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Abstract

The metabolic activation of a variety of quinone-based anticancer agents occurs, in part, as a result of the bioreductive activation by the
flavoprotein NAD(P)H:quinone-acceptor oxidoreductase (NQO1) (EC 1.6.99.2). Using the COMPARE algorithm (http://dtp.nci.nih.gov),
a significant statistical correlation has been found in the NCI in vitro anticancer drug screen between high endogenous expression of the
pro-apoptotic protein BAD, NQO1 enzymatic activity, and the cytotoxicity of certain antitumor quinones. Two statistically correlated
groups of quinones can be discerned: positive-correlated compounds, which are more active in cell lines expressing high baseline levels of
BAD protein and NQO1 activity (e.g. the MCF-7 breast carcinoma), and negative-correlated compounds, which are more active in cell
lines with undetectable levels of BAD and NQO1 activity (e.g. the HL-60 myeloid leukemia). In the present study, the relationship
between quinone structure, redox cycling, and cytotoxicity in the MCF-7 and HL-60 cell lines was investigated. A good biological
correlation exists between cytotoxicity and NQO1 activity, BAD protein levels and apoptosis, but not always between cytotoxicity and
intracellular reactive oxygen species levels. The overall markedly increased cytotoxicity of the aziridinylbenzoquinone compounds used

in this study is accompanied by apoptosis, which occurs mostly through a cytochrome c-independent pathway.

© 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction

Current cancer drug discovery seeks to define candidate
compounds that interact with molecular targets ideally
unique to tumor cells, forming the basis for differential
activity or toxicity of the drugs. The cytotoxicity of anti-
tumor quinones has been attributed to the generation of ROS
after redox cycling and/or to the alkylation of cellular
nucleophiles [1,2]. Numerous attempts have been made to

% Disclaimer: The content of this publication does not necessarily
reflect the views or policies of the Department of Health and Human
Services, nor does mention of trade names, commercial products, or
organizations implying endorsement by the U.S. Government.

“ Corresponding author. Tel.: 41-301-496-8720; fax: +1-301-402-0831.

E-mail address: sausville@nih.gov (E.A. Sausville).

Abbreviations: DCPIP, 2,6-dichlorophenol-indophenol; DMPO, 5,5-
dimethyl-1-pyrroline-N-oxide; CM-H2DCFDA, 6-carboxy-2',7’-dichloro-
dihydrofluorescein,di(acetoxymethyl ester); HE, hydroethidium; NQOI,
NAD(P)H:quinone oxidoreductase; ROS, reactive oxygen species.

understand the contribution of these two different mechan-
isms influenced by the chemical structure of the compounds.
One potentially important target related to quinone
action is the two-electron reductase NQOI1, also known
as DT-diaphorase [3]. NQOI1 expression is highly
increased in non-small cell lung cancer relative to the
normal lung, and elevated levels of NQOI mRNA and/
or NQO1 activity have been found in a variety of tumor cell
lines [4]. NQOI can be induced in many tissues by
quinone-based compounds [5] and by a wide variety of
other compounds including dithiolethiones and isothiocya-
nates. The high level of NQOI1 in tumor tissue, as com-
pared to normal tissue [6,7], has made NQOI1 a useful
target for quinone-based bioreductive antitumor therapies
[8]. An evaluation of individual patients and tumors for the
presence of high levels of NQOI1 activity may be necessary
for optimal exploitation of this strategy, since there is
extensive polymorphism in the population, due to homo-
zygous point mutations that inactivate NQO1 [9,10].
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NQOIL is a flavoprotein that catalyzes the two-electron
reduction of quinones [11], quinoneimines [12], and qui-
none epoxides [13] to their hydroquinone derivatives,
bypassing the semiquinone intermediates [11]. It can uti-
lize NADH or NADPH as an electron source and is
inhibited by Dicoumarol [14]. The reduced hydroquinones
can further react in the cell to produce intermediate radical
species. These radical metabolites have been shown to
induce cellular damage by acting as alkylating agents and/
or by inducing oxidative stress [15-17].

The physiological function of NQO1 remains unclear. It
has been suggested that NQO1 activity offers protection
against oxidative stress and carcinogens. Many instances
have been reported where NQO/1 appears to protect against
quinone toxicity, where the hydroquinone product can be
the substrate for cellular detoxification mechanisms [18—
20]. NQOI activity is also implicated in the reductive
activation of antitumor quinones [21-23]. Examples of
compounds that have been shown to be good substrates for
NQOL include: streptonigrin [24], the indoloquinone EO9
[25], the dinitrophenylaziridine CB1954 [26], mitomycin
C [15,17,27], MeDZQ [28], and diaziquone [22,29]. The
importance of NQOI in the bioactivation of cytotoxic
indolequinones, aziridinylbenzoquinones, and other com-
pounds has already been established. The duality of NQO1
in the mode of action of bioreductive agents is typified by
mitomycin C: NQOI activates mitomycin C to an alkylat-
ing species under aerobic conditions but, under hypoxic
conditions, NQOI can act as a cellular protectant against
the toxicity of mitomycin C [17,27].

The Developmental Therapeutics Program (DTP) of the
National Cancer Institute has developed a bioinformatic
approach [30] to correlate the patterns of in vitro growth
inhibition by different anticancer agents of 60 different
human tumor cell lines with the patterns of expression or
activity of several molecular targets in these cells. In
several instances, the expression of a molecular target
can identify compounds whose action is mediated, in part,
by that target. A strong correlation has been found pre-
viously between the in vitro sensitivities to mitomycin C or
EQO9 and the activity of the NQOI1 reductase, but not the
NADPH:cytochrome P450 or the NADH:cytochrome bs
reductases [31]. More recently, a correlation has been
found between the expression of NQO1 and the expression
of the pro-apoptotic protein BAD in the 60 cell line panel
[32]. We extend this analysis to define sets of quinones
whose cytotoxicity correlates directly with the degree of
NQOL activity and BAD protein levels, or sets of quinones
whose capacity for cytotoxicity correlates inversely, imply-
ing that NQOI activity might be irrelevant to the action of
the compound, or actually detoxify the compound.

