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Cytotoxicity of RH1: NAD(P)H:quinone acceptor
oxidoreductase (NQO1)-independent oxidative stress and
apoptosis induction
Gabriela Tudora, Mike Alleyb, Christopher M. Nelsonc, Ruili Huangd,
David G. Covelld, Peter Gutierreze and Edward A. Sausvillef

The elevated expression of the flavoprotein NAD(P)H:

quinone acceptor oxidoreductase (NQO1) (EC 1.6.99.2) in

many human solid tumors, along with its ability to activate

quinone-based anticancer agents, makes it an excellent

target for enzyme-directed drug development. Previous

studies have shown a significant statistical correlation

between NQO1 enzymatic activity and the cytotoxicity of

certain antitumor quinones. RH1 [2,5-diaziridinyl-3-

(hydroxymethyl)-6-methyl-1,4-benzoquinone], presently in

late preclinical and entering early clinical development, has

been previously considered to be an excellent substrate for

activation by NQO1. In this study we investigate the

cytotoxicity of RH1 in cell lines selected from the NCI’s 60

tumor cell line panel, expressing varying levels of NQO1

activity. Exposure time- and concentration-dependent

cytotoxicity was seen, apparently independent from levels

of NQO1 activity in these cells. Furthermore, the NQO1

inhibitor dicoumarol had no impact on the sensitivity

profiles of RH1 response. The HL-60 myeloid leukemia

cells, which do not have detectable NQO1 activity, were

further investigated. RH1 treatment of HL-60 cells

generated high levels of free radicals, which was

accompanied by robust redox cycling, oxygen consumption

and induction of apoptosis. These results are in agreement

with previous data suggesting that, in addition to its

activation by NQO1, RH1-induced cytotoxicity might involve

alternative pathways for activation of this compound.

Furthermore, the high cytotoxicity of RH1 in the leukemia/

lymphoma subpanel of the NCI in vitro cell line screen

would suggest an empirical rationale for the

utilization of this compound in the treatment of these

malignancies. Anti-Cancer Drugs 16:381–391 �c 2005

Lippincott Williams & Wilkins.
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Introduction
NAD(P)H:quinone acceptor oxidoreductase (NQO1) is

one of several reductase enzymes capable of reducing

quinones to DNA-damaging species. Other reductases

including NADPH cytochrome P450 and NADH cyto-

chrome b5 reductase have also been associated with the

metabolism of quinones. NQO1 catalyzes the two-

electron reduction of quinones to their hydroquinone

derivatives, bypassing the semiquinone intermediates

[1]. This reaction prevents the one-electron reduction,

which would result in oxidative cycling, generation of free

radicals and oxidative stress. However, the reduced

hydroquinones can rapidly autoxidize and undergo redox

cycling generating intermediate radical species. These

radical metabolites have been shown to induce cellular

damage by acting as alkylating agents and/or by inducing

oxidative stress [2–4]. Examples of compounds that have

been shown to be good substrates for NQO1 include

indoloquinone EO9 [5], mitomycin C [2,4,6–8], strepto-

nigrin [9], MeDZQ [3,10] and diaziquone [11,12]. The

high level of NQO1 in tumor tissue, as compared to

normal tissue [13,14], has made NQO1 a useful target for

quinone-based bioreductive antitumor therapies [15].

RH1 [2,5-diaziridinyl-3-(hydroxymethyl)-6-methyl-1,4-

benzoquinone], a water-soluble analog of MeDZQ (3,6-

dimethyl-2,5-diaziridinyl-1,4-benzoquinone) [10,16–25],

is an antitumor agent undergoing late preclinical and early

clinical studies. Prior work had suggested that RH1 is

highly active and selectively toxic to cells with elevated
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NQO1 activity, and has pharmacological properties

different from other aziridinylquinones, e.g. EO9

[19,23]. In vitro studies with purified human NQO1

and HPLC [16,19] have shown that RH1 is rapidly

reduced by NQO1 to the hydroquinone. It is commonly

accepted that the antitumor activity of DZQ, MeDZQ

and RH1 is mainly the result of their two-electron

reduction by NQO1 to DNA-alkylating aziridinylhydro-

quinones [26–28]. Indeed, the sensitivity of a large

number of different cell lines to MeDZQ, RH1 or EO9

increased with an increased level of NQO1 expression

[15,16,20,29]. Whether additional pathways for RH1

metabolism independent of NQO1 are important in

activation of the drug remains incompletely explored.

