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Abstract: Dual oxidase 1 (DUOX1), which is the main sources for reactive oxygen species (ROS) production in the
airway, are frequently silenced in human lung cancer. In poorly differentiated follicular thyroid carcinoma, a high
expression of DUOX1 was associated with a reduced risk of death. However, the role of DUOX1 in human hepatocel-
lular carcinoma (HCC) is still not clear. Here, we investigated DUOX1 expression and its promoter methylation status
in primary HCC. To date, We found that expression of DUOX1 was decreased significantly in 76.9% (60/78) human
hepatocellular carcinoma and 66.7% (6/9) liver cancer cell lines, compared with the paired adjacent non-tumor tis-
sues and immortalized normal cell line. Moreover, which was well correlated with its promoter methylation status.
Methylation was further detected in primary HCC, but none or occasionally in paired adjacent non-tumor tissues.
Detailed methylation analysis of 35 CpG sites at a 324-bp promoter region by bisulfite genomic sequencing (BGS)
confirmed its methylation. DUOX1 silencing could be reversed by chemical demethylation treatment with 5-aza-2'-
deoxycytidine (5-Aza-dC), indicating direct epigenetic silencing. Restoring DUOX1 expression in lowly expressed can-
cer cells significantly inhibited cancer cells growth and colony formation ability through the induction of G2/M phase
cell cycle arrest and an increase in ROS generation, while knockdown of DUOX1 could markedly promote cancer
cells proliferation. In conclusion, we demonstrate that epigenetic silencing of DUOX1 via promoter hypermethylation
is common in human liver cancer cells and primary HCC and DUOX1 appears to be a functional tumor suppressor
involved in liver carcinogenesis.
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Introduction DUOX1, dual oxidases 1, is a key phenotype of

NADPH-oxidases (NOXs) family. The main func-

Hepatocellular carcinoma (HCC) remains the
fifth leading cause of cancer-related death
worldwide and the second most common malig-
nancy in China. Moreover, HCC is often diag-
nosed at a late stage and the prognosis is poor.
Recent studies highlight new molecular mecha-
nisms involved in HCC pathogenesis, including
consequence of cumulative genetic and epi-
genetic events. CpG hypermethylation acts as
an alternative mechanism to gene inactivation
and it is now recognized as an important mech-
anism during tumor initiation and progression,
including liver cancer [1, 2]. It is important and
intriguing to identify new genes silenced by pro-
moter hypermethylation in liver cancer because
aberrant tumor suppressor gene (TSG) hyper-
methylation is both a mechanism and a bio-
marker for tumorigenesis [3].

tion of such genes is reactive oxygen species
(ROS) production. Moreover, NOXs are major
non-mitochondrial sources of ROS in human
cells [4]. DUOX1 is predominantly found in thy-
roid, which is involved in the synthesis of thy-
roid hormones [5]. It is also highly expressed in
normal epithelial cells in airway, pancreas, pla-
centa, prostate, testis, and salivary gland [6-9].
Recent researches indicated that DUOX1 may
function as a selective TSG during tumor initia-
tion and progression. In lung cancer cells,
DUOX1 is frequently silenced by its promoter
hypermethylation [10]. In Poorly differentiated
follicular thyroid carcinoma, a high expression
of DUOX1 was associated with a reduced risk of
death [11]. However, the functional role of
DUOX1 in liver tumorigenesis remains unknown.
The expression of DUOX1 and its regulatory
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mechanisms during the development of liver
cancer needs to be determined.

Reactive oxygen species (ROS), chemically-
reactive molecules containing oxygen, includ-
ing oxygen ions and peroxides, are the key
mediators of cellular oxidative stress and redox
dysregulation involved in cancer initiation and
progression. For a long time, ROS were consid-
ered oncogenic since it was implicated in can-
cer progression and metastasis. Organisms liv-
ing in aerobic conditions are constantly subject-
ed to ROS. Increased ROS levels contribute to
genetic instability and cancer initiation and
progression [12, 13]. The high tumor cell resis-
tance to cytolysis by hydrogen peroxide and
other types of ROS can be explained by upregu-
lation of elements of the antioxidant system. It
is now widely accepted that constitutively ele-
vated levels of cellular oxidative stress and
dependence on mitogenic and anti-apoptotic
ROS-signaling in cancer cells are involved in the
carcinogenesis. Paradoxically, apart from being
involved in proliferative, anti-apoptotic, meta-
static, and angiogenic signaling, ROS may also
exert cytotoxic and proapoptotic functions that
would limit tumorigenicity and malignant pro-
gression [14, 15].

