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ABSTRACT: Benzene is a human carcinogen that induces hematopoietic malignancies. It is believed that
benzene does not initiate leukemias directly, but rather generates DNA damage through a series of phenolic
metabolites, especially 1,4-benzoquinone. The cellular consequences of 1,4-benzoquinone are consistent
with those of topoisomerase II-targeted drugs. Therefore, it has been proposed that the compound initiates
specific leukemias by acting as a topoisomerase II poison. This hypothesis, however, has not been supported
by in vitro studies. While 1,4-benzoquinone has been shown to inhibit topoisomerase II catalysis, increases
in enzyme-mediated DNA cleavage have not been reported. Because of the potential involvement of
topoisomerase II in benzene-induced leukemias, we re-examined the effects of the compound on DNA
cleavage mediated by human topoisomerase IIR. In contrast to previous reports, we found that
1,4-benzoquinone was a strong topoisomerase II poison and was more potent in vitro than the anticancer
drug etoposide. DNA cleavage enhancement probably was unseen in previous studies due to the presence
of reducing agents in reaction buffers and the incubation of 1,4-benzoquinone with the enzyme prior to
the addition of DNA. 1,4-Benzoquinone increased topoisomerase II-mediated DNA cleavage primarily
by enhancing the forward rate of scission. In vitro, the compound induced cleavage at DNA sites proximal
to a defined leukemic chromosomal breakpoint and displayed a sequence specificity that differed from
that of etoposide. Finally, 1,4-benzoquinone stimulated DNA cleavage by topoisomerase IIR in cultured
human cells. The present findings are consistent with the hypothesis that topoisomerase IIR plays a role
in the initiation of specific leukemias induced by benzene and its metabolites.

Benzene is one of the top 20 production chemicals in the
United States (1, 2). The compound is used in the manu-
facture of plastics and gasoline and is a combustion product
of cigarette smoke (3-5). Benzene is clastogenic and
carcinogenic in humans (6-11). Although exposure to the
chemical induces a variety of malignancies in mice and rats,
it causes primarily hematopoietic cancers in humans (6, 7,
9-16). The two most frequent human malignancies associ-
ated with benzene are acute myelogenous leukemia (AML)1

and acute non-lymphocytic leukemia (6, 7, 9-11, 13-15).

The mechanism by which benzene induces leukemias has
not been fully elucidated. However, it is believed that
benzene does not trigger DNA damage directly. Rather, it
acts through a series of phenolic metabolites. The parent
compound is metabolized to benzene oxide in the liver by
cytochrome P450 2E1 (14, 16-18) (Figure 1). While most
of the oxide is cleared by conjugation to glutathione, a small
proportion is converted to phenol by a nonenzymatic
rearrangement. Phenol is further metabolized by cytochrome
P450 2E1 to 1,4-hydroquinone, which is carried throughout
the body in the bloodstream. When transported to the bone
marrow, 1,4-hydroquinone ultimately is converted to 1,4-
benzoquinone by the high concentration (∼3% of dry weight)
of endogenous myeloperoxidase in the marrow. 1,4-Benzo-
quinone is metabolized back to 1,4-hydroquinone by NAD-
(P)H:quinone oxidoreductase 1 (NQO1) (19-23).

1,4-Benzoquinone is thought to be a critical leukemogenic
metabolite of benzene (24, 25). Exposure of mammalian cells
to 1,4-benzoquinone generates DNA mutations, insertions,
deletions, and strand breaks (10, 24, 26-28). In addition,
the compound induces DNA recombination, sister chromatid
exchange, and apoptosis (10, 24, 29-31). The basis for the
genotoxic effects of 1,4-benzoquinone is not well defined.
Since the compound triggers oxidative stress and forms
adducts with both proteins and DNA, multiple pathways may
be involved (10, 16, 24, 32-34). It also has been suggested
that 1,4-benzoquinone acts (at least in part) through an effect
on topoisomerase II (21, 22, 24, 25, 35-37).
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Topoisomerase II is essential for proper chromosome
structure and segregation and removes knots and tangles from
the genetic material (38-44). The enzyme acts by passing
an intact double helix through a transient double-stranded
break that it creates in a separate segment of DNA (38-40,
42, 44, 45). Vertebrates contain two isoforms of topoi-
somerase II,R and â (46-53). Topoisomerase IIR levels
increase dramatically during periods of cell growth, and this
isoform appears to be primarily responsible for the required
roles of the enzyme during mitosis (41, 43, 54-57).

