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BACKGROUND AND PURPOSE
2,5-diaziridinyl-3-(hydroxymethyl)-6-methyl-1,4-benzoquinone (RH1) is a bioreductive agent that is activated by the
two-electron reductase NAD(P)H quinone oxidoreductase 1 (NQO1). Although the cytotoxic efficacy of RH1 against tumours
has been studied extensively, the molecular mechanisms underlying this anti-cancer activity have not yet been fully
elucidated.

EXPERIMENTAL APPROACH
2,5-diaziridinyl-3-(hydroxymethyl)-6-methyl-1,4-benzoquinone-induced apoptosis and related signalling pathways in
NQO1-negative and NQO1-overexpressing cells were evaluated. The role of p53 in RH1-induced cell death was investigated
using parental and p53-deficient RKO human colorectal cancer cells by assaying clonogenic cell survival. Specific inhibitors
and siRNAs targeting factors involved in RH1-induced apoptosis were used to clarify the roles played by such factors in
RH1-activated apoptotic signalling pathways.

KEY RESULTS
2,5-diaziridinyl-3-(hydroxymethyl)-6-methyl-1,4-benzoquinone induced apoptosis and clonogenic death, dependent on
NQO1 and p53. Treatment of NQO1-overexpressing cells with RH1 caused rapid disruption of mitochondrial membrane
potential, nuclear translocation of apoptosis-inducing factor (AIF) and endonuclease G (Endo G) from mitochondria,
and subsequent caspase-independent apoptotic cell death. siRNA targeting AIF and Endo G effectively attenuated
RH1-induced apoptotic cell death. Moreover, RH1 induced cleavage of Bax, which targets mitochondria. RH1
significantly activated the c-Jun N-terminal kinase (JNK) pathway, and inhibition of this pathway suppressed
RH1-induced mitochondria-mediated apoptosis. RH1-induced generation and mitochondrial translocation of
cleaved Bax were blocked by the JNK inhibitor, SP600125. Inhibition of JNK with SP600125 attenuated the
mitochondrial translocation of JNK.

CONCLUSIONS AND IMPLICATIONS
2,5-diaziridinyl-3-(hydroxymethyl)-6-methyl-1,4-benzoquinone activated JNK, resulting in mitochondria-mediated apoptotic
cell death that was NQO1-dependent.

Abbreviations
AIF, apoptosis-inducing factor; DiOC6(3), 3,3′-dihexyloxacarbocyanine iodide; Endo G, endonuclease G; ERK,
extracellular signal-regulated kinase; JNK, c-Jun N-terminal kinase; MAPK, mitogen-activated protein kinase; PI,
propidium iodide; RH1, 2,5-diaziridinyl-3-(hydroxymethyl)-6-methyl-1,4-benzoquinone

BJP British Journal of
Pharmacology

DOI:10.1111/j.1476-5381.2011.01233.x
www.brjpharmacol.org

British Journal of Pharmacology (2011) 163 567–585 567© 2011 The Authors
British Journal of Pharmacology © 2011 The British Pharmacological Society



Introduction
The pharmacological properties of aziridinyl benzoquinones
have been studied for several decades (Danson et al.,
2004). Among these compounds, 2,5-diaziridinyl-3-
(hydroxymethyl)-6-methyl-1,4-benzoquinone (RH1) is an
especially potent bioreductive agent that has been shown to
exert a profound anti-cancer activity in vivo and in vitro
(Danson et al., 2007; Hussein et al., 2009). The anti-cancer
activity of RH1 has been attributed to two-electron reduction
by NAD(P)H quinone oxidoreductase 1 (NQO1, DT-
diaphorase), an enzyme abundantly expressed in a variety of
human solid tumours, including those of the breast, pancreas,
lung and colon (Cummings et al., 2003; Kim et al., 2004a).
NQO1-mediated reduction of RH1 results in activation of the
aziridine rings, in turn inducing DNA alkylation and cross-
linking (Cummings et al., 2003; Kim et al., 2004a; Kim et al.,
2004b; Ward et al., 2005; Hussein et al., 2009). Several lines of
evidence indicate that NQO1 positively regulates p53 stability
by inhibiting p53 degradation (Asher et al., 2001; Nioi and
Hayes, 2004). These findings further indicate that NQO1 plays
a role in protecting against tumour development. p53 has been
reported to enhance the therapeutic efficacy of various anti-
cancer drugs (Nicholson, 2000). p53 not only modulates the
transcriptional expression of various genes involved in cell
cycle arrest and apoptosis (by functioning as a transcription
factor), but is also involved in transcription-independent apo-
ptosis (Haupt et al., 2003; Mihara et al., 2003). Thus, the devel-
opment of anti-cancer drugs that can activate p53 in a manner
that does not focus on p53 transcriptional activity is impor-
tant in the establishment of feasible therapeutic strategies.

It has been suggested that the mitochondrial cell death
pathway is regulated by the ratio of pro- to anti-apoptotic
proteins, including members of the Bcl-2 family. Among
these family members, Bax or Bak plays a critical role in loss
of mitochondrial transmembrane potential (Huang and
Strasser, 2000). Upon delivery of an apoptotic stimulus, cyto-
solic Bax translocates to the outer mitochondrial membrane,
where the protein oligomerizes to form homodimers and
creates pores facilitating release of cytochrome c, apoptosis-
inducing factor (AIF) and endonuclease G (Endo G), from the
intermembrane space of the mitochondrion to the cytosol.
Cytosolic cytochrome c binds to apoptotic protease-
activating factor 1, in a ternary complex with caspase-9,
resulting in caspase-9 activation and caspase-9 in turn acti-
vates caspase-3 (Park et al., 2005). Cleavage of the inhibitor of
caspase-activated DNase by caspase-3 results in activation of
caspase-activated DNase, which fragments DNA into the
characteristic oligonucleosomal-length fragments (Li et al.,
1997; Sakahira et al., 1998; Daugas et al., 2000; Joza et al.,
2001; Park et al., 2005). On the other hand, AIF and Endo G
released from mitochondria are translocated to the nucleus,
where these molecules trigger large-scale DNA fragmentation
and condense chromatin, resulting in apoptotic cell death
caused by a caspase-independent pathway (Daugas et al.,
2000).

A number of chemotherapeutic agents have been known
to cause proteolytic truncation of Bax, and trigger the mito-
chondrial cell death pathway (Yanase et al., 2000; Yeo et al.,
2002; Cao et al., 2003). Bax is truncated at aspartate 33 by
calpain, resulting in the formation of an 18 kDa cleavage

product that is more potent than native Bax in terms of
stimulating mitochondria-mediated apoptotic cell death
(Toyota et al., 2003; Ariyama et al., 2006).

Mitogen-activated protein kinases (MAPKs), a family of
serine/threonine kinases, are involved in intracellular signal-
ling in response to a variety of stimuli. On the basis of
structural differences, MAPKs can be divided into three major
families: extracellular signal-regulated kinases (ERKs), c-Jun
N-terminal kinases (JNKs) and p38 MAPKs. The ERK pathway
activated by mitogenic stimuli is critical for regulation of cell
growth, survival and differentiation (Xia et al., 1995; Klekotka
et al., 2001; Park et al., 2003; Wada and Penninger, 2004). ERK
is commonly thought to mediate survival when apoptotic
stimuli are applied (Xia et al., 1995; Klekotka et al., 2001; Park
et al., 2003; Wada and Penninger, 2004). However, several
studies have shown that ERK may play an important role in
apoptotic cell death (Wang et al., 2000; Bacus et al., 2001;
Xiao and Singh, 2002; Choi et al., 2003). In contrast to ERKs,
JNK and p38 MAPK respond strongly to a variety of stress
signals, including those mediated by cytokines, hyperosmotic
stress, ionizing radiation, ultraviolet irradiation and chemo-
therapeutic agents, and cause apoptosis (Xia et al., 1995; Kle-
kotka et al., 2001; Park et al., 2003; Wada and Penninger,
2004).

