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b-Lapachone induces programmed necrosis through
the RIP1-PARP-AIF-dependent pathway in human
hepatocellular carcinoma SK-Hep1 cells

EJ Park1,5, K-j Min1,5, T-J Lee2, YH Yoo3, Y-S Kim4 and TK Kwon*,1

b-Lapachone activates multiple cell death mechanisms including apoptosis, autophagy and necrotic cell death in cancer cells.
In this study, we investigated b-lapachone-induced cell death and the underlying mechanisms in human hepatocellular
carcinoma SK-Hep1 cells. b-Lapachone markedly induced cell death without caspase activation. b-Lapachone increased PI
uptake and HMGB-1 release to extracellular space, which are markers of necrotic cell death. Necrostatin-1 (a RIP1 kinase
inhibitor) markedly inhibited b-lapachone-induced cell death and HMGB-1 release. In addition, b-lapachone activated poly
(ADP-ribosyl) polymerase-1(PARP-1) and promoted AIF release, and DPQ (a PARP-1 specific inhibitor) or AIF siRNA blocked
b-lapachone-induced cell death. Furthermore, necrostatin-1 blocked PARP-1 activation and cytosolic AIF translocation. We also
found that b-lapachone-induced reactive oxygen species (ROS) production has an important role in the activation of the
RIP1-PARP1-AIF pathway. Finally, b-lapachone-induced cell death was inhibited by dicoumarol (a NQO-1 inhibitor), and NQO1
expression was correlated with sensitivity to b-lapachone. Taken together, our results demonstrate that b-lapachone induces
programmed necrosis through the NQO1-dependent ROS-mediated RIP1-PARP1-AIF pathway.
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b-Lapachone is a natural compound that is obtained from bark
of the lapacho tree, and it has been reported to be a natural
product that activates apoptotic cell death in several cancer
cell lines, including prostate cancer, breast cancer, and
leukemia.1–3 b-Lapachone is also considered to be a good
sensitizer of radiotherapy in colon and prostate cancer
cells.4,5 The cancer cell-specific death-inducing effects of
b-lapachone are known to be directly correlated with the
enzymatic activity of NAD(P)H: quinine oxidoreductase 1
(NQO1).6,7 NQO1 normally reduces quinones to stable hydro-
quinones and is then excreted when it is conjugated
with glucuronide or sulfate. However, NQO1 metabolizes
b-lapachone to a highly reactive unstable hydroquinone, and
this unstable hydroquinone is then oxidized back to semi-
quinone or quinone. Semiquinones, free radical generators,
initiate the redox cycle, and reactive oxygen species (ROS)
including superoxide and hydrogen peroxide are then
generated.7–9 b-Lapachone is an ortho naphthoquinone that
has the ability to induce the formation of superoxide and
hydrogen peroxide.10 NQO1 is highly expressed in most
human solid tumors, including tumors from the colon, breast,
pancreas, liver and lung.8,11–15 Therefore, b-lapachone may
selectively kill cancer cells that target NQO1.

Recently, programmed necrosis is found in cancer
cell death by anticancer agents.16,17 When caspase is
inactivated, receptor interacting protein-1 (RIP1) is
phosphorylated by TNF-a, and it then interacts with RIP3
via RIP homotypic interaction motif domains, leading to
programmed necrosis, referred as necroptosis.18 This
necroptosis is defined as RIP1/RIP3-dependent cell
death, and it is inhibited by an RIP1 kinase inhibitor, a
necrostatin-1.19–21 In addition to RIP1/RIP3, AIF has also
been known to be a mediator of necroptosis. Under
stress conditions, the DNA repair enzyme poly(ADP-ribose)
polymerase-1 (PARP-1) results in the massive synthesis of
poly (ADP-ribose) (PAR) from nicotinamide adenine
dinucleotide (NADþ ), and, in consequence, intracellular
NADþ and ATP are rapidly depleted. Subsequently,
AIF translocates from the mitochondria to the cytosol
and nucleus, and AIF binds with DNA and RNA to
induce caspase-independent chromatinolysis in the
nucleus.22–24 The DNA damaging drug, N-methyl-N-nitro-
N-nitrosoguanidine (MNNG)-induced necroptosis, requires
PARP-1 hyperactivation and RIP1 activation.25,26 However,
the relationship between RIP1 and PARP-1-AIF remains to
be further investigated.
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In this study, we investigated the mechanism of
b-lapachone-induced cell death, and we identified the
importance of the interaction between RIP1 and PARP1-AIF
signaling in human hepatocellular carcinoma SK-Hep1 cells.

