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Purpose: To reveal the interaction between �-lapachone (�-lap) and ionizing radiation (IR) in causing clonogenic
death in cancer cells and to elucidate the potential usefulness of �-lap treatment in combination with radiother-
apy of cancer.
Methods and Materials: FSaII tumor cells of C3H mice were used. The cytotoxicity of �-lap alone or in
combination with IR in vitro was determined using clonogenic survival assay method. The IR-induced changes
in the expression and the enzymatic activity of NAD(P)H:quinone oxidoreductase (NQO1), a mediator of �-lap
cytotoxicity, were elucidated and the relationship between the NQO1 level and the sensitivity of cells to �-lap was
investigated. The combined effect of IR and �-lap to suppress tumor growth was studied using FSaII tumors
grown subcutaneously in the thigh of C3H mice.
Results: �-Lap caused clonogenic death of FSaII tumor cells in vitro in a dose- and time-dependent manner.
When cells were treated first with �-lap and then exposed to IR in vitro, the resultant cell death was only additive.
On the contrary, exposing cells to IR at 2.5 Gy first and then treating the cells with �-lap killed the cells in a
synergistic manner. Importantly, the 2.5 Gy cells were sensitive to �-lap as long as 10 h after irradiation, which
was long after the sublethal radiation damage was repaired. Irradiation of FSaII cells in vitro with 2.5 Gy
significantly increased the expression and enzymatic activity of NQO1. The growth delay of FSaII tumors caused
by an intraperitoneal injection of �-lap in combination with 20 Gy irradiation of tumor was significantly greater
than that caused by �-lap or 20 Gy irradiation alone.
Conclusion: The sensitivity of cells to �-lap is dependent on NQO1 activity. IR caused a long-lasting increase in
NQO1 activity in cancer cells, thereby sensitizing cells to �-lap and treatment of experimental mouse tumors with
IR and �-lap suppressed tumor growth in a synergistic manner. The combination of �-lap and radiotherapy is
a potentially effective regimen for the treatment of human cancer. © 2005 Elsevier Inc.
�-lapachone, Ionizing radiation, NQO1, FSaII tumors.
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INTRODUCTION

-Lapachone (3,4-dihydro-2,2-dimethyl-2H-naphtho[1,2-b]
yran-5,6-dione) (�-lap) was originally isolated from the bark
f the Lapacho tree (Tabebuia avellanedae) growing in South
merica (1). This drug has attracted considerable interest in

ecent years because of its potent cytotoxicity against various
ancer cell lines through a mechanism that works independent
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f the cell cycle or p53 status (1–8). �-Lap–induced cell death
n vitro has been previously attributed to activation or inhibi-
ion of Topoisomerase I, inhibition of Topoisomerase II-�, and
uppression of NF-�B activity (1). However, more recent
tudies have clearly indicated that none of these changes were
he key determinant of cell death caused by �-lap, particularly
n vivo (9).
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Recently, NQO1 (NAD(P)H:quinone oxidoreductase)
as been reported to be a key player in �-lap–induced cell
eath (9). NQO1 catalyzes a two-electron reduction of �-lap
o the hydroquinone form of �-lap, i.e., �-lap(HQ), using
ADH or NAD(P)H as electron donors (9). The resulting
-lap(HQ) is unstable and consequently reoxidizes in the
resence of O2 to original oxidized �-lap, causing a futile
ycling between the quinone and hydroquinone forms. This
utile cycling of the drug causes a progressive depletion of
ADH or NAD(P)H levels (3, 5, 9–12). In breast cancer

ells, one �-lap molecule oxidized as many as 40 or more
olecules of NAD(P)H (9). The depletion of NADH or
AD(P)H then leads to a massive release of Ca2� from the

ndoplasmic reticulum into the cytosol, thereby depleting
TP levels (3–5) and depolarizing mitochondrial mem-
ranes causing release of cytochrome C (3, 5, 13). It has
een suggested that the aforementioned disturbance in ionic
omeostasis and the intracellular environment triggers ap-
ptosis via calpain-like protease activation (3–5, 9), result-
ng in cleavage of vital proteins and fragmentation of DNA.
nother proposed mechanism underlying �-lap cytotoxicity