In this study we determined the sensitivity to RH1 of

tumor cell lines differing in NQO1 activity levels, on the

background of varying levels of other enzymes possibly

involved in aziridinylquinone metabolism [28]. This

approach becomes meaningful in the context of the

clinical evaluation of these compounds, since tumor

sensitivity to bioreductive agents in vivo is likely to be

affected by several bioreductive enzymes.

Our study shows that although it is certainly true that

sensitivity to RH1 was marked in cell lines expressing

NQO1, the capacity of RH1 to convey cytotoxicity did

not correlate in a dependent fashion with the levels of

NQO1 activity. Furthermore, dicoumarol, a NQO1

inhibitor, had very little if any impact upon the sensitivity

profiles of RH1 treatment. The activity of RH1 in the

HL-60 myeloid leukemia cells, which do not have

detectable NQO1 activity [28,30], was further investi-

gated. RH1 treatment generated high levels of free

radicals, which was accompanied by robust redox cycling,

oxygen consumption and induction of a high level of

apoptosis. These results are in agreement with previous

data suggesting that, in addition to its activation by

NQO1, RH1 cytotoxicity might involve alternative or

additional pathways of activation to NQO1. Furthermore,

the high sensitivity of the leukemia/lymphoma cell lines

to RH1 would support the use of this compound as a

potential drug for the treatment of leukemias, even

without NQO1 expression.

Materials and methods
Materials

Compounds were obtained from the NCI Open Com-

pound Repository, Drug Synthesis and Chemistry Branch,

NCI. Stock solutions of drugs were made in dimethylsulf-

oxide (DMSO) and stored at – 701C. The spin trap 5,5-

dimethyl-1-pyrroline-N-oxide (DMPO) was obtained

from Aldrich (St Louis, MO). 6-Carboxy-20,70-dichlorodi-
hydrofluorescein diacetate, di(acetoxymethyl ester)

(CM-H2DCFDA) and hydroethidium (HE) were from

Molecular Probes (Eugene, OR).

In vitro 60 cell line cancer screen

The methods used for the 60 cell line panel have been

described elsewhere [31,32]. Briefly, compounds were

solubilized in DMSO at a final concentration of 200�.

The compounds were diluted into RPMI 1640 containing

5% fetal bovine serum (FBS) and serial 1-log dilutions

were prepared for a total of five concentrations. Generally,

the working range for the initial testing of a compound

was 10– 4 through 10– 8M. The compounds were added to

24-h-old cultures of each of the 60 cell lines used in the

panel. Following a 48-h incubation, the media was

removed, the cells fixed and stained with sulforhodamine

B, and the total stain quantitated by optical density

determinations. Through the use of a time 0 cell control,

cell growth could be determined for each cell line, thus

allowing calculations of the 50% growth inhibitory

concentration (GI50), the total growth inhibition (TGI)

and the 50% lethal concentration (LC50). These data

could then be plotted as mean bar graphs, where the

average GI50, TGI and 50% cell kill (LC50) were

computed, and the susceptibility of individual cell lines

represented as bars to the right indicating sensitivity

greater than the mean and to the left indicating

resistance relative to the mean.

In vitro time course assay

Methods for cell culture, drug preparations and conven-

tional in vitro drug sensitivity testing have been described

previously [33]. The cell lines and concentration ranges

of experimental agents to be evaluated in the more

specialized concentration� time (c� t) assays were

chosen on the basis of 60 cell line screening data. As

described elsewhere [34,35], exposure to an experimental

agent for increasing periods of time, followed by drug

removal, permits quantitation of drug activity conferred

by each of several exposure durations ranging from less

than 1 to 144 h. Comparison to plates not exposed to drug

permits determination of concentration and times of

exposure conferring GI50, TGI and LC50. From the

plotting of composite c�t data, one can readily determine

the minimum exposure conditions (both concentration

and time) required to achieve cytostatic and/or cytocidal

activity in a given cell line, and then compare the relative

sensitivities of multiple cell lines to identify the most

sensitive cell types.

