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Background & Aims: In addition to genetic alterations, epigenetic changes underlie tumor progression and metastasis. Promoter methylation can silence tumor suppressor genes, and reactive oxygen
species (ROS) promote DNA damage, although the
relationship between ROS and epigenetic changes in
cancer cells is not clear. We sought to determine
whether ROS promote hypermethylation of the
promoter region of E-cadherin, a regulator of the
epithelial-to-mesenchymal transition, in hepatocellular carcinoma (HCC) cells. Methods: HCC cells were
exposed to H2O2 or stably transfected to express
Snail, a transcription factor that down-regulates Ecadherin expression. E-cadherin and Snail expression
levels were examined by real-time reverse-transcriptase polymerase chain reaction and immunoblot analyses. The methylation status of E-cadherin was examined by methyl-specific polymerase chain reaction,
bisulfite sequencing, and chromatin immunoprecipitation. The interactions between Snail, histone deacetylase 1, and DNA methyltransferase 1 were assessed by
immunoprecipitation/immunoblot and immunofluorescence analyses. ROS-induced stress, E-cadherin
expression, Snail expression, and E-cadherin promoter methylation were confirmed in HCC tissues by
immunoblot, immunohistochemistry, and methylspecific polymerase chain reaction analyses. Results:
We demonstrated that ROS induce hypermethylation
of the E-cadherin promoter by increasing Snail expression. Snail induced DNA methylation of the Ecadherin promoter by recruiting histone deacetylase 1
and DNA methyltransferase 1. In human HCC tissues,
we observed a correlation among ROS induction, Ecadherin down-regulation, Snail up-regulation, and
E-cadherin promoter methylation. Conclusions: These
findings provide novel mechanistic insights into epigenetic modulations induced by ROS in the process
of carcinogenesis. They are potentially relevant to
understanding the activity of ROS in silencing various tumor suppressor genes and in subsequent tumor
progression and metastasis.

D

NA methylation is the most frequent epigenetic
alteration seen in mammalian genomes, and it frequently mediates transcriptional repression.1,2 Recently,
evidence has emerged that both genetic and epigenetic
changes underlie carcinogenesis.3 Especially, hypermethylation of CpG islands in promoter regions of tumor
suppressor genes is frequently seen in tumor cells.4,5
Reactive oxygen species (ROS) also have been suggested
to participate in tumor progression by promoting DNA
damage and/or altering cellular signaling pathways.6 It
was recently proposed that ROS are involved in tumor
metastasis, a complex process including epithelial-tomesenchymal transitions, migration, invasion, and angiogenesis in the tumor region.7 ROS also control
expression of matrix metalloproteinases (MMPs), mitogen-activated protein kinase (MAPK), and Ras pathway activation and can also down-regulate E-cadherin
expression.8 –10
A correlation between hypermethylation of the promoter of E-cadherin, which encodes a cell adhesion molecule and is considered a tumor suppressor, and E-cadherin down-regulation has been reported in several
cancers.11,12 Loss of E-cadherin expression occurs in the
primary step of metastasis, namely, the loss of cellular
adhesion.13,14 E-cadherin is down-regulated by the transcription factor Snail and silenced by promoter hypermethylation.15 Decreased E-cadherin expression is correlated
with epithelial-to-mesenchymal transitions, metastasis, and
poor prognosis in hepatocellular carcinoma (HCC).16,17
In addition, as in other cancers, DNA methylation within
the promoter of tumor suppressor genes including Ecadherin has been reported in HCC.18 –22 Because mutaAbbreviations used in this paper: 5-aza-dC, 5-aza-2=-deoxycytidine;
BS, bisulﬁte sequencing; ChIP, chromatin immunoprecipitation; DNMT,
DNA methyltransferase; GPx1, glutathione peroxidase 1; HCC, hepatocellular carcinoma; HDAC, histone deacetylase; MAPK, mitogen-activated protein kinase; MMP, matrix metalloproteinase; MSP, methylspeciﬁc polymerase chain reaction; PMS, phormazane methylsulfate;
SOD, superoxide dismutase; Prx, peroxiredoxin; ROS, reactive oxygen
species.
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tions in E-cadherin are sporadic in human tumors and
reexpression of E-cadherin in metastasis is often observed, epigenetic regulation of E-cadherin expression
could be significant in tumor progression.15 However,
until now, despite the fact that E-cadherin is a good
candidate for epigenetic regulation, there has been no
demonstration that ROS induce CpG methylation of the
E-cadherin promoter in cancer cells. To elucidate the link
between ROS and DNA methylation in HCC, we used the
E-cadherin promoter as a model of ROS-induced epigenetic change.
In this report, we analyzed promoter regulation via
Snail and methylation and identified a link between these
2 factors. In HCC cells, ROS induced the up-regulation of
Snail expression and the methylation of the E-cadherin
promoter. Specifically, Snail induced methylation of CpG
sites in the E-cadherin promoter. We also investigated
alterations by ROS in Snail expression and E-cadherin
promoter methylation in human HCC tissue specimens.
Overall, we showed that ROS induced methylation of the
E-cadherin promoter via Snail.

Materials and Methods
Tissue Specimens and Histopathologic
Examination
Seventy-six HCCs and corresponding non-HCC
tissues were collected from Severance Hospital, Yonsei
University College of Medicine, and from Samsung Medical Center, Sungkyunkwan University School of Medicine (Seoul, Korea). Tissue samples from resected liver
specimens were snap frozen in liquid nitrogen and stored
at ⫺70°C. Informed consent was obtained from each
patient, and tissue collection was approved by each institutional review board. The patient population consisted
of 57 males and 19 females, ranging in age from 25 to 76
years (51 ⫾ 11 years, mean ⫾ standard deviation). All
non-HCC liver tissues showed hepatitis B virus-associated chronic hepatitis or cirrhosis. Representative sections were subjected to routine histologic examination
and evaluated in terms of differentiation, tumor size,
tumor capsule formation, vascular invasion, and intrahepatic metastasis. Differentiation was graded according to
Edmondson and Steiner’s criteria.23 Normal liver tissue
from 5 patients with metastatic colonic carcinoma served
as controls. Tissue specimens were from the Tissue Bank
of the Samsumg Medical Center and the Liver Cancer
Specimen Bank from the National Research Resource
Bank Program of the Korea Science and Engineering
Foundation in the Ministry of Science and Technology.

Cell Culture
Hep3B (human hepatoma cells), Huh7 (human
hepatoma cells), A431 (human epidermoid carcinoma
cells), and HT29 (human colorectal adenocarcinoma
cells) were cultured in Dulbecco’s modified Eagle me-
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dium (DMEM) with 10% fetal bovine serum (FBS). For
ROS treatments, the media were daily changed to fresh
media with 10% FBS, and cells were incubated 4 days
with 300 mol/L H2O2, 10 mol/L phormazane methylsulfate (PMS), or 20 mol/L menadione. In some experiments, cells were pretreated with 5 mmol/L N-acetylcysteine, 1 mol/L 5-aza-2=-deoxycytidine, and 10 mol/L
LY294002 for 30 minutes before addition of H2O2, PMS,
or menadione. To establish stable Huh7 or Hep3B lines
expressing human Snail, we inserted the Snail complementary DNA (cDNA) sequence into the pCMV/HA
(Clontech Laboratories Inc, Mountain View, CA) vector
and transfected Huh7 or Hep3B cells either pCMV/HA as
a control or pCMV/HA-Snail using Fugene6 (Roche Applied Science, Penzberg, Germany). Puromycin (InvivoGen, San Diego, CA) was used to select colonies. To
establish inducible Hep3B cell lines expressing human
Snail, we inserted the HA-Snail sequence into the pTREtight (Clontech Laboratories Inc) vector and transfected
Hep3B cells inserting regulator plasmid pTet-On, either
pTRE-tight as a control or pTRE-tight/HA-Snail. Colonies were screened as described in manufacturer’s protocols (Clontech Laboratories Inc). For Snail shRNA experiments, Huh7 and Hep3B cells were transfected with the
pLKO.1 vector expressing Snail short hairpin RNA
(shRNA), and then stably transfected cell lines (Huh7SNAi and Hep3B-SNAi) were selected with puromycin.
All other reagents were purchased from Sigma Chemical
Co (St. Louis, MO).