Results

b-Lapachone induces caspase-independent cell death in
human hepatocellular carcinoma SK-Hep1 cells. To
investigate the effects of b-lapachone on cell death of human
hepatocellular carcinoma SK-Hep1 cells, light microscope
analysis, XTT assay and PI uptake were used. As shown in
Figure 1a, b-lapachone increased the morphological appear-
ance of dying cells in a dose-dependent manner, and cell
viability was decreased in b-lapachone-treated cells
(Figure 1b). Furthermore, b-lapachone also increased PI
uptake (loss of plasma membrane integrity) in a dose-
dependent manner (Figure 1c). Next, we investigated
whether caspase activation was involved in b-lapachone-
induced cell death. The proteasomal inhibitor (MG132)
induced apoptosis in several cancer cell lines.27 The pan-
caspase inhibitor (zVAD-fmk) inhibited MG132-induced cell
death. However, zVAD-fmk had no effect on b-lapachone-
induced morphological changes, reduction of cell viability and
induction of PI uptake (Figures 1d–f). To confirm caspase-
independent cell death by b-lapachone, we assessed
DEVDase (caspase-3) activity. b-Lapachone did not increase
caspase-3 activity, whereas MG132 markedly induced
activation of caspase-3 (Figure 1g). These data suggest that
b-lapachone-induced cell death is independent of caspase
activation in SK-Hep1 cells.

To verify b-lapachone-induced cell death, we checked
detailed cellular images with transmission electron micro-
scope (TEM). We observed the disappearance of plasma
membrane integrity and the presence of cellular organelles
in b-lapachone-treated cells (Figure 1h). Flow cytometry
analysis with Annexin V/7-AAD double staining and PI
staining were used to distinguish apoptotic cells and necrotic
cells.28 b-Lapachone induced the Annexin V(� )/7AAD(þ )
and Annexin V(þ )/7AAD(þ ) population, but MG132 induced
the Annexin V(þ )/7AAD(� ) and Annexin V(þ )/7AAD(þ )
population (Figure 1i). Uptake of PI was also increased
(Figures 1j and k). To further confirm that b-lapachone-
mediated cell death is associated with necrotic cell death,
we checked whether the high mobility group box-1 (HMGB1)
was passively released in b-lapachone-treated cells.29,30

Release of HMGB-1 to culture media (supernatant) was
dose- and time-dependently increased in b-lapachone-treated
cells (Figure 1l). These results indicate that a reduction of
viability by b-lapachone is related to necrotic cell death.

b-Lapachone induces RIP1-dependent necroptosis in
SK-Hep1 cells. In our system, to test whether b-lapachone-
induced necrosis is truly programmed necrosis, we used a
necrostatin-1, an inhibitor for RIP1-dependent programmed
necrosis.19 Necrostatin-1 completely blocked b-lapachone-
induced morphological change, cell death and PI uptake
(Figures 2a–c). b-Lapachone-induced leakage of HMGB-1
was also inhibited by necrostatin-1 (Figure 2d). Furthermore,
knock down of RIP1 by RIP1 siRNA markedly inhibited
b-lapachone-mediated suppression of cell viability and
induction of PI uptake (Figures 2e and f). To further examine
whether b-lapachone-induced cell death is mediated through
RIP1, we investigated the effects of b-lapachone on
cell death in wild-type MEF cells and RIP1� /� MEF cells.
b-Lapachone reduced cell viability in wild-type MEF cells,
whereas b-lapachone had no effect on cell viability and PI
uptake in RIP1� /� MEF cells (Figures 2g and h). These
data indicate that b-lapachone induces RIP1-dependent
necroptosis in SK-Hep1 cells.

AIF is involved in b-lapachone-induced necroptosis in
SK-Hep1 cells. Because AIF is another mediator of
necroptosis, we checked whether AIF is associated with
b-lapachone-mediated necroptosis. In the absence of stimuli,
AIF existed in the mitochondria (Figure 3a), but b-lapachone
induced the translocation of AIF from the mitochondria to the
cytosol and nucleus of SK-Hep1 cells (Figures 3b–d).
However, cytochrome C remained in mitochondrial fraction
in b-lapachone-treated cells. Therefore, we ruled out general
mitochondrial disruption (Figure 3b). Furthermore, knock
down of AIF by siRNA overcame this b-lapachone-mediated
cell death (Figures 3e and f). Furthermore, b-lapachone
markedly reduced clonogenicity, and knock down of AIF by
siRNA partially reversed the reduction of clonogenicity
(Figure 3g). There is accumulating evidence that the
activation of PARP-1 induced nuclear translocation of
AIF.22,31 To examine the involvement of PARP-1 in
b-lapachone-induced necroptosis, we examined whether
b-lapachone induces PAR accumulation, which is an
indicator of PARP-1 hyperactivation. b-Lapachone induced
a loss of the PARP pro-form and increased an atypical PARP