To maintain genomic integrity during its catalytic cycle,
topoisomerase II forms covalent bonds between active-site
tyrosyl residues and the 5′-DNA termini created by cleavage
of the double helix (38-40, 42, 44, 45, 58-60). Normally,
these covalent topoisomerase II-cleaved DNA complexes
(known ascleaVage complexes) are fleeting intermediates
and are tolerated by the cell (38-40, 42, 44, 45). However,
when the concentration or longevity of cleavage complexes
increases significantly, DNA strand breaks and many of the
genotoxic events described above occur (39, 42, 44, 61-
65).

A variety of widely prescribed anticancer drugs such as
etoposide kill cells by increasing physiological levels of
topoisomerase II-DNA cleavage complexes (39, 42, 44, 66-
70). These drugs are referred to astopoisomerase II poisons
(to distinguish them fromcatalytic inhibitorsof the enzyme)
because they convert this essential enzyme to a potent cellular
toxin (39, 42, 44, 66, 68, 70, 71).

Although topoisomerase II is an important target for cancer
chemotherapy, mounting evidence suggests that DNA cleav-
age mediated by the enzyme also plays a role in the
generation of specific forms of leukemia (62, 63, 72-78).
Therapy-related AMLs with characteristic translocations

involving theMLL gene at chromosomal band 11q23 have
been identified in a small proportion of cancer patients who
were treated with regimens that included topoisomerase II-
targeted drugs (62, 63, 72, 73, 75, 77-79). In addition, infant
AMLs with 11q23 chromosomal translocations have been
linked to the maternal consumption (during pregnancy) of
foods that contain high concentrations of naturally occurring
topoisomerase II poisons (74, 76, 80, 81).

It has been proposed that 1,4-benzoquinone induces
leukemia by acting as a topoisomerase II poison (21, 22,
24, 25, 36, 37). However, attempts to demonstrate stimulation
of topoisomerase II-mediated DNA cleavage by the com-
pound have proven unsuccessful (25, 36, 37). In most studies,
only inhibition of enzyme catalysis was observed (35-37).

Two recent findings prompted us to re-examine the effects
of 1,4-benzoquinone on human topoisomerase IIR. First,
individuals who are heterozygous or homozygous for the
C609Tpolymorphism of theNQO1gene display an increas-
ingly higher risk for leukemias with 11q23 chromosomal
translocations (19-23). Especially prominent are ALLs in
which theMLL gene becomes fused to theAF-4 gene on
chromosome 4 (22). TheC609Tpolymorphism encodes an
inactive form of NQO1, the enzyme that metabolizes 1,4-
benzoquinone to the less reactive 1,4-hydroquinone (19-
23). Second, some sulfhydryl-reactive chemicals, such as
quinones, have been shown to increase levels of DNA
cleavage mediated by human topoisomerase IIR (82-85).

Therefore, the present study assessed the effects of 1,4-
benzoquinone on the DNA cleavage activity of human
topoisomerase IIR in vitro and in cultured CEM leukemia
cells. In contrast to previous reports, results indicate that 1,4-
benzoquinone is in fact a potent topoisomerase II poison.
Evidence suggests that stimulation of enzyme-mediated DNA
scission is dependent on the sulfhydryl-reactive properties
of 1,4-benzoquinone. DNA cleavage enhancement may not
have been observed in earlier studies because the unique
characteristics of sulfhydryl-reactive topoisomerase II poisons
had not yet been established.

EXPERIMENTAL PROCEDURES
Enzymes and Materials. Human topoisomerase IIR was

expressed inSaccharomyces cereVisiae(86) and purified as
described previously (87, 88), except that 0.1 mM DTT,
instead of 0.5 mM, was used in the purification and storage
buffers. For all of the procedures described below, residual
levels of DTT in reaction mixtures never exceeded 0.4µM.
Negatively supercoiled pBR322 DNA was prepared using a
Plasmid Mega Kit (Qiagen) as described by the manufacturer.
1,4-Benzoquinone was purchased from Sigma, prepared as
a 20 mM stock in deionized water, and stored at-20 °C.
Etoposide (Sigma) was prepared as a 20 mM stock in 100%
DMSO and stored at 4°C. All other chemicals were
analytical reagent grade.

