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ABSTRACT
Activation of the nuclear transcription factor-�B (NF-�B) has
been implicated in liver tumorigenesis. We evaluated the effects
of a novel NF-�B inhibitor, dehydroxymethylepoxyquinomicin
(DHMEQ), in two human liver cancer cell lines HA22T/VGH and
HuH-6. DHMEQ treatment dose dependently decreased the
DNA-binding capacity of the NF-�B p65 subunit, inhibited cell
growth and proliferation, and increased apoptosis as shown by
caspase activation, release of cytochrome c, poly(ADP-ribose)
polymerase cleavage, and down-regulation of survivin. DHMEQ
also induced a dose-dependent activation of mitogen-activated
protein kinase kinase/extracellular signal-regulated kinase sig-
naling, and inhibition of this pathway significantly reduced cell
growth. It is noteworthy that we observed that DHMEQ stimu-
lated reactive oxygen species (ROS) production in a dose-
dependent manner and that pretreatment of the cells with the
antioxidant N-acetyl-L-cysteine (NAC) significantly reduced

DHMEQ-induced ROS generation. Accordingly, NAC com-
pletely reversed the DHMEQ-induced growth inhibition,
caspase activation, and cell death. DHMEQ-treated cells ex-
hibited DNA damage, as evaluated by accumulation in nuclear
foci of phospho-H2AX, which was completely reversed by
NAC. Moreover, DHMEQ induced the expression of genes in-
volved in the endoplasmic reticulum stress response (GRP78,
CHOP, TRB3) and promoted the splicing of XBP1 mRNA in a
dose-dependent fashion in both cell lines, which was reversed
in the presence of NAC. Knockdown of TRB3 mRNA expres-
sion by small interference RNA significantly decreased DH-
MEQ-induced cell growth inhibition. These data suggest that
DHMEQ antitumor effects are primarily mediated through ROS
generation. Thereby, considering that cancer cells are under
increased ER stress and oxidative stress conditions, DHMEQ
may greatly improve various anticancer strategies.

Hepatocellular carcinoma (HCC) is one of the most com-
mon malignancies worldwide. Several strategies have been

attempted to improve the treatment of patients with HCC;
unfortunately, it is a tumor type with a high lethality. There-
fore, novel approaches are required to successfully treat this
cancer.

Cancer cells are under oxidative stress associated with
increased metabolic activity and production of reactive oxy-
gen species (ROS) (Szatrowski and Nathan, 1991). In con-
trast, in normal cells, ROS are produced at low concentra-
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tions and are effectively neutralized by the potent
antioxidant system of the cells. ROS can be produced intra-
cellularly from mitochondrial respiratory chain complexes
(Richter and Schweizer, 1997), from the radical-generating
enzymes xanthine/xanthine oxidase (McCord, 1985), and
from plasma membrane NADPH, oxidases (Trudel et al.,
1991). Phospholipase A2-activated arachidonic acid metabo-
lism can also be a source of ROS (Henderson et al., 1989).
Although increased ROS production plays an important role
in maintaining cancer phenotype because of their stimulat-
ing effects on cell growth, proliferation, and genomic insta-
bility through DNA damage, excessive levels of ROS beyond
the antioxidant capacity of the cells can induce cell cycle
arrest and apoptosis. Therefore, drugs that modulate the
production of ROS have been proposed as therapeutic strat-
egies to selectively target the destruction of cancer cells.
ROS-stressing agents can effectively kill cancer cells because
cells become sensitive beyond a threshold (Cabello et al.,
2007). ROS-induced apoptosis implies either a direct toxic
effect as well as a function of ROS as signaling molecules that
trigger the activation of pro-death pathways (Ueda et al.,
2002).

One of the major pathways through which apoptosis is
induced is the stress- or mitochondria-mediated caspase-9
activation pathway. Oxidative stress induces cytochrome c
release from mitochondria and activation of caspases and
protein kinases (Ueda et al., 2002). Recent studies have
shown that ROS can activate mitogen-activated protein ki-
nases, including the extracellular signal-regulated kinases-
1/2 (ERK1/2) (Gupta et al., 1999). These kinases are involved
in cell proliferation, differentiation, and apoptosis. In addi-
tion, the mitogen-activated protein kinase/ERK (MEK)/ERK
pathway contributes to maintain cell survival during oxida-
tive stress (Kuznetsov et al., 2008).

Accumulating evidence suggests that, in addition to mito-
chondria, the endoplasmic reticulum (ER) is also an impor-
tant apoptotic control point (Danial and Korsmeyer, 2004). In
fact, accumulation of unfolded protein in the ER induces the
ER stress response, otherwise known as the unfolded protein
response. Cells initially adapt to the accumulation of un-
folded proteins by inducing the expression of ER-resident
molecular chaperones such as the Ca2�-binding glucose-reg-
ulated protein 78 (GRP78) (Li and Lee, 2006). Moreover, one
of the ER protein sensors, inositol-requiring ER-to-nucleus
signal kinase 1, has an endoribonuclease activity that re-
moves 26 nucleotides from X-box binding protein 1 (XBP1)
mRNA, thus resulting in a new transcription factor that
induces expression of chaperone genes (Lee et al., 2003).
However, if adaptation is not sufficient, the apoptotic re-
sponse is initiated, which is primarily the induction of CAAT/
enhancer-binding protein homologous transcription factor
(CHOP) (Zinszner et al., 1998) and activation of the apoptosis
signal-regulating kinase 1/c-jun-N-terminal kinase pathway
(Matsukawa et al., 2004) and cleavage of caspases 7, 9, and
12 (Haidara et al., 2008). The tribbles homolog 3 (TRB3) has
been identified as a novel target of CHOP in ER stress
response, and it seems to be involved in CHOP-dependent
cell death as a second messenger (Ohoka et al., 2005).