Recent studies have shown that JNK can directly or indi-
rectly modulate expression of certain members of the Bcl-2
family and can positively influence apoptotic cell death (Fan
et al., 2000; Schroeter et al., 2003). Specifically, JNK has been
shown to cause apoptosis via induction of mitochondrial
translocation of Bax, or Bcl-2 phosphorylation (Fan et al.,
2000; Schroeter et al., 2003; Kang and Lee, 2008). Addition-
ally, JNK has been reported to move to mitochondria and to
phosphorylate Bcl-xL in mitochondrial membranes (Fan
et al., 2000; Kharbanda et al., 2000). Moreover, translocation
of JNK to mitochondria can induce release of apoptogenic
molecules from these organelles, thereby causing apoptotic
cell death (Aoki et al., 2002; Chauhan et al., 2003).

In the present study, we investigated the signalling path-
ways leading to apoptotic cell death in response to RH1. We
have shown that JNK activation contributed significantly to
mitochondria-mediated apoptosis caused by RH1. Further,
we present evidence that JNK activity was required for gen-
eration and mitochondrial translocation of cleaved Bax, and
that JNK itself translocated to mitochondria in response to
treatment with RH1. Detailed insights into molecular sig-
nalling pathways involved in RH1-induced apoptotic cell
death may prove useful in the development of chemothera-
peutic approaches and strategies for NQO1-directed tumour
targeting.

Methods

Cell culture
Parental NQO1–-MDA-MB-231 human breast cancer cells,
which are NQO1-deficient, and NQO1+-MDA-MB-231 human
breast cancer cells, which are stably transfected with NQO1,
were obtained from Dr David Boothman, University of Texas
Southwestern Medical Center, Dallas, TX. Cells were cultured
in RPMI 1640 medium (Gibco BRL, Grand Island, NY, USA)
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supplemented with 10% (v/v) bovine calf serum (Gibco BRL),
penicillin (50 units·mL-1) and streptomycin (50 mg·mL-1), in a
37°C incubator under a mixture of 95% air and 5% CO2 (both
v/v). RKO human colorectal cancer cells carrying wild-type
p53 and a subline of RC10.1 cells deficient in p53 were main-
tained in DMEM medium supplemented with 10% (v/v)
bovine calf serum, penicillin (50 units·mL-1) and streptomy-
cin (50 mg·mL-1), in a 37°C incubator under a mixture of 95%
air and 5% CO2 (both v/v).

Measurement of NQO1 activity
NAD(P)H quinone oxidoreductase 1 activity was measured by
assessing of the dicoumarol-inhibited proportion of 2,6-
dichlorophenolindophenol (DCPIP) reduction in S9 superna-
tants isolated from NQO1-- and NQO1+-MDA-MB-231 cells
(Benson et al., 1980). Cells were trypsinized and resuspended
in cold TE buffer (20 mM Tris-HCl, pH 7.4 and 2 mM EDTA),
washed twice with ice-cold phosphate-buffered saline (PBS),
and then resuspended in PBS containing 10 mg·mL-1 aprotinin.
Cell suspensions were sonicated four times using 10 s pulses
on ice, and S9 supernatants were harvested by centrifugation
at 14 000¥ g for 20 min. Each 1 mL reaction mixture con-
tained 25 mM Tris-HCl (pH 7.4), 180 mM NADPH, bovine
serum albumin (BSA; 0.2 mg·mL-1), Tween-20 (0.01%, v/v), 0
or 20 mM dicoumarol and an appropriate volume of cell
lysate. Reaction was initiated by addition of 40 mM DCPIP.
Reduction of DCPIP was measured at room temperature at
600 nm (=21 ¥ 103 M-1·cm-1) with or without 20 mM dicou-
marol. Activities are presented as levels of reduced DCPIP
(nM)·min-1·mg-1 protein.

Establishment of cell lines containing
inducible NQO1 short hairpin RNA (shRNA)
A double-stranded oligonucleotide, of which one strand was
5′-TCG AGG CAG TAC ACA GAT ACC TTG ATT CAA GAG
ATC AAG GTA TCT GTG TAC TGT TTT TTA CGC GTA-3′, was
cloned into the pSingle-tTS-shRNA vector (Clontech Labora-
tories, Inc., Mountain View, CA, USA). RKO and RC10.1 cells
were transfected with the plasmid or control empty vector,
using Lipofectamine 2000 (Invitrogen) in accordance with
the manufacturer’s recommendations. Inducible NQO1
shRNA-containing stable clones were selected using
1 mg·mL-1 G418 for 7 days. Stable clones were isolated and
treated with 1 mg·mL-1 doxycycline (Sigma), a tetracycline
analogue, for 72 h, and endogenous NQO1 knock-down
was determined by Western blot analysis using anti-NQO1
antibody.

Small interfering RNA (siRNA) transfection
RNA interference mediated by siRNAs was achieved using
double-stranded RNA molecules. AIF (5′-GCA AGU UAC UUA
UCA AGC UTT-3′) and JNK2 (5′-CUG UAA CUG UUG AGA
UGU ATT-3′) siRNAs were purchased from Bioneer Corpora-
tion (Daejeon, Korea). Endo G (5′-GGA ACA ACC UGG AGA
AAU ATT-3′) and JNK1 (5′-GAC CUA AAU AUG CUG GAU
ATT-3′) siRNAs were the products of Samchully Pharm (Seoul,
Korea). An unrelated control siRNA (5′-CCA CTA CCT GAG
CAC CCA G-3′) that targeted green fluorescent protein DNA
sequence was used as a control. For transfection, cells were
seeded on 60 mm dishes and transfected at 30% confluence

with the siRNA duplexes (100 nM), using Lipofectamine 2000
(Invitrogen) in accordance with the manufacturer’s instruc-
tions. Assays were performed 24 h after transfection.

Quantification of clonogenic death
Various numbers of cells were plated on 60 mm dishes and
treated with RH1 on the following day. Cells were then
washed twice with PBS, and incubated in a 5% CO2 incubator
at 37°C for 7–10 days. The colonies were fixed with methanol,
stained with crystal violet (0.1% in methanol) and the
number of colonies containing more than 50 cells was
counted. The surviving cell fractions of treated groups were
normalized against the plating efficiency of the untreated
control cells.

Quantification of apoptosis
Propidium iodide (PI) staining. Cells were plated on 60 mm
dishes at a cell density of 1 ¥ 105 cells and treated with RH1
on the following day. At different time points, cells were
trypsinized, washed in PBS and incubated with PI
(45 mg·mL-1) for 5 min at room temperature, after which apo-
ptosis was analysed using a flow cytometer (Becton Dickin-
son, Mountain View, CA, USA).

Annexin V/PI staining. Annexin V/PI staining was performed
according to the instructions of the manufacturer (Calbio-
chem, San Diego, CA, USA). Briefly, 5 ¥ 105 cells were washed
with ice-cold PBS without Ca2+ and Mg2+ (Life Technologies,
Carlsbad, CA, USA). Cells were then resuspended in 100 mL of
binding buffer and incubated with 5 mL of PI and 2 mL of
annexin V-fluorescein isothiocyanate (FITC) for 15 min in
the dark at room temperature. Flow cytometric analysis was
immediately performed.

Measurement of mitochondrial
membrane potential
Cells (5 ¥ 105 cells·mL-1) were exposed to 10 mM RH1 for
various lengths of time, and then incubated for 30 min in
30 nM of 3,3′-dihexyloxacarbocyanine iodide [DiOC6(3),
Molecular Probes, Eugene, OR, USA] at 37°C, harvested via
trypsinization and washed three times with cold PBS. Mito-
chondrial membrane potential was determined by flow
cytometry.