DNA CleaVage of Plasmid Substrates. DNA cleavage
reactions were carried out using the procedure of Fortune
and Osheroff (89). Assay mixtures contained 135 nM
topoisomerase IIR and 5 nM negatively supercoiled pBR322
DNA in a total of 20µL of cleavage buffer [10 mM Tris-
HCl (pH 7.9), 100 mM KCl, 5 mM MgCl2, 0.1 mM
NaEDTA, and 2.5% glycerol] and were assembled on ice.
1,4-Benzoquinone or etoposide (0-50 µM) was added to
reaction mixtures last. DNA cleavage was initiated by

FIGURE 1: Metabolism of benzene to 1,4-benzoquinone. Benzene
is metabolized to benzene oxide in the liver by cytochrome P450
2E1. A proportion of this compound is then converted to phenol
by a nonenzymatic rearrangement. Phenol is further metabolized
to 1,4-hydroquinone by cytochrome P450 2E1. 1,4-Hydroquinone
ultimately is converted (through a semiquinone) to 1,4-benzo-
quinone by endogenous myeloperoxidase (MPO) in the bone
marrow. 1,4-Benzoquinone is metabolized back to 1,4-hydroquinone
by NAD(P)H:quinone oxidoreductase 1 (NQO1). Other pathways
that clear benzene from the cell or result in the formation of other
metabolites exist, but were omitted for simplicity.
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shifting samples to 37°C, followed by incubation for 6 min.
Assays that examined the effects of reducing agents on 1,4-
benzoquinone contained 100 or 250µM DTT, or 500 µM
glutathione. Topoisomerase II-DNA cleavage complexes
were trapped by adding 2µL of 5% SDS, followed by 1µL
of 375 mM EDTA (pH 8.0). Proteinase K was added (2µL
of a 0.8 mg/mL solution), and reactions were incubated for
30 min at 45°C to digest the topoisomerase IIR. Samples
were mixed with 2µL of 60% sucrose in 10 mM Tris-HCl
(pH 7.9), 0.5% bromophenol blue, and 0.5% xylene cyanol
FF, heated for 3 min at 45°C, and subjected to electro-
phoresis in 1% agarose gels in 40 mM Tris-acetate (pH 8.3),
2 mM EDTA that contained 0.5µg/mL ethidium bromide.
DNA cleavage was monitored by the conversion of nega-
tively supercoiled plasmid DNA to linear molecules. DNA
bands were visualized by ultraviolet light and quantified
using an Alpha Innotech digital imaging system.

To determine the reversibility of DNA cleavage that was
induced by 1,4-benzoquinone, 1µL of 375 mM EDTA, 1
µL of 5M NaCl, 2 µL of 2.5 mM DTT, or 2µL of 5 mM
glutathioine was added to assay mixtures prior to treatment
with SDS. To determine whether cleaved DNA was protein-
linked, proteinase K treatment was omitted.

Order-of-addition experiments were carried out to assess
the effects of 1,4-benzoquinone on human topoisomerase IIR
in the absence of DNA. In these experiments, the compound
(or an equivalent amount of H2O) was incubated with the
enzyme for 0-3 min at 37°C in 10 µL of cleavage buffer.
Cleavage reactions were initiated by adding negatively
supercoiled pBR322 DNA in 10µL of cleavage buffer. The
concentrations of topoisomerase IIR, plasmid molecules, and
1,4-benzoquinone in the final reaction mixtures were 135
nM, 5 nM, and 25µM, respectively.