The nuclear transcription factor-�B (NF-�B) is the major
stress-inducible antiapoptotic transcription factor (Bowie
and O’Neill 2000). NF-�B activation is associated with can-
cer, and it has been found to be strongly activated in many

types of cancer, including HCC (Liu et al., 2002). Dehy-
droxymethylepoxyquinomicin (DHMEQ) is a novel NF-�B
inhibitor (Umezawa and Chaicharoenpong 2002) that in-
duces apoptosis and cell-cycle arrest in several cancer cell
types (Starenki et al., 2004; Nishimura et al., 2006; Poma et
al., 2006). DHMEQ also inhibits functional differentiation of
bone marrow-derived macrophages into macrophages (Su-
zuki et al., 2008). However, the molecular mechanism(s) re-
sponsible for DHMEQ activity in cancer cells are not well
understood. Therefore, the present study was set up to elu-
cidate the molecular mechanisms by which DHMEQ exerts
its anticancer effects against human liver cancer cells. We
demonstrate that DHMEQ promotes ROS generation that in
turn inhibited cell growth and proliferation, and increased
apoptosis. Moreover, we found that DHMEQ causes activa-
tion of ER stress response, leading to cell growth inhibition.
DHMEQ-induced ROS production also provoked DNA dam-
age in liver cancer cells. The inhibition of all these effects by
the antioxidant N-acetyl-L-cysteine (NAC) strongly provides
evidence that antitumor effects by DHMEQ are mediated
mainly through oxidative stress.

Materials and Methods
Cell Lines and Cell Culture. The well differentiated human

hepatoblastoma cell line HuH-6 and the poorly differentiated human
hepatocellular carcinoma cell line HA22T/VGH used in this study
were of a low passage number and were maintained in RPMI 1640
medium supplemented with penicillin/streptomycin, sodium pyru-
vate, and L-glutamine, and containing 10% (v/v) fetal bovine serum
(FBS). The two cell lines have different characteristics of differenti-
ation, biological behavior, and genetic defects (Cervello et al., 2004a).

Chemicals. DHMEQ was synthesized as described previously
(Suzuki et al., 2004). Dantrolene, EGTA, BAPTA-AM, rotenone, apo-
cynin, antimycin, oligomycin, thenoyltrifluoroacetone (TTFA), so-
dium azide, trolox, allopurinol, quinacrine, and diphenyleneiodo-
nium (DPI) were purchased from Sigma Aldrich (Milan, Italy) and
U0126 from Alexis Biochemicals (Florence, Italy).

Cell Growth Assay. Cells (5 � 103/well) were distributed into
each well of 96-well microtiter plates and then incubated overnight.
At time 0, the medium was replaced with fresh complete medium,
containing 10% FBS and in some cases different doses of DHMEQ,
and the cells were cultured for 24, 48, and 72 h. For combined
treatment, cells were pretreated with antioxidants or different in-
hibitors and then in their presence treated with DHMEQ. In partic-
ular, cells were pretreated with NAC for 2 h or with BAPTA-AM,
EGTA, dantrolene, rotenone, TTFA, antimycin, sodium azide, oligo-
mycin, apocynin, DPI, quinacrine, allopurinol, U0126, and 6-hy-
droxy-2,5,7,8-tetramethylchroman-2-carboxylic acid for 1 h. At the
end of treatment, MTS assays were performed using the CellTiter
Aqueous OneSolution kit (Promega Corporation, Madison, WI) ac-
cording to the manufacturer’s instructions. Cytotoxicity was ex-
pressed as a percentage of the absorbance measured in the control
cells. Values were expressed as means � S.D. of three separate
experiments, each performed in triplicate.

BrdU Incorporation Assay. Cell proliferation was determined
by estimating the amount of bromodeoxyuridine (BrdU) incorpora-
tion into DNA by a colorimetric immunoassay (Roche Diagnostics
GmbH, Mannheim, Germany). In brief, 2.5 � 103 cells were cultured
in 96-well plates in the different concentrations of DHMEQ for 24 h.
BrdU (final concentration, 10 �M) was then added. The cells were
then reincubated for an additional 24 h and subsequently fixed and
incubated with anti-BrdU peroxidase according to the manufactur-
er’s instructions. Color was developed by the addition of tetrameth-
ylbenzidine substrate and measured at 490 nm. Color intensity and
absorbance values directly correlated to the amount of BrdU incor-
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porated into DNA. Results were expressed as percentage inhibition
of BrdU incorporation over the control. Values were expressed as
means � S.D. of three separate experiments, each performed in
triplicate.

NF-�B p65 Transcription Factor Assay. Cytoplasm and nu-
clear extracts from 2 � 106 cells treated or untreated with DHMEQ
were prepared using Nuclear Extract Kit (Active Motif, Rixensart,
Belgium) according to the manufacturer’s instructions. The DNA-
binding capacity of NF-�B (p65 subunit) was measured using
Trans-AM kit (Active Motif) according to the manufacturer’s instruc-
tions. In brief, 25 �g of nuclear protein samples were distributed in
a 96-well plate and incubated with primary antibody against NF-�B
p65. A secondary HRP-conjugated antibody provides a sensitive col-
orimetric readout quantified by spectrophotometry. Results were
expressed as percentage inhibition of binding over the control. Val-
ues were expressed as means � S.D. of three separate experiments,
each performed in duplicate.