Figure 1 b-Lapachone induces necrotic cell death in human hepatocellular carcinoma SK-Hep1 cells. (a–c) SK-Hep1 cells were treated with the indicated concentrations
of b-lapachone for 18 h. The cell morphologies were determined by interference light microscopy. Images were magnified � 200 (a). Cell viability was analyzed using XTT
assay (b). Cells were stained with propidium iodide (PI), and PI uptake was determined by flow cytometry (c). (d–f) SK-Hep1 cells were stimulated with 4mM b-lapachone or
5mM MG132 for 18 h in the presence or absence of zVAD-fmk (50 mM) for 18 h. The cell morphologies were determined by interference light microscopy. Images were
magnified � 200 (d). Cell viability was analyzed using XTT assay (e). Cells were stained with propidium iodide, and PI uptake was determined by flow cytometry (f).
(g) SK-Hep1 cells were treated with the indicated concentrations of b-lapachone or 5 mM MG132 for 18 h. Caspase activities were determined with colorimetric assays using
caspase-3 DEVDase assay kits. (h) Transmission electron microscopic observation was conducted on SK-Hep1 cells treated with 4mM b-lapachone for 18 h. (i) SK-Hep1
cells were treated with 4 mM b-lapachone or 5 mM MG132 for 18 h, collected and stained with 7-AAD and Annexin V. Cell death was determined by flow cytometry. Values
correspond to the percentage of cells in those quadrants. (j) SK-Hep1 cells were treated with 4 mM b-lapachone for 18 h, collected and stained with propidium iodide. PI uptake
was determined by flow cytometry. (k) SK-Hep1 cells were treated with 4 mM b-lapachone for 18 h, stained with PI and Hoechst33342, and analyzed with a fluorescence
microscope. (l) SK-Hep1 cells were treated with the indicated concentrations of b-lapachone for 18 h (left panel) or 4 mM b-lapachone for indicated time periods (right panel).
The levels of HMGB1 in whole cell and culture media were determined by immunoblotting with an anti-HMGB1 antibody. The values in b, c, e, f, g, and j represent the
mean±S.D. from three independent samples (n ¼ 3). *Po0.05 compared with the control
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form. However, the caspase-mediated cleaved PARP form
(89 kDa fragment) was not detected in b-lapachone-treated
cells (Figure 4a). Furthermore, b-lapachone induced PAR
accumulation (Figure 4b). To confirm the accumulation of
PARP-1-mediated PAR, we examined the effects of pharmaco-
logical PARP inhibitor, DPQ, on PAR accumulation. DPQ
markedly inhibited PAR accumulation and cell death,
and reduced the inhibition of cell viability in b-lapachone-
treated cells (Figures 4c–e). In addition, DPQ blocked
b-lapachone-induced AIF translocation to the cytosol
(Figure 4f). These data indicate that PARP1-mediated
AIF translocation is associated with b-lapachone-induced
necroptosis.

Because RIP1 is associated with PARP-1 activation and
AIF translocation,32,33 we investigated whether RIP1 is an
upstream signal of PARP-1 and AIF. Necrostatin-1 markedly
blocks b-lapachone-mediated PAR accumulation and AIF
translocation to the cytosol (Figures 4g and h). These data
indicate that RIP1 regulates PARP1 hyperactivation and AIF
translocation, leading to the induction of necroptosis.

b-Lapachone induces necroptosis via ROS generation in
SK-Hep1 cells. Intracellular ROS production is a crucial
event mediating cancer cell death, and ROS are also
important mediators of necroptosis.34 Furthermore,
when NQO1 metabolizes b-lapachone, ROS are induced.
Therefore, we examined whether ROS are involved
in b-lapachone-induced necroptosis.7–9 As shown in
Figures 5a and b, b-lapachone increased intracellular ROS
generation. When ROS scavengers (Glutathione (GSH) and
N-acetylcysteine (NAC)) were pretreated in b-lapachone-
treated cells, b-lapachone-induced ROS production was
completely blocked (Figures 5a and b). Moreover,
b-lapachone-induced cell death was also inhibited by GSH
and NAC (Figure 5c). Next, we examined whether ROS are
upstream signals of PARP-1 and AIF. GSH and NAC
markedly reduced PAR accumulation (Figure 5d) and
blocked AIF translocation to the cytosol in b-lapachone-
treated cells (Figure 5e). These results clearly suggest that
upregulation of intracellular ROS is involved in b-lapachone-
induced necroptosis.

Figure 2 b-Lapachone induces RIP1-dependent necroptosis. (a) SK-Hep1 cells stimulated with 4mM b-lapachone in the presence or absence of 60 mM necrostatin-1 for
18 h. The cell morphologies were determined by interference light microscopy. Images were magnified � 200. (b, c) SK-Hep1 cells were stimulated with 4mM b-lapachone in
the presence or absence of 60mM necrostatin-1 for 18 h. Cell death was analyzed with the LDH release (b). Cells stained with propidium iodide, and PI uptake was determined
by flow cytometry (c). (d) SK-Hep1 cells stimulated with 4mM b-lapachone in the presence or absence of 60 mM necrostatin-1 for 18 h. The levels of HMGB1 in whole cell and
culture media were determined by immunoblotting with an anti-HMGB1 antibody. (e, f) SK-Hep1 cells were transfected with RIP1 siRNA or control siRNA. Twenty-four hours
after transfection, cells were treated with the indicated concentrations of b-lapachone for 18 h. Cell viability was analyzed using XTT assay (left panel). The RIP1 protein levels
were determined by Western blotting. The level of actin was used as a loading control (right panel) (e). Cells stained with propidium iodide, and PI uptake was determined by
flow cytometry (f). (g, h) MEF and RIP1� /� MEF cells were treated with the indicated concentrations of b-lapachone for 18 h. Cell viability was analyzed using XTT assay
(left panel). The RIP1 protein levels were determined by western blotting. The level of actin was used as a loading control (right panel) (g). Cells stained with propidium iodide,
and PI uptake was determined by flow cytometry (h). The values in b, c, e, f, g, h represent the mean±S.D. from three independent samples (n ¼ 3). *Po0.05 compared
with the b-lapachone alone. #Po0.05 compared with the control siRNA or RIPþ /þ MEF
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Because ROS could induce RIP1 activation,35 we checked
whether b-lapachone-mediated ROS production acts as
an upstream signaling of RIP1. As shown in Figure 5f,
b-lapachone markedly increased intracellular ROS produc-
tion, but necrostatin-1 had no effect on b-lapachone-mediated
ROS production. To further confirm these data, we deter-
mined ROS levels in b-lapachone-treated wild-type MEF cells
and RIP1� /� MEF cells. As expected, b-lapachone
increased intracellular ROS production in both cells of wild-
type MEF cells and RIP1� /� MEF cells (Figure 5g). These
data indicate that ROS act as an upstream signal of RIP1 and