We utilized two different human cell lines, the MCF-7
breast carcinoma cell line (high NQO1 activity and high
BAD protein levels) and the HL-60 myeloid leukemia cell
line (no NQOI activity and low BAD protein levels). We
adopted the hypothesis that ‘“‘direct” quinones, whose

toxicity is directly correlated with NQO1 activity in the
60 cell line panel would be activated by bioreduction and
have a high capacity to induce apoptosis, whereas “‘inverse”’
quinones, with respect to cytotoxicity and NQOI activity,
would be less capable of bioreductive activation and have a
correspondingly decreased capacity to induce apoptosis.
We did find a good correlation between the cytotoxic
activity of the direct correlating quinones and their capacity
for bioreduction by NQO1. However, we found two groups
of directly correlating (with NQO1) quinones. In one,
increased cytotoxicity correlated with increased BAD pro-
tein levels and induction of apoptotic cell death. However,
the second and more cytotoxic compounds, the aziridinyl-
benzoquinones, did not necessarily generate higher levels of
free radicals and induced apoptosis by a mechanism that
apparently bypasses cytochrome c release. These results
would suggest that non-mitochondrial mechanisms of evok-
ing cell death could be initiated by cytotoxic quinones, in
addition to mechanisms related to effects on mitochondria.
Instead, the inverse correlating (with NQO1) quinones were,
as expected, poor substrates for NQO1 and showed both
decreased cytotoxicity and potential for inducing apoptosis.

2. Materials and methods
2.1. Materials

Compounds were obtained from the NCI Open Com-
pound Repository, Drug Synthesis and Chemistry Branch,
NCI. Stock solutions of drugs were made in DMSO and
stored at —70°. Cytochrome ¢ (beef heart), 3,3’-methyle-
nebis[4-hydroxycoumarin] (Dicoumarol), DCPIP, NADH,
NADPH, and EDTA were obtained from the Sigma Che-
mical Co. The spin trap DMPO was obtained from the
Aldrich Chemical Co. CM-H,DCFDA and HE were from
Molecular Probes.

2.2. Cell culture and drug treatment

The HL-60 promyelocytic leukemia and MCF-7 breast
carcinoma cell lines were obtained from the Biological
Testing Branch, NCI. Cells were grown in RPMI-1640
medium (Life Technologies) with 10% fetal bovine serum,
5 mM r-glutamine, 100 ng/mL of penicillin, and 100 ng/
mL of streptomycin at 37° in 5% CO,. Before treatment,
drugs were diluted in serum-free medium and used at a
final concentration of <0.1% DMSO.

2.3. Preparation of S9 fractions

Exponentially growing cells were harvested, suspended
in PBS, and washed three times. The cell pellets were
resuspended in 1 mL of cold PBS and disrupted by
homogenization. The homogenates were centrifuged at
1000 g for 10 min at 4°, and the resulting supernatants
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were further centrifuged at 10,000 g for 30 min. The
supernatants (S9 fractions) were collected and stored at
—70°. The protein content of the S9 fractions was deter-
mined using the BCA Protein Assay (Pierce).

2.4. Cell viability and apoptosis assay

For the evaluation of cell viability in response to drug
treatment, 3 x 10° cells were incubated with drug at con-
centrations known to induce total cell growth inhibition
(TGI) by 24 hr. Cell viability was assayed by trypan blue
exclusion at 0, 3, 6, and 24 hr. Triplicate samples were used
for each treatment. Apoptosis was detected by flow-cyto-
metry using the Annexin V-FITC apoptosis detection kit
from Oncogene Research Products. Cells were incubated
with drug for 0, 3, 6, and 24 hr at concentrations higher than
those producing TGI. Following drug treatment, 5 x 10°
cells were used for the conventional Annexin V binding
protocol, according to the instructions of the manufacturer,
and bivariate Annexin V/PI analysis was performed by flow
cytometry.

2.5. Western blot analysis

Total proteins were isolated from 1-2 x 107 cells, lysed
in 0.5 to 1 mL of lysis buffer [SO mM HEPES (pH 7.4);
150 mM KCI; 5 mM MgCl,; 1 mM EGTA; 0.5% Nonidet
P-40; 0.5 mM phenylmethylsulfonyl fluoride; 20 M leu-
peptin; 20 uM aprotinin; 14 ptM pepstatin A] by homo-
genization. Cell homogenates were centrifuged at 14,000 g
for 30 min at 4°. Supernatants were collected and stored at
—70°, until analyzed by gel electrophoresis. These lysates
contained the cytosolic and light membrane fractions but
not nuclei or mitochondria. Protein content in each lysate
was determined by using the BCA Protein Assay (Pierce).
Fifty micrograms of protein per lane was loaded on 12%
Tris-glycine precast gels (Novex) and transferred in a
submerged transfer unit (NOVEX Xcell II) to polyvinyli-
dene fluoride (PVDF) membranes, in Tris glycine transfer
buffer (NOVEX) containing 5% methanol. Membranes
were then blocked in TBS containing 0.1% Tween-20
and 10% dry milk, at room temperature for 1 hr, and used
for immunoblotting. The following primary antibodies
were used: BAD, rabbit polyclonal (Transduction Labora-
tories, No. B31420); B-actin, mouse monoclonal (Sigma,
No. A5441); and cytochrome ¢, mouse monoclonal (Phar-
mingen). Immunoblotting was performed using 2-5 pg of
primary antibody and 1:2500 dilution of secondary anti-
body, in 10 mL of TBS containing 0.1% Tween 20 and 10%
dry milk. Proteins were visualized using peroxidase-
conjugated anti-mouse or anti-rabbit secondary antibodies
and enhanced chemiluminescence (ECL) western blotting
detection reagents (Amersham) as recommended by the
manufacturer. The resulting immunoblot signals were
quantified by densitometric scanning (Digital Imaging
System from the Alpha Innotech Co.). The B-actin signal

was used to normalize for the amount of protein loaded in
each lane, and the results were expressed as fold-increase
relative to untreated control (1 x).