Caspase Activity Assays. Cells (2 � 104/well) were pretreated
with or without the scavenger NAC for 2 h and then treated with
DHMEQ. After 6 h, the levels of caspase activities in the cells were
measured by the Caspase-Glo 3/7, Caspase-Glo 8, and Caspase-Glo 9
assays (Promega, Milan, Italy) according to the manufacturer’s in-
structions. Results were expressed as -fold induction over the con-
trol. Values were expressed as means � S.D. of three separate
experiments, each performed in duplicate.

Western Blot Analysis. Whole cellular lysates from 1.5 � 106

cells were obtained using radioimmunoprecipitation assay buffer
(Cell Signaling Technologies Inc., Danvers, MA) and Western blot-
ting were performed as described previously (Cervello et al., 2004b),
with primary antibodies raised against survivin (Abcam Limited,
Cambridge, UK), �-actin (Sigma-Aldrich Srl, Milan, Italy), phospho-
ERK, and poly(ADP-ribose) polymerase (PARP; Cell Signaling Tech-
nologies Inc.),

Cytochrome c Release. Cells (2 � 106) were pretreated with or
without the scavenger NAC for 2 h and then, in its presence, cells
were treated or untreated with DHMEQ. Then, cells were collected
and lysed in a hypotonic lysis buffer on ice for 20 min (200 mM
HEPES, 1 mM EDTA, 1 mmol EGTA, 1.5 mM MgCl2, 10 mM KCl, 1
mM dithiothreitol, 250 mM sucrose, 0.1 mM phenylmethylsulfonyl
fluoride, 10 �g/ml aprotinin, leupeptin, and pepstatin A). The lysates
were centrifuged at 10,000g for 20 min at 4°C. The supernatant
(cytosol) was collected. The pellets were lysed with radioimmunopre-
cipitation assay buffer (Cell Signaling Technologies Inc.) on ice for 20
min and then further centrifuged at 10,000g for 20 min at 4°C. The
supernatants that contained mitochondria were collected. Proteins
concentration was determined using the micro-protein assay from
Bio-Rad Laboratories (Milan, Italy). Aliquots of 25 �g of proteins
were analyzed by Western blotting with primary antibodies raised
against cytochrome c (BD Pharmingen, San Diego, CA) and anti-
peroxiredoxin 3 (Sigma-Aldrich). �-Actin immunolabeling and Red-
Ponceau staining were performed as loading controls for the cyto-
plasmic and the mitochondrial fractions, respectively.

RT-PCR. Total RNA was isolated from 2 � 105 cells using Trizol
reagent (Invitrogen, Carlsbad, CA) as recommended by the supplier.
Total RNA (1.5 �g) was subjected to reverse transcription to gener-
ate cDNA. To analyze human GRP78, TRB3, CHOP, XBP1, and

�-actin mRNA expression levels, semiquantitative PCR was per-
formed using specific 5� and 3� primers that generated specific bands
(Table 1). Amplification of cDNA was performed with the number of
cycles and annealing temperatures reported in the Table 1. The
expression of �-actin served as an internal control. Aliquots of the
PCR products were fractionated by electrophoresis through 1.6%
agarose gels containing ethidium bromide, visualized, and quantified
by densitometric scanning.

siRNA Transfection. HA22T/VGH cells (2 � 105) were trans-
fected with TRB3 and noncorrelated siRNA SMARTPool ON-Target
plus (Dharmacon Inc., Lafayette, CO) according to the manufactur-
er’s instructions. In brief, cells were seeded onto 60-mm dishes in
medium without antibiotics; 24 h later, the transfection of siRNAs
was carried out with DharmaFECT 4 (Dharmacon Inc.). All trans-
fections were carried out with 20 �M duplex siRNA in medium
without FBS and antibiotics. After 24 h, cells were split into 96-well
plates to perform MTS assays and in 60-mm dishes for TRB3 mRNA
analysis.

Flow Cytometry Analysis. After 24 h of DHMEQ treatment, 106

cells were collected and stained with propidium iodide (Invitrogen),
and the percentage of apoptotic cells was determined as described
previously (Cervello et al., 2004b).

Measurement of Reactive Oxygen Species. The intracellular
accumulation of ROS was determined using the fluorescent probe
2�,7�-difluorodihydrofluorescein diacetate (H2DCFDA) (Invitrogen).
Cells (3 � 105) were treated with various concentrations of DHMEQ
in the presence or absence of NAC (2 mM) for 16 h. Cells were
collected, resuspended in PBS with calcium, and incubated with the
probe (1��) in the dark at 37°C, 5% CO2 for 15 min. The fluorescence
was measured by flow cytometry. Data are expressed as the percent-
age of positive cells.

Immunofluorescence of �-H2AX. HA22T/VGH and HuH-6 cells
were distributed into eight-well chamber slides and treated or un-
treated with DHMEQ in the presence or absence of 2 mM NAC for
16 h. Cells were fixed with in a 1:1 (v/v) acetone/methanol solution
mixture and rehydrated in PBS. Cells were incubated with rabbit
anti-human-�-H2AX (1:500; Enzo Biosciences, Farmingdale, NY) and
then incubated with anti-rabbit Alexa Fluor 488-conjugated secondary
antibody (1:1000; Invitrogen), rinsed twice with PBS, counterstained
with 4,6-diamidino-2-phenylindole, and mounted. Immunofluorescence
was visualized using a Zeiss Axiophot microscope.

Statistical Analysis. Statistical analysis was performed using
Student’s two-tailed t test. The criterion for statistical significance
was p � 0.05.