s that when �-lap(HQ) is oxidized to one-electron-reduced
ntermediate (i.e., semiquinone �-lap(SQ)●�), reactive oxy-
en species (ROS) are generated causing cell death (1, 9).
nlike the apoptosis caused by most DNA-damaging

gents, the �-lap–induced apoptosis is unique in that
aspases and p53 are not involved (2, 4, 5, 10). However,
uman breast cancer cells exposed to low continuous doses
f �-lap have been reported to activate caspase-mediated
poptotic pathways, which is similar to other cytotoxic
gents (5). It is likely that under certain conditions, �-lap
ay induce caspase-dependent apoptosis probably through

he production of ROS, which causes caspase-dependent
poptosis. It should be noted that both the depletion of
ADH or NAD(P)H levels and ROS generation by �-lap

re consequences of the reduction of �-lap, which is depen-
ent on NQO1 activity. Another proposed mechanism for
he �-lap cytotoxicity is that the drug causes apoptosis by
ctivating an S-phase checkpoint, thereby perturbing cell-
ycle progression (14, 15).

Interestingly, �-lap has been reported to react synergis-
ically with Taxol (6), mitomycin C (16), genistein (17), and
onizing radiation (IR) (7, 8, 18–20) in vitro against cul-
ured cancer cells. It has also been reported that �-lap
nhibits the repair of potentially lethal radiation damage by
onverting repairable single-stranded DNA breaks into re-
air-resistant, double-stranded DNA breaks (8, 20). Thus
-lap has been thought to act as a radiation sensitizer by

nhibiting DNA damage repair. Previously, NQO1 was iso-
ated as an IR-inducible transcript, xip3 (21, 22). In the
resent study, we observed that IR sensitizes cancer cells to
-lap by causing a long-lasting elevation of NQO1 activity.

t thus appeared that the synergistic interaction of IR and
-lap in killing cancer cells was due to an increase in
ellular susceptibility to �-lap, probably in addition to
-lap–induced radiosensitization.

Importantly, the NQO1 level in many human tumors is fi
arkedly greater than that in normal tissues (1, 23, 24). The
act that NQO1 level in tumors can be increased further by
R suggests that the combination of �-lap and radiotherapy
ay be a potentially effective approach to selectively dam-

ge tumors relative to normal tissue.

METHODS AND MATERIALS

-lapachone, cells and clonogenic survival assay
�-Lap (3,4-dihydro-22,2-dimethyl-2H-naphthol[1,22b]pyran-

,6-dione) was purchased from a commercial source (Sigma, St.
ouis, MO) or prepared by us as described previously (4). It was
issolved in dimethyl sulfoxide at 10 mM, diluted to desired
oncentration in RPMI 1640 medium, and used to treat cells with
-lap alone or in combination with IR in vitro.
FSaII cells, a fibrosarcoma of C3H mice (25), were used. Cells

ere maintained in RPMI 1640 medium (GIBCO BRI, Grand
sland, NY) supplemented with 10% bovine calf serum (Hyclone
aboratories Inc., Logan, UT), penicillin (50 units/mL), and strep-

omycin (50 �g/mL) at 37°C in a humidified 95% air-5% CO2

tmosphere. The population doubling time of FSaII cells used in
he present study was 23 � 3 h in vitro. For experiments, cells in
xponential growth phase were dispersed to single cells by treat-
ent with 0.25% trypsin for 10 min, washed twice with medium

ontaining 10% bovine calf serum, and appropriate numbers of
ells were seeded in 25 cm2 plastic tissue culture flasks with 5 mL
PMI 1640 medium. After an overnight attachment period, the
ffects of �-lap alone or in combination with IR exposures were
xamined. For clonogenic survival assays, mock or experimentally
reated cells were cultured for 7–8 days after treatment, and
olonies were fixed with a mixture of methanol and acetic acid
10:1 v/v) and stained with 1% crystal violet. Colonies containing
ore than 50 cells were scored.

etermination of sublethal radiation damage repair
FSaII cells in exponential growth phase were irradiated with 5

y either in a single dose or two doses of 2.5 Gy separated by 1–10
. During the interval of two irradiation exposures, cells were
aintained in a 37°C incubator. The irradiation of cells was done
ith a 137Cs irradiator (Model 68, J.L. Shepherd and Associates,
lenwood, CA) at a dose rate of 0.9 Gy/min. Clonogenic survival
f the cells irradiated with a single dose or fractionated doses was
etermined, as mentioned previously.