are important mediators in b-lapachone-induced necroptosis
in SK-Hep1 cells.

b-Lapachone-induced necroptosis is dependent on
NAD(P)H: quinine oxidoreductase 1 (NQO1). According
to previous reports, the anticancer activity of b-lapachone is
mainly mediated and promoted by NQO1.7 Therefore, we
examined the relationship between NOQ1 and b-lapachone-
induced necroptosis in SK-Hep1 cells. First, we tested
whether dicoumarol, a well-known NQO1 enzyme activity
inhibitor, modulated b-lapachone-induced necroptosis.

Figure 3 b-Lapachone-induced AIF translocation is associated with necroptosis. (a) SK-Hep1 cells were stained for mitochondria with MitoTracker Red, for AIF with an
anti-AIF antibody followed by an FITC-conjugated secondary antibody and for nuclei with Hoechst staining. (b, c) SK-Hep1 cells were stimulated with 4 mM b-lapachone.
Cytoplasmic and nucleus fractions were analyzed for cytosol and nucleus translocation of AIF. The protein levels of AIF and cytochrome C were determined by western
blotting. The level of ERK was used as a loading control. Ref-1 was used as a nucleus loading control and MnSOD was used as a mitochondria loading control. (d) SK-Hep1
cells were stimulated with 4 mM b-lapachone and incubated with antibody against AIF followed by labeling with the FITC-conjugated secondary antibody. Nuclei were stained
with propidium iodide (PI). Yellow, nuclear translocation of AIF is shown by overlap of AIF (green fluorescence) and nuclear PI staining (red fluorescence). Graph represents
relative intensity of nuclear AIF (right panel). (e, f) SK-Hep1 cells were transfected with AIF siRNA or control siRNA. Twenty-four hours after transfection, cells were treated with
the indicated concentrations of b-lapachone for 18 h. Cell viability was analyzed using XTT assay (e). Cell death was analyzed using LDH assay (f). The AIF protein levels were
determined by western blotting. The level of actin was used as a loading control (e, f). (g) SK-Hep1 cells were transfected with AIF siRNA or control siRNA. Twenty-four hours
after transfection, cells were treated with the indicated concentrations of b-lapachone for 5 days. After treatment, cells were stained with Coomassie Brilliant Blue dye. The AIF
protein levels were determined by western blotting. The level of actin was used as a loading control. The values in d, e, f represent the mean±S.D. from three independent
samples (n ¼ 3). *Po0.05 compared with the control siRNA
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Dicoumarol completely blocked b-lapachone-induced
necroptosis (Figure 6a). Downregulation of NQO1 by
NQO1 siRNA markedly reduced b-lapachone-induced
necroptosis (Figure 6b). In contrast, when NQO1 was
overexpressed, sensitivity against b-lapachone-induced cell
death was markedly increased (Figure 6c). In our study, 1mM
b-lapachone had no effect on cell death, but NQO1
overexpresssion potentiated b-lapachone-mediated cell
death (Figure 6c). In addition, we examined whether NQO1
levels affected b-lapachone-induced ROS generation.
b-Lapachone greatly induced ROS production in NQO1-
overexpressed cells, whereas knockdown of NQO1 by
shNQO1 reduced b-lapachone-mediated ROS production
(Figure 6d). To further confirm the functional importance of
NQO1, we examined whether expression levels of NQO1 are
related with sensitivity against b-lapachone-induced cell
death in human glioma cells (U343 and T98G), human renal
carcinoma cells (Caki and ACHN), human breast carcinoma
cells (MDA-MB-361 and MDA-MB-231) and SK-Hep1 cells.
MDA-MB-231 cells expressed low NQO1 levels and activity,
and they were the most resistant against b-lapachone, while

other cells showed similar expression levels and activity of
NQO1, and reduction of cell viability was markedly reduced
by b-lapachone (Figures 6e–g). Therefore, our data suggest
that b-lapachone-induced necroptosis is associated with
NQO1 activity. Taken together, our results reveal first that
RIP1 is an important upstream signaling molecule on
b-lapachone-induced necroptosis. Furthermore, b-lapachone
induces necroptosis through the ROS-mediated RIP1-
PARP1-AIF signaling pathway in human hepatocellular
carcinoma SK-Hep1 cells. Collectively, we suggest that
b-lapachone might be an effective therapeutic agent in
NQO1-expressed tumor cells.