Results
DHMEQ Reduces NF-�� p65 DNA-Binding Capacity,

Cell Growth, and Induces Apoptosis in Human Hepa-
toma Cells. DHMEQ has been reported to inhibit NF-�B
p65 translocation into the nucleus in many cell types
(Ariga et al., 2002), affects cellular proliferation and dif-
ferentiation (Starenki et al., 2004; Nishimura et al., 2006;
Poma et al., 2006; Suzuki et al., 2008), and displayed
anti-tumor effects in vivo (Umezawa 2006). However, the

TABLE 1
Sequences of oligonucleotide primers and PCR conditions

Gene Name Forward Oligonucleotide Reverse Oligonucleotide Size AT Cycle Numbers

bp °C

GRP78 gacatcaagttcttgccgtt ctcataacatttaggccagc 259 58 40
CHOP atggcagctgagtcattgcc tcatgcttggtgcagattc 509 58 30
TRB3 gccactgcctcccgtcttg gctgccttgcccgagtatga 538 58 30
XBP1 ccttgtagttgagaaccagg ggggcttggtatatatgtgg 423 57 32
�-actin caccacaccttctacaatgagc gaggatcttcatgaggtagtcagtc 321 60 22

bp, base pairs; AT, annealing temperature.
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molecular mechanism(s) of DHMEQ-induced antitumor ef-
fects in cancer cells are not well understood. Therefore, in the
present study, we investigated the effects of DHMEQ in two
human hepatoma cell lines, HA22T/VGH and HuH-6. We
first determined whether DHMEQ inhibited NF-�B tran-
scriptional activity in hepatoma cells. As shown in Fig. 1A,
DHMEQ dose-dependently decreased the amount of the ac-
tive form of p65 subunit contained in nuclear extracts in both
cell lines.

The MTS assays were used to assess the effects of DHMEQ
on cell growth. HA22T/VGH and HuH-6 cells were exposed to
increasing concentrations of DHEMQ for different times. After
48 h, the dose-response study showed that HuH-6 cells were
more responsive to DHMEQ than HA22T/VGH cells (Fig. 1B).
After 72 h of exposure to the drug, the IC50 values were 12.5 and
32.5 �g/ml in HuH-6 and HA22T/VGH, respectively.

BrdU assays were performed to study the effects of DH-
MEQ on cell proliferation. The results in Fig. 1C demon-
strated that DHMEQ affects cell proliferation in a dose-
dependent manner in both cell lines. Again, HuH-6 cells were
more responsive to the inhibitory effects of DHMEQ.

To investigate whether DHMEQ induced apoptosis in hu-

man hepatoma cells, we analyzed by Western blotting the
induction of cleavage of PARP, a known caspase-3 substrate
and a biochemical marker of apoptosis, and the level of the
antiapoptotic protein survivin. Figure 1D shows that DH-
MEQ treatment induced PARP cleavage in both cell lines,
suggesting activation of caspase cascades, and it reduced the
level of survivin. Apoptosis was also evaluated by flow cytom-
etry analysis of DNA stained with propidium iodide and by
determining the percentage of events accumulated in the
pre-Go-G1 position (Fig. 1E). A significant increase in the
percentage of apoptosis was observed in DHMEQ treated
HuH-6 cells.

DHMEQ Enhances the Phosphorylation of ERK1/2
and, in Combination with the MEK-Specific Inhibitor
U0126, Reduces Cell Growth. Because ERK1/2 are in-
volved in cell proliferation and apoptosis, we examined by
Western blotting analysis the levels of phosphorylated (acti-
vated) forms of ERK1/2 in cells treated with different con-
centrations of DHMEQ. As shown in Fig. 2A, DHMEQ in-
duced ERK1/2 phosphorylation in both cell lines in a dose-
dependent manner. To evaluate the role of mitogen-activated
protein kinase activation after DHMEQ treatment, we used a
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Fig. 1. DHMEQ inhibits NF-�� p65 DNA-binding capacity and cell growth and induces apoptosis in human hepatoma cells. A, HA22T/VGH and
HuH-6 cells were treated with the indicated concentrations of DHMEQ (micrograms per milliliter) for 16 h. The NF-�B active form (p65 subunit)
contained in the nuclear fraction was measured by TRANS-AM assays. Data are expressed as percentages of p65 binding inhibition of the control cells
and are the means � S.D. of three separate experiments. �, p � 0.05; ��, p � 0.01 versus control. B, cell growth was assessed by MTS assays. Cells
were treated with different concentrations of DHMEQ (micrograms per milliliter) for the indicated times. Data are expressed as the percentage of
control cells and are the means � S.D. of three separate experiments, each of which was performed in triplicate. C, cell proliferation was assessed by
BrdU assay. Cells were treated with DHMEQ (micrograms per milliliter) for 24 h. Data are expressed as the percentage of the control cells and are
the means � S.D. of three separate experiments. �, p � 0.05; ��, p � 0.01 versus control. D, HuH-6 and HA22T/VGH cells were treated or untreated
for 24 h with 20 and 40 �g/ml DHMEQ, respectively. After treatment, cells were harvested and lysed, and equal amounts of extracted proteins were
analyzed for induction of PARP cleavage and survivin expression by immunoblotting. The data shown represent three independent experiments with
comparable outcomes. Arrowheads indicate the 115- and 85-kDa forms of PARP. E, HuH-6 cells were treated or untreated with 10 �g/ml DHMEQ for
24 h, and cell death was determined by flow cytometry analysis of subgenomic DNA. Data are expressed as percentages of apoptotic cells and are the
mean � S.D. of three separate experiments. ��, p � 0.01 versus control.
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MEK inhibitor, U0126, and analyzed its effect on cell growth
by a MTS assay. Cells were pretreated with U0126 (2 �M) for
1 h and then, in its presence, cells were treated with different
concentrations of DHMEQ for 24 h. Combination of U0126
with DHMEQ significantly reduced cell growth in both cell
lines (Fig. 2B), suggesting that the MEK/ERK pathway is
activated as a pro-survival signaling during DHMEQ treat-
ment.