Here, we demonstrated that DUOX1 underwent
promoter CpG hypermethylation-associated
silencing in human liver cancer. The analysis of
liver cancer and cell lines showed that DUOX1
hypermethylation was a common event in the
liver carcinogenesis. We also showed that
DUOX1 functions as a TSG to suppress tumor
cell growth through the induction of G2/M
phase cell cycle arrest and an increase in ROS
generation. Epigenetic changes in cellular
redox homeostasis and ROS levels will affect
viability through redox modulation of the mito-
chondrial permeability transition pore opening
leading to cytochrome C release, apoptosome
assembly and activation of executioner caspas-
es, which is supportive for ROS-directed cancer
chemotherapeutics.

Materials and methods
Cell lines and cell culture

HCC cell lines HepG2, Hep3B, Huh7, HCC-LM3,
BEL-7402, SMMC-7721, Sk-Hep1, MHCC-97H
and MHCC-97L cells were cultured in Dulbecco’s
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Modified Eagle’s Medium with 10% fetal bovine
serum (Invitrogen, Carlsbad, CA), and 1% peni-
cillin-streptomycin, maintained in a humidified
atmosphere of 5% CO, at 37°C. One immortal-
ized normal human liver cell line LO2 was used
as “normal” controls for HCCs analysis.

Primary tumor tissues

Primary HCCs were obtained from liver cancer
patients in Huashan Hospital at the time of sur-
gery, matched non-tumor samples from liver
cancer patients were also obtained at least 2
cm distant from the tumor. Non-tumor portions
were trimmed off from the frozen tumor blocks
and the selected tumor areas had more than
80% tumor cells as confirmed by histology. All
HCC patients had not received chemotherapy,
percutaneous ethanol injection, radio frequen-
cy ablation or any other anti-tumor treatment
before the operation. All patients gave informed
consent for obtaining the study specimens. The
basic demographic and clinical characteristics
of HCC patients are listed in Table 1.
Experiments and procedures were in accor-
dance with the Helsinki Declaration of 1975,
and approved by the Human Ethics Committee
of Shanghai Fudan University.

5-aza-2’-deoxycytidine treatment and RNA/
DNA extraction

For pharmacological demethylation, cells were
treated with 5uM 5-aza-2’-deoxycytidine (5-Aza-
dC) (Sigma, St. Louis, Mo. USA) for 3 consecu-
tive days. Culture medium was changed every
24 hours. An equivalent concentration of vehi-
cle (DMSO) was used as the control.

Total RNA and genomic DNA were extracted
using Trizol reagent (Invitrogen) according to
the manufacturer’s instructions. Total RNA and
DNA concentrations were quantified by
NanoDrop 1000 (Nanodrop, Wilmington, Del.,
USA).

Reverse transcription and quantitative real-
time PCR

A reverse transcription reaction was performed
using 1 g of total RNA with High Capacity cDNA
Reverse Transcription kit (SYBR qPCR RT Mix,
FSQ-101, TOYOBO). The mRNA expression lev-
els of DUOX1 were determined by real-time PCR
using THUNDERBIRD™ SYBR® qPCR Mix
(TOYOBO) and ABI 7500 Real-Time PCR System
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(Applied Biosystems, Foster City, Calif, USA).
Glyceraldehyde-3-phosphate  dehydrogenase
(GAPDH) was used as an internal control of RNA
integrity. Real-time PCR was performed in tripli-
cate. Primers used for DUOX1 were: DUO-
X1-F 5’-CCACCAGGAGTGGCATAAGT-3’ and DUO-
X1-R 5-CAGCTGACGGATGACTTGAA-3’ (110 bp
product).

Bisulfite treatment of DNA and methylation-
specific PCR

Genomic DNA was bisulfite-treated with Zymo
DNA Modification Kit (Zymo Research, Orange,
Calif., USA) according to the protocol provided.
Methylation-specific PCR (MSP) was carried out
for 40 cycles with annealing temperature at
60°C. Methylation-specific primers were:
DUOX1-MF 5’-ACGGAATATTTTTATTTGCGTTTC-3’
and DUOX1-MR 5-GTCCGATACCTCTACAA CTCT-
ACG-3’, and unmethylation-specific primers
were: DUOX1-UF 5-TGGAATATTTTTATT TGTG-
TTTTGG-3' and DUOX1-UR 5-ATCCAATACCT-
CTACAACTCTACACC-3..