Western blotting
Cells were treated with lysis buffer [40 mM Tris-HCl (pH 8.0),
120 mM NaCl and 0.1% (v/v) NP40] supplemented with pro-
tease inhibitors, and centrifuged for 15 min at 12 000¥ g.
Proteins were separated by SDS-PAGE and transferred to
nitrocellulose membranes (Bio-Rad, Hercules, CA, USA). The
membranes were blocked with 5% (w/v) non-fat dry milk in
Tris-buffered saline and subsequently incubated for 1 h with
primary antibodies, at room temperature. Specific reaction
bands were detected using peroxidase-conjugated secondary
antibodies, and proteins were visualized using the enhanced
chemiluminescence system (Amersham Biosciences,
Piscataway, NJ, USA) according to the manufacturer’s
recommendations.

RNA preparation and RT-PCR
Total RNA was extracted from NQO1+-MDA-MB-231 human
breast cancer cells using the TRIzol reagent (Invitrogen), and
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1 mg of isolated total RNA was reverse transcribed into cDNA.
The primers used for PCR were: Bax forward primer (5′-GCT
CTG AGC AGA TCA TGA AG-3′) and reverse primer (5′-CTT
GAG CAC CAG TTT GCT GG-3′); AIF forward primer (5′-GAC
CGT GTG CGT CCG AAG-3′) and reverse primer (5′-CTC CTG
TTG CAA TCA AGC AC-3′); Endo G forward primer (5′-TTC
TAC CTG AGC AAC GTC GC-3′) and reverse primer (5′-GTG
CGT TGG GCA TCA CGT AG-3′); 18S rRNA (X03205) forward
primer (5′-CGG CTA CCA CAT CCA AGG AA-3′) and reverse
primer (5′-GCT GGA ATT ACC GCG GCT-3′). Amplified prod-
ucts were separated on 1% (w/v) ethidium bromide-stained
agarose gels and expression levels were measured by lumines-
cent image analysis.

Confocal microscopy
2,5-diaziridinyl-3-(hydroxymethyl)-6-methyl-1,4-
benzoquinone-treated cells were washed twice in ice-cold PBS
prior to fixation in ice-cold methanol. After blocking with 2%
(w/v) BSA in PBS containing 0.2% (v/v) Triton X-100, cells
were incubated for 1 h with primary antibodies against AIF
and Endo G. Cells were then washed three times in blocking
solution and incubated for an additional hour with second-
ary antibody conjugated to FITC (Molecular Probes). Nuclei
were then stained with PI (Sigma) for 10 min. After three
further washes with PBS, coverslips were mounted onto
microscope slides using the ProLong Antifade mounting
reagent (Molecular Probes). Slides were viewed using a con-
focal laser-scanning microscope (Nikon TE-2000E, Tokyo,
Japan)

Preparation of mitochondrial and
nuclear fractions
Cells were collected and washed twice in ice-cold PBS, resus-
pended in isotonic homogenization buffer [250 mM sucrose,
10 mM KCl, 1.5 mM MgCl2, 1 mM Na-EDTA, 1 mM dithio-
threitol, 0.1 mM phenylmethylsulphonylfluoride, 10 mM
Tris-HCl (pH 7.4)], incubated on ice for 20 min and homog-
enized using a Dounce glass homogenizer fitted with a loose
pestle (Wheaton, Millville, NJ, USA) (70 strokes). Cell homo-
genates were centrifuged at 30¥ g to remove any unbroken
cells. Supernatants were then re-centrifuged for 10 min at
750¥ g to separate nuclear and mitochondrial fractions. Each
nuclear fraction (pellet) was washed three times in homog-
enization buffer, and resuspended in lysis buffer [50 mM Tris-
HCl (pH 7.5), 150 mM NaCl, 1% (v/v) NP40, 0.5% (w/v)
sodium deoxycholate] containing protease inhibitors, prior
to Western blot analysis. After pelleting of the nuclear frac-
tion, the supernatant was further subjected to 30 min of
centrifugation at 14 000¥ g to pellet a mitochondria-rich frac-
tion. Pellets were washed once in homogenization buffer, and
then resuspended in lysis buffer [150 mM NaCl, 50 mM Tris-
HCl (pH 7.5), 1% (v/v) NP40, 0.25% (w/v) sodium deoxycho-
late and 1 mM EGTA], with protease inhibitors, prior to
Western blot analysis.

Statistical analysis
All Western blots and data presented are representative of at
least three separate experiments. The optical density of all
Western blots and RT-PCR data was quantified using Image J
(NIH, Bethesda, MD, USA), and normalized to b-actin, Nucle-

oporin p62 (nuclear marker), mitochondrial HSP70 (mito-
chondrial marker), JNK, p38 MAPK, and ERK1/2 (Western
blots) and 18S rRNA (RT-PCR data). Comparisons among
groups were analysed using Student’s t-test (SPSS Statistics
version 17.0, Chicago, IL, USA). P-values < 0.05 were consid-
ered to be significant.

Materials
2,5-diaziridinyl-3-(hydroxymethyl)-6-methyl-1,4-
benzoquinone was synthesized as previously described
(Winski et al., 1998) and was dissolved in DMSO. Antibodies
against Bax, AIF, Endo G, Bcl-2, p38 MAPK, JNK1, JNK2,
JNK1/2, ERK1/2; caspases-8, -9 and -3; and Bid were pur-
chased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA,
USA). An antibody against mitochondrial heat shock protein
70 (HSP70) was the product of Affinity Bioreagents (Golden,
CO, USA). Anti-b-actin, -rabbit IgG and -mouse IgG and
chloramphenicol were purchased from Sigma (St. Louis, MO,
USA). Antibodies against cytochrome c, Bcl-2, JNK1 and Bax
were provided by BD Bioscience PharMingen (San Jose, CA,
USA). Antibodies against phospho-p38 (Thr180/Tyr182),
phospho-JNK1/2 (Thr183/Tyr185), phospho-ERK1/2(Thr202/
Tyr204) and polyADP ribose polymerase (PARP) were
obtained from Cell Signaling Technology (Beverly, MA, USA).
Inhibitors specific for JNK (SP600125), MEK (PD98059), p38
MAPK (SB203580), cathepsin B (inhibitor II) and z-VAD-fmk
(inhibitor of caspases) were purchased from Calbiochem (San
Diego, CA, USA).

Results

NQO1-dependent apoptotic cell death
in response to RH1
To investigate the kinetics of cell death induced by RH1, we
treated parental NQO1--MDA-MB-231 cells deficient in
NQO1, or NQO1+-MDA-MB-231 cells possessing abundant
expression and activity of NQO1 (Figure 1A), with different
doses of RH1 for various lengths of time, and analysed apo-
ptotic cell death by PI staining. Figure 1B shows that a dose-
and time-dependent increase in the proportion of cell death
after RH1 treatment was observed, suggesting that NQO1+-
MDA-MB-231 cells were more sensitive to RH1 than were
the parental NQO1--MDA-MB-231 cells. To further assess
whether the cytotoxic effect of RH1 was associated with
induction of apoptosis, NQO1+-MDA-MB-231 cells were
stained with Annexin V/PI after treatment with 10 mM RH1.
Figure 1C shows that cells entered the initial stages of apop-
tosis soon after RH1 treatment, but the proportion of cells in
early stage apoptosis began to decline from 12 h after RH1
treatment while the proportion of cells in late stage apoptosis
progressively increased. Subsequently, necrosis was detected
in a small cell population.

Previous reports indicated that NQO1 stabilizes p53
protein by interfering with 20S proteasome-mediated p53
degradation (Asher et al., 2001; Nioi and Hayes, 2004). There-
fore, we determined whether p53 was required for RH1-
induced apoptosis. Because MDA-MB-231 cells carry a mutant
form of p53 (Olivier et al., 2002), we investigated the role of
p53 in RH1-induced apoptotic cell death using human colon
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cancer RKO cells expressing wild-type p53, and RC10.1 cells
deficient in p53 (p53-deficient RKO cells) (Figure 1D, left
panel). Both cell lines expressed NQO1 protein although the
expression levels in RC10.1 cells were slightly lower than that
in RKO cells (Figure 1D, left panel). As shown in Figure 1D, at
nanomolar concentrations, RH1 effectively induced apop-
totic cell death in parental RKO cells in a dose- and time-
dependent manner, but this was not observed in RC10.1 cells.
We subsequently confirmed a role for p53 in RH1-induced
cell death using a clonogenic cell survival assay. As shown in
Figure 1E, RC10.1 cells were resistant to RH1 treatment, com-
pared with parental RKO cells, suggesting that p53 was posi-
tively involved in RH1-induced clonogenic cell death. We
next investigated whether NQO1 was also involved in this
process, using both RKO and RC10.1 cells expressing NQO1

shRNA. Figure 1F and G show that NQO1 shRNA effectively
attenuated RH1-induced clonogenic cell death in both RKO
and RC10.1 cells. These results indicate that both p53 and
NQO1 play key roles in RH1-induced apoptotic cell death as
well as clonogenic cell death.