Electron spin resonance (ESR) measurements

To characterize the capacity of RH1 and EO9 to

participate in oxygen-mediated bioactivation steps, ESR

spectra were obtained at room temperature using a Varian

E109 Century Series ESR spectrometer (Varian, Palo

Alto, CA) equipped with 100-kHz field modulation, as

previously described [30]. Briefly, 1� 107 cells were

rapidly mixed with 1mM compound and 100mM of the

spin trap DMPO. The high concentrations of drug, clearly

above the concentrations which cause lethality by both

RH1 and EO9, were necessary to adequately characterize
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initial rates of radical generation. The drug-loaded cells

were quickly transferred to an ESR flat cell and placed in

the ESR spectrometer for measurement. Control experi-

ments were carried in the absence of drug. The relative

ability of the various quinones to produce hydroxyl

radicals was evaluated by using the steady-state signal

intensity of the DMPO-OH adduct.

Oxygen consumption measurements

The rate of oxygen consumption was determined on

whole cells with a Model 53 Oxygen Monitor (Yellow

Springs Instruments, Yellow Springs, OH). Exponentially

growing cells were harvested and suspended to a density

of 107 cells/ml. An aliquot of 3ml of cell suspension was

aerated in the receptacle of the Model 53 oxygen monitor

for 3min and the oxygen consumption evaluation was

based on a 100% value of 1.58�10– 7 mol/ml of dissolved

oxygen. Endogenous cellular oxygen consumption was

monitored for 5 min before drugs were added. Drug-

induced oxygen consumption was monitored by recording

the drop in oxygen saturation levels for an additional

5min after addition of the drug (1mM final concentra-

tion from stock solutions in DMSO) and without drug.

The rate of drug-induced oxygen consumption was

calculated and expressed as the ratio of [O2]drug/

[O2]control.

Detection of peroxides and superoxides by flow

cytometry

To verify the production of reactive oxygen species

(ROS) at more pharmacologically relevant concentration

ranges, HL-60 and MCF-7 cells (1� 106 cells) were

incubated with drug following the same conditions used

for the apoptosis assay. DCFH-DA and HE were dissolved

in DMSO and incubated with the cells for 30min at

371C. Following incubation, the medium was removed

and the cells were analyzed with a FACScan (Becton

Dickinson, Mountain View, CA). The non-enzymatic

decomposition of H2O2 (20mM) with generation of

hydroxyl radicals was used as a positive control for the

detection of peroxides. Hydroquinone and thiotepa were

used as positive and negative controls, respectively.

Apoptosis assay

Apoptosis was detected by flow cytometry using the

Annexin-V–FITC apoptosis detection kit from Oncogene

Research Products (San Diego, CA). Cells were incu-

bated with drug for 0, 3, 6 and 24 h at concentrations

higher than TGI. Following drug treatment, 5�105 cells

were used for the conventional Annexin-V-binding proto-

col, according to the manufacturer’s instructions and

bivariate Annexin-V/propidium iodide (PI) analysis was

performed by flow cytometry.

Western blot analysis

The Western blot analysis was performed as described

previously [30]. Briefly, 1� 107 cells were harvested and

lysed by homogenization. Cell homogenates were cen-

trifuged at 14 000 g for 30min at 41C. Supernatants were

collected and stored at – 701C, until analyzed by gel

electrophoresis. These lysates contained the cytosolic

and light membrane fractions but not nuclei or mitochon-

dria. Protein content in each lysate was determined by

using the BCA Protein Assay (Pierce, Rockford, IL). The

following primary antibodies were used: b-actin, mouse

monoclonal (Sigma, St Louis, MO; A5441), cytochrome c,
mouse monoclonal (PharMingen, San Diego, CA) and

PARP mouse polyclonal (BD Biosciences, Mountain View

CA; 65196E). The resulting immunoblot signals were

quantified by densitometric scanning (Digital Imaging

System; Alpha Innotech, San Leandro, CA). The b-actin
signal was used to normalize for the amount of protein

loaded in each lane.