Bisulfite genome sequencing

Bisulfite-treated genomic DNA was ampli-
fied using bisulfite genome sequencing (BGS)
primers, DUOX1-BF: 5-TTTAGTTTTATGGGATTT-
GTGAAGG-3’ and DUOX1-BR: 5-AAAAAACTA
ACATTCCCCTTTCTTC-3. PCR products were
purified with lllustra GFX™PCR and gel band
purification kit (GE Healthcare Life Science,
Uppsala, Sweden) and cloned into pCR4-TOPO
vector for sequencing (Invitrogen). At least four
colonies were randomly chosen for plasmid
extraction and sequencing analysis using the
ABI PRISM BigDye Terminator Cycle Sequencing
Kit in the ABI 3100 sequencer (Applied
Biosystems).

Colony formation assay

The pcDNA3-DUOX1 and pcDNA3.1-DUOXA1
expressing vector are a gift kindly provided by
Dr. Xavier De Deken from the Institute
de Recherche Interdisciplinaire en Biologie
Humaine et Mole’culaire of Universite’ Libre de
Bruxelles in Brussels. Human liver cancer cells
transfected with pcDNA3 empty vector or co-
transfected with pcDNA3-DUOX1  and
pcDNA3.1-DUOXA1 expressing vector were
used for the monolayer colony formation assay
to evaluate cellular growth in vitro. Cells were
cultured overnight in a 12-well plate (5 x 10°
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cells/well) and transfected with pcDNA3 empty
vector or co-transfected with pcDNA3-DUOX1
and pcDNA3.1-DUOXA1 expressing vector
using lipofectamine 2000 (Invitrogen). Forty-
eight hours later, the transfectants were replat-
ed in triplicate and cultured for 10 ~ 15 days in
complete DMEM medium containing G418
(400 ug/ml). Surviving colonies were stained
with Gentian Violet after methanol fixation and
visible colonies (=50 cells) were counted. The
experiments were repeated three times.

Small interfering RNA (siRNA) preparation and
transfection of cells

Predesigned human DUOX1 siRNAs (No. 249-
69) were purchased from Ambion (Singapore).
The 21-nt sequences of DUOX1 (siRNA no.
24969) were (sense) GGACUUAUCCUGGCUAG-
AGtt and (antisense) CUCUAGCCAGGAUAAGU-
CCtg. Silencer Negative Control no. 1 siRNA
(Ambion) was used as a nonspecific siRNA.
SiRNA transfection into Hep3B cells was car-
ried out by using the DharmaFECT 4 Transfection
Reagent (Dharmacon, T-2001-02) according to
the manufacturer’s protocol. Specific silencing
of DUOX1 was confirmed by using real-time
quantitative PCR at 72 h after transfection.

Cell growth assay

Cells growth were determined by a non-ra-dio-
active proliferation assay based on the ability
of metabolically active cells to convert
3-(4,5-dimethylthiazol-2-yl)-5  (3-carboxymet-
honyphenol)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS) (Promega, Madison, WI, USA) into forma-
zan. Briefly, the transfected cells were trans-
ferred into a 96-well plate with different cell
number and cultured in complete DMEM medi-
um overnight. The quantity of formazan was
measured at 490 nm absorbance after one
hour incubation with CellTiter 96 AQueous One
Solution Reagent following instructions pro-
vided.