ffect of dicoumarol on �-lap cytotoxicity
We assessed the potential involvement of NQO1 in the cell

eath caused by �-lap alone or in combination with IR against
SaII tumor cells using dicoumarol [3–3=methylene-bis(4 hy-
roxycoumarin)], an inhibitor of NQO1. Cells were incubated with
�M �-lap alone or with 50 �M dicoumarol for 4 h at 37°C and

he clonogenic cell survival was determined. The effect of dicou-
arol on the combined effect of IR and �-lap was studied by

ncubating the cells with 5 �M �-lap and 50 �M dicoumarol for
h beginning immediately after 5 Gy irradiation.

mmunostaining and confocal microscopic study
f NQO1
Cells were cultured on tissue culture chamber slides and irradi-

ted. The cells were rinsed with phosphate-buffered saline (PBS),

xed with acetone:methanol (1:1) for 20 min, and blocked with 1%
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ovine serum albumin. Cells were then incubated with anti-NQO1
ntibody (1:100 dilution in PBS) for 2 h followed by incubation
ith secondary antibody conjugated with FITC (Jackson Immu-
oResearch Laboratory, Inc., West Grove, PA) for 1 h. After
ashing the labeled cells four times with PBS, NQO1 was visu-

lized with a laser scanning confocal microscope (BioRad), and
hotomicrographs were taken.

estern blot analysis for NQO1
Cells were washed twice with ice-cold PBS and dissolved in

olubilizing buffer (pH 7.4, 1% Triton X-100, 0.1% sodium do-
ecyl sulfate, 20 mM Tris-HCl, 150 mM NaCl, I mM EDTA, 1
M sodium orthovandate, 1 mM sodium fluoride, 2 mM phenyl-
ethyl sulfonyl fluoride, 10 mM iodoacetamide, 10 �g/mL apro-

inin, and 10 �g/mL leupeptin). Aliquots containing 50 �g of
rotein were separated by 7.5% sodium dodecyl sulfate-polyacryl-
mide gel electrophoresis. Separated polypeptides were then trans-
lotted onto Hybond-P (Amersham Life Sciences, Inc., Arlington
eights, IL) in transfer buffer (192 mM glycine, 25 mM sodium
odecyl sulfate, and 10% methanol). Blots were then blocked with
% nonfat dry milk in pH 7.4 TBST, and incubated with anti-
QO1 antibody (1:100 dilution, sc-16464; Santa Cruz Biotech,

nc, Santa Cruz, CA) and treated with horseradish peroxidase-
onjugated anti-goat immunoglobulin G secondary antibody (1:
000 dilution, Santa Cruz Biotech, Inc.). Immunoreactive bands
ere visualized using chemiluminescence. Equal sample loading
as confirmed by reprobing the same blots with mouse monoclo-
al antiserum against �-tubulin.

QO1 enzymatic activity assays
Cellular extracts for NQO1 activity assays were prepared before

nd after 2.5 Gy irradiation. Cells were harvested by trypsinization
0.25% trypsin and 1 mM EDTA), washed twice with ice-cold
BS, phenol red free Hanks’ balanced salt solution, then resus-
ended in PBS, pH 7.2, containing 10 �g/mL aprotinin. Cell
uspensions were sonicated four times using 10-s pulses on ice
Fisher Sonic Dismembrator), and S9 supernatants were harvested
y centrifugation at 14,000 � g for 20 min. The resulting S9
upernatants were collected and aliquoted into microcentrifuge
ubes and stored at �80°C until NQO1 enzyme activity was
ssessed (9).