Methylation-Specific Polymerase Chain
Reaction
One microgram genomic DNA was treated with
sodium bisulphate using the One Day MSP Kit (IN2GEN,
Seoul, Korea). Modified genomic DNA was analyzed with
methylation-specific polymerase chain reaction (MSP) Ecadherin primers as described.24

Chromatin Immunoprecipitation Assays
Chromatin immunoprecipitation (ChIP) assays
were performed as described11 with modifications. Prior
to formaldehyde cross-linking, cells were treated with 10
mmol/L dimethyl adipimidate and 0.25% dimethyl sulfoxide in phosphate-buffered saline (PBS) for 45 minutes.
Cells were cross-linked with formaldehyde for 15 minutes. In all cases, chromatin was sheared to an average
length of 0.4 to 1 kilobase (kb) using Bioruptor (Cosmo
Bio Co Ltd, Tokyo, Japan). Immunoprecipitations of
cross-linked chromatin were carried out with commercial
antibodies. PCR amplification products were quantified
by real-time PCR (ABI 7300, Applied Biosystems) with
specific primers for E-cadherin promoters. PCR amplification was normalized to DNA collected after sonication
(input fraction).
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ChIP-MSP and ChIP-Bisulfite Sequencing
Analysis
ChIP-MSP was performed as described25 with
modifications. ChIP was performed with anti-Snail antibody as described above. For MSP analysis, unmethylated
or methylated E-cadherin CpG island 2 sequences were
amplified by IS2-UM-forward (⫺142 to ⫺120) and IS2-
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UM-reverse (⫹7 to ⫹33) or IS2-M-forward (⫺141 to
⫺122) and IS2-M-reverse (⫹6 to ⫹31) primers, respectively, with modified DNA as templates as described
above. MSP primer sequences contained CpG sites. Methylated or unmethylated PCR products were cloned into
pGEM-T Easy vectors (Promega), and 10 clones were
sequenced. For ChIP-bisulfite sequencing (BS) analysis,
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Figure 1. ROS down-regulate E-cadherin expression in HCC cell lines. (A) Hep3B cells were treated with 300 mol/L H2O2 for 2, 4, 6 days.
E-cadherin expression was assessed by immunoblot. (B) Hep3B cells were treated with 300 mol/L H2O2 and/or 5 mmol/L N-acetylcysteine (NAC)
for 4 days. E-cadherin expression was assessed by immunoblot (left) and real-time RT-PCR (right). (C) H2O2-treated Hep3B cells were then stained
with anti-E-cadherin antibody (red). Nuclei were stained with DAPI (blue). Scale bar, 20 m. (D) Hep3B cells were treated with other ROS sources (10
mol/L PMS or 20 mol/L menadione) and/or 5 mmol/L NAC for 4 days. E-cadherin expression was assessed by immunoblot. (E) Hep3B cells were
treated with 300 mol/L H2O2 and/or 5 mmol/L NAC for 4 days. MMP-2 activity was analyzed by gelatin zymography (left). Expression of MMPs was
measured by real-time RT-PCR (middle). A Matrigel invasion assay was performed. The absorbance at 595 nm representing the number of cells was
measured (right). Mena, menadione; 0, nontreated cells; H2O2, H2O2-treated cells.

December 2008

2131

Statistical Analysis
Data in bar graphs are expressed as the mean and
standard deviation of 3 independent experiments. All
results in bar graphs are expressed as the fold ratio
relative to untreated or control cells. Statistical analysis
was performed using SPSS statistics software (Ver.12,
SPSS Inc, Chicago, IL). The relationship between expression
of several proteins and HCC grade was analyzed by calculating Spearman correlation. A Friedman test was used to
analyze Snail, E-cadherin, and HCC grade. P values of less
than .05 were considered statistically significant.
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PCR was performed with BS forward and BS reverse
primers using ChIP products of Snail-overexpressing
cells as templates. The BS forward and BS reverse
primers for bisulfite sequencing were as follows: 5=ATTTTAGGTTAGAGGGTTAT-3= (forward, ⫺180 to
⫺161) and 5=-CAAACTCACAAATACTTTAC-3= (reverse, ⫹16 to ⫹35), respectively. The sequences of
bisulfite sequencing primers did not contain CpG sites.
PCR products were cloned into the pGEM-T Easy vector (Promega), and 20 or 45 clones were sequenced.
The input fraction DNA from control cells was sequenced and used as control.
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Figure 2. ROS up-regulate Snail expression in HCC cell lines. (A) Hep3B cells were treated with 300 mol/L H2O2, 10 mol/L menadione, 20
mol/L PMS, and/or 5 mmol/L N-acetylcysteine (NAC) for 4 days. Snail expression was assessed by immunoblot (top) and real-time RT-PCR
(bottom). (B) Hep3B cells transfected with Snail shRNA (Snail i) or control (Con i) plasmids were treated with 300 mol/L H2O2 for 4 days. E-cadherin
and Snail expression were measured by immunoblot. (C) Hep3B cells were treated with 300 mol/L H2O2 for 4 days. Phosphorylation of Akt and
GSK3␤ was analyzed using a Human Phospho-MAPK Array kit. The average signal (spot intensity) of a pair of duplicate spots representing each
kinase was determined. Numerical data represent the mean and standard deviation of duplicate spots. (D) Hep3B cells pretreated with LY294002
for 30 minutes were treated with H2O2 for 4 days. Snail expression and activation of Akt and GSK3␤ were examined by immunoblot. (E) Snail
expression was examined by real-time RT-PCR. Mena, menadione; 0, nontreated cells; H2O2, H2O2-treated cells.

2132

LIM ET AL

Results
ROS Up-regulate Snail Expression in HCC Cells
To analyze potential changes in E-cadherin expression and tumor cell invasiveness mediated by ROS,
we treated human HCC cells (Huh7 and Hep3B cells)
with H2O2, menadione, or PMS as ROS sources. Four
days later, real-time reverse-transcription (RT)-PCR and
immunoblot analysis indicated decreased E-cadherin
messenger RNA (mRNA) and protein expression, respectively (Figure 1A–D). These effects were inhibited following treatment of cells with the antioxidant N-acetylcys-
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teine (Figure 1B and D). In addition, in H2O2-treated
cells, MMP activity and expression increased, as did invasiveness of ROS-treated cells (Figure 1E). In these data,
MMP7 is preferentially induced by H2O2 in HCC cells.
We think that one of the possible explanations for this
phenomenon is a cell line-dependent event. In previous
studies by Radisky et al and Mori et al, MMP13 was
notably induced by H2O2 in NMuMG (mouse mammary
gland epithelial) cells, and MMP3 was induced by H2O2
in SCp2 cells (mouse mammary epithelial) cells, respectively.8,9
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Figure 3. ROS induce methylation of the E-cadherin promoter and binding of HDAC1 and DNMT1. (A) Distribution of E-boxes in the ⫺195/⫹135
E-cadherin promoter. The regions used in the MSP are underlined. Arrow represents the transcription start site. (B) Huh7 and Hep3B cells were
treated with H2O2 for 4 days, and then MSP was performed. MSP, MSP primer set. (C) Huh7 and Hep3B cells were treated with H2O2 and/or NAC
and aza-2=-deoxycytidine (5-aza-dC) for 4 days. Using MSP primer set 2 of the E-cadherin promoter, MSP was performed. (D) HT29 and A431 cells
were treated with H2O2 for 4 days. MSP was performed. (E) Hep3B cells were treated with H2O2 for 4 days. ChIP analysis of Snail, HDAC1, DNMT1,
and MeCP2 on the E-cadherin promoter was performed (left). ChIP analysis was undertaken on the E-cadherin promoter using antibodies to histone
acetylated H3 and H4 (H3Ac, H4Ac), histone H3K4 dimethylation (H3K4me), and histone H3K9 trimethylation (H3K9me) (right). E, E-box; U,
unmethylated; M, methylated; SM, size marker; 0, nontreated cells; H2O2, H2O2-treated cells.