Discussion

In this study, we show that b-lapachone induces both PARP-1
hyperactivation-mediated AIF release from the mitochondria to
the nucleus and RIP1-dependent necroptosis. b-Lapachone
markedly induced ROS production, and intracellular ROS
production was associated with this necroptosis. In addition,
we found that NQO1 expression was closely correlated with

Figure 4 b-Lapachone induces necroptosis via RIP1-PARP-1-AIF signaling. (a) SK-Hep1 cells were treated with the indicated concentrations of b-lapachone and 300 ng/ml
TRAIL (PC; positive control) for 18 h. (b) SK-Hep1 cells were treated with the indicated time of 4 mM b-lapachone. (c) SK-Hep1 cells were stimulated with 4 mM b-lapachone in
the presence or absence of 30mM DPQ for 1 h. (d, e) SK-Hep1 cells were stimulated with 4 mM b-lapachone in the presence or absence of 30 mM DPQ for 18 h. Cell death was
analyzed with the LDH release (d). Cell viability was analyzed using XTT assay (e). (f) SK-Hep1 cells were stimulated with 4 mM b-lapachone in the presence or absence of
50mM DPQ for 14 h. Cytoplasmic fractions were analyzed for AIF cytosol translocation. (g) SK-Hep1 cells were stimulated with 4 mM b-lapachone in the presence or absence
of necrostatin-1 (60 mM) for 1 h. (h) SK-Hep1 cells were stimulated with 4 mM b-lapachone in the presence or absence of necrostatin-1 (60 mM) for 14 h. Cytoplasmic fractions
were analyzed for AIF cytosol translocation. Fractionation was performed and the translocation of AIF was determined by immunoblotting with an anti-AIF antibody. The PARP
(a), PAR (b, c, g), and AIF (f, h) protein levels were determined by western blotting. The level of actin and ERK was used as a loading control. MnSOD was used as a
mitochondria loading control. The values in d, e represent the mean±S.D. from three independent samples (n ¼ 3). *Po0.05 compared with the b-lapachone
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sensitivity against b-lapachone-mediated cell death. Collec-
tively, our results suggest that b-lapachone induces
necroptosis through activation of the ROS-mediated
RIP1-PARP1-AIF signaling pathway in human hepatocellular
carcinoma SK-Hep1 cells.
b-Lapachone has been known to induce cell death in breast

and non-small-cell lung cancer cells through NQO1 activity
and PARP-1 hyperactivation.36–38 Bey et al.36 reported that
b-lapachone increased TUNEL positive in NQO1 activity and
PARP-1 hyperactivation-dependent manner. Furthermore,
Huang et al.37 reported that b-lapachone killed tumor cells,
including non-small-cell lung cancer cells, via PARP-1-
dependent necroptosis. However, neither report examined
whether RIP1 was involved in b-lapachone-mediated cell
death. In our study, b-lapachone increased PARP-1 hyper-
activation and the nucleus localization of AIF. We revealed

first that RIP1 kinase activity is important to b-lapachone-
induced necroptosis, and RIP1 is an upstream signaling
molecule of PARP-1-AIF signal in b-lapachone-treated cells.

It has been shown that RIP1 kinase activation is dependent
upon receptor-mediated signaling. However, Shen et al.35

suggested that ROS also induce RIP kinase activation
in a receptor-independent manner. When H2O2 (500 mM)
increases caspase-independent cell death in MEF cells,
H2O2-induced RIP activation is independent of TNF receptor
activation. H2O2 induces RIP1 localization in the membrane
lipid raft, and then it initiates RIP1-dependent death signal.34

In our study, because b-lapachone also markedly increased
intracellular ROS production (Figures 5a, b, f and g),
b-lapachone probably activated RIP1 through upregulation
of localization of RIP into the membrane lipid raft. However,
we need further experiments to clarify this hypothesis.