NQO1 enzyme activities were assessed as previously described
26). Reaction medium contained 77 �M cytochrome C (practical
rade, Sigma Chemical Co., St. Louis, MO) as substrate and
.14% bovine serum albumin in Tris-HCl buffer (50 mM, pH 7.5).
QO1 activity was measured using NADH (200 �M) as the

mmediate electron donor and menadione (10 �M) as the interme-
iate electron acceptor. Each assay was performed in the presence
nd absence of dicoumarol, and the activity which was reduced by
icoumarol was taken as NQO1 activity. Assays were done at
7°C using a Beckman DU 640 spectrophotometer (Beckman
oulter, Fullerton, CA), and were initiated by addition of S9

upernatants. Enzyme activities were calculated as nmoles cyto-
hrome C reduced/min/�g protein, based on the initial rate of
hange in OD at 550 nm and an extinction coefficient for cyto-
hrome C of 21.1 mM/cm.

ffect of �-lap alone or in combination with X-irradiation
n tumor growth
Exponentially growing FSaII tumor cells in culture were har-
ested, washed, and suspended in serum-free RPMI medium. t
bout 0.05 mL of the suspension containing 2 � 105 tumor cells
as injected subcutaneously into the right thighs of female C3H
ice weighing 20–23 g. When tumors grew to 7–8 mm in diam-

ter, a group of mice were intraperitoneally injected with 50 mg/kg
-lap dissolved in 0.2 mL of HP-�-CD (�-hydroxypropyl-�-cy-
lodextrin) (27). A second group of mice bearing tumors of equiv-
lent volumes were treated with 20 Gy X-irradiation in a single
xposure. Finally, a third group of tumor-bearing mice received
ombined treatment: mice were injected intraperitoneally with
-lap at 50 mg/kg and the tumors were treated with 20 Gy
-irradiation 30 min after drug injection. The mice that did not

eceive �-lap injection received an injection of 0.2 mL of solvent,
P-�-CD, only.
For the irradiation of tumors grown in the thigh, mice were

nesthetized with an intraperitoneal injection of a mixture of 100
g/kg ketamine and 10 mg/kg xylazine. This anesthesia method

as been routinely used in our laboratory and causes little cardio-
ascular change in rodents (28). Except for the tumor area, the
hole body of the anesthetized mice was covered with a 4-mm-

hick lead shield and the tumors were irradiated with 250-kV
rthovoltage X-rays (added filtration of 1.0 mm Al and 0.35 mm
u) (Philips Medical System, Brookfield, WI) at 1.4 Gy/min.
ontrol animals were mock-irradiated.
Tumor diameters were measured with a caliper, and tumor

olumes were calculated using the formula: V � a2b/2, where a
as the shortest tumor diameter and b was the longest tumor
iameter measured. For each experimental group, between seven
nd nine tumors were used and the average volumes of the tumors
ere obtained. The mice were euthanized by cervical dislocation
hile under anesthesia when tumor size reached 1.3–1.5 mm2. All

xperiments were performed following protocol approved by the
niversity of Minnesota Institutional Animal Care Use Committee

Protocol number: 0112A13064).

RESULTS

-lap cytotoxicity against FSaII cells
Figure 1 shows changes in % survival of clonogenic

SaII cells treated with different concentrations of �-lap for
arying lengths of time. When cells were incubated with 2.5
M �-lap, survival declined only slightly during the first
h, but decreased rapidly thereafter. In contrast, incubation

f cells with 5 �M �-lap for only 2 h significantly decreased
urvival. The clonogenic cell survival decreased to 12.8%
nd 1.5% after incubation with 5 �M �-lap for 4 h and 6 h,
espectively. Incubation of cells with 10 �M �-lap for 6 h
esulted in less than 0.03% survival.

rradiation increases the �-lap–induced clonogenic cell
eath
Figure 2 shows the survival curve of FSaII cells treated

ith various doses of IR in combination with a 4-h treat-
ent of 5 �M �-lap, applied either before or immediately

fter IR exposure. The Do of the radiation survival curve of
ontrol cells (radiation therapy only) was 125 cGy and that
f the cells treated with �-lap for 4 h, washed, and irradiated
as 123 cGy. This result indicated that the radiosensitivity
f cells was not affected by prior treatment with �-lap. On

he other hand, the Do of the radiation survival curve of
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ells treated with �-lap for 4 h immediately after radiation
xposure was 82.5 cGy. It was concluded that �-lap treat-
ent and IR reacted in a synergistic manner when �-lap

reatment was applied after radiation exposure, whereas the
wo treatment regimens reacted additively when �-lap treat-
ent was applied before radiation exposure. The effect of

dding �-lap to cells immediately before IR and washed 4 h
ater (data not shown) was identical to the effect of treating
he cells with �-lap for 4 h starting immediately after
adiation exposure.