Site-Specific DNA CleaVage Induced by 1,4-Benzoquinone.
DNA sites cleaved by human topoisomerase IIR in long
linear DNA fragments were mapped as described by O’Reilly
and Kreuzer (90). A linear 4330-bp fragment (HindIII/EcoRI)
of pBR322 plasmid DNA singly labeled with [γ-32P]-
phosphate on the 5′-terminus of theHindIII site was used
as the cleavage substrate. Reaction mixtures contained 0.35
nM DNA fragments and 60 nM human topoisomerase IIR
in 50 µL of cleavage buffer. Assays were carried out in the
absence of compound or in the presence of 50 or 100µM
1,4-benzoquinone, or 100µM etoposide. Reaction mixtures
were incubated for 10 min at 37°C. Cleavage intermediates
were trapped by adding 5µL of 10% SDS, followed by 5
µL of 250 mM NaEDTA (pH 8.0), and topoisomerase IIR
was digested with proteinase K (5µL of a 0.8 mg/mL
solution) for 30 min at 45°C. Reaction products were
precipitated twice in 100% ethanol, dried, and resuspended
in 40% formamide, 8.4 mM EDTA, 0.02% bromophenol
blue, and 0.02% xylene cyanole FF. Samples were subjected
to electrophoresis in a 6% acrylamide gel, which was then
fixed in 10% methanol/10% acetic acid for 5 min and dried.
DNA cleavage products were visualized on a Bio-Rad
Molecular Imager FX.

DNA sites cleaved by human topoisomerase IIR in
oligonucleotide substrates were determined as described
previously (91). Two independent double-stranded substrates
were prepared on an Applied Biosystems DNA synthesizer.
The first was a 63-bp oligonucleotide corresponding to
residues 2565-2627 of theMLL gene and its complement.

This substrate spans a previously mapped leukemic break-
point at position 2595 (92). The sequences of the top
and bottom strands were 5′-AAGAGGAAATCAGCAC-
CAACTGGGGGAATGAATAAGAACTCCCAT-
TAGCAGGTGGGTTTAGCG-3′ and 5′-CGCTAAACCCA-
CCTGCTAATGGGAGTTCTTATTCATTCCCCCAGTTGGT-
GCTGATTTCCTCTT-3′, respectively. The second substrate
was a 47-bp oligonucleotide corresponding to residues 80-
126 of pBR322 and its complement (93-95). The sequences
of the top and bottom strands were 5′-CCGTGTATGAAATC-
TAACAATG VCGCTCATCGTCATCCTCGGCACCGT-3′
and 5′-ACGGTGCCGAGGATGACGATGVAGCGCATT-
GTTAGATTTCATACACGG-3′, respectively. This substrate
contains a single strong cleavage site for topoisomerase II
that has been well characterized (93-95). Points of scission
are denoted by arrows. Oligonucleotides were labeled on the
5′-termini of the top strands with [γ-32P]phosphate and
purified as described previously. In all cases, double-stranded
DNA substrates were generated by annealing equimolar
amounts of complementary oligonucleotides at 70°C for 10
min and cooling to 25°C.

Reaction mixtures contained 135 nM human topoisomerase
IIR and 10 nM double-stranded oligonucleotide in 20µL of
cleavage buffer in 0-50µM 1,4-benzoquinone or etoposide.
Reactions were incubated at 37°C for 15 min. DNA cleavage
products were trapped by the addition of 2µL of 10% SDS,
followed by 1µL of 375 mM EDTA (pH 8.0). Samples were
digested with proteinase K, ethanol precipitated, and resolved
by electrophoresis in 7 M urea, 14% polyacrylamide gels in
100 mM Tris-borate (pH 8.3), 2 mM EDTA. DNA cleavage
products were visualized and quantified on a Bio-Rad
Molecular Imager FX.

DNA Ligation. Two different assay systems were used to
characterize the effects of 1,4-benzoquinone on DNA ligation
mediated by human topoisomerase IIR. The first monitored
the ability of the enzyme to reseal DNA strand breaks that
it generated in negatively supercoiled pBR322 plasmid DNA
(96). DNA cleavage/religation equilibria were established as
described above under “DNA Cleavage of Plasmid Sub-
strates” in the absence of compound or in the presence of
25 µM 1,4-benzoquinone, or 50µM etoposide (these
concentrations induce equivalent levels of enzyme-mediated
DNA cleavage). Religation was initiated by shifting reaction
mixtures from 37 to 0°C, and reactions were stopped at
time points up to 30 s by the addition of 2µL of 5% SDS.
One microliter of 375 mM NaEDTA (pH 8.0) was added,
and samples were processed and analyzed as described for
topoisomerase IIR cleavage reactions that utilized plasmid
substrates.