Figure 5 b-Lapachone induces programmed necrosis via ROS generation in SK-Hep1 cells. (a, b) SK-Hep1 cells were stimulated with 4mM b-lapachone in the presence
or absence of GSH (5 mM) or NAC (5 mM) for 1 h, and loaded with a fluorescent dye, H2DCF-DA. H2DCF-DA fluorescence intensity was measured by flow cytometry (a).
MitoSOX Red intensity was analyzed with fluorescent microscope (b). (c, d) SK-Hep1 cells were stimulated with 4mM b-lapachone in the presence or absence of GSH (5 mM)
or NAC (5 mM) for 18 h (c) or 1 h (d). Cell death was analyzed via the LDH release (c). PAR accumulation was determined by western blotting (d). (e) SK-Hep1 cells were
stimulated with 4 mM b-lapachone in the presence or absence of GSH (5 mM) or NAC (5 mM) for 14 h. Fractionation was performed and the translocation of AIF was
determined by immunoblotting with an anti-AIF antibody. The level of ERK was used as a loading control and cytoplasmic fraction marker, and MnSOD was used as a loading
control and mitochondria fraction marker. (f) SK-Hep1 cells were stimulated with 4 mM b-lapachone in the presence or absence of necrostatin-1 (60 mM) for 1 h, and loaded
with fluorescent dye, H2DCF-DA or MitoSOX Red. H2DCF-DA and MitoSOX Red fluorescence intensity was analyzed with fluorescent microscope. (g) RIP1þ /þ MEF and
RIP1� /� MEF cells were treated with or without 4mM b-lapachone for 1 h, and loaded with H2DCF-DA or MitoSOX Red. H2DCF-DA and MitoSOX Red intensity was
analyzed with fluorescent microscope. The values in c represent the mean±S.D. from three independent samples (n ¼ 3)
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The anticancer activity of b-lapachone is correlated with the
enzyme activity of NQO1. For example, when the expression
and enzyme activity of NQO-1 are high, b-lapachone induced
cell death and dicoumarol inhibited cell death. In contrast,
LNCap (prostate cancer) and MDA-MB-468 (breast cancer)
cells, in which NQO1 are unexpressed and NQO1 enzyme
activity is very low, showed a resistance against b-lapachone,
and dicoumarol had no effect on cell death.6,7 In our study,
because b-lapachone-induced cell death was completely
inhibited by dicoumarol, b-lapachone increased cell death in
a NQO1-dependent manner (Figure 6a). Furthermore, we
also found that ectopic expression of NQO1 increased
sensitivity against b-lapachone (Figure 6c), and the
level and enzyme activity of NQO1 are correlated with
b-lapachone-mediated cell death in multiple cells
(Figure 6e–g). In normal human hepatocytes, NQO1
expression and activity are very low, but NQO1 is usually
elevated in the pre-neoplastic lesions of liver and liver
cancers.11 Therefore, our results suggest that b-lapachone
may be an effective agent for the induction of cell death in
highly NQO-1-expressed cancer cells.

Materials and Methods
Cell culture and reagents. Human hepatocellular carcinoma (SK-Hep1),
human glioma cells (T98G), human renal carcinoma cells (Caki and ACHN),
human breast carcinoma cells (MDA-MB-361 and MDA-MB-231) were obtained
from the American Type Culture Collection (Manassas, VA, USA), and the U343
glioma cell line was generously provided by Dr. Yun C.O. (Hanyang University,
Korea). RIPþ /þ MEF and RIP1� /� MEF were a gift from Dr. You-Sun Kim
(Ajou University, Korea). The culture medium used throughout these
experiments was Dulbecco’s modified Eagle’s medium (DMEM) containing
10% fetal bovine serum (FBS), 20 mM HEPES buffer and 100 mg/ml gentamycin.
b-Lapachone, MG132, N-acetyl-cysteine (NAC), glutathione (GSH), diphenylio-
donium (DPI), DPQ and dicoumarol were purchased from Sigma Chemical Co.
(St. Louis, MO, USA). Necrostatin-1 and zVAD-fmk were obtained from Merck
millipore (Bedford, MA, USA). Cytotoxicity Detection Kit (LDH) was obtained
from Roche Applied Science (Mannheim, Germany). Anti-PARP-1, PAR, AIF and
NQO1 antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). The anti-RIP1 antibody was purchased from BD Transduction
Labortories (San Jose, CA, USA). The anti-ERK antibody was purchased from
Cell Signaling Technology (Danvers, MA, USA). The anti-HMGB1 was
purchased from Abcam Inc. (Cambridge, MA, USA), and anti-actin was
purchased from Sigma Chemical Co.

Cell viability assay. XTT assay was employed to measure the cell viability
using WelCount Cell Viability Assay Kit (WelGENE, Daegu, Korea). In brief, 24 h

Figure 6 b-Lapachone induces programmed necrosis through NQO1 enzyme activity in SK-Hep1 cells. (a) SK-Hep1 cells stimulated with 4 mM b-lapachone in the
presence or absence of dicoumarol (50 mM) for 18 h. Cell death was analyzed with LDH release. (b) SK-Hep1 cells were transfected with NQO1 siRNA or control siRNA.
Twenty-four hours after transfection, cells were treated with the indicated concentrations of b-lapachone for 18 h. Western blotting analysis and LDH assay were performed.
(c) Vector cells (SK-Hep1/Vector) and NQO1 overexpressed cells (SK-Hep1/NQO1) were treated with 1 mM b-lapachone for 18 h. Cell death was analyzed using LDH assay
(left panel). Western blotting analysis was performed for confirmed overexpression of NQO1 (right panel). (d) SK-Hep1 cells were transfected with vector, NQO1 and NQO1
shRNA. Twenty-four hours after transfection, cell were treated with 4mM b-lapachone for 1 h, and loaded with fluorescent dye, H2DCF-DA. H2DCF-DA fluorescence intensity
was analyzed with a fluorescent microscope. The NQO1 protein levels were determined by western blotting. The level of actin was used as a loading control. (e) The NQO1
protein levels were determined by western blotting. The level of actin was used as a loading control (upper panel). NQO1 activity was determined in cell extracts prepared from
U343, T98G, Caki, ACHN, MDA-MB-361, MDA-MB-231 and SK-Hep1 cells (lower panel). (f, g) U343, T98G, Caki, ACHN, MDA-MB-361, MDA-MB-231 and SK-Hep1 cells
were treated with the indicated concentrations of b-lapachone for 14 h. Cell viability was analyzed using XTT assay (f). Cell death was analyzed with LDH assay (g). The
values in a, b, c, e, f, g represent the mean±S.D. from three independent samples (n ¼ 3). *Po0.05 compared with the b-lapachone. #Po0.05 compared with the control
siRNA, respectively
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after drug treatment, reagent was added to each well and was then measured with
a multi-well plate reader (at 450 nm/690 nm).