DHMEQ Triggers ER Stress Response in a Ca2�-In-
dependent Manner. Accumulating evidence suggests that
the ER also is an important apoptotic control point (Danial and
Korsmeyer, 2004). CHOP, the spliced form of XBP1(sXBP1),
and TRB3 are transcription factors whose expression is induced
during ER stress response and participate in ER-mediated ap-
optosis. To examine whether DHMEQ activated ER stress re-
sponse in human hepatoma cells, we determined the effects of
DHMEQ on the expression of ER stress genes GRP78,
CHOP, XBP1, and TRB3. Cells were treated for 6 h with
different concentrations of DHMEQ and then the levels of
these mRNAs were examined by RT-PCR analysis. Experi-
ments revealed that substantial induction of CHOP and
TRB3 mRNA were detected already at 6 h in both cell lines;
in contrast, GRP78 was enhanced only in HA22T/VGH cell
(Fig. 3A). Furthermore, DHMEQ-treatment induced XBP1
mRNA splicing in a dose-dependent manner in both cell
lines. These results suggest that ER stress is activated in
response to DHMEQ treatment.

Increases in the intracellular Ca2� concentration promote
apoptosis through ER stress response (Choi et al., 2007) and
through induction of CHOP expression (Oydomari and Mori
2004). Therefore, to examine the role of Ca2� on cell growth
in DHMEQ-treated cells, we used BAPTA-AM and EGTA as
intracellular Ca2�chelators and dantrolene as inhibitor of
Ca2� release from sarcoplasmic reticulum. Figure 3B shows

that BAPTA-AM and EGTA alone partially affect cell growth
in HA22T/VGH cells, and dantrolene partially affects cell
growth only in HuH-6 cells. In HA22T/VGH, preincubation
with Ca2� chelators followed by DHMEQ treatment had neg-
ligible effects on cell growth, suggesting that DHMEQ in-
duced apoptosis in a Ca2�-independent manner. This was
further supported by the observation that preincubation with
dantrolene did not modify the growth inhibitory effects of
DHMEQ in both cell lines (Fig. 3B).

TRB3 siRNA Transfection Reverts DHMEQ-Induced
Cell Growth Inhibition. TRB3, a crucial factor that medi-
ates the ER stress response, is a transcriptional target of
CHOP and seemed to be involved in CHOP-dependent cell
death as a second messenger during ER stress (Ohoka et al.,
2005). To examine the role of TRB3 in DHMEQ-induced cell
growth inhibition, HA22T/VGH cells were first transiently
transfected with siRNA specific for TRB3 for 72 h and then
MTS assays were performed after 24 h of treatment with
DHMEQ. The transfection of TRB3 siRNA into HA22T/VGH
cells effectively reduced the endogenous mRNA by more than
75% compared with control siRNA (Fig. 4A). As shown in Fig.
4B, knockdown of TRB3 in HA22T/VGH cells significantly
reverted the inhibition of cell growth induced by DHMEQ
treatment. These results suggest that activation of ER stress
response, through TRB3 mRNA up-regulation, has an impor-
tant role in the DHMEQ-induced cell growth inhibition.

DHMEQ Induces Apoptosis through ROS Species
Generation. A number of studies show that induction of
oxidative stress and ROS generation in cells are effective
apoptotic inducers (von Harsdorf et al., 1999; Buccellato et
al., 2004). Accordingly, we investigated whether DHMEQ anti-
tumor activities in hepatoma cells are initiated through ROS
generation. Cells were treated with different concentrations of
DHMEQ for 16 h; thereafter, ROS generation was measured
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Fig. 2. DHMEQ activates ERK1/2 in hepa-
toma cells and its combination with U0126
decreases cell growth. A, HA22T/VGH and
HuH-6 cells were treated with DHMEQ
(micrograms per milliliter) for 24 h at the
indicated concentrations. After treatment,
cells were harvested and lysed, and equal
amounts of proteins were analyzed for total
and phospho-ERK1/2 expression by immu-
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-fold of phospho-ERK1/2 difference with ve-
hicle-treated control samples (	) arbi-
trarily set at 1.0. The data shown represent
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parable outcomes. B, cell growth was as-
sessed by MTS assays. HA22T/VGH and
HuH-6 cells were treated with DHMEQ
(micrograms per milliliter) for 24 h. In the
combination experiments, the cells were ex-
posed to the specific MEK inhibitor U0126
(2 �M) for 1 h and then coexposed to DH-
MEQ for a further 24 h. Data are expressed
as the percentage of control cells and are
the means � S.D. of three separate experi-
ments, each of which was performed in trip-
licate. ��, P � 0.01 versus each agent alone.
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using the cell-permeable fluorescent probe H2DCFDA. As
shown in Fig. 5A, treatment of HA22T/VGH cells with DHMEQ
in a dose-dependent manner promotes ROS generation. In the
same experiment we have examined the effect of the antioxi-
dant NAC on DHMEQ-induced ROS generation. For this pur-
pose, cells were pretreated with 2 mM NAC for 2 h and then, in
its presence, cells were treated with DHMEQ for 16 h. As shown
in Fig. 5A, pretreatment with NAC drastically decreased DH-
MEQ-induced ROS production in HA22T/VGH cells. To confirm
that DHMEQ induces cell death through an oxidant action, we
used the synthetic of vitamin E analog 6-hydroxy-2,5,7,8-tetra-

methylchroman-2-carboxylic acid, which is known for its anti-
oxidant properties (Chen et al., 2008). Figure 5B showed that
pretreatment with 50 �M 6-hydroxy-2,5,7,8-tetramethylchro-
man-2-carboxylic acid for 1 h significantly reverted cell growth
inhibition induced by DHMEQ.