2.6. Cytochrome c¢ quantitative ELISA

Cytochrome ¢ was detected using the quantitative
ELISA kit Quantikine (R&D Systems). Cells (2 x 10%)
were seeded in 96-well plates in triplicates and allowed to
adhere overnight. Drugs were added, and the plates were
incubated for 1, 3, 6, and 24 hr without removal of
the drugs. Following drug treatment, cells were lysed in
the plates, and the lysates were processed according to
the instructions of the manufacturer. The amount of
cytochrome c released in the cytosol (ng/mL) was calcu-
lated based on a standard curve generated using serial
dilutions of human cytochrome c, as indicated in the kit.
Two optical density readings were taken at 5 and 10 min
following color development, as recommended by the
manufacturer.

2.7. Assay for activity of the reductase enzymes in the
MCF-7 and HL-60 S9 fractions

NAD(P)H oxidoreductase (NQOI1) activity was mea-
sured spectrophotometrically (600 nm) using DCPIP as the
electron acceptor and NADH as the reductant as described
by others [11]. NQOI1 activity was that activity inhibited by
Dicoumarol (10 puM). NADPH:cytochrome P450 reduc-
tase activity was measured spectrophotometrically
(550 nm) using cytochrome c as a substrate [33].

2.8. ESR measurements

ESR spectra were obtained at room temperature using a
Varian E109 Century Series ESR spectrometer (Varian)
equipped with a 100 kHz field modulation. A dual cavity
(TE-104) was used with a strong pitch standard
(G = 2.0028) in one section and the sample in a flat ESR
cell in the other. Exponentially growing cells were harvested
and suspended in 500 puL of PBS to a density of 107 cells/
mL. The cell suspension was mixed rapidly with 1 mM
compound and 100 mM DMPO. The mixture was quickly
transferred to an ESR flat cell and placed in the ESR
spectrometer for measurement. Control experiments were
carried out as described above, 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.

2.9. Detection of peroxides and superoxides by flow
cytometry

HL-60 and MCF-7 cells (1 x 10°) were incubated with
drug following the same conditions used for the apoptosis
assay. CM-H,DCFDA and HE, two sensitive fluorimetric
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Fig. 1. Statistical correlation between BAD and NQO1 (DT-diaphorase). COMPARE algorithm-generated linear correlation between BAD protein levels [33]
and NQOLI activity [32] in the 60 cell line panel of the NCI in vitro anticancer drug screen (r = 0.58; P < 0.0001; N = 60). The slope of the regression line is

1.445+£0.2.

probes of peroxides and superoxides respectively, were
dissolved in DMSO and incubated with the cells for 30 min
at 37°. H,O, (20 mM) and antimycin A (50 uM) were used
as positive controls for peroxides and superoxides, respec-
tively. After incubation, the medium was removed and the
cells were analyzed with a FACScan (Becton Dickinson).

3. Results
3.1. BAD and NQOI expression

In an effort to define molecular correlates that would link
the capacity of cells to undergo apoptosis with drug action,
baseline levels of protein expression of the apoptosis
modulators BCL2, BCL-X;, BAK, BAD, BAG-1, and
the IAP family in the NCI in vitro 60 cell line anticancer
drug screen have been determined [32,34,35]. To further
delineate associations of regulatory molecules important in
apoptosis, we correlated the patterns of expression of these
apoptotic proteins in the 60 cell lines with the expression of
other molecular targets and compound anti-proliferative
activities. As a result of this approach, a significant positive
correlation (r = 0.58; P < 0.0001; N = 60) was found
between BAD protein levels and NQOI1 activity [32]
(Fig. 1). Dephosphorylated BAD has been shown to relo-
cate to the mitochondria where it binds to and antagonizes
the cell survival promoting activity of BCL-2 and BCL-X}.
[36,37]. The correlation between BAD and NQOI1 there-
fore leads to the hypothesis that quinones activated by
NQOI1 are likely to activate a mitochondrial apoptotic
program involving cytochrome c release.

3.2. Quinone compounds and cell lines

The cytotoxicity of several agents, mostly quinone-
based compounds, correlated with the expression of both
BAD and NQO1. Using the COMPARE algorithm (http://
dtp.nci.nih.gov), two groups of compounds were selected,
based on these correlations (Fig. 2). The direct correlating
group A and B quinones (Fig. 2A) showed more potent
cytotoxic activity in cell lines having high levels of BAD
protein and NQO1 activity. The inverse correlating group C
quinones (Fig. 2B) showed higher activity in cell lines with
low BAD and low NQOI levels. Group A compounds are
aziridinylbenzoquinones, which are active antitumor agents
containing both quinone and aziridine moieties. The Al
indoloquinone anticancer agent EO9 (NSC No. 382459) has
been shown to be good substrate for NQOT1, which plays an
important role in the DNA cross-linking and sequence
selectivity of this compound [38]. The strategy underlying
the selectivity of these prodrugs is that a two-electron
reduction of the quinone moiety markedly increases the
electrophilicity of attached functional groups, thereby con-
verting the prodrugs into DNA-alkylating species. The
aziridine and hydroxyl groups have been implicated in
activation to alkylating species after reduction, in addition
to the generation of oxygen radical species. Group B com-
pounds are directly correlated with NQO1 and BAD expres-
sion but do not have the aziridine moiety. Group C
compounds, the 1,2-naphthoquinone and anthraquinone
derivatives, are inversely correlated in their cytotoxicity with
NQO1 and BAD expression. The non-quinone nitroaromatic
compound B5c (NSC No. 673789) and the p-dihydrodiol
C4c (NSC No. 306951) were used as “‘negative’ controls in
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Table 1
Basal levels of reductase activity, BAD protein, and p53 status in MCF-7
and HL-60 cells

Cell line NQOI1* P450R" BAD® p53¢
HL-60 7 22 0 —/—
MCEF-7 242 16 14 w/w

#NQOI activity levels in the cytosol (S9 supernatant) of HL-60 and
MCEF-7 cells, measured in nmol DCPIP reduced/min/mg protein [11], as
described. Values are means of duplicate determinations.