Western blotting

The transfected cells were lysed in M2 lysis
buffer (20 mM Tris at pH 7, 0.5% NP-40, 250
mM NaCl, 3 mM EDTA, 3 mM EGTA, 2 mM
dithiothreitol, 0.5 mM phenylmethylsulfonyl flu-
oride, 20 mM glycerol phosphate, 1 mM sodi-
um vanadate and proteinase inhibitor cocktail).
Equal amount of protein was fractionated on
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Table 1. Correlation of DUOX1 mRNA expression with clinical characteristics in 78 patients with HCC

Relative Duox1 mRNA levels(log10)

Characteristics No. of patients (Mean + SEM) P value
Gender 0.442
Male 59 0.3456 + 0.0801
Female 19 0.4362 +0.1128
Age (years) 0.062
<50 33 0.4706 + 0.1173
> 50 45 0.2922 + 0.0755
HBsAg 0.123
Positive 66 0.3037 £ 0.7350
Negative 12 0.7198 + 0.1063
HBeAg 0.585
Positive 25 0.2425 + 0.1088
Negative 53 0.4267 + 0.0824
Tumor size (cm) 0.323
<5cm 18 0.4131 + 0.1195
>5cm 35 0.4869 + 0.1063
Edmondson stage 0.677
| 13 0.3987 £ 0.1145
I 50 0.3960 * 0.0852
I 15 0.2465 + 0.1737
TNM stage 0.049
I 20 0.1644 + 0.1149
Il 26 0.6145 + 0.1212
I 16 0.3574 + 0.1438
v 15 0.2333 £ 0.1410

HCC hepatocellular carcinoma, HBsAg hepatitis B surface antigen, HBeAg hepatitis B e antigen, TNM tumor-node-metastasis.

SDS-PAGE and transferred onto PVDF mem-
brane (Bio-Rad). After blocked with 5% nonfat
milk, the membrane was probed with designat-
ed antibodies p21 (Santa Cruz), phosphor-
cdc25¢c (Ser216), cyclin D1 (Cell Signaling
Technology) and developed with enhanced che-
miluminescence method (Pierce) and visual-
ized by Kodak Image Station 440CF (Kodak).
The band density was quantified using image
processing program and normalized to that of
the control group.

Cell cycle analysis and determination of ROS
production

The transfected cells were harvested, washed
in phosphate-buffered saline and fixed in ice-
cold 70% ethanol-phosphate-buffered saline.
After washing out ethanol, the fixed cells were
treated with 0.01% RNase (10 mg/ml, Sigma,
St. Louis, MO, USA) for 10 min at 37°C and then
stained with 0.05% propidium iodide for 20 min
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at 4°C in dark. The cell cycle distribution was
determined using a FACScan flow cytometry
(Becton Dickinson, Mountain View, CA, USA)
and analyzed with Modfit software (Phoenix,
San Diego, CA, USA).

ROS levels were measured by using 2’-7'-
Dichlorodihydrofluorescein diacetate (DCFH-
DA) (Invitrogen) in a flow cytometry assay as
described [16].

Statistic analysis

The results were expressed as mean + SEM.
Student t test was used to compare the differ-
ences of DUOX1 expression on the effect of
colony formation and cell proliferation. All sta-
tistical calculations were done using SPSS ver-
sion 11.0 for windows (SPSS, Inc., Chicago, IL).
Value of P < 0.05 was taken as statistical
significance.
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Figure 1. Pharmacological demethylation reversed DUOX1 downregulation in human liver cancers. A: DUOX1 expres-
sion in human liver cancer cell lines and normal control was determined by real-time PCR. B: Relative DUOX1 expres-
sion level in cancer cells before and after 5-Aza-dC treatment was determined by real-time PCR. Data are mean +
SEM from three independent experiments. *P < 0.05, versus LO2; P < 0.05, versus CONTROL.
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Figure 2. Methylation of DUOX1 promoter in human liver cancers. (A) Schematic structure of the DUOX1 CGlI, with
the exon 1 and MSP and BGS region indicated. Each short vertical line represents one CpG site. The position of MSP
primers were marked as arrows. The methylation status of the DUOX1 CGl was analyzed by MSP (B) and BGS (C).
MSP = Methylation-specific PCR; USP = Unmethylation-specific PCR, the gels have been run under the same experi-

mental conditions. For BGS (C), each circle indicates one CpG site and circles filled in black represent methylated
CpG sites. One row of circles represents a single colony.
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Results

Downregulation of DUOX1 in human liver
cancer cells

The expression of DUOX1 was dramatically
downregulated in 66.7% (6/9) human liver can-
cer cell lines including HepG2, Hep3B, HuH?7,
HCC-LM3, BEL-7402, SMMC-7721, SK-Hepl,
MHCC-97H and MHCC-97L (Figure 1A) when