DEVDase (caspase-3) activity assay. To evaluate DEVDase
(Asp-Glu-Val-Asp-ase) activity, cell lysates were prepared after being administered
the appropriate treatment. The assays were performed in 96-well plates by
incubating 20mg of cell lysate in 100ml of reaction buffer (1% NP-40, 20 mM Tris-
HCl (pH 7.5), 137 mM NaCl and 10% glycerol) containing the caspase substrate
(Asp-Glu-Val-Asp-chromophore p-nitroanilide; DEVD-pNA) at 5 mM. Lysates were
incubated at 37 1C for 2 h. Thereafter, activity was measured at 405 nm using a
spectrophotometer.

Transmission Electron microscopy. For transmission electron micro-
scopy (TEM), adherent cells were washed twice with 0.1 M cacodylate buffer,
detached using a cell scraper and mixed with cells floating in media. Cells were
then centrifuged at 625� g for 7 min, and pellets were prefixed in 2.5%
glutaraldehyde in 0.1 M cacodylate buffer for 1 h, followed by post fixation in 1%
osmium tetraoxide (OsO4) in 0.2 M cacodylate buffer. Cells were subsequently
dehydrated in an ascending graded ethanol series, embedded in resin and
polymerized for 48 h at 60 1C. Ultrathin sections were stained with uranyl acetate
and examined using a Philips EM 208 electron microscope (Philips Electronic
Instruments, Eindhoven, The Netherlands).

Annexin V and 7-AAD Staining. FITC-conjugated Annexin V
(BD Pharmingen, San Jose, CA, USA) and 7-aminoactinomycin D (7-AAD)
(BD Pharmingen) were used for distinguishing cell death mode. Cells were
washed twice in cold PBS and resuspended in Annexin V–binding buffer at a
concentration of 3� 106/ml. This suspension (100ml) was stained with 5ml of
Annexin V-FITC and 5 ml 7-AAD. 7-AAD is a nucleic acid dye that was used for the
exclusion of nonviable cells. The cells were incubated for 15 min at room
temperature in the dark. After addition of 400ml of binding buffer to each tube,
cells were analyzed by fluorescence-activated cell sorting (FACS) on a FACS
Canto (BD Biosciences, San Diego, CA, USA).

Western blotting. Cellular lysates were prepared by suspending 0.4� 106

cells in 100 ml of lysis buffer (137 mM NaCl, 15 mM EGTA, 0.1 mM sodium
orthovanadate, 15 mM MgCl2, 0.1% Triton X-100, 25 mM MOPS, 100mM
phenylmethylsulfonyl fluoride, and 20mM leupeptin, adjusted to pH 7.2). The
cells were disrupted by vortex and extracted at 4 1C for 30 min. The lysates were
centrifuged at 10 000� g for 10 min at 4 1C, and the supernatant fractions were
collected. The proteins were separated by SDS-PAGE electrophoresis and
transferred to Immobilon-P membranes (Millipore Corporation, Bedford, MA, USA).
The detection of specific proteins was carried out using a chemiluminescence
western blotting kit according to the manufacturer’s instructions (WBKLS0500;
Millipore Corporation).

Propidium iodide (PI) uptake and staining. The cells were collected,
resuspended in 100ml of binding buffer, and stained by applying propidium iodide
(final 5 mg/ml) and Hoechst33342 (final 10 mg/ml) for 15 min at room temperature.
The stained cells were analyzed by FACS and fluorescence microscope (Zeiss,
G+oettingen, Germany).

Medium concentration for HMGB-1 release. For detection of the
released HMGB-1 protein, whole media were centrifuged at 500� g for 5 min to
remove cellular debris. Then, supernatants were then collected and concentrated
by 14 000� g for 10 min using Nanosep 10 K centrifugal devices (Pall Life
Sciences, Ann Arbor, MI, USA) according to the manufacturer’s instruction.

Lactate dehydrogenase Release assay. Cell death was estimated by
determining LDH released into the culture medium. LDH released into the phenol
red-free medium was determined using a LDH assay kit and procedures described
by the manufacturer’s instruction (Roche Molecular Biochemicals, Mannheim,
Germany).