® Cytochrome P450 reducatase activity of S9 pellets measured in nmol
cytochrome ¢ reduced/min/mg protein [33]. Values are means of duplicate
determinations.

¢ Determined by relative expression in immunoblots [32].

9 Determined by complete bidirectional p53 cDNA sequencing [39].
Key: —/— = null; w/w = wild-type.

these experiments, as it was expected that they would not be
good substrates for redox-cycling and radical production.

Characteristics of the cells to be examined in detail here
are shown in Table 1. MCF-7 breast carcinoma and HL-60

myeloid leukemia cell lines had different baseline levels of
NQOI1 and cytochrome P450. In the MCF-7 cells, the
cytochrome c¢ reductase activity was approximately 15
times less than the two-electron reduction activity of
NQOI, whereas in the HL-60 cells the cytochrome c
reductase activity was three times higher. The MCF-7 cells
had relatively high baseline levels of the pro-apoptotic
protein BAD and a wild-type p53 status, while HL-60 cells
did not express detectable baseline levels of BAD protein
and had a mutated p53 status.

3.3. Effect of quinone compounds on MCF-7 and
HL-60 cell growth

Asynchronous populations of cells were treated with
drug for 3, 6, and 24 hr and subsequently evaluated for
survival (Fig. 3). As predicted by the COMPARE algo-
rithm, the cytotoxicity of the directly correlated com-
pounds was higher in the MCF-7 cells as compared with

A. Direct Correlated Compounds

Group A
o
A1 Nsc# [N CH,OH
382459 |
N CH-CH-CH,0H
O CH;
o
A2 NSC# DN N 0—C—CH,-CHg
651079 S
N
o
A3 NSC# o 0—C—CHs
1
651086 [>N N
N
CHj
o

B1  NSC#
165572

o CH3
- g
B2 SC o

686518 OO
H3C CHj;
o
HsC_ _N
B3 NSC# z
602617 ~
3
B4 NSC#
644902
CHz)2N-CH,-CH
(CHs)2 2CHl  No,
B5c NSC#
673789

/
N

Fig. 2. Chemical structures of the quinone-based compounds used in this study.
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B. Inverse Correlated Compounds
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Fig. 2. (Continued).

the inverse correlated ones. Group A compounds inhibited
the growth of MCF-7 cells at concentrations in the range of
0.01 to 0.1 pM. Group B compounds required 10- to 100-
fold higher concentrations to induce similar levels of
growth inhibition in these cells, with the exception of
B1 (not plotted), which showed somewhat higher cytotoxic
activity in both cell lines (0.1 to 1.0 uM). Group C com-
pounds showed essentially no effect in MCF-7 cells at
concentrations up to 100 uM. In contrast, in HL-60 cells,
group C compounds induced complete inhibition of cell
growth by 6hr at concentrations <30 pM. This is in
agreement with the statistical correlation which predicts
good activity for group C compounds in cell lines with low
BAD protein and NQOI1 activity. In fact, in the HL-60
cells, an overlapping of the cytotoxic potency of A, B, and
C compounds can be seen, in contrast to the markedly

different toxicity of the A and C compounds in the MCF-7
cells.

3.4. Detection of drug-induced free radicals in whole
cells by ESR

Bioreductive activation of quinone-containing antican-
cer agents involves reduction by one or two electrons,
which is catalyzed by flavoenzymes using NADPH or
NADH as electron donors [40,41]. In the case of a one-
electron reduction by NADPH:cytochrome P450 reduc-
tase, the quinone is reduced to the semiquinone, which
under aerobic conditions, is oxidized to the parent quinone,
a process that results in the concomitant production of
superoxide radical anions. The formation of the superoxide
radical is the beginning of a cascade that generates hydro-
gen peroxide and hydroxyl radicals. In the case of a two-
electron reduction by NQOI1, the hydroquinone is pro-
duced. While some hydroquinones of antitumor agents are
stable, others (e.g. diaziquone) can be oxidized by one
electron at a time with the formation of the semiquinone
and the parental compound and the generation of ROS
[29,41,42]. In a whole cell system, which is the system
used in this study, as opposed to a purified enzyme system,
these characteristics are not well defined, and complex
mixtures of one- and two-electron reductions can occur.

In the present study, we used the spin trap DMPO to
detect the production of hydroxyl radicals, which is at the
end of the cascade started by superoxides. Fig. 4A shows
ESR spectra typical of the DMPO-OH adduct, which
yielded a 1:2:2:1 quartet with typical ESR hyperfine
couplings of Ag® = Ay = 14.9 G. 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.
This adduct yielded a 6-line triplet of doublets ESR
spectrum with typical hyperfine coupling of Ay = 23.1
and Ay = 16.5 G, which can be clearly seen approximately
30 min after whole MCF-7 cells reduced the compound
(Fig. 4C). The kinetic analysis of these data takes into
account the rate of growth of a given line in the ESR
spectrum. The rate of redox cycling for all compounds
measured in the cell suspension at 4 and at 8 min is shown
in Table 2.