512

compared to human normal liver cells LO2. In
order to investigate whether downregulation of
DUOX1 should be attributed to DNA methyla-
tion, the expression of DUOX1 in human liver
cancer cell lines before and after 5-Aza-dC
treatment were determined by real-time PCR.
The expression of DUOX1 was significantly
upregulated in liver cancer cell lines HepG2,
Huh7, BEL-7402, SMMC-7721, MHCC-97H and
MHCC-97L (6/9, 66.7%) after 5-Aza-dC treat-
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Figure 3. DUOX1 was downregulated and hypermethylated in primary HCC tissues. The expression of DUOX1 in
HCC tissues and adjacent non-tumor tissues was determined by real-time PCR. A: 78 pairs of samples were from
liver tissue, including tumor tissue and adjacent non-tumor tissue. B: The expression of DUOX1 mRNA in different
Edmondson stage of primary HCC tissues. C: The expression of DUOX1 mRNA in different TNM stage of primary HCC
tissues. D: The methylation status of DUOX1 promoter in primary HCC tissues and adjacent non-tumor tissues was
detected by MSP. Representative results were shown. “T” indicates tumor tissues and “N” represents adjacent non-
tumor tissues. The gels have been run under the same experimental conditions.

ment (Figure 1B), indicating that DUOX1 is like-
ly downregulated through promoter hypermeth-
ylation in human liver cancer.

Methylation of DUOX1 promoter in human liver
cancer cells

In order to confirm the earlier findings, we
directly measured the methylation status of
DUOX1 promoter. Indeed one typical CpG
Islands (CGl) were found around DUOX1 exon 1
using the following criteria: GC content > 55%,
Obs CpG/Exp CpG > 0.65, and length > 500bp
(Figure 2A). The methylation status of this CGlI
in human liver cancer cells was determined by
methylation-specific PCR (MSP). As shown in
Figure 2B, methylation of DUOX1 promoter was
readily detected in liver cancer cell lines Huh?,
BEL-7402, HCC-LM3, SMMC-7721, MHCC-97H
and MHCC-97L which all showed down-regula-
tion of DUOX1, but partly or not in HepG2,
Hep3B and SK-Hepl. Besides, BGS also
revealed that DUOX1 promoter was heavily
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methylated in SMMC-7721 and MHCC-97L
cells (Figure 2C).

Downregulation and promoter hypermethyl-
ation of DUOX1 in human primary hcc tissues

To further confirm the relevance of DUOX1 pro-
moter CGI hypermethylation in mediating its
silencing in human liver cancer, DUOX1 expres-
sion and promoter methylation in primary hepa-
tocellular carcinoma and adjacent non-tumor
tissues were analyzed by real-time PCR and
MSP, respectively. DUOX1 expression was
significantly downregulated in 76.9% (60/78)
human primary HCC tissues (Figure 3A). When
compared with adjacent non-tumor tissues.
The expression of Duox1 mRNA was not related
to the age of the patient at the time of surgery,
to the gender, the serum HBsAg, HBeAg, nor to
the size of tumor and histological grade (p
>0.05; Table 1, Figure 3B). But it seems to
have correlation with TNM stage of HCCs (p =
0.049; Table 1, Figure 3C). 20 patients, whose
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cancer cells after DUOX1 overexpression was determined by MTS cell growth assay. Ectopic expression of DUOX1
suppressed the growth of cancer cells. DUOX1 expression level in transfected SMMC-7721 cells was confirmed
by western blot. C: Knockdown of DUOX1 promoted Hep3B cells proliferation. Hep3B cells were transfected with
DUOX1 siRNA (100 nM) or NC siRNA (100 nM). After 48h, the cell growth was determined by MTS and knockdown
efficiency was confirmed by real-time PCR. D: Effect of Duox1 on the cell cycle in liver cancer cell. The cell cycle dis-
tribution of liver cancer cell line SMMC-7721 with and without DUOX1 expression was evaluated by flow cytometry
analysis. E: Effect of Duox1 on cell cycle regulators (phospho-cdc25 (Ser216), p21 and cyclin D1) were determined
using western blotting. B-actin was used as the internal control. F: Exogenous DUOX1 increased ROS level in liver
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Data are mean + SEM from three independent experiments. The gels have been run under the same experimental
conditions.
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tumors showed significant down-regulation of
DUOX1 were chosen for MSP and unmethyl-
ation-specific PCR (USP) analysis. The promoter
hypermethylation of DUOX1 was detected in
18/20 tumors tissues (Figure 3D). Methylated
alleles of DUOX1 were seen in 5/20 adjacent
non-tumor tissues, indicating that DUOX1 is
mainly downregulated by promoter hypermeth-
ylation in HCCs and it may involved in human
liver carcinogenesis.