To further analyze the interaction between IR and �-lap
n reducing cancer cell clonogenicity, we irradiated FSaII
ells with 2.5 Gy and then treated them with 5 �M �-lap for
h starting at various times after IR exposure. Figure 3

hows that 2.5 Gy alone and �-lap treatment alone reduced
ell survival to 38.3 � 5.6% and 12.3 � 1.3%, respectively.
he dotted line shows the expected % survival (4.7%) if 2.5
y IR and 4 h treatment with 5 �M �-lap reacted additively.
hen cells were irradiated and immediately treated with 5

M �-lap for 4 h, cell survival decreased to 1.5 � 0.4%,
ndicating that the combined effect of IR exposure and 5
M �-lap in reducing clonogenic survival of FSaII cells
as significantly greater than the additive effect. Impor-

antly, a 4-h treatment with �-lap applied beginning 3 h or
h after IR exposure was as effective as that applied

ig. 1. Cytotoxicity of �-lapachone (�-lap) on FSaII cells. Cells
ere incubated with different concentrations of �-lap at 37°C for
arying lengths of time, rinsed with fresh medium, and cultured for
–9 days with regular medium. The number of colonies formed
ith more than 50 cells were counted and the percentage of

urvival calculated. Each data point shows the average of five to

reven experiments with duplicate cultures � standard error.
mmediately after irradiation in reducing cell survival. The
ombined effect of IR and �-lap was greater than additive
ven when �-lap treatment was started 10 h after IR expo-
ure, but it diminished to the additive level when the time
nterval between the radiation exposure and the �-lap treat-

ent was increased to 24 h.

icoumarol suppresses the effect of �-lap alone or in
ombination with IR

The effects of dicoumarol on the clonogenic death of
SaII tumor cells caused by 5 �M �-lap alone or in com-
ination with 5 Gy irradiation are shown in Fig. 4. The 4-h
ncubation of cells with 50 �M dicoumarol was slightly
oxic, reducing the cell survival to about 75.1 � 5.8%. The
-h incubation with 5 �M �-lap reduced the cell survival to
.4 � 10�2, whereas the 4-h incubation with 5 �M �-lap
ith 50 �M dicoumarol resulted in cell survival of 18.8 �
0�2. Irradiation with 5 Gy followed by a 4-h incubation
ith 5 �M �-lap decreased the cell survival to 6 � 10�4,
hereas concomitant incubation of cells with 5 �M �-lap

nd 50 �M dicoumarol immediately after 5 Gy irradiation

ig. 2. Survival curves of FSaII tumor cells treated with ionizing
adiation alone (radiotherapy only) or with �-lapachone (�-lap)
reatment. Cells were incubated with 5 �M �-lap for 4 h, rinsed,
nd then irradiated (lap 5 �M � RT) or cells were irradiated first,
hen incubated with 5 �M �-lap and rinsed (RT � lap 5 �M).
fter the treatments, cells were cultured for 8–9 days, the number
f colonies were counted, and percentage survival was calculated.
verages of seven to nine experiments with duplicate cultures �
standard error are shown.
educed the cell survival to 40 � 10�4. These results
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emonstrated that inhibition of NQO1 activity markedly
nhibits the cell death caused by �-lap alone or in combi-
ation with IR.

ig. 3. Effects of �-lapachone (�-lap) treatment applied at differ-
nt times after irradiation of cells. FSaII cells were irradiated with
.5 Gy and incubated with 5 �M �-lap for 4 h starting at different
imes after ionizing radiation, as indicated. After the treatments,
ells were rinsed and cultured for 8–9 days and the colonies were
ounted. The average of six to eight experiments with duplicate
ultures � 1 standard error are shown.

