. *P ≤ .05; **P ≤ .01; 
***P ≤ .001, based on Student's t test. All results are from 3 independent experiments. Data represent the mean ± SD. Luciferase reporter 
assays were carried out in 293T cells (B) co‐transfected with a plasmid harboring the E‐cadherin promoter or E‐cadherin promoter mutant and 
a plasmid expressing Snail2, (C) cotransfected with a plasmid expressing Snail2 or G9a and a plasmid harboring the E‐cadherin promoter, (D) 
cotransfected with a plasmid expressing Snail2 or HDAC1 and a plasmid harboring the E‐cadherin promoter, (E) cotransfected with a plasmid 
expressing Snail2 or HDAC2 and a plasmid harboring the E‐cadherin promoter, (F) cotransfected with a plasmid expressing Snail2 or HDAC3 
and a plasmid harboring the E‐cadherin promoter, (G) cotransfected with a plasmid expressing Snail2 and a plasmid harboring the E‐cadherin 
promoter, and siRNA for G9a, and were treated with trichostatin A (TSA) (1 μmol/L), (H) cotransfected with a plasmid expressing Snail2 and 
a plasmid harboring the E‐cadherin promoter, and were treated with Bix‐01294 (5 μmol/L) or TSA (1 μmol/L). I, Luciferase reporter assays 
were carried out in HepG2‐Snail2 cells that were transfected with a plasmid harboring the E‐cadherin promoter and treated with Bix‐01294 
(5 μmol/L) or TSA (1 μmol/L). Luciferase activity was assayed 24 h later and normalized to that of Renilla (pRL‐SV40), which served as an internal 
control. Each data point represents the mean ± SD. Experiments were undertaken twice in triplicate. E‐p, pGL3‐basic vector

F I G U R E  4   Interactions between Snail2, G9a, and histone deacetylases (HDACs). A, Schematic diagram showing the structure of G9a, 
Snail2, and their different deletion constructs. B, Coimmunoprecipitation assays were carried out in 293T cells transiently coexpressing 
plasmids encoding Flag‐tagged deletion mutants (designated CD and ND) of G9a and HA‐tagged Snail2‐FL. Extracts were immunoprecipitated 
with Flag Abs, and bound Snail2 was examined by western blotting. C, Coimmunoprecipitation assays carried out on cells transiently 
coexpressing Flag‐tagged HDAC1, HDAC2, Flag‐tagged HDAC3, and HA‐tagged Snail2. Cell extracts were immunoprecipitated separately 
with Flag or HA Abs, and bound Snail2 or HDAC2 were examined by western blotting. D, Coimmunoprecipitation assays in cells transiently 
coexpressing Flag‐tagged G9a‐CD and HA‐tagged HDACs; cell extracts were immunoprecipitated separately with HA Abs, and bound G9a‐CD 
was examined by western blotting. E, Coimmunoprecipitation assays carried out in HepG2‐Snail2. Cell extracts were immunoprecipitated 
separately with Snail2 Abs, and bound endogenous G9a and HDACs were examined by western blotting
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and HDACs cooperate with Snail2 to enhance the migration and in‐
vasion of HCC cells in vitro.

Furthermore, we extended our findings to a xenograft model of 
metastasis, in which HCC cells are s.c. injected into mice to generate 

hepatic and pulmonary metastases. HepG2‐Snail2 and respective con‐
trol cells were injected into nude mice to investigate the tumorigenic 
and metastatic potential of these cells. We noticed that mice injected 
with HepG2‐Snail2 cells had an increased number of liver metastases, 
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compared to that observed in HepG2‐N‐injected mice (Figure 5D). In 
addition, we used an experimental metastasis model, in which tumor 
cells were directly injected into the tail veil of nude mice, to confirm 
these findings. Results showed that the overexpression of Snail2 in 
HCC remarkably increased distant metastasis in mice, indicating that 
this factor can promote HCC migration and invasion in vivo (Figure 5E). 
To further explore the role of G9a and HDACs in Snail2‐mediated HCC 
invasion and metastasis, we examined the survival time of mice treated 
with the G9a inhibitor Bix‐01294 and the HDAC inhibitor TSA. Although 
the overexpression of Snail2 in HepG2 cells only marginally affected 
survival time in mice (injected with cells), Bix‐01294 and TSA treatment 
both successfully increased survival time, compared to that observed in 
control mice harboring HepG2‐Snail2 tumors (Figure 5F). Together, our 
results confirmed that G9a and HDACs facilitate the Snail2‐mediated 
migration, invasion, and metastasis of HCC cells in vivo.

4  | DISCUSSION

Our study provides several insights into the epigenetic program that 
underlies EMT and metastasis in HCC. In this study, we investigated 
the clinical significance of Snail2 in HCC and determined the mecha‐
nism associated with the ability of Snail2 to promote TGF‐β‐induced 
EMT and tumor metastasis, showing that Snail2 interacts with G9a 
and HDACs to repress E‐cadherin expression.

In previous studies, Snail family proteins were shown to partic‐
ipate in EMT in diverse carcinomas.5,43 It has been reported that 
Snail1 can combine with the competitive displacement of ASCL2 
and epigenetic mechanisms to rapidly silence expression of the 
EPHB3 tumor suppressor in colorectal carcinomas.44 In addition, 
Snail1 can interact with G9a to mediate E‐cadherin repression in 
human breast cancer.27 Furthermore, it has been shown that Snail2 
promotes tumor invasion.45 JMJD3 upregulates Snail2 to promote 
migration and invasion in HCC.46 However, the mechanism through 
which Snail2 controls E‐cadherin silencing in malignant carcinomas 
remains undefined. In the present study, we first confirmed the im‐
portance of Snail2 in EMT in malignant tumors. We found that Snail2 
is significantly upregulated in HCC tissues. Consistent with this find‐
ing, Snail2 was remarkably increased during TGF‐β‐induced EMT in 

liver cells. Overexpression of this factor induced EMT in cancer cells, 
whereas knockdown resulted in the reversion from a fibroblast‐like 
morphology to an epithelial phenotype in cancer cells, indicating 
that Snail2 is required for HCC of EMT.