The second assay monitored the ability of human topoi-
somerase IIR to ligate a DNA nick whose 5′-terminal
phosphate was activated by covalent attachment top-
nitrophenol (91). The presence of this activating group
mimics the covalent bond between the DNA and the active-
site tyrosine that is formed during the scission event (91,
97). DNA ligation reactions were carried out according to
Bromberg et al. (91). The substrate for this assay was based
on the 47-mer pBR322 substrate described in the previous
section with the following exceptions. An oligonucleotide
spanning the 5′-terminus to the point of topoisomerase II
scission on the top strand was synthesized, labeled on its
5′-termini with [γ-32P]phosphate, and purified as above. An
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oligonucleotide extending from the point of scission to the
3′-terminus of the top strand was synthesized and 5′-activated
with p-nitrophenol (91). Equimolar amounts of these oligo-
nucleotides were annealed to the intact complementary
bottom strand by incubating at 70°C for 10 min and cooling
to 25 °C.

Briefly, ligation assays contained 135 nM topoisomerase
IIR and 10 nM activated nicked double-stranded oligonucle-
otide in a total of 20µL of 10 mM Tris-HCl (pH 7.9), 135
mM KCl, 7.5 mM CaCl2, 0.1 mM EDTA, and 2.5% glycerol.
Reactions were carried out in the presence of 0-500 µM
1,4-benzoquinone or etoposide. Reaction mixtures were
incubated at 37°C for 48 h, and ligation was stopped by the
addition of 2µL of 10% SDS, followed by 1µL of 375 mM
EDTA (pH 8.0). Samples were processed, resolved in
denaturing polyacrylamide gels, and analyzed as described
above for oligonucleotide cleavage reactions.

DNA Relaxation. DNA relaxation reactions were carried
out as described by Fortune and Osheroff (89). Assay
mixtures contained 135 nM topoisomerase IIR and 5 nM
negatively supercoiled pBR322 DNA in a total of 20µL of
10 mM Tris-HCl (pH 7.9), 135 mM KCl, 5 mM MgCl2, 0.1
mM NaEDTA, 2.5% glycerol, and 250µM ATP. 1,4-
Benzoquinone (0-50µM) was added to mixtures last. DNA
relaxation was initiated by shifting samples to 37°C,
followed by incubation for 30 min. Reactions were stopped
by the addition of 1µL of 375 mM EDTA (pH 8.0), followed
by the addition of 2µL of 0.5% SDS and 77 mM EDTA.
Proteinase K was added (2µL of a 0.8 mg/mL solution),
and reactions were incubated for 30 min at 45°C to digest
the enzyme. Samples were subjected to electrophoresis in
1% agarose gels 100 mM Tris-borate (pH 8.3), 2 mM
EDTA. Gels were stained for 30 min with 0.5µg/mL
ethidium bromide and DNA bands were quantified as
described above.

Topoisomerase II-Mediated DNA CleaVage in Human
CEM Leukemia Cells. Human CEM leukemia cells were
cultured under 5% CO2 at 37 °C in RPMI 1640 medium
(Cellgro by Mediatech, Inc.), containing 10% heat-inactivated
fetal calf serum (Hyclone) and 2 mM glutamine (Cellgro by
Mediatech, Inc.). Thein vivo complex of enzyme (ICE)
bioassay (98, 99) (as modified on the TopoGEN, Inc.
website) was used to determine the effects of 1,4-benzo-
quinone on topoisomerase IIR-mediated DNA breaks in
treated CEM cells. Exponentially growing cultures were
treated with 10µM 1,4-benzoquinone for 4 or 8 h, or with
25 µM etoposide for 1 h for comparison. Cells (∼5 × 106)
were harvested by centrifugation and lysed by the immediate
addition of 3 mL of 1% sarkosyl. Following gentle douncing,
cell lysates were layered onto a 2-mL cushion of CsCl (1.5
g/mL) and centrifuged at 80 000 rpm for 5.5 h at 20°C.
DNA pellets were isolated, resuspended in 5 mM Tris-HCl
(pH 8.0) and 0.5 mM EDTA, and blotted onto nitrocellulose
membranes using a Schleicher and Schuell slot blot ap-
paratus. Covalent complexes formed between topoisomerase
IIR and DNA were detected using a polyclonal antibody
directed against human topoisomerase IIR (Kiamaya Bio-
chemical Co.) at a 1:4000 dilution.