Results
RH1 sensitivity profile in the 60 cell line screen

RH1 (NSC 697726) demonstrated potent yet differential

(some cell types much more sensitive than others)

activity in the NCI 60 cell line screen. The initial testing

of RH1 in seven separate experiments over a concentra-

tion range of 0.01–100 mM resulted in a mean GI50 of

0.025 mM, a mean TGI of 0.338 mM and a mean LC50 of

7.3 mM (population variances 0.3, 0.9 and 0.9, respec-

tively) for the conventional 2-day assay. Many individual

cell lines in the leukemia, lung, colon, CNS, melanoma,

ovary, breast and renal subpanels exhibited differentially

greater sensitivities such that TGI and LC50 values were

1.25–1.53 logs more or less sensitive than the 60 cell line

mean values. Subsequent testing of RH1 over a lower

concentration range of 0.1–1000 nM resulted in a more

accurate determination of the GI50 sensitivity pattern of

the 60 cell lines. As shown in Figure 1, under conditions

of a 2-day assay, the mean GI50 was measured to be 12 nM

with leukemia cell lines exhibiting the greatest differ-

ential GI50 sensitivities ranging from 0.14 to 1.0 nM

(1.09–1.94 logs more sensitive than the 60 cell line mean

panel value).

c� t sensitivity profiles of RH1

In vitro time course assays initially were performed on

RH1 in selected lung and breast tumor cell lines in order

to characterize and compare the time and concentration

dependency of this agent, and to help select an optimal in
vivo drug treatment schedule in sensitive tumor models.

As shown in Figure 2, most of the solid tumor cell lines

required a minimum of 12 h to achieve near maximum

activity on a c� t basis. In vitro time course assays also

were employed to compare the relative efficacy of

RH1 with other structural analogs, i.e. mitomycin C,

diaziquone and EO9 (concurrent testing). As shown in

Table 1, RH1 is generally the most active structure on a

molar basis in culture.

Cytotoxicity of RH1 Tudor et al. 383
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Fig. 1

RH1 activity in the NCI 60 cell line screen. Mean graphs of the RH1 (NSC 697726) activity (log10 of molar concentration) in the NCI 60 cell line screen, as described in Materials and methods. Note
that bars projecting to the right indicate drug activity greater than the mean value and bars projecting to the left indicate drug activity less than the mean value. MG_MID= the mean activity value for the
entire panel, Delta = the number of log10 units by which values for the individual cell lines differ (plus or minus) from the MG_MID value of the panel and Range= the number of log10 units by which the
value for the cell line with the highest sensitivity to the drug differs from the line with the lowest sensitivity.
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The prominent RH1 sensitivity of different leukemia or

lymphoma cell lines in the 60 cell line screen prompted

further time course assay evaluations in leukemia/mye-

loma cell lines: CCRF-CEM, Molt-4, HL-60TB and

RPMI-8226.

In contrast to the time and concentration dependence of

most of the solid tumor cell lines, which achieve near

maximum LC50 level of activity within 6- to 12-h

exposures as shown in Figure 2, leukemia cell lines were

highly responsive to brief exposures and low drug

concentrations as shown in Figure 3.