Within the directly correlated compounds (groups A and
B), there is variation in their bioreduction. Surprisingly, the
semiquinones were detected very early in the reaction for
some of the compounds. For instance, compound B1 (NSC
No. 165572) showed a strong semiquinone 8 min after the
onset of the reaction. At 12 min, the intensity of this
semiquinone signal was 16-fold higher in MCF-7 cells
than in HL-60 cells (data not shown). This fast formation of
the semiquinone reflects both a fast redox cycling and a
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Fig. 3. Range of drug concentrations used to induce TGI (total growth inhibition) in the MCF-7 and HL-60 cells. Exponentially growing cells were exposed
to drug concentrations known to inhibit cell growth by 24 hr (TGI). The cell viability was evaluated at 3, 6, and 24 hr by trypan blue exclusion. Values shown
represent the range of drug concentrations for each group needed to induce cell growth arrest by 6 hr.

stable semiquinone (Fig. 4B). In general, the semiquinone
is not detected until anaerobic conditions exist. In this case,
the DMPO-OH signal disappeared quickly with the
appearance of the semiquinone signal at 8 min. On the
other hand, the compound may have the ability to form a
stable semiquinone under partially aerobic conditions. It is
interesting that this compound has almost as good cyto-
toxic activity as compounds from group A. Semiquinones
of similar intensities were also detected for A3 (NSC No.
651086) and A1 (E09; NSC No. 382459) (not shown).

The data in Table 2 suggest that similar levels of free
radicals are generated in the HL-60 and MCF-7 cells.
However, group A compounds were better substrates for
reduction by NQOI in the MCF-7 cells, where they also
were more cytotoxic. Group B compounds, on the other
hand, redox cycled similarly well in both cell lines but were
less cytotoxic in the HL-60 cells. Group C compounds did
not redox cycle in MCF-7 cells but showed redox cycling
in the HL-60 cells. This correlates with data showing no
cytotoxicity in the MCF-7 cells at concentrations up to
100 uM when compared with higher levels of cytotoxicity
in the HL-60 cells (Fig. 3). NSC compounds 673789 and
306951, thought to be poor substrates for redox cycling
because of their chemical structure, were used as negative
controls.

3.5. Determination of the intracellular redox state by flow
cytometry

Fig. 5 shows an independent approach to documenting
the generation of free radicals. We detected intracellular
ROS as a function of drug concentration and time of

exposure by using the fluorescent dye 2'7’-dichlorodihy-
drofluorescein diacetate (CM-H,DCFDA) for the detection
of peroxides and HE for the detection of superoxides. The
nonenzymatic decomposition of H,O, with the generation
of hydroxyl radicals was used as a positive control for the
detection of peroxides, and antimycin A, which generates
superoxides efficiently in both cell lines, was used as
a positive control for the detection of superoxides.
Hydroquinone and thiotepa (an alkylating agent) were
also used as controls in the two cell lines (Fig. 5D). The

Table 2
Comparison of hydroxyl radical formation mediated by quinone-based
agents in whole MCF-7 and HL-60 cells by ESR at 4 and 8 min

Group No. NSC No. DMPO-OH (arbitrary units)

MCE-7 cells HL-60 cells

4 min 8 min 4min 8 min
Al 382459 19 22 17 9
A2 651079 27 26 22 28
A3 651086 27 26 17 16
Bl 165572 20 Semiquinone 6 Semiquinone
B2 686518 16 16 24 28
B3 602617 30 33 39 42
B4 644902 16 22 13 22
BS5 control 673789 0 5 0 0
C1 33530 0 0 0 8
C2 624431 0 0 7 10
C3 624439 0 0 11 11
C4 control 306951 0 0 8 9

Data are the signal intensities observed for the DMPO-OH adduct
determined by measuring the peak to peak (P-P) height of the second low
field line of the DMPO-OH adduct spectrum at 4 and 8 min after the onset
of the reaction. Values are means of duplicate determinations.
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Fig. 4. ESR spectra of DMPO-OH adducts in whole MCE-7 and HL-60 cells. ESR spectra were obtained as described in Section 2 for a period of up to 30 min. Cells (10’/mL) were rapidly mixed with 1 mM
compound and 100 mM DMPO. The relative ability of the various quinones to produce hydroxyl radicals was evaluated by measuring the signal intensity of the DMPO-OH adduct. ESR spectra of MCF-7 cells in the
presence of the direct correlating compound NSC No. 651079 at 4 and 8 min (A). The spectrum of the compound NSC No. 165572 at 22 min was taken at the same settings except the receiver gain was 1.25 x 10*
(B). ESR spectrum of the DMPO-CHj; adduct generated by DMSO used as an internal control to eliminate the possibility of artifacts involved in the production of the observed DMPO—-OH adduct. This spectrum can
be seen clearly after 30 min when whole MCF-7 cells reduced NSC No. 602617 (C). ESR spectra of MCF-7 cells and DMPO alone (D). ESR spectrum of MCF-7 cells in the absence of drug (E). ESR spectra are
representative of one of two determinations.
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Fig. 5. ROS detection as CM-H,DCFDA and HE oxidation in MCF-7 and HL-60 cells by flow cytometry. Cells were treated with drug for 1, 3, 6, 12, and
24 hr at the concentrations indicated below, followed by a 30-min treatment with CM-H,DCFDA and HE. Data represent a bivariate flow cytometric
analysis and are expressed as the percentage of cells showing a positive signal. Group A compounds: MCF-7 cells: Al: 0.2 uM; A2: 0.2 pM; A3: 0.2 pM.
HL-60 cells: Al: 1 uM; A2: 1 uM; A3: 1 uM (A). Group B compounds: MCF-7 cells: B1: 0.5 uM; B2: 1 uM; B3: 5 uM; B4: 10 uM. HL-60 cells: B1:
1 uM; B2: 40 pM; B3: 40 uM; B4: 40 uM (B). Group C compounds: MCF-7 cells: C1: 100 uM; C2: 100 pM; C3: 100 pM. HL-60 cells: C1: 40 pM; C2:
40 pM; C3: 40 uM (C). MCF-7 cells: H,O,: 20 mM for 2 min; hydroquinone: 50 uM for 1 hr; antimycin A: 50 uM for 1 hr; thiotepa: 200 pM for 24 hr.
HL-60 cells: H,O,: 20 mM for 2 min; hydroquinone: 25 pM for 3 hr; antimycin A: 50 pM for 3 hr; thiotepa: 200 uM for 24 hr (D). Values are means from
three separate experiments.
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kinetics of H,DCF oxidation to fluorescent DCF and the
oxidation of HE to ethidium were increased significantly
in drug-treated cells as compared with untreated controls.
Although the continuous exposure to toxic compounds
should contribute substantially to the cellular steady-state
concentrations of these species (H,O, and O,°7), the
precise contribution of each species is difficult to assess
because of a certain level of overlapping between the two
fluorochromes and the rapid dismutation of superoxides to
generate hydroxyl radicals. Peroxides were detected in the
MCE-7 cells by this method only after prolonged exposure
to group A compounds (24 hr), while higher concentra-
tions of group A compounds generated lower levels
of ROS in the HL-60 cells upon short treatment (1 hr)