RESULTS

Although it has been proposed that 1,4-benzoquinone
induces specific leukemias (at least in part) by acting as a

topoisomerase II poison (21, 22, 24, 25, 36, 37), enhancement
of enzyme-mediated DNA cleavage has not been observed
in previous studies (25, 36, 37). Only inhibition of topoi-
somerase II catalytic activity by the compound has been
reported (35-37).

TheC609Tpolymorphism of theNQO1gene recently was
correlated with an increased propensity for pediatric de novo
leukemias with 11q23 chromosomal translocations (19-23).
Although AMLs were observed, the highest odds ratio was
found for infant ALLs in which theMLL gene became fused
to theAF-4gene on chromosome 4 (22). This polymorphism
encodes an inactive form of NQO1, the enzyme that
metabolizes 1,4-benzoquinone (19-23). Since 11q23 trans-
locations are characteristic of leukemias induced by topoi-
somerase II poisons (62, 63, 72, 73, 75, 77-79), we felt
that it was appropriate to re-examine the effects of 1,4-
benzoquinone on topoisomerase II-mediated DNA cleavage.

1,4-Benzoquinone Enhances DNA CleaVage Mediated by
Human Topoisomerase IIR. In contrast to results from
previous studies (25, 36, 37), 1,4-benzoquinone enhanced
DNA scission mediated by human topoisomerase IIR in a
concentration-dependent manner (Figure 2). The quinone was
more potent than the commonly used anticancer drug
etoposide, and increased DNA cleavage∼8-fold at a
concentration of 25µM.

These results raise the question of why DNA cleavage
enhancement was not observed previously. We believe that
the answer is two-fold. First, DTT and other reducing agents
react with 1,4-benzoquinone and impair its ability to modify
sulfhydryl residues on proteins (35). DTT concentrations used
in earlier studies ranged from 75 to 500µM, and in one case,
the reducing agent was supplemented with 15 mMâ-mer-

FIGURE 2: 1,4-Benzoquinone stimulates DNA cleavage mediated
by human topoisomerase IIR. An ethidium bromide-stained agarose
gel of DNA cleavage reactions carried out in the presence of 0-50
µM 1,4-benzoquinone is shown at the top. The mobilities of
negatively supercoiled DNA (form I, FI), nicked circular plasmid
(form II, FII), and linear molecules (form III, FIII) are indicated.
Levels of DNA cleavage were quantified and expressed as a fold-
enhancement over reactions that were carried out in the absence of
1,4-benzoquinone. Assays were carried out in the presence of 1,4-
benzoquinone (BQ,b), 1,4-benzoquinone in the presence of 100
µM DTT (BQ + DTT, 0), or etoposide (Etop,O). Error bars
represent the standard deviation of three independent experiments.
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captoethanol (25, 36, 37). The residual DTT concentration
present in reaction mixtures used in this study was<0.4µM.2

As shown in Figure 2, the addition of 100µM DTT to
reaction mixtures blocked the ability of 1,4-benzoquinone
to stimulate topoisomerase II-mediated DNA scission.

Second, while the addition of sulfhydryl-reactive topoi-
somerase II poisons to enzyme-DNA complexes enhances
nucleic acid cleavage, incubation of these agents with the
enzyme prior to the addition of DNA dramatically decreases
all of the catalytic functions of topoisomerase II (82, 84). In
some of the previous studies, 1,4-benzoquinone was incu-
bated with the human enzyme for up to 15 min prior to the
addition of DNA (25). In the present study, the compound
always was added to the enzyme-DNA complex. As shown
in Figure 3, when human topoisomerase IIR was exposed to
1,4-benzoquinone for as little as 100 s prior to the addition
of plasmid, levels of enzyme-mediated DNA cleavage
dropped>90%.