Correlation of RH1 activity with NQO1 (DT-diaphorase)

expression

As prior experiments had indicated that one route to

bioactivation of RH1 utilized NQO1 and as prior

studies had characterized NQO1 expression in the NCI

60 cell line screen, it became of interest to correlate

RH1 activity with expression of NQO1. Figure 4

shows the lack of significant correlation between

susceptibility to RH1 and expression of NQO1. In fact,

of great interest, this analysis revealed that HL60

leukemia cells showed high susceptibility to RH1 despite

essentially no detectable NQO1 activity [28,30]. Real-

time quantitative PCR analysis of HL60 cells did not

reveal any induction of NQO1 expression following

treatment with RH1 (manuscript in preparation). We

therefore sought to indirectly characterize NQO1 activity

in relation to RH1-induced cytotoxicity by use of

dicoumarol. Although dicoumarol is not a very specific

inhibitor of NQO1, it is commonly used as an indicator of

NQO1 participation in a redox mechanism. Figure 5

shows the sensitivity profiles (TGI) of cell lines in

response to RH1 and co-treatment with increasing

concentrations of dicoumarol. The sensitivity to RH1

does not decrease (Fig. 5B) in the presence of dicoumarol

in cell lines with intermediate/high levels of endogenous

NQO1 activity (activity log10: NCI-H522=2.54, NCI-

H460=3.78 and MCF-7=1.81) [28]. As expected, there

is no influence of dicoumarol on the sensitivity of the

leukemia cell lines (Fig. 5A) that contain no NQO1

activity [28].

Fig. 2
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Indices of sensitivity to RH1. Drug sensitivity is expressed as TGI (left panels) and LC50 (right panels) as described in Materials and methods. The in
vitro time course assay was performed on selected lung (A) and breast (B) tumor cell lines. The data represent mean TGI and LC50 values following
treatment with nanomolar concentrations of RH1 from triplicate samples and two different experiments.

Table 1 Pharmacologic indices (nM) for potential NQO1 substrate
agents following 6 days continuous exposure in the NCI 60 cell
anticancer drug screen

Cell line/indices MITC AZQ EO9 RH1

NCI-H23
GI50 29.3 196 1.5 1.7
TGI 68.8 509 2.8 3.6
LC50 206 2520 14 8

NCI-H522
GI50 6.4 24.5 1.2 0.2
TGI 12 70.8 1.6 0.7
LC50 73.9 834 14 8

MDA-MB231
GI50 224 386 28 3.5
TGI 1190 1260 122 12.3
LC50 4670 2970 260 31.4

Sensitivity of tumor cell lines to selected quinone-based compounds following 6
days of continuous exposure as described in Materials and methods. Data
correspond to the mean indices of three independent experiments and represent
nanomolar concentrations of drug.
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Detection of drug-induced free radicals and oxygen

consumption in whole cells

One-electron reduction of quinones generates a semi-

quinone intermediate, which under aerobic conditions is

oxidized to the parent quinone, a process known as redox

cycling, that results in the concomitant production of

superoxide radical anion. The formation of superoxide is

the beginning of a cascade that generates hydrogen

peroxide and hydroxyl radicals [36,37]. In the case of a

two-electron reduction by NQO1, the hydroquinone is

produced. If the hydroquinone is unusually stable, redox

cycling will not take place sparing the cells from oxidative

stress. Hydroquinones, however, can also be oxidized by

one electron at a time with the formation of the

semiquinone and the parental compound, and generation

of ROS [12,37,38]. These characteristics are well defined

in purified enzyme systems. In whole cells, however, both

one- and two-electron reductions lead to more compli-

cated chemical reactions.

NQO1-catalyzed reduction of aziridinylbenzoquinones

has been reported to result in the formation of ROS

[25,30,38]. However, the auto-oxidation of two-electron

reduced RH1 has been reported to be slow [25]

(reoxidation half-time around 40min), suggesting that

this role of NQO1 in the oxidative stress induced by RH1

might be negligibly low. We therefore sought to

characterize the generation of reactive oxygen intermedi-

ates following exposure of both RH1 and EO9 to cells

with low/absent (HL-60 leukemia) and intermediate/

high (MCF-7 breast carcinoma) NQO1 activity. The spin

trap DMPO was used to detect the production of

hydroxyl radicals through formation of its hydroxyl radical

adduct DMPO-OH, which is at the end of the cascade

Fig. 3
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started by superoxide. ESR spectra were generated and