DUOX1 inhibited cancer cell growth

Whether DUOX1 was a tumor suppressor in
cancer cells, cell growth was determined using
various assays. The effect of exogenous DUOX1
expression on the growth of human cancer
cells was investigated by a monolayer colony
formation assay. To further investigate the
potential role of DUOX1 in tumor suppre-
ssion, SMMC-7721 cells were transfected with
pcDNA3 empty vector or co-transfected
with pcDNA3-DUOX1 and pcDNA3.1-DUOXA1
(DUOXA1, an identified maturation factor for
DUOX1, which is located in head-to-head
arrangement with DUOX1 on chromosome
15q15) [17] expressing vector and the cell colo-
ny formation ability was examined under the
selection of G418. Compared with control cells
transfected with empty vector pcDNA3, cancer
cells co-transfected with pcDNA3-DUOX1 and
pcDNA3.1-DUOXAL expressing vector showed
decreased colony formation ability (Figure 4A).
These data suggest that DUOX1 may play a role
in tumor suppression. Besides, DUOX1 expres-
sion level in the transfected SMMC-7721 cells
was also confirmed by western blot as shown in
Figure 4B.

When pcDNA3-DUOX1 and pcDNA3.1-DUOXAL
expressing vector were co-transfected into
SMMC-7721 cells, the growth inhibitory func-
tion of DUOX1 in these cells was analyzed by
MTS cell growth assay. The growth rate of those
cells dramatically slowed down upon DUOX1
overexpression (p < 0.05; Figure 4B), while
knock down of DUOX1 markedly promoted
Hep3B cells proliferation (p < 0.05; Figure 4C),
showing a growth-suppressive effect of DUOX1
on cancer cells.

Ectopic expression of duox1 induced cell cycle
arrest

To determine the molecular mechanism that
DUOX1 suppressed colony formation and cell

515

proliferation, we investigated the effect of
DUOX1 on cell cycle. After propidium iodide
staining, fluorescence-activated cell sorting
analysis of SMMC-7721 cells co-transfected
with pcDNA3-DUOX1 and pcDNA3.1-DUOXA1
expressing vector revealed an increase in the
number of G2/M phase cells (Figure 4D). To
prove these findings, major mediators in cell
cycle process were further assessed. Our
results showed that overexpression of DUOX1
and DUOXA1 in the SMMC-7721 cells induced
phosphorylation of the protein phosphatase
cdc25c¢ (Ser216) which is the key regulator in
the G2/M phase; the protein level of GO/G1
phase regulator p21 was increased while G1/S
phase reulator cyclin D1 was reduced in the
SMMC-7721 cells co-transfected with pcDNA3-
DUOX1 and pcDNA3.1-DUOXA1 (Figure 4E).

DUOX1 overexpression increased intracellular
ROS generation

The NADPH oxidases including DUOX1 were
linked to generation of reactive oxygen species,
in particular superoxide anion-radical and
hydrogen peroxide [6, 7]. The ROS level was
measured in cancer cells transfected with pcD-
NA3-DUOX1 and pcDNA3.1-DUOXA1 express-
ing vector. Exogenous DUOX1 clearly increased
intracellular ROS level in SMMC-7721 cells
(Figure 4F). Therefore, DUOX1 could increase
intracellular ROS production which exerts cyto-
toxic and proapoptotic functions and limits
tumorigenicity and malignant progression.