The Snail transcription factor both induces tumor cell
invasion and represses E-cadherin expression, the latter
by binding to E-boxes in the E-cadherin promoter. To
analyze mechanisms underlying E-cadherin down-regulation by ROS, we assayed the effect of ROS on Snail
expression. Immunoblot and real-time RT-PCR analysis
revealed that mRNA and protein levels of Snail were
increased by ROS treatment (H2O2, menadione, or PMS)
and that increases were blocked by N-acetylcysteine (Figure 2A). However, H2O2 treatment for 2 days neither
induced a notable increase in Snail expression nor caused
any changes in cell morphology (data not shown). In
addition, in previous studies, Snail induction or E-cadherin reduction by ROS or transforming growth factor
(TGF) ␤ treatment occurred after 3 to 4 days.8,26,27 These
results are consistent with our data. To determine
whether H2O2-mediated decreases in E-cadherin expression were Snail-dependent, we examined the effect of
Snail shRNA. Snail shRNA blocked increases in Snail
expression mediated by H2O2, and no change in E-cadherin expression was observed (Figure 2B). Overall, these
data indicate that Snail up-regulation is necessary and
sufficient for ROS-induced E-cadherin down-regulation.
To identify signaling pathways linked with Snail upregulation by ROS, potential activation of the MAPK
pathway was analyzed by using a human phospho-MAPK
array in which activation by different types of MAPKs can
be analyzed simultaneously. We found that H2O2-induced phosphorylation of protein kinase B (PKB/Akt)
and glycogen synthase kinase 3 ␤ (GSK3␤) (Figure 2C)
regulates Snail’s subcellular localization and protein
level.28 Because GSK3␤ is phosphorylated by kinases such
as Akt, which is itself regulated by phosphoinositide-3
kinase (PI3K),29 we asked whether the PI3K/Akt/GSK3␤
pathway might function in Snail regulation by H2O2.
Indeed, H2O2 treatment of HCC cells activated Akt and
suppressed GSK3␤ through phosphorylation of Ser 9;
treatment with LY294002, a PI3K inhibitor, blocked this
effect (Figure 2D). In the same samples, increased Snail
expression mediated by H2O2 was blocked in the presence
of LY294002 (Figure 2D). Moreover, LY294002 inhibited
increases in Snail mRNA levels induced by H2O2 (Figure
2E). Results of the same experiments in Hun7 cells were
represented in supplementary Figures 1 and 2 (see supplementary Figures 1 and 2 online at www.gastrojournal.org).
These data suggest that increased Snail expression mediated
by H2O2 occurs via the PI3K/Akt/GSK3␤ pathway.

ROS Induce Methylation of the E-cadherin
Promoter
To elucidate a link between ROS and DNA methylation, we analyzed whether E-cadherin promoter methylation is altered by ROS by assaying methylation status
of the E-cadherin promoter by MSP. We targeted CpG
islands located in the E-cadherin promoter that contains
E-boxes recognized by Snail (Figure 3A). Changes in
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methylation status were verified using MSP primer sets 1,
2, and 3 to CpG islands.24 After H2O2 treatment, a methylation of the site of MSP primer set 2 was observed
(Figure 3B), which was blocked following treatment with
N-acetylcysteine or 5-aza-2=-deoxycytidine, a DNMT1 inhibitor (Figure 3C). Next, we asked whether ROS-stimulated methylation of the promoter occurred in other cell
lines, such as HT29 human colon cancer cells or A431
human epidermoid carcinoma cells. After H2O2 treatment of the different lines, we observed methylation of
the E-cadherin promoter in both (Figure 3D). We also
used a ChIP assay and real-time PCR analysis to demonstrate that H2O2 treatment increases Snail, HDAC1,
DNMT1, and methyl-CpG-binding protein 2 (MeCP2)
recruitment to the E-cadherin promoter (Figure 3E, and
see supplementary Figure 3A online at www.gastrojournal.
org). However, the binding of HDAC2, HDAC3, DNMT3a,
and DNMT3b was not increased by H2O2 treatment (data
not shown). In addition, acetylation of histone H3 and
H4 and methylation of histone H3K4 decreased, whereas
methylation of histone H3K9 increased following H2O2
treatment (Figure 3E, and see supplementary Figure 3B
online at www.gastrojournal.org), suggesting an increase
in repressive heterochromatin. On the basis of these
results, we suggest that prolonged ROS stress induces
methylation of the E-cadherin promoter.

Snail Induces DNA Methylation of the
E-cadherin Promoter
To determine whether Snail mediates methylation
and repression of the E-cadherin promoter, we established Huh7 and Hep3B cell lines in which Snail was
stably overexpressed (see supplementary Figure 4 online
at www.gastrojournal.org). Next, we used MSP to analyze
the methylation status of the E-cadherin promoter in
Snail-overexpressing cells and found that the site of MSP
primer set 2 of the E-cadherin promoter was methylated
(Figure 4A, left). In addition, in a Hep3B cell line in which
Snail expression can be induced by doxycyclin, the methylation status of the E-cadherin promoter changed after
doxycyclin treatment (Figure 4A, right). Snail shRNA also
blocked H2O2-induced methylation of the E-cadherin
promoter (Figure 4B). We also observed increased Snail,
HDAC1, DNMT1, and MeCP2 recruitment to E-cadherin
promoter in Snail-overexpressing cells compared with
controls (Figure 4C, and see supplementary Figure 5A
online at www.gastrojournal.org). In addition, histone
H3 and H4 acetylation and histone H3K4 methylation
decreased, whereas histone H3K9 methylation increased (Figure 4C, and see supplementary Figure 5B
online at www.gastrojournal.org). To analyze the methylation status of the Snail-bound E-cadherin promoter,
we used ChIP-MSP or ChIP-BS analysis. In H2O2-treated
Hep3B cells, we observed methylation of Snail-bound
E-cadherin promoters through ChIP-MSP analysis, and
13 CpG sites of the methylated PCR product were also
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found to be methylated (Figure 4D). In Snail-overexpressing Hep3B cells, ChIP-MSP analysis also showed methylated DNA (Figure 4E). In addition, ChIP-BS analysis
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showed that Snail-bound E-cadherin promoters were
methylated in 11% (5/45) of Snail-overexpressing cells
(Figure 4F).
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Snail Interacts With HDAC1 and DNMT1
As a further test of our proposition that Snail
induces DNA methylation of the E-cadherin promoter by
recruiting HDAC1 and DNMT1, we attempted to analyze
the interaction of Snail, HDAC1, and DNMT1. To determine whether induction of methylation by Snail was due
to E-box-specific binding, ChIP assay was carried out
using a construct in which E-boxes 1, 2, and 3 in the
E-cadherin promoter were mutated (E-box-negative mutant construct) (Figure 3A). When Hep3B cells were
transfected with this construct, promoter activity was not
decreased by Snail (Figure 5A). Furthermore, when
Hep3B cells were transfected with this construct together
with a Snail expression construct, there was no binding
of DNMT1 and HDAC1 to the E-cadherin promoter
based on ChIP assay (Figure 5A).
We next analyzed the interaction of Snail, HDAC1,
and DNMT1 in HCC cells by coimmunoprecipitation
(IP)/immunoblot. We verified that Snail, HDAC1, and
DNMT1 interacted each other by immunoprecipitation
in endogenous cellular levels (Figure 5B). To further
analyze localization of Snail, HDAC1, and DNMT1 in
cells, we performed immunofluorescence analysis in
H2O2-treated cells (Figure 5C). We also performed immunofluorescence analysis in Hep3B cells transiently transfected with all 3 proteins. Nuclear colocalization of HASnail with Myc-HDAC1 and DsRed-DNMT1 proteins
was observed (Figure 5D). A SNAG domain-deleted Snail
(⌬SNAG) protein cannot bind HDAC1 but does bind to
E-boxes through its zinc finger domain.11 To determine
whether Snail mediates methylation of the E-cadherin
promoter through interaction with HDAC1, we used a
⌬SNAG construct. ⌬SNAG did not down-regulate Ecadherin promoter activity based on luciferase assays
(Figure 5E, left), and it did not bind HDAC1 protein,
based on co-IP/immunoblot analysis (Figure 5E, middle).
In addition, ⌬SNAG did not bind DNMT1 protein (Figure 5E, right). MSP performed on ⌬SNAG-overexpressing
cells showed that methylation of the E-cadherin promoter did not occur (Figure 5F). These data suggest that
the interaction of Snail with HDAC1 and DNMT1 is
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necessary for Snail-induced methylation of the E-cadherin promoter.