The major sources of ROS are the mitochondrial respira-
tory chain (MRC) components (Richter and Schweizer 1997),
the enzymes xanthine/xanthine oxidase (McCord, 1985), the
NADPH oxidase (Trudel et al., 1991), and the phospholipase
A2-activated arachidonic acid metabolism (Henderson et al.,
1989). To determine the source(s) of ROS in cells treated with
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Fig. 3. DHMEQ triggers ER stress response in a Ca2�-independent manner. A, cells were treated with different concentrations of DHMEQ
(micrograms per milliliter) for 6 h, and then mRNA expression levels of genes involved in the ER stress response were analyzed by RT-PCR analysis.
For XBP1 mRNA, the unspliced (U) and the spliced (S) forms are indicated by arrowheads. The numbers represent the ratio of the relevant mRNA
normalized with �-actin, with vehicle-treated control samples (	) arbitrarily set at 1.0. The data shown represent three independent experiments with
comparable outcomes. B, cell growth was assessed by the MTS assay. HA22T/VGH and HuH-6 cells were incubated in the presence of the indicated
concentrations of DHMEQ (�g/ml). In the combination experiments, the cells were exposed to BAPTA-AM, EGTA, and dantrolene for 1 h and then
coexposed to DHMEQ for an additional 24 h. Data are expressed as the percentage of control cells and are the means � S.D. of three separate
experiments, each of which was performed in triplicate.
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DHMEQ, we analyzed the effects of various ROS generation
inhibitors. We used DPI and apocynin as the inhibitors of
NADPH oxidase, allopurinol as an inhibitor of xanthine/

xanthine oxidase and quinacrine as an inhibitor of phospho-
lipase A2. Cells were pretreated for 1 h with a single inhibitor
and then in its presence treated with DHMEQ (30 �M) for
6 h. All of them failed to revert cell growth inhibition induced
by DHMEQ. (data not shown). Next, we analyzed the effects
of several inhibitors of MRC complexes I to V using concen-
trations that are not toxic to the cells, because it has been
reported that these inhibitors may also increase ROS produc-
tion in many cell types and cause cell death (Riganti et al.,
2006; Chen et al., 2007) (data not shown). The MRC complex
I inhibitor rotenone (1 �M) and complex II inhibitor TTFA
(0.1 mM) failed to inhibit DHMEQ-induced cell growth re-
duction. On the contrary, the combination of these inhibitors
with DHMEQ significantly increased cell growth inhibition
in both cell lines (data not shown). The results in Fig. 5B
showed that complex III inhibitor antimycin (1 �g/ml), com-
plex IV inhibitor sodium azide (0.5 mM), and complex V
inhibitor oligomycin (0.5 �g/ml) significantly reverted DH-
MEQ-induced reduction of cell growth, demonstrating that
mitochondria are the major cellular source of ROS.

ROS generation can also lead to disruption of the mito-
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Fig. 4. TRB3 siRNA transfection reverts DHMEQ-induced cell growth
inhibition. HA22T/VGH cells were transfected with a control siRNA
(siRNA C) or TRB3-selective siRNA (siRNA TRB3). Seventy-two hours
after transfection, cells were treated or untreated for 24 h with DHMEQ
(micrograms per milliliter) at different concentrations, and the cell
growth was determined by MTS assays. Results are expressed as the
percentage of cell growth relative to the vehicle-treated cells and are the
means � S.D. of three separate experiments each of which was performed
in triplicate. �, p � 0.05; ��, p � 0.01 versus control siRNA.

Fig. 5. DHMEQ induces ROS generation and ROS-dependent release of cytochrome c. A, HA22T/VGH cells were treated or untreated with indicated
concentrations of DHMEQ for 16 h with or without the presence of the antioxidant NAC (2 mM). The cells were harvested and incubated with the
fluorescent probe H2DCFDA, and the fluorescence was measured by flow cytometry. Data are expressed as percentages of positive cells measured in
each experimental conditions and are representative of two different experiments. B, cell growth was assessed by MTS assay. Cells were pretreated
with antimycin (micrograms per milliliter), oligomycin (micrograms per milliliter), sodium azide (micromolar) and antioxidant 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic Acid (Trolox; micromolar) for 1 h and then, in their presence, cells were treated with DHEMQ (micrograms per
milliliter) for 6 h. Data are expressed as the percentage of control cells and are the means � S.D. of three separate experiments, each of which was
performed in triplicate. ��, p � 0.01 versus each agent alone. C, cells were treated with 30 �g/ml DHMEQ for 24 h and then cytoplasmic and
mitochondrial fractions were separated and analyzed by Western blotting for cytochrome c and Prdx-3 expression. �-Actin immunolabeling and
Red-Ponceau staining were performed as loading controls for the cytoplasmic and the mitochondrial fractions, respectively (not shown). The numbers
represent -fold protein difference with vehicle-treated control samples (	) arbitrarily set at 1.0. The data shown represent two independent
experiments with comparable outcomes. D, cells were pretreated for 2 h with or without 2 mM NAC and then with 30 �g/ml DHMEQ for 24 h. The
mitochondrial fraction was analyzed by Western blotting for cytochrome c and Prdx-3 expression. The numbers represent -fold cytochrome c difference
with vehicle-treated control samples (	) arbitrarily set at 1.0. The data shown represent two independent experiments with comparable outcomes.
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chondrial membrane potential and consequently might
provoke release of cytochrome c into the cytosol. To exam-
ine whether cytochrome c release also occurred in DH-
MEQ-treated hepatoma cells, Western blotting analysis
was performed. As expected, after 24 h of treatment with
DHMEQ, an increase in the amount of cytochrome c was
detected in the cytosolic fraction in both cell lines (Fig. 5C).
Accordingly, a decrease in the amount of cytochrome c was
observed in the mitochondrial fraction (Fig. 5C). Pretreat-
ment with antioxidant NAC prevented the cytochrome c
release from the mitochondria (Fig. 5D). These results
imply that DHMEQ induces ROS, which leads to mitochon-
drial dysfunction and subsequently the release of an apop-
togenetic factor.