the DMPO-OH adduct formation analyzed as previously

described [30]. Because the compounds were dissolved in

DMSO, this solvent provided an internal control used to

eliminate the possibility of artifacts involved in the

production of the observed DMPO-OH adduct, such as

rearranging of the DMPO-superoxide adduct. The

hydroxyl radicals react with DMSO producing a carbon-

centered radical, which is then trapped by DMPO with

generation of characteristic ESR spectra, as previously

shown [30]. The oxygen consumption rate reflects the

rate of redox cycling and the rate at which oxygen is being

consumed. Table 2 summarizes the data generated by

these two analytical methods. Despite marked differ-

ences in levels of NQO1 expression in MCF-7 and HL-

60, there is little variation in the bioactivation of these

two aziridinylbenzo-quinones in the two cell lines. Based

on oxygen consumption rates and hydroxyl radical

concentrations, EO9 appears to redox cycle better in

HL-60 in comparison to MCF-7 cells. In HL-60 cells,

EO9 appears to be rapidly metabolized, most probably by

one-electron reduction. RH1, instead, shows higher levels

of hydroxyl radicals than does EO9 in the HL-60 cells.

This correlates well with the higher cytotoxicity of RH1

in this cell line. Furthermore, the hydroxyl radical

concentrations generated by RH1 in the HL-60 cells

are similar to those generated in the MCF-7 cells,

in spite of their differences in NQO1 activity and

cytotoxicity profile. The slower metabolic rate of the

RH1 in both cell lines would suggest a more stable

metabolic intermediate.

We also used a different approach to confirm free radical

generation by RH1 in HL-60 leukemia cells at more

pharmacologically relevant concentrations than those

studied in the ESR experiments. We detected intracel-

lular ROS as a function of drug concentration and time of

exposure by flow cytometry, using the fluorescent dye

H2DCF-DA for the detection of peroxides and HE for the

detection of superoxides (Fig. 6). Thiotepa, N,N0,N00-
triethylene thiophosphoramide, an alkylating agent con-

taining the aziridinyl group, was used as negative control

for ROS generation and hydroquinone, 1-4-benzenediol,

was used as a positive control. The response of HL-60

cells to RH1 treatment was time and concentration

dependent, with a peak for superoxide generation

occurring at 6 h (Fig. 6A). The generation of peroxides

was evident by 3 h after increasing the drug concentration

to 40 nM (Fig. 6B). EO9, instead, generates ROS as early

as 3 h, although a 1 mM concentration was necessary to

detect similar levels of ROS. This is in agreement with

faster metabolism of EO9 and higher cytotoxicity of RH1

in the HL-60 cells.

Fig. 5
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Table 2 Comparison of hydroxyl radical formation and oxygen
consumption mediated by quinone-based agents in whole MCF-7
and HL-60 cells

Group NSC DMPO-OH (arbitrary units) [O2]D/C±SD

4min 8min 12min

HL-60 cells
RH1 697726 11.0 24.0 23.5 2.83±0.24
EO9 382459 17.0 9.5 9.0 1.92±0.09

MCF-7 cells
RH1 697726 18.0 27.0 34.0 2.04±0.27
EO9 382459 19.0 22.0 20.0 1.35±0.08

ESR data is the signal intensity observed for the DMPO-OH adduct determined
by measuring the peak to peak height of the second low field line of the DMPO-
OH adduct spectrum, at 4, 8 and 12min after the onset of the reaction. Oxymetry
data are the oxygen consumption rates (D/C) obtained by measuring the drop in
intracellular oxygen levels in drug-treated (D) and untreated (C) cells. Values are
mean of duplicate determinations.
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Induction of apoptosis in HL-60 cells

We measured apoptosis by assessing the externalization of

phosphatidylserine (PS) by double staining with Annex-

in-V and PI. The percentages of Annexin-V+/PI – cells

are shown in Figure 7. RH1 induces substantial levels of

apoptosis in the HL-60, beginning at 12 h and reaching

high levels at 24 h. This is in agreement with the ROS

generated in response to RH1, at these concentrations.