ROS or Snail Does Not Increase Expression
or Activity of DNMTs in HCC Cells
To test whether modulation of DNMT expression
is required for E-cadherin promoter methylation by ROS
or Snail, we analyzed DNMT expression, DNMT activity,
and 5-meC levels, the latter of which is a marker of
genomic DNA methylation. Our results revealed that
DNMT expression, DNMT activity, and 5-meC levels do
not increase in H2O2-treated cells or in Snail-overexpressing cells (Figure 6A–D). Furthermore, in MSP performed
on DNMT1-overexpressing cells, methylation of the Ecadherin promoter was not observed (Figure 6E). These
data suggest that up-regulation of DNMT alone cannot
cause ROS- or Snail-induced methylation of the E-cadherin promoter.

Snail Up-regulation and E-cadherin Promoter
Methylation Are Correlated With E-cadherin
Down-regulation in HCC Tissues
Overall, we observe that E-cadherin down-regulation because of ROS is caused by Snail up-regulation and
promoter methylation. To confirm our results, alterations in antioxidant enzymes and levels of DNA damage, as an indicator of ROS stress, were analyzed in HCC
tissues, as well as expression levels of E-cadherin and
Snail, and the methylation status of the E-cadherin promoter. Immunoblot analysis was carried out with 6 antioxidant enzymes (Cu/Zn superoxide dismutase [SOD],
Mn SOD, catalase, glutathione peroxidase 1 [GPx1], peroxiredoxin 3 [Prx3], and peroxiredoxin 6 [Prx6]) in 51
human HCC tissue samples. Levels of 3 of the 6 enzymes,
Cu/Zn SOD, catalase, and GPx1, were reduced according
to the grade of the HCC (Figure 7A, and see supplementary Table 1 online at www.gastrojournal.org). Analysis of
the activity of SOD, catalase, and GPx in 30 samples
revealed a decrease correlated with HCC grade (see supplementary Table 2 online at www.gastrojournal.org).
Likewise, DNA damage such as 8-hydroxyguanosine and
apurinic/apyrimidinic sites increased as HCC grade in-

4™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
Figure 4. Snail overexpression induces methylation of the E-cadherin promoter and binding of HDAC1 and DNMT1. (A) MSP was performed with
control or Snail cell line genomic DNA (left). MSP, MSP primer set. Snail and control inducible Hep3B cell lines were treated with doxycyclin for 3 or
6 days (right). Using the MSP primer set 2 of E-cadherin promoter, MSP was performed. (B) Huh7 and Hep3B cells were transfected with control
plasmid (Con i) or Snail shRNA (SNA i) plasmid and then treated with H2O2 for 4 days. Using the MSP primer set 2, MSP was performed. (C) ChIP
analysis of binding of Snail, HDAC1, DNMT1, and MeCP2 on the E-cadherin promoter in Snail-overexpressing Hep3B cell lines (left). ChIP analysis
was undertaken on the E-cadherin promoter using antibodies to histone acetylated H3 and H4 (H3Ac, H4Ac), histone H3K4 dimethylation (H3K4me),
and histone H3K9 trimethylation (H3K9me) (right). (D) In control or H2O2-treated Hep3B cells, ChIP analysis was performed with an anti-Snail
antibody, while MSP was performed (ChIP-MSP) (top). PCR products amplified with primers to unmethylated or methylated DNA were sequenced
(bottom). (E) In control or Snail-overexpressing Hep3B cells, ChIP-MSP analysis was performed as described in (D) (top). PCR products amplified with
primers to unmethylated or methylated DNA were sequenced (bottom). (F) In control or Snail-overexpressing Hep3B cells, ChIP analysis was
performed as in E; the methylation status of ChIP products was then analyzed using bisulfite sequencing as described in the Materials and Methods
section (ChIP-BS). ChIP products were amplified with BS forward and BS reverse primers. The input fraction DNA of control cells was used as
control. Con, control cell lines; SNA, Snail cell lines; U, unmethylated; M, methylated; Dox, doxycyclin; Œ, unmethylated CpG site; , methylated CpG
site; arrow, primer binding site.
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Figure 5. Snail interacts with HDAC1 and DNMT1. (A) Hep3B cells were transfected with pCMV/HA-Snail expression vector and wild-type or the
E-box-negative mutant E-cadherin promoter fused to luciferase for 48 hours and analyzed for luciferase activity (top). ChIP analysis of Snail, HDAC1,
and DNMT1 was performed (bottom). IgG was used as a negative control. WT, wild-type promoter; Mut, E-box-negative mutant promoter. (B) Hep3B
cells were treated with H2O2 for 4 days were coimmunoprecipated using anti-Snail, anti-HDAC1, and anti-DNMT1 antibodies, respectively. IgG
served as a negative control. (C) Hep3B cells were treated with H2O2 for 4 days and then stained with anti-Snail and anti-DNMT1 (first column),
anti-Snail and anti-HDAC1 (second column), or anti-HDAC1 and anti-DNMT1 (third column) antibodies (top). Nontreated Hep3B cells were also
stained with the same antibodies (bottom). Cellular localization of Snail (green), HDAC1 (green or red), and DNMT1 (red) was examined. Scale bar,
5 m. (D) Hep3B cells were transfected with pCMV/HA-Snail, pCMV/Myc-HDAC1, and pDsRed-DNMT1 and then stained with anti-HA and anti-Myc
antibodies. Cellular localization of Snail (green), HDAC1 (blue), and DNMT1 (red) was examined. Scale bar, 5 m. (E) Hep3B cells were transfected
with pCMV/HA-Snail or pCMV/HA-⌬SNAG expression vectors, and the ⫺195/⫹135 E-cadherin promoter fused to luciferase. After 48 hours, cells
were lysed and analyzed for luciferase activity (left). Hep3B cells were transfected with pCMV/HA-Snail or pCMV/HA-⌬SNAG and with pCMV/MycHDAC1 expression vectors (middle). After 48 hours, cell lysates were made and coimmunoprecipitated using either anti-HA antibodies or anti-Myc
antibodies. Hep3B cells were transfected with pCMV/HA-Snail or pCMV/HA-⌬SNAG and with pDsRed-DNMT1 expression vectors (right). After 48
hours, cell lysates were made and coimmunoprecipitated using either anti-HA antibodies or anti-DNMT1 antibodies. IgG served as a negative control.
(F) Hep3B cells were transfected with pCMV/HA-Snail or pCMV/HA-⌬SNAG expression vectors. After 4 days, MSP was performed using the MSP
primer set 2. Control, pCMV/HA vector; Snail, pCMV/HA-Snail; ⌬SNAG, pCMV/HA-⌬SNAG; U, unmethylated; M, methylated.