We then examined the expression of the antioxidant pro-
tein Peroxiredoxin-3 (Prdx-3), a mitochondrial member of the
antioxidant family of thioredoxin peroxidases. Prdx-3 pro-
tects cells against ROS-induced damage and regulates cyto-
chrome c release (Nonn et al., 2003). As shown in Fig. 5C,
Prdx-3 increased in the DHMEQ-treated cytosolic fraction
and decreased in the mitochondrial fraction.

DHMEQ Induces DNA Damage through ROS Produc-
tion. ROS are well known to induce damage of a variety of
biomolecules, such as DNA, RNA, and protein. To evaluate
whether DHMEQ treatment could lead to DNA damage, we
examined the phosphorylation of H2AX (�-H2AX), which has
been recently considered an index of the production of dou-
ble-strand breaks. Therefore, HA22T/VGH and HuH-6 cells

were treated with DHMEQ with or without NAC for 2 h.
After 16 h of DHMEQ treatment, the presence of DNA dam-
age was analyzed by immunofluorescence. As shown in Fig. 6
DHMEQ induced accumulation of the phosphorylated form of
histone H2AX (�-H2AX) in nuclear foci in both cell lines, and
NAC prevented the DNA damage. These results indicate that
DHMEQ induces oxidative DNA damage through the produc-
tion of ROS.

The Antioxidant NAC Abrogates DHMEQ-Induced
Apoptosis, Cell Growth Inhibition, Phosphorylation of
ERK1/2, and ER Stress Response. To determine whether
DHMEQ induced apoptosis via ROS generation, we tested
the effects of NAC on caspase activation in both cell lines.
Cells were pretreated with 2 mM NAC for 2 h and subse-
quently in the presence of NAC treated with different con-
centrations of DHMEQ for an additional 6 h. We measured
caspase activation with ELISA assays. As shown in Fig. 7A,
treatment with DHMEQ induced activation of caspases-3/7,
-8, and -9 in both cell lines, and NAC markedly suppressed
their activation. Moreover, we analyzed by Western blotting
the cleavage of PARP and the level of the antiapoptotic pro-
tein survivin. Cells were pretreated with NAC for 2 h and
then, in its presence, treated with different concentrations of
DHMEQ for 24 h. DHMEQ promoted proteolytic cleavage of
PARP and decreased the level of survivin in a dose-depen-
dent fashion (Fig. 7B). Treatment with NAC abrogated the
cleavage of PARP and restored the expression of survivin in

Control
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DAPI γ-HA2X

DHMEQ

NAC

DHMEQ

+

NAC

DAPI γ -HA2X

HuH-6

Fig. 6. DHMEQ induces DNA damage through ROS production. Cells were pretreated or not with the antioxidant NAC (2 mM) for 2 h, and then
HA22T/VGH cells were treated with 30 �g/ml DMHEQ and HuH-6 cells with 20 �g/ml DHMEQ for 16 h. DNA damage was detected by accumulation
in the nuclear foci of the phosphorylated form of histone H2AX (�-H2AX). The data shown represent two independent experiments with comparable
outcomes.
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both cell lines. These results indicate that DHMEQ triggers
apoptosis through ROS production.

Next, we examined the effects of ROS generation on cell
growth by MTS assays in the presence of NAC. Treatment of
HA22T/VGH and HuH-6 cells with DHMEQ for 24 h reduced
cell growth in a dose-dependent manner; however, DHMEQ-
reduced cell growth was prevented by pretreatment with
NAC (Fig. 7C). These results indicate that DHMEQ inhibited
hepatoma cell growth through production of ROS.

To address the relationship between MEK/ERK pathway
and oxidative stress we analyzed the level of ERK1/2 phos-
phorylation induced by DHMEQ in the presence of NAC.
Pretreatment with NAC blocked ERK1/2 phosphorylation

induced by DHMEQ in both cell lines (Fig. 7D). These results
indicate that activation of the pro-survival signaling MEK/
ERK pathway was induced by ROS production.

Finally, to examine the relationship between ER stress
response and oxidative stress after DHMEQ treatment, the
induction of GRP78, CHOP, and TRB3 mRNAs and splicing
of XBP1 mRNA was examined in the presence of NAC. Treat-
ment with NAC abrogated induction of CHOP and TRB3
mRNAs in both cell lines, although GRP78 induction was
abrogated only in HA22T/VGH cells (Fig. 7E). XBP1 mRNA
splicing was inhibited by NAC treatment in both cell lines.
These results indicate that the ER stress response is an event
downstream of the oxidative stress induced by DHMEQ.
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caspase activities in the cells were measured by the Caspase-Glo 3/7, Caspase-Glo 8, and Caspase-Glo 9 assays. Data are expressed as -fold increase
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(micrograms per milliliter) for 24 h with or without pretreatment of the antioxidant NAC (2 mM) for 2 h. mRNA expression was analyzed by RT-PCR.
For XBP1 mRNA, the unspliced (U) and the spliced (S) forms are indicated by arrowheads. The numbers represent the ratio of the relevant mRNA
normalized with �-actin, with vehicle-treated control samples (	) arbitrarily set at 1.0. The data shown represent two independent experiments with
comparable outcomes.
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Discussion
It has become increasingly evident that certain anticancer

agents induce intracellular oxidative stress that is either the
primary mechanism of cell death or is a secondary indirect
effect that may lead to cell death. Cancer cells produce higher
levels of ROS than do normal cells (Szatrowski et al., 1991).
It is noteworthy that transformed cells are thought to use
ROS signals to stimulate both cell proliferation and tumor
progression. However, high levels of ROS, beyond a thresh-
old, render cancer cells more vulnerable to apoptosis. Thus,
agents that either promote ROS generation or decrease the
levels of antioxidants have the potential to kill cancer cells
with little effect on normal cells (Fang et al., 2007). Both the
intensity and the duration of the oxidative stress stimulus
determine the final response of the cells to the drug by
regulating the kinetics and the diversity of the signaling or
apoptotic pathways activated.