EO9 instead, requires higher concentrations (1 mM) to

induce similar levels of apoptosis. The earlier detection of

ROS induced by EO9 also correlates with earlier

induction of apoptosis.

During the late stages of apoptosis, p85, the cleavage

product of PARP-1, has been reported to migrate from the

nucleus into the cytoplasmic/perinuclear region [39]. As

shown in Figure 8, in cells treated with EO9, the 85-kDa

fragment is greatly increased at 24 h and is preceded by

an early increase in cytochrome c release into the cytosol.

In contrast, RH-1 treatment causes only partial enrich-

ment in p85, which is not accompanied by a noticeable

increase in cytochrome c release. These findings raise the

possibility that EO9 induces apoptosis by prominently

activating a caspase/PARP-mediated pathway leading to

release of cytochrome c, while RH1-mediated growth

inhibition and apoptosis proceeds through a mechanism

that does not as prominently depend on this apoptotic

program.

Discussion
We demonstrate here that RH1 is a potent inhibitor of

cell growth in the NCI 60 cell line anticancer drug screen

and that relatively short periods of exposure to sub-

micromolar concentrations are capable of causing induc-

tion of apoptosis, particularly of leukemia cell lines.

Surprisingly, RH1 cytotoxicity appeared to be potently

induced in cells with low to absent expression of the

activating enzyme NQO1. Even in cells lacking NQO1

expression, RH1 displayed robust O2 consumption, and

had evidence of superoxide and peroxide production. As a

major basis for the cytotoxic effects of aziridinylbenzo-

quinones had previously been attributed to two-electron

reduction to alkylating products by NQO1, one strategy

for clinical trials with RH1 might use NQO1 expression

as a basis for selecting patients whose tumors might

respond to RH1.

Opposing the idea that NQO1 expression should be a

basis for patient selection is the evidence that auto-

oxidation and redox cycling of semiquinone or hydro-

quinone forms generated by two-electron reduction has

also been reported as an important factor in aziridinyl-
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ROS detection as DCFDA and HE oxidation in the HL-60 cells by flow
cytometry. One million cells were treated with drug for 1, 3, 6 and 24 h,
followed by a 30-min treatment with DCFDA and HE. EO9 was used at
1mM concentration and RH1 at 20 nM for the detection of superoxides,
and at 40 nM for the detection of peroxides. Control agents are
hydroquinone at 50 mM for 1 h treatment and thiotepa at 200mM for
24h treatment. Data represent the bivariate flow cytometric analysis
expressed as percentage of cells showing a positive signal. Values are
means from three separate experiments.
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Apoptosis detection in the HL-60 cells treated with RH1 and EO9.
Apoptosis was measured by double staining with Annexin-V and PI.
Cells were treated with RH1 at 20 nM and EO9 at 1mM for 6, 12 and
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treatment and hydroquinone at 50 mM for 3 h treatment. Values are
means from three separate experiments.
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benzoquinone-mediated cytotoxicity. For example, flavo-

enzyme electron transferases may reduce aziridinyl-

substituted quinones in a single-electron way to their

radicals, which further undergo redox cycling or possibly

may alkylate DNA [25,27,40]. Conflicting results have

emerged from the study of isogenic lines engineered to

express differing levels of NQO1 [20,22]. In one of the

isogenic models [20] the expression of NQO1 protein did

not affect the activity of RH1 in these cells following a

96-h drug treatment.

The experiments reported here demonstrate that the

aziridinylbenzoquinone RH1 is active in different cell

lines in a way that appears not to correlate with NQO1

activity levels. RH1 has been reported to be a very good

substrate for the NQO1 reductive activation. Our results

emphasize that alternative mechanisms of activation have

been suggested. Among these, oxidative stress, presum-

ably initiated by single-electron transferring flavoen-

zymes, appears to be an important mechanism of

cytotoxicity of aziridinylbenzoquinones, although where

NQO1 is present, it certainly could contribute to RH1

bioreductive activation and could conceivably contribute

to cytotoxicity perhaps over and above that due to redox

cycling ability. Among the cell lines tested in this study,

the leukemia/lymphoma cell lines, which express low

levels of NQO1 activity, demonstrate the highest

sensitivity to RH1. Furthermore, the sensitivity of cell

lines with varying levels of NQO1 activity is not

compromised by cotreatment with dicoumarol.