Epigenetic regulation has been suggested to be involved in EMT 
in different carcinomas. A previous study showed that DOT1L co‐
operated with the c‐Myc‐p300 complex to epigenetically repress E‐
cadherin transcription factors during breast cancer progression.47 In 
addition, UTX was found to inhibit EMT‐induced breast cancer stem 
cell properties, through the epigenetic repression of EMT‐associated 
genes, in cooperation with LSD1 and HDAC1.48 Furthermore, it has 
been found that G9a can interact with Snail1 and DNA methyltrans‐
ferases to participate in Snail‐mediated E‐cadherin repression in 
breast cancer.27 In our study, we showed that Snail2 interacted with 
G9a and HDACs to form a multiprotein complex at the promoter of 
E‐cadherin. Furthermore, G9a and HDACs were found to catalyze 
H3K9 dimethylation and H3K56/H3K4 deacetylation at the E‐cad‐
herin promoter, and finally trigger EMT in HCC cells. Hence, differ‐
ent transcriptional repressive factors associated with EMT adopt 
diverse mechanisms to regulate tumor metastasis. Similar transcrip‐
tion factors in the same protein family, such as Snail1 and Snail2, 
might also utilize different mechanisms to regulate the metastasis of 
malignant carcinomas.

We further investigated the necessity of G9a and HDACs during 
Snail2‐mediated migration and metastasis in cancer cells in vitro and 
in vivo. Overexpression of Snail2 remarkably enhanced migration, 
invasion, and metastasis in the HCC cell line. However, functional 
G9a and HDACs inhibition significantly reversed these effects. 
Furthermore, mice injected with Snail2‐overexpressing cancer cells 
showed obviously increased tumor metastasis and shortened sur‐
vival. Nevertheless, G9a or HDAC inhibitor treatment successfully 
improved survival time in mice harboring Snail2‐overexpressing can‐
cer cells. These data collectively suggest that Snail2 can enhance 
HCC metastasis and that G9a and HDACs are both crucial for the 
suppression of E‐cadherin in these cells, indicating that the epigen‐
etic program might represent a therapeutic target for the treatment 
of aggressive and metastatic tumors.

Taken together, we propose a working model of the regulation 
of EMT and metastasis by the Snail2/G9a/HDAC complex in HCC 

F I G U R E  5   Functions of Snail2, G9a, and histone deacetylases (HDACs) facilitate migration, invasion, and metastasis. A, Migratory ability 
of HepG2‐N cells, HepG2‐Snail2 cells, and HepG2‐Snail2 cells treated with Bix‐01294, and HepG2‐Snail2 cells treated with trichostatin A 
(TSA), as analyzed by wound healing assays. B, Migratory ability of MHCC‐97H‐N cells, MHCC‐97H‐sh‐Snail2 cells, MHCC‐97H‐sh‐Snail2 
cells treated with Bix‐01294, and MHCC‐97H‐sh‐Snail2 cells treated with TSA, as analyzed by wound healing assays. C, Invasiveness of 
HepG2‐N cells, HepG2‐Snail2 cells, HepG2‐Snail2 cells treated with Bix‐01294, and HepG2‐Snail2 cells treated with TSA, as analyzed by 
Transwell invasion assays. Statistical analysis of invasion is shown in the bar graph (mean ± SD from 3 independent experiments), and a 
representative experiment is shown in the right panel. Phase contrast images were taken at 4× magnification. D, HepG2‐Snail2 cells and 
control cells were subcutaneously injected into nude mice. After 30 d, mice were killed and the liver was dissected. Liver metastatic nodules 
were examined macroscopically or paraffin‐embedded sections were subjected to H&E. Arrows indicate liver metastases. Phase contrast 
images were taken at 4× magnification. E, Total number of mice with distant metastasis 30 d after injection of HepG2‐Snail2 or respective 
control cells. F, A total of 5 × 105 HepG2‐Snail2 and control cells were injected into the tail veil of nude mice. Metastasis was suppressed 
by Bix‐01294 or TSA treatment 4 wk after injection. The survival time of mice was analyzed by Kaplan‐Meier survival analysis. G, A 
proposed working model of the role of the Snail2/G9a/HDAC complex in epithelial‐mesenchymal transition (EMT) and tumor metastasis in 
hepatocellular carcinoma (HCC)



     |  3451HU et al.

(Figure  5G). First, Snail2 is highly expressed in HCC cells. Second, 
Snail2 recruits G9a and HDACs to form a multiprotein complex that 
induces H3K9 methylation and H3K56/H3K4 deacetylation at the 
promoter of E‐cadherin. Finally, G9a and HDACs could facilitate Snail2 
to promote the migration and metastasis of liver cancer cells. In all, our 
study highlights the importance of G9a‐ and HDAC‐mediated epigen‐
etic regulation during Snail2‐induced E‐cadherin repression and tumor 
metastasis during HCC progression. Accordingly, blocking interactions 
among Snail2, G9a, and HDACs or targeting this axis might form the 
basis of new therapeutic strategies that target metastatic HCC.
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