creased from 1 to 3 (Figure 7B, left and middle). Furthermore, the reduced glutathione/glutathione disulfide ratio decreased in grade 3 compared with grade 2 samples
(Figure 7B, right). Based on these results, we strongly
suggest that intracellular ROS stress increases along with
the progression of hepatocarcinogenesis. Seventy-six
HCC tissues were analyzed for E-cadherin and Snail expression. Analysis revealed a strong correlation between
decreased E-cadherin expression and increased Snail expression in HCC grade 3 (Figure 7C). We performed

immunohistochemistry analysis of E-cadherin and MSP
analysis of the E-cadherin promoter in 42 HCC grade 3
tissues. Twenty-three (54.76%) of 42 tissues showed decreased E-cadherin expression in both immunoblot and
immunohistochemistry assays (Figure 7D). MSP analysis
showed methylation of the E-cadherin promoter in
57.14% (24/42) of the grade 3 tissues (Figure 7D). In 23
cases in which E-cadherin was down-regulated, 14
(60.87%) were accompanied by both an increase in Snail
expression and promoter methylation (Figure 7D–F). Al-
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Figure 6. Neither ROS nor Snail increases expression or activity of DNMTs. (A) DNMT1, DNMT3a, and DNMT3b mRNA expression were analyzed
by real-time RT-PCR in H2O2-treated Hep3B cells (top) or stably transfected Hep3B Snail-overexpressing cell lines (bottom). (B) Expression of
DNMT1, DNMT3a, and DNMT3b proteins prepared from cells treated as in A was analyzed by immunoblot. (C) DNMT activity was measured in
H2O2-treated Hep3B cells (left) or stably transfected Hep3B Snail-overexpressing cell lines (right). (D) 5-Methylcytosine (5-MeC) levels in cells treated
as in A were analyzed by dot blot as described in the Materials and Methods section. (E) Hep3B cells were transfected with pCMV/HA-Snail and/or
pDsRed-DNMT1. After 4 days, MSP was performed using the MSP primer set 2. Con, control cell line; SNA, Snail cell line; Control, pCMV
vector-transfected cells; Snail, pCMV/HA-Snail-transfected cells; DNMT1, pDsRed-DNMT1-transfected cells; Snail ⫹ DNMT1, pCMV/HA-Snail- and
pDsRed-DNMT1-transfected cells; U, unmethylated; M, methylated.

together, these results indicate a significant correlation
among ROS stress, E-cadherin down-regulation, Snail
up-regulation, and methylation of the E-cadherin promoter.

Discussion
Here, we demonstrate that prolonged ROS stress
induces methylation of the E-cadherin promoter via a
Snail-dependent pathway. Our results clearly demonstrate that Snail plays a central role in CpG methylation
of the E-cadherin promoter via a specific recognition site
to which HDAC1 and DNMT1 are recruited. These observations suggest a link between DNA methylation and
histone modification. Furthermore, analysis using a
SNAG domain deletion mutant (⌬SNAG) reveals that the
interaction of Snail with HDAC1 and DNMT1 is required for Snail-induced methylation of the E-cadherin
promoter. Interestingly, Snail overexpression alone without ROS treatment induces CpG methylation of the

E-cadherin promoter. Of significance is the ChIP-MSP
and ChIP-BS result, which also demonstrates that Snailbound E-cadherin promoter regions contain methylated
CpG sites in H2O2-treated and Snail-overexpressing cells.
These analyses support a direct role for Snail in modulating CpG methylation of the E-cadherin promoter.
Hypomethylation of genomic DNA, which is associated with genomic instability, is observed in several tumors, often together with hypermethylation of tumor
suppressor genes.30 In several cancers including HCC,
DNMT expression is not correlated with DNA methylation status.31–33 These observations cannot be explained
solely by alterations in DNMT expression and activity.
Our results demonstrate that methylation of the E-cadherin promoter is not observed in DNMT1-overexpressing cells (Figure 6). These data thus suggest that methylation of a specific promoter, such as that of E-cadherin,
stimulated by ROS is due to a factor such as Snail. We
describe here a novel mechanism whereby Snail acts on a
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Figure 7. Snail up-regulation and promoter methylation are correlated with down-regulation of E-cadherin in HCC. (A) Immunoblot analysis of
antioxidant enzymes in HCC tissues (left). The extent of decrease of Cu/Zn SOD, catalase, and GPx1 was correlated with histologic grade (right).
Expression levels of Cu/Zn SOD, catalase, and GPx1 were obtained by immunoblot. P value, Spearman correlation. (B) Significant correlation
between 8-hydroxyguanosine (8-oxo-dG) levels and HCC grades (left). P value, Kruskal-Wallis test. Significant correlation between the number of
apurinic/apyrimidinic (AP) sites and HCC grades (middle). P value, Kruskal-Wallis test. Significant correlation between ratio of glutathione/glutathione
disulfide (GSH/GSSG) and HCC grade (right). P value, Mann-Whitney test. Boxes represent the interquartile range containing 50% of the values. Error
bars extend from the highest to lowest values, excluding outliers. Bold line indicates the median. (C) Correlation between decreases in E-cadherin
and increases in Snail in HCC tissues. P value, Friedman test. (D) Venn diagram of E-cadherin and Snail expression and methylation of the E-cadherin
promoter shown by immunohistochemistry, immunoblot, and MSP analysis in 42 HCC grade 3 tissues. (E) Examples of E-cadherin expression in
HCC grade 3 tissue obtained by immunohistochemisty (IHC) analysis (top; original magnification, ⫻200). Examples of E-cadherin and Snail
expression obtained by immunoblot analysis in HCC grade 3 tissues (bottom). (F) Examples of methylation of E-cadherin promoter obtained by MSP
analysis in HCC grade 3 tissues. T, tumor; N, nontumor; G, Edmondson-Steiner’s grade. *, Value was statistically significant; 2, number of cases
with greater than a 2-fold decrease in tumor tissue; 1, number of cases with greater than a 2-fold increase in tumor tissue; methylated, number of
cases showing promoter methylation; U, unmethylated; M, methylated.
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Figure 8. Molecular mechanism of ROS-induced E-cadherin down-regulation. ROS upregulate Snail expression by
activating the PI3K/Akt/GSK3␤
pathway and/or other pathways
(dashed arrow). Snail binds to Eboxes of the E-cadherin promoter, repressing transcription.
Snail induces DNA methylation
of the E-cadherin promoter by
recruiting HDAC1 and DNMT1.

tumor suppressor genes. Understanding these roles of
ROS could lead to epigenetic therapy for cancer using
HDAC and DNMT inhibitors in combination with various antioxidants.