Several controls were carried out to confirm that the
enhanced DNA cleavage induced by 1,4-benzoquinone was
mediated by topoisomerase IIR (Figure 4). First, no linear
DNA was observed in reactions that contained 25µM 1,4-
benzoquinone but lacked enzyme. Second, the electrophoretic
mobility of the cleaved DNA (i.e., the linear band) was
dramatically reduced in the absence of proteinase K treat-
ment, indicating that all of the cleaved plasmid molecules
were covalently attached to topoisomerase IIR. Third,
scission was reversed when EDTA or NaCl was added to
reaction mixtures before cleavage complexes were trapped
by the addition of SDS. This reversibility is inconsistent with
an inorganic reaction. Taken together, the above findings
provide strong evidence that 1,4-benzoquinone is indeed a
strong topoisomerase II poison.

1,4-Benzoquinone can undergo redox cycling to generate
free radicals that can damage nucleic acids. In addition, 1,4-
benzoquinone and other biologically relevant quinones can
form adducts with DNA (32, 100, 101). It has been proposed
that catechol estrogen-3,4-quinones initiate cancers by form-
ing depurinating adducts with the N7 group of guanines
(100). Since abasic sites and other DNA adducts have been
shown to poison human topoisomerase IIR (88, 102-105),
it is possible that the enhancement of DNA scission by the
quinone is due to a modification of the plasmid substrate.
This possibility is supported by the observation that the DNA
cleavage activity of etoposide quinone (a potent metabolite
of etoposide), but not the parent compound, was reduced
∼2-fold when guanine residues proximal to cleavage sites
were replaced with N7-deazaguanine (83).

To address this important issue, 25µM 1,4-benzoquinone
was incubated with pBR322 for 10 min, but removed by
gel filtration prior to DNA cleavage assays. If the compound
enhances topoisomerase II-mediated scission primarily by
forming DNA adducts or by inducing depurination, prior
incubation of the plasmid with the quinone should stimulate
DNA cleavage, even though there is no free 1,4-benzo-
quinone in the final reaction mixture. As shown in Figure 5,
this was not the case. Levels of DNA cleavage observed with
plasmid that had been incubated with 1,4-benzoquinone prior
to assays (lane 5) were similar to those seen in parallel
plasmid samples that were not exposed to the quinone (lane
2). This lack of cleavage enhancement was not related to
the filtration procedure, because the back addition of 1,4-
benzoquinone to these latter samples following filtration
stimulated topoisomerase II-mediated DNA scission (lanes
3 and 6).

It has been suggested that some quinones stimulate
topoisomerase II-mediated DNA cleavage by covalently

2 The residual DTT in the reaction mixture comes from the final
step of the topoisomerase IIR purification protocol. This compound is
used as a general reducing agent to help preserve the enzyme during
preparation and storage.

FIGURE 3: 1,4-Benzoquinone rapidly inactivates human topoi-
somerase IIR in the absence of DNA. Topoisomerase IIR was
incubated with 1,4-benzoquinone for 0-100 s prior to the addition
of DNA. Levels of DNA cleavage in reaction mixtures that were
not preincubated (i.e., time zero) were set to 100%. Error bars
represent the standard deviation of three independent experiments.
A representative ethidium bromide-stained agarose gel of a reaction
in which the enzyme was incubated with 1,4-benzoquinone for
0-100 s is shown in the inset. Supercoiled (FI), nicked circular
(FII), and linear (FIII) DNA are labeled as in Figure 2.