(Fig. 5A). In general, the higher cytotoxicity of the azir-
idinylbenzoquinones was not accompanied by higher
levels of ROS. Group B compounds redox-cycled simi-
larly well in both cell lines (Fig. 5B), although higher
concentrations were required in the HL-60 cells, with the
exception of B1. At 24 hr, redox-cycling of group B
compounds was no longer detectable in the MCF-7 cells
while it was still occurring in the HL-60 cells. B1, which
generates semiquinones by ESR, showed very high levels
of superoxides as expected in the MCF-7 cells, while the
dismutation of its superoxide to H,O, was very rapid in the
HL-60 cells. Prolonged treatment of MCF-7 cells with C2
and C3 generated low levels of peroxides in the MCF-7
cells. On the contrary, these compounds generated high
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Fig. 6. Apoptosis detection in MCF-7 and HL-60 cells treated with quinone-based compounds. Apoptosis was measured by double staining with Annexin V
and PI. Cells were treated with drug for 3, 6, and 24 hr at the concentrations indicated below and stained with Annexin V/PI according to the instructions of
the manufacturer. Data represent the percentages of Annexin V positive and PI negative cells. Inducers of apoptosis used as positive controls in these
experiments were thiotepa and hydroquinone. Group A compounds: MCF-7 cells: Al: 0.2 pM; A2: 0.2 pM; A3: 0.2 pM. HL-60 cells: Al: 1 pM; A2: 1 pM;
A3: 1 pM (A). Group B compounds: MCF-7 cells: B1: 0.5 uM; B2: 1 uM; B3: 5 uM; B4: 10 pM. HL-60 cells: B1: 1 pM; B2: 40 uM; B3: 40 uM; B4: 40 uM
(B). Group C compounds: MCF-7 cells: C1: 100 uM; C2: 100 uM; C3: 100 uM. HL-60 cells: C1: 40 uM; C2: 40 uM; C3: 40 uM (C). Thiotepa: 200 pM for
24 hr; hydroquinone: 50 pM for 3 hr. Values are the means from three separate experiments.
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levels of peroxides in the HL-60 cells after only 1 hr of
treatment (Fig. 5C).

3.6. Apoptosis induction by benzoquinone compounds in
the MCF-7 and HL-60 cells

Apoptosis was measured by assessing the externalization
of phosphatidylserine (PS), an early event during apoptosis,
by double staining with Annexin V and PI. The percentages
of Annexin V positive and PI negative cells are shown in
Fig. 6. As expected, low concentrations of group A com-
pounds (nanomolar range) induced apoptosis in the MCF-7
cells but not in the HL-60 cells. Low levels of apotosis were
detected as early as 3 hr in the MCF-7 cells (Fig. 6A) as
opposed to the ROS detection which was evident after 24 hr
of treatment (Fig. 5SA). At higher concentrations (micro-
molar), group A compounds induced apoptosis in the HL.-60
cells effectively (Fig. 6A), following the rapid generation of
ROS (Fig. 5A). Group B compounds required higher con-
centrations in HL-60 cells to induce similar levels of apop-
tosis, which became evident after the detection of ROS
(Fig. 6B). B1 and B3 showed both the highest levels of
peroxides and the highest levels of apoptosis in these cells.
Interestingly, C1 induced some apoptosis in the MCF-7
cells at high concentrations (Fig. 6C), in the absence of
ROS generation (Fig. 5C). C2 and C3 were probably meta-
bolized and detoxified with ROS generation (Fig. 5C), in the
absence of cytotoxicity or apoptosis (Fig. 6C). Furthermore,

C2 and C3, which generated ROS and were cytotoxic in the
HL-60 cells (Fig. 5C), did not induce significant levels of
apoptosis at equimolar concentrations (Fig. 6C), which
suggests death by other mechanisms.