We have previously shown that among quinones, whose

cytotoxicity appears to correlate directly with the

expression of high levels of NQO1, the aziridinylbenzo-

quinones show superior cytotoxicity, which, however,

does not correlate simply with high levels of ROS

generated from their metabolism. Recently, it has been

shown that NQO1 activates RH1 to a potent DNA cross-

linking species [22]. Thus, in addition to generation of

ROS, the aziridine and hydroxyl groups may contribute to

activation of an alkylating species after reduction [41]. In

order to evaluate the reactivity of RH1 as a substrate for

bioreductive activation, we looked at the levels of free

radicals generated as a contribution of the one- and two-

electron reductive mechanisms in the MCF-7 and HL-60

cells. The redox cycling of RH1 and EO9, another

substrate for NQO1, generated high levels of hydroxyl

radicals in the HL-60 and MCF-7 cells, despite the fact

that NQO1 is essentially absent in HL60. However, the

cytotoxicity of RH1 in the HL-60 cells is considerably

higher, which would suggest additional factors contribut-

ing to the RH1 cytotoxicity in these cells.

In addition to reductases [28], HL-60 cells are known to

contain high levels of myeloperoxidase (MPO), which can

bioactivate hydroquinones to their reactive quinone

Fig. 8
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p85 enrichment and cytochrome c release in the cytosol of HL-60 cells following treatment with RH1 and EO9. Cells were treated with RH1 at
20 nM and EO9 at 1mM for 3, 6 and 24 h. Lysates were prepared and assessed by immunoblot as described in Materials and methods. The positive
control for PARP-1 cleavage is HL-60 cells treated with hydroquinone at 50 mM for 3 h (right lane) as compared to untreated cells (left lane). The
positive control for cytochrome c release is HL-60 cells treated with thiotepa at 200mM for 24h (right lane) as compared to untreated cells (left lane).
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metabolites, resulting in cellular damage and apoptosis,

including activation of caspases. EO9 requires much

higher concentrations and is rapidly metabolized in the

HL-60 cells, perhaps indicating a preferred one-electron

reductive pathway, which in the MCF-7 cells might

compete with the two-electron reductive pathway. In the

final analysis, the observed data suggest that RH1, in

addition to being a substrate for two-electron reductions

with the production of hydroquinone, can also be reduced

by non-NQO1 reductases, which ultimately results in the

generation of free radicals, oxidative stress to the cells

and major cytotoxicity.

These results do not rule out the contribution of

bioreductive activation of antitumor quinones by NQO1

in cells with high baseline levels of NQO1. However, our

results suggest that NQO1 activity should not be

considered a prerequisite for potential activation by

NQO1. In fact, our data clearly provide a basis for

interest in clinical trials of RH1 in patients with relapsed

and refractory hematopoietic malignancies. The pathways

activated by RH1 leading to apoptosis will need

clarification in future experiments. The most common

pathway for induction of apoptosis involves mitochondrial

damage, release of cytochrome c and/or activation of

caspases, although the activation of apoptotic pathways

bypassing cytochrome c release or activation of caspases

has also been reported [42,43]. The lack of significant

release of cytochrome c into the cytosol in response to the

aziridinylquinones as compared to the other quinones

[30] has suggested the activation of separate signaling

pathways leading to apoptosis. We demonstrate here that

although RH1 more potently induces apoptosis in HL-60

cells as compared to EO9, it shows only limited or no

release of cytochrome c, which would suggest an

alternative apoptotic pathway. Therefore, these experi-

ments raise the hypothesis that RH1 activates pro-

apoptotic signals in a way that qualitatively differs from

EO9 and which may be influenced by, but not depend on,

the background levels of NQO1 expression. Future

experiments will address the apoptotic mechanisms

induced by RH1.
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