RH1 induces apoptotic cell death in a
caspase-independent manner
As activation of caspases is an important mechanism whereby
apoptotic cell death is induced (Park et al., 2003), we explored
whether RH1 treatment activated caspases. Treatment of
NQO1+-MDA-MB-231 cells with RH1 activated caspases-8, -9
and -3, and induced PARP cleavage, in a time-dependent
manner (Figure 2A). Any requirement for caspase activity
during RH1-induced apoptotic cell death was further investi-
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Figure 1
2,5-diaziridinyl-3-(hydroxymethyl)-6-methyl-1,4-benzoquinone (RH1) induces NAD(P)H quinone oxidoreductase 1 (NQO1)-dependent apoptotic
cell death of MDA-MB-231 cells. (A) NQO1 activity levels in NQO1-- or NQO1+-MDA-MB-231 cells. NQO1 activity was measured as described
in Methods. The data from three independent experiments are expressed as means � SEM. *Significant difference between NQO1-- and
NQO1+-MDA-MB-231 cells at P < 0.05. (B) NQO1-- or NQO1+-MDA-MB-231 cells were treated with various concentrations of RH1 for the
indicated times. Cells were stained with propidium iodide (PI) and apoptotic cell numbers were measured by flow cytometry. Results from three
independent experiments are expressed as means � SEM. *Significant difference between control and RH1-treated cells at P < 0.05.
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Figure 1
Continued.
(C) NQO1+-MDA-MB-231 cells were treated with 10 mM RH1 for the indicated times. Cells were stained with Annexin V/PI and apoptotic changes
were measured by flow cytometry. Representative flow cytometric dot plots are shown: lower left quadrant, viable cells; lower right, early
apoptotic cells; upper right, late apoptotic cells; upper left, necrotic cells. Apoptotic changes were quantitated as described below. Results from
three independent experiments are expressed as means � SEM. *Significant difference between RH1-untreated and -treated cells at P < 0.05. (D)
RKO or RC10.1 cells were treated with various concentrations of RH1 for the indicated times. Cells were stained with PI, and apoptotic cell numbers
measured using flow cytometry. Results from three independent experiments are expressed as means � SEM. *Significant difference between
RH1-untreated and -treated cells at P < 0.05.
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gated using a broad-spectrum caspase inhibitor, z-VAD-fmk.
As shown in Figure 2B, pretreatment with z-VAD-fmk effec-
tively blocked activation of caspases but did not attenuate
RH1-induced apoptosis. We further confirmed the lack of

effect of z-VAD-fmk on RH1-induced apoptosis by performing
Annexin V/PI staining. Figure 2C shows that pretreatment
with z-VAD-fmk did not inhibit apoptotic death caused
by RH1. These findings indicate that RH1 induces

Figure 1
Continued.
(E–G) Clonogenic survival of RKO cells and RC10.1 cells were compared. RC10.1 cells were resistant to RH1 treatment compared with parental
RKO cells (E). F and G show that NQO1 shRNA effectively attenuated RH1-induced clonogenic cell death in both RKO and RC10.1 cells. Data for
E–G are mean of three independent experiments � SEM. *Significant difference between RH1-untreated and -treated cells; P < 0.05. #Significant
difference between shRNA transfected cells in response to RH1 treatment; P < 0.05.
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Figure 2
2,5-diaziridinyl-3-(hydroxymethyl)-6-methyl-1,4-benzoquinone (RH1) induces caspase-independent apoptotic cell death. (A) NAD(P)H quinone
oxidoreductase 1 (NQO1)+-MDA-MB-231 cells were treated with 10 mM RH1 for the indicated times. Whole cell lysates were prepared and
evaluated by Western blotting for expression of active caspases-8, -9 and -3; polyADP ribose polymerase (PARP); and b-actin. The relative density
value of each band is shown below the Western blot. The data are representative of a typical experiment that was conducted three times (mean
values, P < 0.05). (B) NQO1+-MDA-MB-231 cells were treated with 10 mM RH1 for 36 h in the presence or absence of 30 mM z-VAD-fmk. Whole
cell extracts were directly examined by Western blotting using anti-active caspase-8, -active caspase-9, -active caspase-3, -PARP and -b-actin
antibodies (left panel). The relative density value of each band is shown below the Western blot. The data are from a typical experiment that was
conducted three times with similar results (mean values, P < 0.05). Cells were stained with propidium iodide (PI) and apoptotic cell numbers were
measured by flow cytometry. Results of three independent experiments are expressed as means � SEM. *Significant difference between control
and RH1-treated cells at P < 0.05. **Significant difference between RH1-treated cells and z-VAD-fmk + RH1-treated cells at P < 0.05. (C)
NQO1+-MDA-MB-231 cells were treated with 10 mM RH1 for 12 h in the presence or absence of 30 mM z-VAD-fmk. Cells were stained with
Annexin V/PI and apoptotic changes were assessed by flow cytometry. Representative flow cytometric dot plots are shown: lower left quadrant,
viable cells; lower right, early apoptotic cells; upper right, late apoptotic cells; upper left, necrotic cells. Apoptotic changes were quantitated as
described below. Results from three independent experiments are expressed as means � SEM. *Significant difference between control and
RH1-treated cells; P < 0.05. **Significant difference between RH1-treated cells and z-VAD-fmk + RH1-treated cells; P < 0.05.
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NQO1-dependent but caspase-independent apoptotic cell
death in MDA-MB-231 cells.

RH1 induces apoptotic cell death via
translocation of AIF and Endo G
to the nucleus
Because AIF and Endo G are involved in a caspase-
independent pathway of cell death (Daugas et al., 2000), we
determined whether AIF and Endo G played roles in RH1-
induced apoptotic cell death in NQO1+-MDA-MB-231 cells.
When mitochondria receive apoptotic stimuli, AIF and
Endo G are released from these organelles and are translo-
cated to nuclei, where they induce DNA fragmentation
(Daugas et al., 2000). As shown in Figure 3A and B, RH1
treatment induced translocation of AIF and Endo G to the
nucleus, in a time-dependent manner, without causing any
change in relevant gene expression. Confocal microscopy
also clearly showed that RH1 treatment caused translocation
of AIF and Endo G to nucleus, and induced nuclear con-
densation (Figure 3C). As shown in Figure 3D, siRNA target-
ing AIF or Endo G effectively attenuated RH1-induced
apoptotic cell death. These results clearly indicate that
translocation of AIF and Endo G from mitochondria to
nuclei is essential for the caspase-independent cell death in
NQO1+-MDA-MB-231 cells after RH1 treatment.