Supplementary Data
Note: To access the supplementary material
accompanying this article, visit the online version of
Gastroenterology at www.gastrojournal.org, and at doi:
10.1053/j.gastro.2008.07.027.
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Supplementary Information
Supplementary Materials and Methods
Immunohistochemistry
Paraffin sections were deparaffinized with xylene
and rehydrated with graded alcohols. After washing in
distilled water, sections were immersed in 3% H2O2 to
block endogenous peroxidases. Antigen retrieval was performed by boiling sections in 100 mmol/L sodium citrate
(pH 6.0) for 15 minutes in a microwave oven. Monoclonal E-cadherin antibody (Clone 36B5; Novocastra Laboratories Ltd, Newcastle, United Kingdom) diluted 1:80
was applied for 30 minutes at room temperature followed by washing in phosphate-buffered saline (PBS).
Incubation with the secondary antibody was carried out
using the DAKO EnVision Rabbit/Mouse kit for 30 minutes at room temperature, developed with diaminobenzidine (DAKO, Glostrup, Denmark), and counterstained
with hematoxylin. Staining was assessed as negative, ⫹
(less than 20%), ⫹⫹ (20%–50%), and ⫹⫹⫹ (more than
50%).

Plasmids
Human SNAI1 and HDAC1 complementary DNA
(cDNA) were obtained from Huh7 cell lines and cloned
into pCMV/HA and pCMV/Myc expression vectors, respectively. Using pCMV/HA-Snail as a template, SNAG
domain deleted Snail-construct (⌬SNAG) was generated
by polymerase chain reaction (PCR) with the following
primers: 5=-AGAATTCGGAAGCCCTCCGAC-3= (forward)
and 5=-AGCGGCCGCTC AGCGGGGACATCC-3= (reverse). The PCR products were cloned into pCMV/HA
expression vector. A human DNMT1 expression vector
(pDsRed-DNMT1) was kindly provided by Dr Gun-Do
Kim.1 Human SOD1 and SOD2 genes were obtained from
Korea Research Institute of Bioscience and Biotechnology (KRIBB). The human Catalase gene was kindly provided by Dr Soo Young Choi. From these constructs, we
inserted Human SOD1, SOD2, and Catalase cDNA into the
pRC/CMV expression vector. MISSION pLKO.1 vector
constructs expressing Snail shRNA were purchased from
Sigma Chemical Co (St. Louis, MO).

Antibodies
Mouse monoclonal anti-E-cadherin antibody (BD
Biosciences, Franklin Lakes, NJ), rat monoclonal antiSnail antibody (Cell Signaling Technology Inc), rabbit
polyclonal anti-Snail antibody (Abcam, Cambridge, MA),
mouse monoclonal anti-Cu/Zn SOD antibody (Santa
Cruz Biotechnology Inc, Santa Cruz, CA), mouse monoclonal anti-Mn SOD antibody (Ab Frontier, Seoul, Korea),
mouse monoclonal anti-Catalase antibody (Ab Frontier),
mouse monoclonal anti-Prx3 antibody (Ab Frontier),
mouse monoclonal anti-Prx6 antibody (Ab Frontier), rabbit polyclonal anti-GPx1 antibody (Ab Frontier), rabbit
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polyclonal anti-acetyl-histone H3 antibody (Upstate Biotechnology, Charlottesville, VA), rabbit polyclonal antiacetyl-histone H4 antibody (Upstate Biotechnology), rabbit polyclonal anti-dimethyl-histone H3K4 antibody
(Upstate Biotechnology), mouse monoclonal histone
deacetylase (HDAC) 1 antibody (Upstate Biotechnology),
rabbit polyclonal anti-HDAC1 antibody (Santa Cruz Biotechnology Inc), rabbit polyclonal anti-phospho-GSK3␤
antibody (Cell Signaling Technology), rabbit monoclonal
anti-GSK3␤ antibody (Cell Signaling Technology),
mouse monoclonal anti-phospho-Akt (Ser473) antibody
(Cell Signaling Technology), rabbit polyclonal anti-Akt antibody (Cell Signaling Technology), rabbit polyclonal anti-HA antibody (Abcam), rabbit polyclonal anti-trimethylhistone H3K9 antibody (Abcam), mouse monoclonal or
rabbit polyclonal anti-DNA methyltransferase (DNMT) 1
antibody (Abcam), mouse monoclonal anti-DNMT3a antibody (Abcam), mouse monoclonal anti-DNMT3b antibody (Abcam), mouse monoclonal anti-Myc antibody
(Abcam), and mouse monoclonal anti-␤-actin antibody
(Sigma Chemical Co) were used in the study.

Immunoblot Analysis, Immunocytochemistry,
and Immunoprecipitation
Tissue and cell lysates and immunoblot analysis
were performed as described.2 Band intensity was determined using ImageMaster 2D Elite software 4.01 (Amersham, Upsala, United Kingdom). In HCC tissue analysis,
changes in protein expression were evaluated by dividing
the intensity of the signal seen in tumor tissue by that
seen in nontumor tissue. For immunoprecipitation,
Hep3B cells were transfected with pCMV/HA-Snail,
pCMV/Myc-HDAC1, and pDsRed-DNMT1. After 48
hours, cells were treated with 10 mmol/L dimethyl adipimidate (Pierce, Rockford, IL), a cross-linking agent, and
0.25% dimethyl sulfoxide in PBS for 45 minutes. Cells
were lysed in lysis buffer (50 mmol/L Tris-HCl [pH8.0],
150 mmol/L NaCl, 5 mmol/L EDTA, 0.5% NP-40) and
centrifuged at 16,000g for 15 minutes to remove debris.
Cleared lysates were subjected to immunoprecipitation
with antibodies. For immunocytochemistry, cells were
fixed in acetone/methanol (1:1) at ⫺20°C for 10 minutes
and stained using primary antibodies. The secondary
antibodies were anti-mouse Alexa 647, anti-mouse Alexa
594, and anti-rabbit Alexa 488 (Molecular Probes, Carlsbad, CA). Nuclei were stained with 4=,6-diamidino-2-phenylindole (DAPI) (Molecular Probes). After mounting,
cells were visualized with a multiphoton confocal laser
scanning microscope (Carl Zeiss, Thornwood, NY).

Real-Time Reverse-Transcription PCR
Analysis
Real-time PCR analysis of cDNA samples was performed with specific primers designed using Primer Express software (Applied Biosystems, Foster City, CA).
Primers for E-cadherin3 were as follows: 5=-GTCACTGA-
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CACCAACGATAATCCT-3= (forward) and 5=-TTTCAGTGTGGTGATTACGACGTTA-3= (reverse). Primers for Snail
were as follows: 5=-AAGGATCTCCAGGCTCGAAAG-3=
(forward) and 5=-GCTTCGGATGTGCATCTTGA-3= (reverse). Primers for ␤-actin4 were as follows: 5=-GCAAAGACCTGTACGCCAACA-3= (forward) and 5=-TGCATCCTGTCGGCAATG-3= (reverse). Primers for MMP1 were
as follows: 5=-TGTGGCTCAGTTTGTCCTCACT-3= (forward) and 5=-TTGGCAAATCTGGCGTGT AA-3 (reverse).
Primers for MMP2 were as follows: 5=-TGTGACGCCACGTGACAAG-3= (forward) and 5=-GCCTCGTATACCGCATCAATC-3= (reverse). Primers for MMP3 were as
follows: 5=-TCGTTGCTGCTCATGAAATTG-3= (forward)
and 5=-ACAGGCGGAACCGAGTCA-3= (reverse). Primers
for MMP7 were as follows: 5=-TGCTGACATCATGATTGGCTTT-3= (forward) and 5=-TCCTCATCGAAGTGAGCATCTC -3= (reverse). Primers for MMP9 were as follows:
5=-ATGCGTGGAGAGTCGAAATCTC-3= (forward) and
5=-GGTTCGC ATGGCCTTCAG-3= (reverse). Primers for
MMP14 were as follows: 5=-GACTACCTCCCGGCCTTCTG-3= (forward) and 5=-ATGGCCACGGTGTCAAAGTT-3=
(reverse). Primers for DNMT1 were as follows: 5=-ACGGCATCCTGTACCGAGTT-3= (forward) and 5=- CTTCCGTGGGCGTTTCAC-3= (reverse). Primers for DNMT3a
were as follows: 5=- CGAGTCCAACCCTGTGATGAT-3=
(forward) and 5=- TGTTCATACCGGGAAGGTTACC-3=
(reverse). Primers for DNMT3b were as follows: 5=- CCGGCTCTTCTTCGAATTTTAC-3= (forward) and 5=-GCCAACCTTCATGGCTACAAC-3= (reverse). Total RNA was
extracted from cultured cells using Trizol reagent (Invitrogen) according to the manufacturer’s protocol.
cDNA was synthesized using 1 g RNA with AMV reverse
transcriptase (Promega, Madison, WI) and oligo-dT primers. Transcript levels were assessed by quantitative realtime PCR (ABI 7300, Applied Biosystems); all experiments were normalized to ␤-actin.