Fractionation of cytosolic, nuclear and mitochondrial extracts.
Cells were washed with ice-cold PBS, then resuspended in isotonic buffer
(250 mM sucrose, 10 mM KCl, 1.5 mM MgCl2, 1 mM Na-EDTA, 1 mM Na-EGTA,
1 mM dithiothreitol, 0.1 mM phenylmethylsulfonyl fluoride, 10 mM Tris-HCl, pH 7.4)
containing a proteinase inhibitor and left on ice for 10 min and then lysate was

passed through a 25G needle 10 times using a 1 ml syringe. The lysates were
centrifuged at 720 � g for 5 min, supernatant (contain cytoplasm and
mitochondria fraction) was transferred to a new tube and nuclear fraction
(pellets) was suspended with lysis buffer and boiled with 5 � loading buffer.
The supernatants were spin down again at 6000 � g for 10 min, mitochondria
fraction was obtained from pellets and cytosolic fraction was obtained from
the supernatant. Cytosolic fraction was boiled with 5� loading buffer,
and mitochondrial fraction was suspended with lysis buffer and boiled with
5� loading buffer.

Small-interfering RNAs. The GFP (control), RIP1, AIF (#1 and #2) and
NQO1 small-interfering RNA (siRNA) duplexes used in this study were purchased
from Santa Cruz Biotechnology. Cells were transfected with siRNA oligonucleo-
tides using Oligofectamine Reagent (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s recommendations.

Confocal Immunofluorescence Microscopy for AIF Translocation.
Cells were cytospun onto noncharged slides (Becton Dickinson, Franklin Lakes,
NJ, USA), fixed for 20 min in 4% paraformaldehyde, washed again with PBS and
permeabilized with 1% Triton X-100 for 30 min at room temperature and washed
with PBS. To reduce nonspecific antibody binding, slides were incubated in 1%
bovine serum albumin in PBS for 1 h at room temperature before incubation with
rabbit polyclonal antibody to human AIF overnight at 4 1C. Slides were then
washed for 30 min in PBS and incubated for 1 h with an FITC-conjugated
secondary antibody (Vector, Burlingame, CA, USA). Nuclei were stained with
propidium iodide for 15 min at room temperature. Slides were washed and dried in
air before they were mounted on coverslips with ProLong Antifade mounting
medium (Molecular Probes, Eugene, OR, USA). They were then examined under
a Zeiss LSM 510 multiphoton confocal microscope (Zeiss, G+oettingen, Germany).

Clonogenic assay. Cells were suspended in DMEM containing 10% FBS,
then plated in six-well plates (5� 104 cells/well). Cells were treated with
b-lapachone for 5 days. After treatment, colonies were stained with Coomassie
Brilliant Blue dye.

Measurement of ROS and mitochondrial ROS Generation. The
generation of ROS was measured by using 20,70-dichlorodihydrofluorescein
diacetate (H2DCF-DA) as a substrate, and mitochondrial superoxide/ROS
generation was determined by MitoSOX Red (Invitrogen). In brief, cells were
incubated with 10mM H2DCF-DA or 2.5mM MitoSOX Red for 30 min before
collection. For quantitative assessment of ROS generation, cells were collected,
suspended in PBS and analyzed by the green fluorescence intensity from 10 000
cells with a FACSCalibur flow cytometer (Becton Dickinson). For image taking,
H2DCF-DA or MitoSOX Red loaded cells were visualized using a fluorescent
microscope (Carl Zeiss, Axiovert 200).

Cloning of human NQO1 and stable cell. Human NQO1 gene was
amplified by PCR using specific primers from the human NQO1 gene (Accession
No. BC007659.2). The sequences of the sense and antisense primers for
NQO1were 50-GCCCCAGATCTCACCAGAGCCATG-30 and 50-TCCAG TCTAGA
GAATCTCATTTTC-30, respectively. The NQO1 cDNA fragment was digested with
Bgl II and Xba I and subcloned into the pFLAG-CMV-4 vector and termed pFLAG-
CMV-4-NQO1. The SK-Hep1 cells were transfected in a stable manner with the
pFLAG-CMV-4-NQO1 and control plasmid pFLAG-CMV-4 vector using Lipofecta-
mine 2000. After 24 h of incubation, transfected cells were selected in cell culture
medium containing 700mg/ml G418. After 2 or 3 weeks, single independent clones
were randomly isolated, and each individual clone was plated separately. After
clonal expansion, cells from each independent clone were tested for NQO1
expression by immunoblotting.

NQO1 and shNQO1 transfection. For transfection, cells were plated in
six-well plates (2� 106 cells/well) for overnight, and then the cells were incubated
for 24 h with the NQO1 and shNQO1 plasmids in the Fugene transfection reagent
(Roche Applied Science). shNQO1 was generously provided by Dr. H. J. Park
(Inha University, Korea).

NQO1 Activity Assay. Cells were trypsinized and resuspended in NQO1
activity assay buffer (20 mM Tris-HCl, 2 mM EDTA, pH 7.4). After centrifugation for
5 min at 9000� g, an appropriate amount of cell lysates was added to the reaction
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mixture, containing 100mM NADPH in a final volume of 200ml PBS (pH 7.4).
The reaction was initiated by the addition of resorufin, resulting in a final
concentration of 500 nM resorufin in the mixture. The activity was monitored at
590/522 nm in a microplate reader at room temperature for 5 min in the absence or
presence of 10mM dicoumarol.

Statistical analysis. The data were analyzed using a one-way ANOVA
followed by post-hoc comparisons (Student-Newman-Keuls) using the Statistical
Package for Social Sciences version 17.0 (SPSS Inc., Chicago, IL, USA).
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