RH1 induces generation and translocation of
cleaved Bax to mitochondria
To determine the role played by the mitochondrial pathway
in induction of apoptosis after RH1 treatment, we investi-
gated in detail the changes in mitochondrial membrane
potential, and the expression levels of Bcl-2 family proteins,
in NQO1+-MDA-MB-231 cells after RH1 treatment. Figure 4A
shows that RH1 treatment significantly disrupted mitochon-
drial membrane potential, in a time-dependent manner.
Simultaneously, Bax level was markedly reduced, without any
changes in the expression levels of Bcl-2 and Bid. The expres-
sion level of Bax gene was also not affected by RH1 treatment
(Figure 4B and C). Bax is cleaved to an 18 kDa fragment from
the 21 kDa native form in response to various stimuli (Toyota
et al., 2003; Ariyama et al., 2006). As translocation of cleaved
Bax from the cytosol to mitochondria induced a decline in
mitochondrial membrane potential and subsequent release of
proapoptotic proteins from mitochondria (Toyota et al.,
2003; Ariyama et al., 2006), we determined whether RH1
treatment induced mitochondrial translocation of cleaved
Bax. Interestingly, as shown in Figure 4D, RH1 treatment
efficiently raised cleaved Bax levels within mitochondrial
fractions for 24 h, coinciding with the observed changes in
mitochondrial membrane potential. However, there were no
indications of the 18-kDa cleaved form of Bax in whole cell
lysates after RH1 treatment. As a cathepsin-like protease is
known to be involved in the rapid degradation of the p18
kDa cleaved form of Bax in the cytosol (Cao et al., 2003), we
pretreated cells with protease inhibitor MG132 before RH1
treatment and determined Bax in whole cell lysates. As
shown in Figure 4E, when cells were treated with RH1 in the
presence of MG132, cleaved Bax was detected in whole cell
lysates, suggesting that cleaved Bax is readily degraded in the
cytosol after RH1 treatment. Taken together, these results

indicate that RH1-induced cell death involves an alteration in
mitochondrial membrane potential mediated by intracellular
redistribution of cleaved Bax.

JNK activity is necessary for RH1-induced
apoptotic cell death
As MAPKs have been implicated in the regulation of apop-
tosis in response to a variety of stimuli (Xia et al., 1995;
Klekotka et al., 2001; Park et al., 2003; Wada and Penninger,
2004), we assessed the involvement of MAPKs in RH1-
induced apoptotic cell death. We first measured the activi-
ties and protein levels of MAPKs following RH1 treatment
in NQO1+-MDA-MB-231 cells. As shown in Figure 5A, RH1
treatment markedly increased the levels of the phosphory-
lated forms of JNK, p38 MAPK and ERK. Furthermore, JNK
activation after RH1 treatment occurred earlier than did p38
MAPK or ERK activation, and no changes in the total cel-
lular levels of JNK, p38 MAPK or ERK were evident. To iden-
tify the specific MAPK involved in RH1-induced apoptosis,
we pretreated cells with SP600125, SB203580 and PD98059,
inhibitors of JNK, p38 MAPK and MEK, respectively, prior
to RH1 treatment. Interestingly, SP600125 selectively and
effectively reduced RH1-induced apoptosis and disruption of
mitochondrial membrane potential (Figure 5B and C). Pre-
treatment with PD98059 slightly attenuated RH1-mediated
apoptosis and disruption of mitochondrial membrane
potential, whereas pretreatment with SB203580 was ineffec-
tive in both respects.

As it was apparent that JNK played a key role in RH1-
induced mitochondrial apoptosis, we further determined
which JNK isoform was required for the RH1-induced apop-
tosis using siRNA targeting JNK1 and JNK2. As shown in
Figure 5D and E, siRNA targeting JNK2 significantly attenu-
ated RH1-induced apoptosis and disruption of mitochondrial
membrane potential, whereas siRNA targeting JNK1 only
slightly reduced apoptosis and disrupted membrane poten-
tial. These results clearly indicate that JNK2 is an important
mediator of RH1-induced mitochondrial apoptotic cell death
in NQO1+-MDA-MB-231 cells.

JNK activity is critical for generation and
mitochondrial translocation of cleaved Bax
We next investigated the effects of SP600125 and PD98059
on Bax cleavage and the nuclear translocation of AIF and
Endo G by RH1 treatment. Figure 6A, B, C and D show that
SP600125 was significantly more effective than PD98059 in
blocking of all of RH1-induced Bax cleavage, mitochondrial
translocation of cleaved Bax, and nuclear translocation of
AIF and Endo G, without any change in the expression of
Bax, AIF or Endo G genes. We confirmed SP600125 specific-
ity using siRNA targeting JNK2. Transfection of cells with
siRNA targeting JNK2 markedly decreased the mitochondrial
translocation of cleaved Bax and inhibited the nuclear
translocation of AIF and Endo G caused by RH1 treatment
(Figure 6E and F). It has been reported that JNK positively
regulates both the activity and expression of cathepsin B, a
lysosomal protease involved in caspase-independent apop-
tosis (Foghsgaard et al., 2001; Tang et al., 2006; Werneburg
et al., 2007; Bivik and Ollinger, 2008; Yamaguchi et al.,
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Figure 3
2,5-diaziridinyl-3-(hydroxymethyl)-6-methyl-1,4-benzoquinone (RH1) induces apoptotic cell death via nuclear translocation of apoptosis-inducing
factor (AIF) and endonuclease G (Endo G). (A) Nuclear fractions were obtained from NAD(P)H quinone oxidoreductase 1 (NQO1)+-MDA-MB-231
cells treated with 10 mM RH1 for the indicated times, and were subjected to Western blot analysis using anti-AIF, -Endo G and -Nucleoporin p62
antibodies. The relative density value of each band is shown below the Western blot. The data are from a typical experiment that was conducted
three times with similar results (mean values, P < 0.05). (B) NQO1+-MDA-MB-231 cells were treated with 10 mM RH1 for the indicated times, and
RT-PCR products were then obtained using specific primers amplifying AIF mRNA, Endo G mRNA and 18S rRNA. The relative density value of each
band is shown below the RT-PCR data. The data are from a typical experiment that was conducted three times with similar results (mean values,
P < 0.05). (C) Representative confocal images showing translocation of AIF and Endo G to the nucleus, and nuclear condensation, at 24 h after
treatment with 10 mM RH1. Nuclear translocation of AIF and Endo G is demonstrated by overlap of AIF or Endo G (green) and nuclear staining
(red), resulting in a yellow colour. The data are from a typical experiment conducted three times. (D) NQO1+-MDA-MB-231 cells transfected with
AIF or Endo G siRNA were treated with 10 mM RH1. After 36 h, cells were stained with propidium iodide (PI) and apoptotic cell numbers measured
by flow cytometry. The results of three independent experiments are expressed as means � SEM. *Significant difference between control and
RH1-treated cells; P < 0.05. **Significant difference between si-cont RNA- and si-AIF RNA-transfected cells after RH1 treatment at P < 0.05.
***Significant difference between si-cont RNA- and si-Endo G RNA-transfected cells after RH1 treatment; P < 0.05.
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2008). We thus investigated the potential involvement of
cathepsin B in RH1-induced apoptotic cell death, using a
pharmacological inhibitor of the enzyme. As shown in
Figure S1, pretreatment with the cathepsin B inhibitor did

not attenuate apoptosis triggered by RH1. These results
clearly show that the mitochondria-mediated apoptotic
process requires induction of JNK activity after RH1
treatment.