Primers for Chromatin Immunoprecipitation
Assays
Primers for real-time PCR were: 5=-CAGGTGAACCCTCAGCCAATC-3= (forward, ⫺80 to ⫺60) and 5=ACTGACTTCCGCAAGCTCACA-3= (reverse, ⫹26 to ⫹46).
Primers for an exogenous promoter were: 5=-ACTCCAGGCTAGAGGGTCAC-3= (forward, ⫺182 to ⫺163)5 and
5=-CCCGGGCTAGCACGCGTAAGAGCTC-3= (reverse).

Promoter Analysis and Mutagenesis
To analyze promoter activity, luciferase assays
were performed with the ⫺195/⫹135 E-cadherin promoter (kindly provided by Dr Chen).6 For the E-boxnegative mutant construct, we mutated E-boxes 1, 2, and
3 in E-cadherin promoter. The 5=-CACCTG sequence of
the E-box was mutated to 5=-AACCTA.7 All constructs
were confirmed by sequencing.

GASTROENTEROLOGY Vol. 135, No. 6

Invasion Assays
Invasion assays were performed as described with
modification.8 –10 Briefly, an 8-m cell culture insert (BD
Biosciences) was coated with reconstituted Growth Factor Reduced BD Matrigel (10 g/cm2) (BD Biosciences)
according to the manufacturer’s instructions. For 4 days,
H2O2-treated or nontreated cells (1.0 ⫻ 105) were resuspended in serum-free medium and then plated in the
upper part of the chamber. The lower chamber was filled
with NIH/3T3 conditioned medium.8 Boyden chambers
were incubated for 48 hours. Following removal of noninvading cells from the upper surface with a cotton swab,
invading cells were fixed, stained with 0.5% crystal violet,
and then lysed in 10% SDS. The absorbance at 595 nm
representing the number of cells was measured.

Reactive Oxygen Species Analysis
Reactive oxygen species levels were measured with
2=,7=-dichlorofluorescencin-diacetate (H2DCFDA; Molecular Probes) using a modified protocol of Lebel et al.11
Cells in a 24-well plate were washed with PBS and incubated 30 minutes at 37°C in 10 mol/L of H2DCFDA.
After washing and lysis, the lysate was transferred to a
96-well black plate (Perkin-Elmer, Boston, MA). Fluorescence was monitored at an excitation of 492 nm and
emission of 530 nm using a multiplate reader (Envision;
Perkin-Elmer).

Gelatin Zymography
Gelatin zymography was performed as described.10
Briefly described, cells were treated with H2O2 and/or
N-acetylcysteine (NAC) for 4 days. The medium was then
changed to serum-free Dulbecco’s modified Eagle medium and after 24 hours collected. Equal aliquots were
concentrated using Ultrafree-MC (Millipore Corporation,
Bedford, MA) diluted in sample buffer and separated by
electrophoresis on a 7.5% polyacrylamide gel containing 1
mg/mL of gelatin as substrate. Gels were washed in 2.5%
Triton X-100 for 1 hour at room temperature, incubated
overnight, and stained with SYPRO orange (Bio-Rad,
Hercules, CA).

Superoxide Dismutase, Catalase, and
Glutathione Peroxidase Activity
Superoxide dismutase (SOD) activity was measured as described by the manufacturer (SOD Assay KitWST; Dojindo Laboratories, Kumamoto, Japan) as were
Catalase and glutathione peroxidase (GPx) activities
(BIOXYTECH Catalase-520 kit and GPx-340 kit, respectively, OXIS International, Inc, Portland, OR).

8-Oxo-dG, Apurinic/Apyrimidinic Sites, and
Glutathione/Glutathione Disulfide Ratio
Analyses
For 8-oxo-dG analysis in HCC tissues, after deparaffinizing paraffin sections and antigen retrieval, goat
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polyclonal ant-8-oxo-dG antibody (Gene Tex, Inc, San
Antonio, TX) diluted 1:200 was applied overnight at
room temperature followed by PBS washing. After incubation of secondary antibody, anti-goat Alexa 594 (1:200)
(Molecular Probes), nuclei were stained with DAPI (Molecular Probes). Images were captured with a multiphoton confocal laser scanning microscope (Carl Zeiss,
Thornwood, NY). For 8-oxo-dG staining, nuclear fluorescence was measured with a DAPI image mask using
ImageMaster 2D Elite software 4.01 (Amersham). Analyses of apurinic/apyrimidinic (AP) sites was performed as
described in the manufacturer’s protocol (DNA Damage
Quantification Kit; Dojindo Laboratories), as were analyses of GSH/GSSG ratio (BIOXYTECH GSH/GSSG-412
kit; OXIS International, Inc).

Human Phospho-MAPK Array
Human Phospho-MAPK Array analysis was undertaken as described by the manufacturer (R&D Systems,
Inc, Minneapolis, MN). Spot intensity was determined
using ImageMaster 2D Elite software 4.01 (Amersham).
The average signal (spot intensity) of a pair of duplicate
spots representing each kinase was determined.

DNMT Activity
DNMT activity was measured using an EpiQuick
DNA Methyltransferase Activity/Inhibition Assay Kit
(Epigentek Group Inc, Brooklyn, NY).