ig. 4. Effect of dicoumarol on the cell death caused by �-lapa-
hone (�-lap) alone or in combination with irradiation in FSaII
ells. Lap � treated with 5 �M �-lap; 5 Gy � irradiated with 5
y; Dic � treated with 50 �M dicoumarol; Lap � Dic � treated
ith 5 �M �-lap �50 �M dicoumarol; 5 Gy � Lap�Dic �

rradiated with 5 Gy and then treated with 5 �M �-lap �50 �M
icoumarol. The averages of six experiments with duplicate cul-
qures � 1 standard error are shown.
R increases NQO1 levels
Because NQO1 has been reported to be a major determi-

ant for �-lap–mediated cell death (9, 10), and because this
rotein can be induced in some cells by IR (22), we exam-
ned changes in NQO1 levels in FSaII tumor cells after IR.
igure 5 shows confocal micrographs of cells stained with
nti-NQO1 antibody at various times after an exposure to
.5 Gy IR. NQOI levels increased by 2 h after irradiation
nd further increased 4–8 h after IR. The NQO1 level 24 h
fter IR was slightly less than that at 8 h after IR exposure.
igure 5b shows a Western blot for NQO1 levels in FSaII

umor cells at various times after an exposure to 2.5 Gy.
onsistent with changes in expression of NQO1 by confocal
nalyses, the NQO1 expression in the Western blot in-
reased by 2 h after IR, peaking at 4–8 h, and then gradu-
lly declined. Finally, the enzymatic activity of NQO1 in
SaII tumor cells, calculated as nmoles of cytochrome C
educed/min/�g protein, was also found to markedly in-
rease after an exposure of cells to 2.5 Gy IR (Fig. 6).
QO1 activity increased threefold 4–8 h after 2.5 Gy

rradiation, then began to decline although the enzyme ac-
ivity was still greater than twofold the control level 8 h
fter 2.5 Gy IR. The enzyme activity returned to control
evel 24 h after IR.

ublethal radiation damage is repaired rapidly in
SaII cells
Irradiation of FSaII cells with a single dose of 5.0 Gy

educed the cell survival to 9.5 � 2.8%, whereas 5.0 Gy IR
n two equal fractions of 2.5 Gy separated by 1 h decreased
he cell survival to 34.5 � 3.1%. The cell survival further
ncreased to 38.1 � 3.5% and 42.3 � 4.9% when the
nterval between the two radiation exposures was increased
o 5 h and 10 h, respectively. These results demonstrated
hat most of the sublethal damage caused by 2.5 Gy IR was
epaired within 1 h in FSaII cells.

R increases anti-tumor activity of �-lap
Figure 7 shows changes in the volume of FSaII tumors

fter various treatments. An intraperitoneal injection of 50
g/kg �-lap suppressed tumor growth and enhanced the

ffect of IR to suppress the tumor growth. The numbers of
ays required for a fourfold increase in mean tumor vol-
mes for control, �-lap alone, IR alone, and IR � �-lap
roups were 5.3 � 0.2, 7.1 � 0.3, 11.1 � 0.5, and 18.4 �
.3 days, respectively. Consequently, for the fourfold in-
rease in tumor volume, the growth delay (difference be-
ween the control and treated groups) caused by �-lap alone,
R alone, and the combination of �-lap and IR treatment
ere 1.8 days, 5.8 days, and 13.1 days, respectively. The
rowth delay by �-lap alone was statistically significant (p

0.00009), and the growth delay caused by �-lap plus IR
as significantly longer than that caused by IR alone (p �
.01). �-Lap treatment did not appear to increase the radi-
tion-induced damage in normal tissues adjacent to the
reated tumors, although the normal tissue damage was not

uantitatively determined in the present study.
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DISCUSSION

We have observed in the present study that �-lap is
ytotoxic against FSaII tumor cells of C3H mice and that IR
nd �-lap synergistically react in causing tumor cell death in
itro. An intraperitoneal injection of �-lap to C3H mice
earing FSaII tumors in the hind leg suppressed tumor
rowth particularly when it was combined with IR. The
ynergistic effect of IR and �-lap against cancer cells ap-

Fig. 5. The effect of 2.5 Gy irradiation on the expression o
isothiocyanate (FITC)-stained NQO1 in FSaII cells. C
incubation with secondary antibody conjugated with FIT
at 40�. (b) NQO1 expression in irradiated cells as de
antibody. Shown in (a) and (b) are representative micro

ig. 6. Enzymatic activity of NQO1 after 2.5 Gy irradiation in
SaII tumor cells. At various times after irradiation, cells were
onicated and the NQO1 activity in S9 supernatants was deter-
ined. The NQO1 activities are expressed as nmoles cytochrome
reduced/min/�g protein. Data shown are an average of six
eterminations with duplicate cultures with � 1 standard error. t
eared to be due mainly to a radiation-induced increase in
he activity of NQO1, a mediator of �-lap toxicity.