Figure 4
2,5-diaziridinyl-3-(hydroxymethyl)-6-methyl-1,4-benzoquinone (RH1) causes Bax cleavage and translocation of cleaved Bax to mitochondria. (A)
Mitochondrial membrane potential (MMP) was determined by retention of the mitochondrial specific dye 3,3′-dihexyloxacarbocyanine iodide
[DiOC6(3)]. After treatment with 10 mM RH1 for the indicated times, NAD(P)H quinone oxidoreductase 1 (NQO1)+-MDA-MB-231 cells were
loaded with 30 nM DiOC6(3) for a further 30 min of RH1 treatment. After removal of medium, the concentration of retained DiOC6(3) was
measured by flow cytometry. Results from three independent experiments are expressed as means � SEM. *Significant difference between control
and RH1-treated cells; P < 0.05. (B) NQO1+-MDA-MB-231 cells were treated with 10 mM RH1 for the times indicated. Whole cell lysates were
prepared and Western blot analysis was conducted using anti-Bax, -Bcl2, -Bid and -b-actin antibodies. The relative density value of each band is
shown below the Western blot. The data are from a typical experiment that was conducted three times with similar results (mean values, P < 0.05).
(C) NQO1+-MDA-MB-231 cells were treated with 10 mM RH1 for the indicated times, and RT-PCR products were then obtained using specific
primers recognizing Bax mRNA and 18S rRNA. The relative density value of each band is shown below the RT-PCR data. The data are from a typical
experiment that was conducted three times with similar results (mean values, P < 0.05). (D) NQO1+-MDA-MB-231 cells were treated with 10 mM
RH1 for the indicated times. Mitochondrial fractions were prepared and subjected to Western blot analysis using anti-Bax and -mitochondrial
HSP70 antibodies. The relative density value of each band is shown below the Western blot. The data are from a typical experiment that was
conducted three times with similar results (mean values, P < 0.05). (E) NQO1+-MDA-MB-231 cells were treated with 10 mM RH1 for 9 h in the
presence or absence of 50 mM MG132. Whole cell lysates were prepared and Western blot analysis was conducted using anti-Bax and -b-actin
antibodies. The relative density value of each band is shown below the Western blot. The data are from a typical experiment that was conducted
three times with similar results (mean values, P < 0.05).
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Mitochondrial translocation of JNK is
involved in RH1-induced apoptosis
Several previous reports have demonstrated that transloca-
tion of JNK to mitochondria plays a role in apoptotic cell
death in response to certain stimuli (Fan et al., 2000; Khar-
banda et al., 2000; Aoki et al., 2002; Chauhan et al., 2003;
Schroeter et al., 2003; Kang and Lee, 2008). To determine
whether mitochondrial translocation of JNK was required
for RH1-mediated apoptosis, we analysed the intracellular
redistribution of JNK by Western blotting of both cytosolic
and mitochondrial fractions. Figure 7A shows that RH1
treatment promoted translocation of both JNK and
phospho-JNK to mitochondria, whereas the levels of both
JNK and phospho-JNK in the cytosol initially increased and
began to decrease 3 h after treatment with RH1. We then
evaluated the effect of JNK inhibition on the mitochondrial
translocation of JNK and phospho-JNK induced by RH1
treatment. As shown in Figure 7B, inhibition of JNK activity
by pretreatment with SP600125 suppressed the mitochon-
drial translocation of both JNK and phospho-JNK. We then
determined whether ERK activation was required for trans-
location of JNK to mitochondria, using PD98059, an ERK
pathway inhibitor. Figure 7B shows that RH1-induced mito-
chondrial translocation of either JNK or phospho-JNK was
not inhibited by PD98059. Additionally, we examined
whether RH1 induces synthesis of JNK protein in mitochon-
dria. As chloramphenicol has been reported to inhibit mito-
chondrial protein synthesis (Kroon, 1965; de Souza-Pinto
et al., 2009), cells were treated with RH1 in the presence or
absence of chloramphenicol, and Western blotting using an
anti-JNK antibody was subsequently performed. As shown
in Figure 7C, pretreatment with chloramphenicol in the
presence of RH1 did not change the level of expression of
JNK protein for 24 h in whole cell lysates. These data
strongly suggest that activation and mitochondrial translo-

cation of JNK are important for mitochondria-induced apo-
ptotic cell death. These processes described above are
upstream of nuclear translocation of AIF and Endo G in the
RH1-induced apoptotic cascade.

Discussion

2,5-diaziridinyl-3-(hydroxymethyl)-6-methyl-1,4-
benzoquinone is a bioreductive agent that is reduced within
cells by NQO1 (Cummings et al., 2003; Kim et al., 2004a).
Reduction of RH1 activates aziridine residues, which subse-
quently induce DNA damage (Cummings et al., 2003; Kim
et al., 2004a; Kim et al., 2004b; Ward et al., 2005; Hussein
et al., 2009). Because NQO1 is abundantly expressed in a
variety of cancer tissues, it has been suggested that such
tissues can be selectively damaged by RH1. This enzyme-
directed cancer-targeting agent is currently being tested in
clinical trials (Cummings et al., 2003; Kim et al., 2004a; Kim
et al., 2004b; Ward et al., 2005; Hussein et al., 2009). However,
the molecular mechanisms underlying the therapeutic effects
of the agent on solid tumours have not yet been clearly
elucidated.

In the present study using NQO1+-MDA-MB-231 cells, we
have demonstrated that translocation of AIF and Endo G
from mitochondria to the nucleus was critical for RH1-
induced caspase-independent cell death. We also showed that
JNK2 activation was essential for mitochondria-mediated
apoptotic cell death induced by RH1.

In the present work, RH1 preferentially induced apoptotic
cell death in NQO1+-MDA-MB-231 cells, compared with
NQO1--MDA-MB-231 cells. These results are consistent with
previous reports on the role played by NOQ1 in mediation of
RH1 toxicity (Cummings et al., 2003; Kim et al., 2004a).
Caspase activation is known to be important in RH1-induced

Figure 5
2,5-diaziridinyl-3-(hydroxymethyl)-6-methyl-1,4-benzoquinone (RH1) activates mitogen-activated protein kinases (MAPKs) in NAD(P)H quinone
oxidoreductase 1 (NQO1)+-MDA-MB-231 cells. (A) NQO1+-MDA-MB-231 cells were treated with 10 mM RH1 for the times indicated. Whole cell
lysates were subjected to Western blot analysis using anti-phospho-c-Jun N-terminal kinase (JNK)1/2, -JNK1/2, -phospho-p38 MAPK, -p38 MAPK,
-phospho-extracellular signal-regulated kinase (ERK)1/2, -ERK1/2 and -b-actin antibodies. The relative density value of each band is shown below
the Western blot. The data are from a typical experiment that was conducted three times with similar results (mean values, P < 0.05). (B)
NQO1+-MDA-MB-231 cells were treated with 10 mM RH1 for 36 h in the presence or absence of 30 mM SP600125, SB203580 or PD98059. Cells
were stained with PI and apoptotic cell numbers were measured by flow cytometry. Results from three independent experiments are expressed
as means � SEM. *Significant difference between control and RH1-treated cells; P < 0.05. **Significant difference between RH1- and SP600125
+ RH1-treated cells; P < 0.05. (C) NQO1+-MDA-MB-231 cells were treated with 10 mM RH1 for 6 h in the presence or absence of 30 mM SP600125,
SB203580 or PD98059. Cells were loaded with 30 nM of 3,3′-dihexyloxacarbocyanine iodide [DiOC6(3)] during the last 30 min of RH1 treatment.
After removal of medium, the concentration of retained DiOC6(3) was measured by flow cytometry. The results from three independent
experiments are expressed as means � SEM. *Significant difference between control and RH1-treated cells; P < 0.05. **Significant difference
between RH1- and SP600125 + RH1-treated cells; P < 0.05. (D) NQO1+-MDA-MB-231 cells were treated with 10 mM RH1 for 36 h in the presence
or absence of siRNAs targeting JNK1 or JNK2. Cells were stained with PI and apoptotic cell numbers were analysed by flow cytometry. Results from
three independent experiments are expressed as means � SEM. *Significant difference between control and RH1-treated cells; P < 0.05.
**Significant difference between si-cont RNA- and si-JNK1 RNA-transfected cells in response to RH1 treatment; P < 0.05. ***Significant difference
between si-cont RNA- and si-JNK2 RNA-transfected cells after RH1 treatment; P < 0.05. (E) NQO1+-MDA-MB-231 cells were treated with 10 mM
RH1 for 6 h in the presence or absence of siRNA targeting JNK1 or JNK2. Cells were loaded with 30 nM of DiOC6(3) during the last 30 min of RH1
treatment. After removal of medium, the concentration of retained DiOC6(3) was measured by flow cytometry. Results from three independent
experiments are expressed as means � SEM. *Significant difference between control and RH1-treated cells; P < 0.05. **Significant difference
between si-cont RNA- and si-JNK1 RNA-transfected cells after RH1 treatment; P < 0.05. ***Significant difference between si-cont RNA- and si-JNK2
RNA-transfected cells after RH1 treatment; P < 0.05.
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cell death (Dehn et al., 2005). Although we show here that
RH1 induced caspase activation and PARP cleavage, the apo-
ptotic cell death caused by RH1 appeared to be caspase-
independent, because caspase inhibitors failed to attenuate
the process.