5-Methylcytosine Dot Blot Analysis
Dot blot analysis was performed using an anti-5-methylcytosine (5-MeC) antibody (Abcam) as described.12 Quantities of genomic DNA were normalized by staining membranes
with 0.02% methylene blue. Dot intensity was determined
using ImageMaster 2D Elite software 4.01 (Amersham).
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Supplementary Figure 1. ROS down-regulate E-cadherin expression in Huh7 cell lines. (A) Huh7 cells were treated with 300 mol/L H2O2 for 2,
4, and 6 days. E-cadherin expression was assessed by immunoblot. (B) Huh7 cells were treated with 300 mol/L H2O2 and/or 5 mmol/L NAC for
4 days. E-cadherin expression was assessed by immunoblot (left) and real-time RT-PCR (right). (C) Huh7 cells were treated with 300 mol/L H2O2
for 4 days and then stained with anti-E-cadherin antibody (red). Nuclei were stained with DAPI (blue). Scale bar, 20 m. (D) Huh7 cells were treated
with other ROS sources (10 mol/L PMS or 20 mol/L menadione) and/or 5 mmol/L NAC for 4 days. E-cadherin expression was assessed by
immunoblot. (E) Huh7 cells were treated with 300 mol/L H2O2 and/or 5 mmol/L NAC for 4 days. MMP-2 activity was analyzed by gelatin zymography
(left). Expression of MMPs was measured by real-time RT-PCR (middle). A Matrigel invasion assay was performed as described in the Materials and
Methods section. The absorbance at 595 nm representing the number of cells was measured (right). All results in A, B, D, and E were expressed as
the fold ratio relative to control nontreated cells. Mena, menadione; 0, nontreated cells; H2O2, H2O2-treated cells.
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Supplementary Figure 2. ROS up-regulate Snail expression in Huh7 cell lines. (A) Huh7 cells were treated with 300 mol/L H2O2, 10 mol/L
menadione, 20 mol/L PMS, and/or 5 mmol/L NAC for 4 days. Snail expression was assessed by immunoblot (top) and real-time RT-PCR (bottom).
(B) Huh7 cells transfected with Snail shRNA (Snail i) or control (Con i) plasmids were treated with 300 mol/L H2O2 for 4 days. E-cadherin and Snail
expression were measured by immunoblot. (C) Huh7 cells were treated with 300 mol/L H2O2 for 4 days. Phosphorylation of Akt and GSK3␤ was
analyzed using a Human Phospho-MAPK Array kit. The average signal (spot intensity) of a pair of duplicate spots representing each kinase was
determined. Numerical data represent the mean and standard deviation of duplicate spots. (D) Huh7 cells pretreated with LY294002 for 30 minutes
were treated with H2O2 for 4 days. Snail expression and activation of Akt and GSK3␤ were examined by immunoblot. (E) Huh7 cells pretreated with
LY294002 for 30 minutes were treated with H2O2 for 4 days. Snail expression was examined by real-time RT-PCR. All results in A, B, D, and E were
expressed as the fold ratio relative to control nontreated cells. Mena, menadione; 0, nontreated cells; H2O2, H2O2-treated cells.
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Supplementary Figure 3. ROS induce binding of HDAC1 and DNMT1 in the E-cadherin promoter. (A) Huh7 cells were treated with H2O2 for 4
days. ChIP analysis of Snail, HDAC1, DNMT1, and MeCP2 on the E-cadherin promoter was performed. (B) Huh7 cells were treated with H2O2 for 4
days. ChIP analysis of histone H3 and H4 acetylation and histone H3K4 and H3K9 methylation on the E-cadherin promoter was performed. Results
of A and B were expressed as the fold ratio relative to control nontreated cells. 0, nontreated cells; H2O2, H2O2-treated cells.

Supplementary Figure 4. Characteristics of Snail-overexpressing cell lines. (A) Expression of Snail and E-cadherin in Snail-overexpressing cell
lines was assessed by immunoblot. (B) MMP2 activity in Snail-overexpressing cell lines was assessed by gelatin zymography. (C) Invasiveness in
Snail-overexpressing cell lines was assessed by a Matrigel invasion assay. The absorbance at 595 nm representing the number of cells was
measured. (D) ROS level in Snail-overexpressing cell lines. ROS was measured using a fluorescence dye, H2DCFDA. Results in B and D were
expressed as the fold ratio relative to control lines. Con, control cell line; SNA, Snail cell line.
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Supplementary Figure 5. Snail overexpression induces binding of HDAC1 and DNMT1 in the E-cadherin promoter. (A) ChIP analysis of binding
of Snail, HDAC1, DNMT1, and MeCP2 on the E-cadherin promoter in stably transfected Huh7 Snail-overexpressing cell lines. (B) Using the same
samples as in A, ChIP analysis of histone H3 and H4 acetylation and histone H3K4 and H3K9 methylation on E-cadherin promoter was performed.
Results of A and B were expressed as the fold ratio relative to control cell lines. Con, control cell line; SNA, Snail cell line.

Supplementary Table 2. Activities of Antioxidant Enzymes in
30 HCC Tissues
Supplementary Table 1. Expression of Antioxidant Enzymes
in 51 HCC Tissues Obtained by
Immunoblot Analysis

HCC grade

Protein

Tumor/nontumor

G1
n ⫽ 10

G2
n ⫽ 10

G3
n ⫽ 10

Decreased
Unchanged
Increased
Decreased
Unchanged
Increased
Decreased
Unchanged
Increased

0
8
2
0
10
0
2
3
5

8
2
0
7
3
0
6
4
0

7
3
0
7
3
0
8
2
0

HCC grade
SOD
Protein
Cu/Zn SOD

Mn SOD

Catalase

Prx3

Prx6

GPx1

G1
G2
G3
Tumor/nontumor n ⫽ 18 n ⫽ 16 n ⫽ 17 P value
Decreased
Unchanged
Increased
Decreased
Unchanged
Increased
Decreased
Unchanged
Increased
Decreased
Unchanged
Increased
Decreased
Unchanged
Increased
Decreased
Unchanged
Increased

3
11
4
0
14
4
2
11
5
2
13
3
0
14
4
3
10
5

8
7
1
1
10
5
9
5
2
5
10
1
0
16
0
9
3
4

12
4
1
3
13
1
13
3
1
6
11
0
5
12
0
10
5
2

.002a

Catalase

GPx
.053

.000a

P value
.000a

.001a

.001a

.000a

SOD, superoxide dismutase; GPx, glutathione peroxidase; Decreased, cases with greater than a 2-fold decrease in tumor tissue;
Unchanged, cases with less than 2-fold decrease or increase in tumor
tissue; Increased, cases with greater than a 2-fold increase in tumor
tissue; HCC, hepatocellular carcinoma; G, Edmondson-Steiner’s
grade; n, number of cases; P, Spearman Correlation.
aValue was statistically significant.

.019a

Supplementary Table 3. Vascular Invasion and Histologic
Grade

.031a

SOD, superoxide dismutase; Prx, peroxiredoxin; GPx, glutathione peroxidase; Decreased, cases with greater than a 2-fold decrease in
tumor tissue; Unchanged, cases with less than a 2-fold decrease or
increase in tumor tissue; Increased, cases with greater than a 2-fold
increase in tumor tissue; HCC, hepatocellular carcinoma; G, Edmondson-Steiner’s grade; n, number of cases; P, Spearman correlation.
aValue was statistically significant.

HCC grade

Grade
Vascular invasion

G1
n ⫽ 18

G2
n ⫽ 16

G3
n ⫽ 17

1 (5.56%) 11 (68.75%) 16 (94.12%)

P value
.001a

HCC, hepatocellular carcinoma; G, Edmondson-Steiner’s grade; n,
number of cases; P, Kruskal-Wallis test.
aValue was statistically significant.
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Supplementary Figure 6. Expression of antioxidant enzymes can inhibit E-cadherin down-regulation and invasiveness induced by ROS. (A) ROS
level in Cu/Zn SOD-, Mn SOD-, or Catalase-overexpressing cell lines. ROS was measured using the fluorescent dye H2DCFDA. (B) Antioxidant
enzyme-overexpressing cells were treated with 300 mol/L H2O2 for 4 days. E-cadherin expression was assessed by immunoblot. (C) Antioxidant
enzyme-overexpressing cells were treated with 300 mol/L H2O2 for 4 days. A Matrigel invasion assay was performed as described in the Materials
and Methods section. The absorbance at 595 nm representing the number of cells was measured. Results of A and B were expressed as the fold
ratio relative to control nontreated cells. Con, control cell line; Catalase, Catalase-overexpressing cell line; Cu/Zn SOD, Cu/Zn SOD-overexpressing
cell line; Mn SOD, MnSOD-overexpressing cell line.