Discussion

More and more novel tumor suppressor genes
have been found to be inactivated by promoter
hypermethylation. Promoter methylation was
thus proposed as an important marker for the
identification of novel tumor suppressor genes.
In the current study, we identified that DUOX1
was frequently down-regulated in 66.7% HCC
cell lines and in 76.9% (60/78) primary HCCs
(Figure 1A, 1B), Hypermethylation was further
detected in 100% HCC cell lines (Figure 2B)
and also in 90% primary HCC tissues with
down-regulation of DUOX1 (Figure 3C). In con-
trast, DUOX1 hypermethylation was occasion-
ally detected in paired adjacent non-tumor tis-
sues, suggesting that DUOX1 may function as a
novel tumor suppressor candidate with its
downregulation through promoter hypermethyl-
ation in the carcinogenesis of hepatocellular
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carcinoma. We further demonstrated that treat-
ment with the demethylation reagent 5-Aza-dC
upregulated DUOX1 expression in lowly
expressed liver cancer cells (Figure 1B) and the
methylation status was verified by genome
sequencing, indicating that DNA hypermethyl-
ation mediated DUOX1 inactivation. This is also
the first report to show that DUOX1 was
epigenetically silenced in  human liver
carcinogenesis.

Although promoter methylation frequently inac-
tivated DUOX1 in human liver cells, we cannot
exclude the involvement of other mechanisms
responsible for the DUOX1 downregulation,
such as defects in histone remodeling. For
instance, in Hep3B, HCC-LM3 and Sk-Hepl
DUOX1 expression failed to be fully upregulated
after 5-Aza-dC treatment. Nevertheless, we
found that DUOX1 expression was upregulated
after 5-Aza-dC in combination with and TSA
treatment, one histone deacetylase inhibitor
(data not shown).

In addition, to serve as a new marker to define
novel tumor suppressor genes, promoter hyper-
methylation can also be used as a sensitive
marker for cancer diagnosis and prognosis pre-
diction [18, 19]. As shown in Figure 3, We deter-
mined DUOX1 expression in 78 pairs of primary
HCCs and methylation status in 20 pairs of pri-
mary HCCs, suggesting that DUOX1 is frequent-
ly downregulated by promoter hypermethylation
in HCCs. Furthermore, the expression of DUOX1
seems to have correlation with TNM stage of
HCCs as shown in Table 1 and Figure 3C. Which
indicating down-regulation of DUOX1 might be
a potential biomarker for HCC diagnosis and
prognosis prediction.

As shown in Figure 4, overexpression of DUOX1
markedly reduced colony formation abilities
and suppressed cancer cells growth. How-
ever, the underlying molecular mechanism
responsible for DUOX1 as a tumor suppressor
remains unknown. Cell cycle checkpoints are
important control mechanism that ensures the
proper execution of cell cycle events. The
growth suppression induced by ectopic DUOX1
expression seems to be caused by increasing
G2/M phase cell number. In addition to inducing
cell cycle arrest, importantly in this study, the
growth inhibitory effect of DUOX1 as a tumor
suppressor may also be mediated through
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enhancing the production of intracellular ROS
(Figure 4F). Generally, the increase in ROS
production in epithelial cells is mainly attributed
to mitochondrial superoxide production [20].
However, coordinated expression of DUOX1
oxidase and its maturation factor DUOXAL in
some epithelial cancer cells suggests that the
intracellular level of ROS (superoxide and
hydrogen peroxide) in epithelial cells might be
partially controlled by the dual oxidases.
Regardless of ROS’s role in cancer ini-
tiation and progression, a recent report
linked intracellular ROS accumulation to
the establishment of senescence, there-
by connecting ROS to tumor suppression
[21]. Moreover, numerous studies have
demonstrated the causative involvement
of ROS formation in the mediation of cancer
cell apoptosis induced by various standard
chemotherapeutic agents including paclita-
xel, cisplatin, bortezomib and etoposide.
Remarkably, it has been demonstrated that
cisplatin apoptogenicity depends on formation
of ROS and occurs independent of nuclear DNA
damage, suggesting that apoptogenic oxidative
stress is the crucial mechanism of cisplatin-
induced cancer cell death [22].

In summary, we found that DUOX1 is frequently
silenced by promoter hypermethylation in most
liver cancer cells and primary HCC tissues. Our
results suggested that epigenetic inactivation
of DUOX1 was an important factor in the tumor-
igenesis of liver cancers. We also demonstrat-
ed that promoter hypermethylation-mediated
silencing of DUOX1 could be reversed by phar-
macologic demethylation and overexpression
of DUOX1 suppressed tumor cell growth
through inducing G2/M phase cell cycle arrest
and increasing ROS production, providing direct
evidence that DUOX1 functions as a tumor sup-
pressor. Therefore, it will be valuable to explore
the possible application of DUOX1 as a molecu-
lar marker for the detection and treatment of
these malignancies.
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