Several anti-cancer drugs are known to exert cytotoxic
effects via activation of p53-dependent apoptotic pathways
(Lowe et al., 1993). NQO1 affects the sensitivity of cancer
cells to a variety of anti-cancer drugs that induce apoptosis,
by enhancing p53 stability. In the present study, we observed
that RH1 is less effective in inducing apoptosis in NQO1+-
MDA-MB-231 cells lacking p53 expression than in p53
expressing RKO cells. Therefore, it was likely that not only
NQO1 status, but also p53 expression, affects the sensitivity

of cells towards RH1. Furthermore, as MDA-MB-468 cells
overexpressing NQO1 could be killed by nanomolar doses of
RH1 (Dehn et al., 2005), unlike what was seen in NQO1+-
MDA-MB-231 cells, RH1 cytotoxicity appears to vary in dif-
ferent cancer cell types.

Apoptosis-inducing factor and Endo G are known to func-
tion in a caspase-independent apoptosis pathway. Mitochon-
drial AIF and Endo G are translocated to the nucleus in
response to death stimuli, where theses proteins initiate
nuclear condensation and DNA fragmentation (Daugas et al.,
2000). Consistent with these findings, we observed that AIF
and Endo G were translocated to the nucleus after RH1 treat-
ment, and that both AIF and Endo G activities were required
for RH1-induced apoptosis.

Figure 6
Activation of c-Jun N-terminal kinase (JNK) is required for mitochondrial translocation of cleaved Bax and nuclear translocation of apoptosis-
inducing factor (AIF) and endonuclease G (Endo G) in response to 2,5-diaziridinyl-3-(hydroxymethyl)-6-methyl-1,4-benzoquinone (RH1) treat-
ment. (A) NAD(P)H quinone oxidoreductase 1 (NQO1)+-MDA-MB-231 cells were treated with 10 mM RH1 for 9 h in the presence or absence of
30 mM SP600125 or PD98059. Whole cell lysates were subjected to Western blot analysis using anti-Bax and -b-actin antibodies. The relative
density value of each band is shown below the Western blot. The data are from a typical experiment that was conducted three times with similar
results (mean values, P < 0.05). (B) NQO1+-MDA-MB-231 cells were treated with 10 mM RH1 for 9 h in the presence or absence of 30 mM
SP600125 or PD98059. Mitochondrial fractions were prepared and subjected to Western blot analysis using anti-Bax and -mitochondrial HSP70
antibodies. The relative density value of each band is shown below the Western blot. The data are from a typical experiment that was conducted
three times with similar results (mean values, P < 0.05). (C) NQO1+-MDA-MB-231 cells were treated with 10 mM RH1 for 9 h in the presence or
absence of 30 mM SP600125 or PD98059. Nuclear fractions were prepared and subjected to Western blot analysis using anti-AIF, -Endo G and
-Nucleoporin p62 antibodies. The relative density value of each band is shown below the Western blot. The data are from a typical experiment
that was conducted three times with similar results (mean values, P < 0.05). (D) NQO1+-MDA-MB-231 cells were treated with 10 mM RH1 for 9 h
in the presence or absence of 30 mM SP600125 or PD98059, and RT-PCR products were obtained using specific primers recognizing Bax, AIF and
Endo G mRNA, and 18S rRNA. The relative density value of each band is shown below the RT-PCR data. The data are from a typical experiment
that was conducted three times with similar results (mean values, P < 0.05). (E) NQO1+-MDA-MB-231 cells were treated with 10 mM RH1 for 9 h
in the presence or absence of siRNA targeting JNK2. Mitochondrial fractions were prepared and subjected to Western blot analysis using antibodies
against Bax and mitochondrial HSP70. The relative density value of each band is shown below the Western blot. The data are from a typical
experiment that was conducted three times with similar results (mean values, P < 0.05). (F) NQO1+-MDA-MB-231 cells were treated with 10 mM
RH1 for 9 h in the presence or absence of siRNA targeting JNK2. Nuclear fractions were prepared and subjected to Western blotting using
antibodies against AIF, Endo G and Nucleoporin p62. The relative density value of each band is shown below the Western blot. The data are from
a typical experiment that was conducted three times with similar results (mean values, P < 0.05).

BJP M-T Park et al.

580 British Journal of Pharmacology (2011) 163 567–585



Proteins of the Bcl-2 family play crucial roles in the regu-
lation of mitochondria-mediated apoptosis (Huang and
Strasser, 2000). In response to various stimuli, Bax is acti-
vated, translocated to the outer mitochondrial membrane
and oligomerized, resulting in mitochondrial membrane per-
meabilization and release of mitochondrial apoptogenic mol-
ecules to the cytosol (Yanase et al., 2000; Yeo et al., 2002; Cao
et al., 2003). In particular, proteolytic cleavage of native Bax
(21 kDa) into an 18 kDa form by calpain has been shown to
occur in cancer cells treated with a variety of chemothera-
peutic agents (Toyota et al., 2003; Ariyama et al., 2006). This
cleaved form of Bax is more potent than the native form in
terms of disruption of mitochondrial membrane potential
and induction of apoptotic cell death. Consistent with these
reports, we found that RH1 treatment induced Bax cleavage
without alterations in the protein levels of Bcl-2 or Bid. We
also observed that the cleaved form of Bax was translocated to
mitochondria upon treatment with RH1. Previous work
showed that a truncated variety of Bid, induced by caspase-8
activation, triggered both mitochondrial dysfunction and
release of apoptogenic molecules from mitochondria (Hen-
gartner, 2000). Interestingly, we observed that the caspase-8
activation induced by RH1 treatment was not correlated with
Bid cleavage, but that RH1 treatment nonetheless caused a
reduction in mitochondrial membrane potential and led to
nuclear translocation of both AIF and Endo G.

The MAPK family proteins are important mediators of
apoptotic cell death in response to various stimuli (Xia et al.,
1995; Klekotka et al., 2001; Park et al., 2003; Wada and Pen-
ninger, 2004). In particular, JNK and p38 MAPK have been
implicated in activation of apoptotic cell death pathways in
response to a variety of such stimuli, and after administration
of chemotherapeutic agents (Xia et al., 1995; Klekotka et al.,
2001; Park et al., 2003; Wada and Penninger, 2004). In agree-
ment with these reports, we observed that RH1 treatment
activated both JNK and p38 MAPK. Inhibition of JNK by a
specific inhibitor or a targeted siRNA effectively attenuated
RH1-induced apoptotic cell death, disruption of mitochon-
drial membrane potential, cleavage of Bax, mitochondrial
translocation of cleaved Bax, and nuclear translocation of AIF
and Endo G. However, inhibition of p38 MAPK did not affect
RH1-induced apoptosis. These observations strongly indicate
that activation of JNK is critically required for this process.
Calpain has been shown to play a key role in the proteolytic
cleavage of Bax (Toyota et al., 2003; Ariyama et al., 2006;
Dadakhujaev et al., 2009; Su et al., 2010). The cited reports
showed that calpain can be activated indirectly by JNK. As our
results revealed that inhibition of JNK activity attenuated Bax
cleavage induced by RH1, further studies are required to clarify
the role of JNK in calpain-mediated Bax cleavage occurring in
response to RH1. Nevertheless, our results clearly indicate that
JNK activation is required for activity of the mitochondria-
mediated apoptotic cell death pathway in response to RH1
treatment. Additionally, we found that inhibition of JNK2 was
more effective than that of JNK1 in suppressing all of RH1-
induced apoptosis, loss of mitochondrial membrane potential,
mitochondrial translocation of cleaved Bax, and nuclear trans-
location of AIF and Endo G. These findings are consistent with
the results of a previous study showing that JNK2 activity was
required for mitochondria-mediated apoptosis in response to
liver ischaemia (Theruvath et al., 2008).