It has been demonstrated recently that the cytotoxicity of
-lap is directly correlated to NQO1 expression in tumor
ells (1, 9, 10). It has also been reported that NQO1 causes
futile cycling between the oxidized and two-electron re-

uced forms of �-lap, i.e., �-lap(HQ), utilizing NAD(P)H or

1 in FSaII cells. (a) Confocal microscopy of fluorescein
ere labeled with anti-NQO1 antibody followed by an

labeled cells were imaged with a confocal microscope
ed by Western blot analyses using an NQO1-specific
raphs of experiments repeated four times.

ig. 7. Growth of FSaII tumors in the thighs of C3H mice after
arious treatments. Radiation therapy (RT) (20 Gy) � tumors were
xposed to 20 Gy of X-ray in a single dose; �-lapachone (�-lap)
50 mg/kg) � host mice were injected intraperitoneally with �-lap
t 50 mg/kg; �-lap (50 mg/kg) and RT � host mice were injected
ntraperitoneally with �-lap at 50 mg/kg; 30 min later tumors were
xposed to 20 Gy of X-rays in a single dose. The averages of seven
f NQO
ells w
C. The
termin
o nine tumors with 1� standard error are shown.
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ADH as electron sources, thereby depleting NAD(P)H and
ADH (3, 5, 9). The severe depletion of NAD(P)H and
ADH from the futile cycling appeared to trigger apoptosis.

nterestingly, the �-lap–induced apoptosis was reported to
e p53-independent (2, 4, 5, 10). Another possible mecha-
ism underlying the �-lap–induced cell death is that some
f �-lap(HQ) formed through mediation of two-electron
eductase NQO1 does not directly oxidize back to �-lap but
xidizes first to one-electron-reduced semiquinone
-lap(SQ)

· �

in the presence of oxygen, thus inducing redox
ycling and generating cytotoxic reactive oxygen species (1,
, 13). Although circumstantial evidence clearly indicates
hat NQO1 plays a cardinal role in �-lap–induced cell death,
hether the direct cause of cell death is due to depletion of
AD(P)H and NADH or generation of ROS may depend on

he concentration of �-lap and the availability of oxygen.
It has recently been proposed that �-lap selectively in-

uces apoptosis in transformed cells by activating an S-
hase checkpoint and inducing E2F1 in the absence of DNA
amage (14, 15). This hypothesis excludes the involvement
f NQO1 activity in �-lap–induced cell death, contrary to
ur observation in the present study (Fig. 4) and in previous
eports (1, 3, 9, 10). Furthermore, in our recent study using
549 human lung cancer cells and RKO human colorectal

ancer cells, �-lap treatment did not increase S-phase pop-
lation, and the �-lap–induced apoptosis was independent
f cell-cycle phase (unpublished observation).
As shown in Fig. 4, dicoumarol markedly suppressed not

nly the cell death caused by �-lap alone, but also that
aused by �-lap in combination with IR, demonstrating that
QO1 is an important determinant of cell death caused by

ombination of �-lap and IR in FSaII cells. The confocal
icroscopy study (Fig. 5a), Western blot study (Fig. 5b),

nd the biochemical study (Fig. 6) clearly demonstrated that
R causes a prolonged increase in NQO1 activity in FSaII
ells. As shown in Fig. 2, when cells were treated with �-lap
efore IR, the slope (Do) of the radiation survival curve was
imilar to that of the cells treated with IR alone, indicating
-lap and IR reacted merely additively. On the contrary, the

adiation survival curve of cells receiving IR first and then
reated with �-lap was significantly steeper than the survival
urve of the cells treated with IR alone. It is highly likely
hat the �-lap treatment applied immediately after IR caused

adiosensitization by inhibiting the radiation damage repair. l
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