3.7. BAD protein expression and cytochrome c release

We have shown previously [43] that MCF-7 and HL-60
cells treated with the microtubule disruptor paclitaxel and
the alkylating agent thiotepa show an early up-regulation of
BAD, in response to cellular stress, which precedes the
release of cytochrome ¢ from mitochondria and apoptosis.
As the cytotoxicity of quinone compounds studied here was
associated with the generation of ROS and oxidative
damage, we asked whether a similar modulation of BAD
levels in conjunction with cytochome c release correlated
with the cytotoxic activity of these quinones. Given the
transient nature of BAD up-regulation [43], we measured
the increase in BAD protein levels after 3, 6, and 24 hr of
continuous treatment with drug, as compared with the
untreated control at 3, 6, and 24 hr. The increase in BAD
protein occurred as early as 3 hr and at varying degrees,
depending on the compound used. Fig. 7 shows the average
levels of BAD protein in the MCF-7 and HL-60 cells after
6 hr of treatment with compounds from each of the three
groups, and the average levels of cytochrome ¢ being
released into the cytosol of the same cells, respectively.
Group A and B compounds induced an ~2-fold increase in
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Fig. 7. Western blot analysis of BAD and cytochrome ¢ in MCF-7 and HL-60 cells following treatment with quinone compounds. Cells were treated with
drug as indicated in Fig. 6. Lysates were prepared and assessed by immunoblotting as described in Section 2. The bars represent the fold-increase in protein
levels in the presence of drug as compared with the baseline levels in the absence of drug. Represented is the mean of the measurements in each group of
drugs at 6 hr in the MCF-7 and HL-60 cells. Results are representative of one of two separate experiments.
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Fig. 8. Quantitative ELISA for the detection of cytochrome c release in the cytosol of MCF-7 and HL-60 cells following treatment with quinone compounds.
Lysates were prepared at 1, 3, 6, and 24 hr and processed according to the instructions of the manufacturer (ELISA kit Quantikine; R&D Systems). The
cytochrome ¢ levels in the cytosol (ng/mL) were calculated as indicated in the kit. Positive controls were MCF-7 and HL-60 cells treated with 100 pM
thiotepa for 3 hr. MCF-7 cells were treated with group A and B compounds as described in Fig. 6 (panels A and B); MCF-7 cells were treated with group C
compounds at high concentrations: C1: 100 pM; C2: 200 pM; C3: 200 uM (panel C); HL-60 cells were treated with group A, B and C compounds as
described in Fig. 6 (panels D, E, and F). Results are the means of two independent experiments involving triplicate determinations.

BAD protein levels as compared with baseline. Interest-
ingly, group A compounds, which have the highest cyto-
toxicity and apoptotic rate in the MCF-7 cells, did not
induce the release of cytochrome c in these cells, whereas
group B compounds induced a >2-fold increase. Group C
compounds, as expected, showed little or no release of
cytochrome ¢ in the MCF-7 cells. Clearly, there was an
increase in cytochrome c release following treatment of the
HL-60 cells with the group C compounds but, given the low
level of apoptosis, it could have been the result of mostly
necrotic death.

To confirm that the immunoblot method was accurate in
this respect, an independent assay for the detection of
cytochrome ¢ by immunocapture and enzymatic assay
was conducted over the 24-hr period following exposure
to drugs (Fig. 8). Fig. 8A demonstrates that in the case of
the MCEF-7 cells, the group A compounds did not induce
the release of detectable levels of cytochrome c, despite
potent growth inhibition and evidence of apoptosis (Figs. 3
and 6, respectively). In contrast, all group B compounds
showed evidence of efficient cytochrome c release by 6 hr
after exposure to drug (Fig. 8B). The lack of detectable
cytochrome c release by the group A aziridinylquinones
would suggest the activation of a distinct apoptotic path-
way by A compounds as compared to the B group. Group C
compounds did not induce cytochrome c release in the
MCEF-7 cells at concentrations <100 uM, but they did
when higher concentrations were being used (Fig. 8C).

As expected from Fig. 6, in the HL-60 cells, higher
concentrations of group A and B compounds all showed
some capacity to release cytochrome c in these cells.
Interestingly, in the HL-60 cells, high concentrations of
group A compounds induced only low levels of cyto-
chrome c¢ release (Fig. 8D) and group B lower than in
the MCF-7 cells (Fig. 8E). This correlates well with the
lower cytotoxicity of these compounds in the HL-60 cells,
despite obvious evidence of hydroxyl radicals in these
cells. Finally, the cytotoxicity of group C compounds
resulted in the release of cytochrome c in the HL-60 cells.

4. Discussion

The experiments presented here demonstrate that the
computational algorithm COMPARE can define quinones
that correlate in their cytotoxicity directly or inversely with
NQOL activity and with the baseline levels of BAD protein
expression in the NCI in vitro 60 cell line anticancer drug
screen. Among the directly correlating quinones, group A
compounds have an aziridine functional group whereas
group B compounds do not. The increased cytotoxicity of
the directly correlating group A and B compounds was
consistent with the effect of high levels of NQO1. Group B
compounds showed efficient production of ROS irrespec-
tive of high or low NQO1 expression and high levels of free
radicals did not always correlate with higher cytotoxicity.
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Group C compounds comprise inversely correlating qui-
nones whose cytotoxicity is actually lower in the setting of
high NQOI expression. As predicted by the COMPARE
algorithm, group C compounds did not redox cycle well
when compared with compounds that directly correlate
NQOTL activity to high cytotoxicity. Both group A and B
compounds, but not group C, efficiently elevated BAD
protein levels in MCF-7 cells. Surprisingly, group A
compounds did not release mitochondrial cytochrome ¢
even as they gave evidence of apoptosis in either a high or
low NQO1-expressing background. Therefore, our experi-
ments would indicate that BAD induction does not always
correlate with evidence of cytochrome c release.

Two types of benzoquinones were used in this study: the
aziridinylbenzoquinones and those which do not have the
aziridine molecule(s). Generally, the aziridinylquinones
inhibit tumor growth by cross-linking guanine molecules
of the double-stranded DNA and by generating radical
intermediates, mostly from the benzoquinone moiety. There
is a general consensus that both redox cycling and alkylation
caninduce oxidative stress and cell killing, but the molecular
mechanisms involved in cell death are not fully understood.
It has been shown that the bioreductive activation of some
antitumor quinones by NQOI1 can trigger apoptosis with
higher incidence in cells with higher baseline levels of
NQOI1 [44]. However, it is not clear yet if apoptosis is a
consequence of oxidative stress per se, drug-induced DNA
damage, or activation of separate mechanisms in response to
cell death signaling. Given the prominent capacity of azir-
idinyl ring-system containing compounds to interact with
and cross-link DNA, one hypothesis to emerge from these
data is that DNA-directed quinones may engage different
mechanisms of apoptosis than compounds that do not
efficiently cause DNA lesions. The higher activity of azir-
idinyl compounds would indicate the existence of such a cell
death-inducing mechanism.