Figure 7
2,5-diaziridinyl-3-(hydroxymethyl)-6-methyl-1,4-benzoquinone
(RH1) induces activation and mitochondrial translocation of c-Jun
N-terminal kinase (JNK) in NAD(P)H quinone oxidoreductase 1
(NQO1)+-MDA-MB-231 cells. (A) NQO1+-MDA-MB-231 cells were
treated with 10 mM RH1 for the indicated times. Cytosolic and
mitochondrial fractions were prepared and subjected to Western
blot analysis using anti-JNK1/2, -phospho-JNK1/2, -b-actin and
-mitochondrial HSP70 antibodies. The relative density value of each
band is shown below the Western blot. The data are from a typical
experiment that was conducted three times with similar results
(mean values, P < 0.05). (B) NQO1+-MDA-MB-231 cells were treated
with 10 mM RH1 for 9 h in the presence or absence of 30 mM
SP600125 or PD98059. Mitochondrial fractions were prepared and
subjected to Western blotting using anti-JNK1/2, -phospho-JNK1/2
and -mitochondrial HSP70 antibodies. The relative density value of
each band is shown below the Western blot. The data are from a
typical experiment that was conducted three times with similar
results (mean values, P < 0.05). (C) NQO1+-MDA-MB-231 cells were
treated with 10 mM RH1 for the indicated times in the presence or
absence of 50 mg·mL-1 chloramphenicol (CAP). Whole cell lysates
were subjected to Western blot analysis using anti-JNK1/2 and
b-actin antibodies. The relative density value of each band is shown
below the Western blot. The data are from a typical experiment
that was conducted three times with similar results (mean values,
P < 0.05).
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Recently, it has been reported that DNA damage during
mitosis induces JNK-mediated stress response leading to
mitotic catastrophe, known to be another type of cell death
(Ho and Li, 2010). In detail, this report suggested that the
interaction between JNK and gH2AX during mitosis positively
facilitate cell death signals. Furthermore, because RH1 has
been already reported to induce DNA cross-linking, G2/M
arrest and subsequent cell death in an NQO1-dependent
manner (Dehn et al., 2005), RH1 is likely to cause mitotic
catastrophe through the activation of JNK. Further investiga-
tion is in progress in our laboratory to shed light on the role
of JNK in RH1-induced mitotic catastrophe.

Although ERK has often been implicated in cell survival
and anti-apoptotic signalling pathways (Xia et al., 1995; Kle-
kotka et al., 2001; Park et al., 2003; Wada and Penninger,
2004), some studies found that ERK played a positive role in
activation of apoptotic signalling pathways (Wang et al.,
2000; Bacus et al., 2001; Xiao and Singh, 2002; Choi et al.,
2003). In the present work, we observed that ERK activation
was weakly associated with the RH1-induced mitochondrial
apoptotic cell death pathway. Although inhibition of ERK
was less effective than was JNK inhibition in preventing RH1-
induced apoptosis, inhibition of ERK did inhibit disruption of
mitochondrial membrane potential, Bax cleavage, mitochon-
drial translocation of cleaved Bax, and nuclear translocation
of AIF and Endo G induced by RH1 treatment. Several reports
have indicated that ERK is also involved in activation of
calpain (Glading et al., 2001; Glading et al., 2004), and it
might thus be expected that activation of ERK in response to
RH1 treatment should influence calpain-mediated cleavage of
Bax, thus inducing mitochondrial apoptosis. However, addi-
tional studies are required to define precisely the role played
by ERK in RH1 treatment-induced Bax cleavage.

Notably, RH1-induced activation of JNK lasted for 2 h and
then subsequently decreased (Figure 5A) at the time ERK
activity began to increase (Figure 5A). Previous studies
showed that ERK has been reported to increase the expression
and activity of MKP2 and MKP7 (Paumelle et al., 2000;
Masuda et al., 2003; Katagiri et al., 2005), which suppress JNK
activation (Paumelle et al., 2000). Therefore, it seemed that
activation of ERK was responsible for the decrease in JNK
activity from 2 h after RH1 treatment in NQO1+-MDA-MB-
231 cells.

It has been reported that JNK directly regulates mitochon-
drial function and release of apoptogenic molecules from
mitochondria (Fan et al., 2000; Schroeter et al., 2003; Kang
and Lee, 2008). It has also been shown that purified JNK itself
can directly affect mitochondrial membrane potential and
bioenergetics (Fan et al., 2000; Kharbanda et al., 2000; Aoki
et al., 2002; Chauhan et al., 2003). In agreement with these
reports, RH1 induced a marked increase in mitochondrial
translocation of both JNK and phospho-JNK (Figure 7),
although JNK activity in whole cell lysates declined steadily,
beginning 2 h after treatment, in our present study.

The above results suggest that mitochondrial phospho-
JNK may be protected from phosphatases, including MKP2 or
MKP7. Furthermore, inhibition of JNK activity by chemical
pretreatment effectively attenuated RH1-induced mitochon-
drial translocation of both JNK and phospho-JNK, but inhi-
bition of ERK activity in this manner did not (Figure 7),
implying that the ERK pathway was not involved in RH1-

induced mitochondrial translocation of either JNK or
phospho-JNK. Phospho-JNK of the mitochondrial membrane
appears to interact with mitochondrial proteins responsible
for induction of apoptosis after RH1 treatment. However, the
mitochondrial targets of JNK during RH1-induced apoptotic
cell death remain to be defined.

In summary, our results implicate JNK activity as a critical
requirement for the cleavage of Bax and mitochondrial trans-
location of both cleaved Bax and JNK itself. This may be
associated with nuclear translocation of AIF and Endo G from
mitochondria, and apoptotic cell death following RH1 treat-
ment, in NQO1-overexpressing MDA-MB-231 cells. Our
findings also reveal that ERK activation plays a role in RH1-
induced mitochondria-mediated apoptosis (Figure 8). Knowl-
edge of the mechanisms underlying the anti-cancer activity
of the bioreductive agent RH1 is important to improve the

Figure 8
Schematic model of 2,5-diaziridinyl-3-(hydroxymethyl)-6-methyl-
1,4-benzoquinone (RH1)-induced apoptotic cell death. RH1 treat-
ment activates c-Jun N-terminal kinase (JNK) and extracellular
signal-regulated kinase (ERK), both of which are involved in mito-
chondrial apoptotic cell death in NAD(P)H quinone oxidoreductase 1
(NQO1)+-MDA-MB-231 cells. Moreover, JNK activation induces
cleavage of Bax and mitochondrial translocation of cleaved Bax,
which causes loss of mitochondrial membrane potential, the conse-
quent release of apoptosis-inducing factor (AIF) and endonuclease G
(Endo G), and ultimately, apoptotic cell death. ERK activation plays a
role in RH1-induced mitochondrial apoptosis. Notably, JNK itself
translocates to mitochondria, where JNK appears to participate in
phosphorylation of Bcl2 or Bcl-xL, resulting in apoptotic cell death. In
the present study, elucidation of signalling pathways involved in RH1
function, may provide valuable insights into the design of NQO1-
targeted cancer therapies.
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therapeutic efficacy of NQO1-directed cancer therapies.
Involvement of JNK in RH1-induced mitotic death remains to
be elucidated.
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Figure S1 RH1 induces apoptotic cell death in a cathepsin
B-independent manner. NQO1+-MDA-MB-231 cells were
treated with 10 mM RH1 for 12 h in the presence or absence of
30 mM cathepsin B inhibitor. Cells were stained with Annexin
V/PI and apoptotic changes were measured by flow cytom-
etry. Representative flow cytometric dot plots are shown
from: lower left quadrant, viable cells; lower right, early apo-
ptotic cells; upper right, late apoptotic cells; upper left,
necrotic cells. Apoptotic changes were quantitated as
described above. Results from three independent experiments

are expressed as means � SEMs. *Significant difference
between control and RH1-treated cells at P < 0.05. **Signifi-
cant difference between RH1-treated cells and cathepsin B
inhibitor + RH1-treated cells at P < 0.05.
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