Oxidative stress may activate an ER stress response
through up-regulation of ER stress genes CHOP and TRB3,
and XBP1 mRNA splicing, which can lead to apoptosis (Yok-
ouchi et al., 2008). In addition, oxidative stress can down-
regulate the level of the antiapoptotic protein survivin
(Zhang et al., 2008) and may disrupt mitochondrial mem-
brane potential, leading to the release of cytochrome c. Fi-
nally, oxidative stress may also result in DNA, RNA, or
protein damage (Pan et al., 2005).

Our studies demonstrate for the first time that the NF-�B
inhibitor DHMEQ causes apoptosis in liver cancer cells
through the induction of oxidative stress. We observed that
DHMEQ induced, in a dose-dependent fashion, phosphoryla-
tion of ERK1/2 as a prosurvival response of cells to the
oxidative stress induced by DHMEQ. The combination of the
specific MEK inhibitor U0126 with DHMEQ significantly
reduced cell growth. In the presence of NAC, ERK1/2 was not
activated, indicating that this survival signal is a response
to ROS generation. However, this is a futile attempt of the
cells because the proapoptotic signaling pathways become
predominant.

ER stress response is a major mechanism mediating apo-
ptotic cell death. Our results elucidated the induction by
DHMEQ of ER stress response and that this response is an
event downstream of the oxidative stress in hepatoma cells.
These results are in accordance with results from other au-
thors, who reported that the ER stress response could be
induced through ROS species generation (Tagawa et al.,
2008). ER stress response starts with GRP78 mRNA induc-
tion, which is a survival signal (Li and Lee, 2006). We found
GRP78 induction is triggered by DHMEQ only in HA22T/
VGH cells. The absence of its induction in HuH-6 cells could
explain the differential sensibility to DHMEQ between the
two cell lines. The failure of the unfolded protein response to
maintain cellular homeostasis promotes ER stress-apoptotic
signaling. One candidate for the apoptotic pathway is CHOP,
a gene induced by oxidative stress (Zinszner et al., 1998).
CHOP has been reported to be a positive transactivator of
other inducible ER stress genes, such as TRB3 (Ohoka et al.,
2005). Accordingly, our results demonstrated that DHMEQ
promotes CHOP and TRB3 mRNA induction and splicing of
XBP1 mRNA in a ROS-dependent manner in hepatoma cells,
and knockdown of TRB3 in HA22T/VGH cells significantly
reverted DHMEQ-induced cell growth inhibition.

Ir remains unclear how ROS generate ER stress response.
Previous reports demonstrated that ROS cause inhibition of a
Ca2�-ATPase and induced depletion of calcium stores in the
ER, thereby resulting in ER stress (Moreau et al., 1998). How-
ever, our results demonstrated that neither BAPTA-AM nor
EGTA reverted DHMEQ-induced cell growth inhibition. Fur-
thermore, dantrolene, which inhibits Ca2� release from the
sarcoplasmic reticulum, also did not revert DHMEQ-induced
cell growth inhibition. These results indicate that DHMEQ
induced ER stress in a Ca2�-independent mechanism.

Recent reports point to mitochondria as a critical apoptotic
checkpoint at which converge ROS generation and ER stress
response (Ni et al., 2008; Pinton et al., 2008). Our results
point to mitochondrial generation of ROS induced by DH-
MEQ. Moreover, we demonstrated that DHMEQ induced the
activation of caspase 8 in a ROS-dependent fashion. It has
been reported that the caspase-8 pathway induced the ER
stress response and that this was associated with release of
cytochrome c from mitochondria in human hepatoma cells
(Iizaka et al., 2007). Our results demonstrated that DHMEQ
promoted the release of cytochrome c and of Prdx-3 in the
cytosol, which depends on ROS production. Release of cyto-
chrome c into cytosol causes activation of caspase cascades.
Consequently, in this study, we observed the activation of
caspases-3/7 and -9, and the cleavage of PARP, a well known
caspase-3 target, which were triggered by DHMEQ in a ROS-
dependent manner. Therefore, our data link ROS generation
with mitochondrial apoptotic pathway and caspase activa-
tion as reported by others (Meeran et al., 2008; Ni et al.,
2008). Moreover, the levels of survivin, an antiapoptotic pro-
tein member of the inhibitor of apoptosis (IAP) family, were
reduced by DHMEQ treatment, and this was dependent on
ROS production, as reported in other cancer cells (Zhang et
al., 2008).

Finally, ROS have multiple effects on intracellular targets.
In fact, they can damage DNA, RNA, and protein. We ob-
served that DHMEQ treatment in hepatoma cells resulted in
ROS-mediated DNA damage as increase levels of �-H2AX
were detected.

In summary, our results indicate that the main signal re-
sponsible for DHMEQ antitumor effects in human hepatoma
cells is ROS production. Our findings on DHMEQ as an inducer
of ROS highlight the potential of oxidative stress inducers as
novel therapeutic drugs for liver cancer treatment.
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