To evaluate the reactivity of these compounds as sub-
strates for bioreductive activation, we looked at the levels of
free radicals in a whole cell system under aerobic conditions.
Here we provide direct ESR evidence for ROS formation
from the metabolism of antitumor quinone compounds in
MCEF-7 and HL-60 cells and evidence for the generation of
free radicals by the oxidation of the ROS-sensitive dyes CM-
H,DCFDA and HE. The identity of the toxic metabolic
intermediates generated by these reactions is not the focus of
this study, and the generation of free radicals is not used here
as an endpoint of metabolic activation. Instead, the genera-
tion of free radicals as a result of redox-cycling is being
correlated here to endpoints of metabolic activation such as
cytotoxicity and apoptosis.

The redox cycling of group A and B compounds generates
similar levels of hydroxyl radicals in MCF-7 cells. This
would indicate that the greater cytotoxicity of the group A
compounds is only in part the result of ROS production. The
higher levels of radicals detected in response to group A
compounds in the MCF-7 cells as compared with the HL-60

cells would suggest that the cytotoxicity of the aziridinyl
compounds is potentiated by NQOI activation. After
increasing the concentrations of the group A compounds
by more than 10-fold, cytotoxicity became also evident in
the HL-60 cells, in agreement with the COMPARE algo-
rithm, which predicts less potent activity in these cells.

The onset and therefore the detection of apoptosis
induced by group A compounds in MCF-7 cells occurred
earlier than the detection of ROS, in contradistinction to
the HL-60 cells. This would be consistent with the idea that
the cytotoxicity of the aziridinylbenzoquinones in the
setting of high NQOI activity in the MCF-7 cells is again
only in part the result of ROS production. In contrast, group
B compounds generated similar levels of ROS in the HL-60
and MCF-7 cells, and apoptosis induction by group B
compounds became detectable after the onset of ROS
generation in both cell lines, implying direct involvement
of ROS in the apoptotic cell death. This was especially true
for B1 and B3 compounds, which showed a direct correla-
tion between hydroxyl radicals, apoptosis, and cytochrome
c release. Since the active redox cycling and ROS genera-
tion do not appear to always correlate with cytotoxicity, the
increased cytotoxicity of the aziridinylbenzoquinones in
the MCF-7 cells in the absence of a proportional increase in
ROS could imply the generation of deleterious hydroqui-
none intermediates. However, semiquinones have been
detected for Al, A2, A3, and B1 compounds, and, in fact,
the striking result was the appearance of semiquinone
intermediates very early in the reaction.

Group C compounds do not generate hydroxyl radicals
in MCF-7 cells, as determined by ESR. Oxidation of CM-
H,DCFDA and HE occurred only after prolonged exposure
of MCF-7 cells to high concentrations of C1 and C2. Given
the total absence of apoptosis or cell death at this time, the
presence of ROS could possibly indicate the metabolism
and detoxification of these drugs by MCF-7 cells.

Studies performed in recent years have demonstrated
that there are two major pathways for inducing apoptosis:
one mediated through activation of cell surface death
receptors and another that involves mitochondrial damage
and release of cytochrome c¢ [45]. The translocation of
cytochrome ¢ from the intermembrane space of mitochon-
dria to the cytoplasm is a crucial step in the transmission
and amplification of many types of death signals through
activation of caspases [45]. Activation of apoptotic path-
ways in the absence of cytochrome c release has also been
reported [46,47]. Several studies indicated that mitochon-
drial dysfunction and cellular energy depletion play a
major role in the mechanism of cell killing by quinones
with differing structure and chemical reactivity [48].

Our results show that higher cytotoxicity does not
necessarily correlate with damage to the mitochondria
manifested as cytochrome ¢ release. In fact, group A
compounds, which showed the highest activity in MCF-7
cells, did not induce cytochrome c release as a mechanism of
apoptosis induction. At higher concentrations, they induced
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the release of only limited levels of cytochrome c into the
cytoplasm of HL-60 cells. In contrast, group B compounds
induced cytochrome c release in both cell lines. Group C
compounds induced cytochrome c release in the HL-60 cells
and only at higher concentrations (200 uM) in the MCF-7
cells. The lack of significant release of cytochrome c into the
cytosol in response to the faster acting aziridinylquinones as
compared to the other quinones might indicate the activation
of separate signaling pathways leading to apoptosis in cell
lines that can efficiently activate these compounds.

In conclusion, an evident correlation exists between the
cytotoxicity of the compounds, the activity of NQO1, the
increase in BAD protein, and the induction of apoptosis.
The production of free radicals does not always correlate
with cytotoxicity and apoptosis. BAD could act as an early
response to stress, as part of the apoptotic signaling events.
While the increase in BAD protein levels does not neces-
sarily correlate with cytochrome c release, its relation to
downstream effects on mitochondrial physiology remains
to be mechanistically addressed. Future studies into the
role of apoptotic regulators would be helpful in under-
standing the differential cytotoxicity of these compounds.

The results presented here underline the utility of com-
putational analysis in selecting antitumor agents with
similar mechanisms of action in relation to a particular
molecular target. The COMPARE algorithm was capable
of distinguishing between antitumor quinones, which were
good or poor substrates for bioreductive activation.
Furthermore, quinone-based compounds directly correlat-
ing with NQO1 activity showed high cytotoxicity in the
context of high endogenous levels of the pro-apoptotic
protein BAD, but among the direct correlating compounds
there are clear differences in the type of apoptotic program
being activated. Further elucidation of apoptotic mechan-
isms shared by the pro-apoptotic protein BAD and NQO1-
activated drugs is currently underway.
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