FIGURE 4: DNA cleavage in the presence of 1,4-benzoquinone is
mediated by topoisomerase IIR. Levels of DNA cleavage were
quantified and expressed as a fold-enhancement over reactions that
were carried out in the absence of 1,4-benzoquinone. Data for
reactions containing DNA and 1,4-benzoquinone (DNA+ BQ) in
the absence of enzyme are shown. DNA cleavage mediated by
human topoisomerase IIR in the absence (-BQ) or presence (+BQ)
of 25 µM 1,4-benzoquinone was examined. To determine whether
the DNA cleavage observed in the presence of 1,4-benzoquinone
was protein-linked, proteinase K treatment was omitted (-Pro K).
Reversibility of reactions containing 1,4-benzoquinone was exam-
ined by adding EDTA or NaCl prior to SDS treatment. Error bars
represent the standard deviation of three independent experiments.
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modifying the enzyme (presumably on a sulfhydryl residue)
(82). If this is the case for 1,4-benzoquinone, once the
quinone has modified topoisomerase IIR, it should not be
able to dissociate from the enzyme. Therefore, order-of-
addition experiments were carried out to address the effects
of reducing agents on the actions of 1,4-benzoquinone
(Figure 6). Consistent with the data shown in Figure 2, no
enhancement of enzyme-mediated DNA cleavage was ob-
served when 250µM DTT was incubated with 1,4-benzo-
quinone before the quinone was added to the topoisomerase

II-DNA complex (Figure 6, top). A similar result was seen
when 500µM glutathione was incubated with the compound.
In contrast, once a topoisomerase II-DNA cleavage complex
was established in the presence of 1,4-benzoquinone, neither
reducing agent had any effect on the enhancement of DNA
scission (Figure 6, bottom). In control experiments, DTT and
glutathione did not significantly alter levels of DNA cleavage
mediated by topoisomerase IIR in the absence of the quinone
or in the presence of etoposide (Figure 6).

Site Specificity of DNA CleaVage Mediated by Human
Topoisomerase IIR in the Presence of 1,4-Benzoquinone.As
a first step toward determining the effects of 1,4-benzo-
quinone on the DNA cleavage site specificity of topoi-
somerase II, a singly end-labeled fragment of pBR322 was
used as a substrate (90). This 4330-bp linear DNA allows
cleavage to be monitored at the site-specific level. As shown
in Figure 7, 1,4-benzoquinone increased DNA scission at a
number of sequences. Furthermore, the pattern of cleavage-
site utilization observed in the presence of the quinone
differed significantly from that generated in reactions that
contained etoposide. A number of distinct sites were seen
for both compounds.

To further assess the DNA cleavage specificity of 1,4-
benzoquinone, the ability of this compound to stimulate
topoisomerase II-mediated DNA cleavage in a short double-
stranded oligonucleotide containing a previously mapped
leukemic chromosomal translocation breakpoint was deter-
mined and compared to that of etoposide (Figure 8). This
breakpoint, at position 2595 of theMLL gene at chromosomal
band 11q23, was identified in a patient who presented with
infant AML at 20 months of age (92). 1,4-Benzoquinone
enhanced DNA scission mediated by human topoisomerase
IIR at several sites proximal to the translocation breakpoint.
Furthermore, there were obvious differences between the
DNA cleavage pattern generated in the presence of the
quinone and etoposide.

Therefore, to further compare the DNA cleavage specifici-
ties of 1,4-benzoquinone and etoposide, a double-stranded
47-mer derived from plasmid pBR322 (residues 80-126)
that contained a single, well-characterized cleavage site for
human topoisomerase IIR was used as a substrate (93-95)
(Figure 9). In the absence of a topoisomerase II poison, the
enzyme preferentially cleaves this sequence when it contains
a guanine residue immediately 5′ to the scissile bond (i.e.,
at the -1 position) (91). Consistent with a number of
previous reports, etoposide dramatically enhanced topoi-
somerase II-mediated DNA cleavage when this sequence
contained a cytosine residue at the-1 position (91, 106,
107). In contrast, 1,4-benzoquinone displayed no significant
preference for any specific residue at this position. Thus, it
appears that 1,4-benzoquinone enhances topoisomerase II-
mediated DNA cleavage at an array of sites that differs from
that utilized by the enzyme in the presence of etoposide.

Effects of 1,4-Benzoquinone on DNA Ligation Mediated
by Human Topoisomerase IIR. Topoisomerase II poisons
increase levels of enzyme-mediated DNA breaks by two non-
mutually exclusive mechanisms (39, 42, 44). While drugs
such as etoposide and TAS-103 act primarily by inhibiting
the ability of topoisomerase II to ligate DNA breaks (96,
108, 109), poisons such as quinolones and genistein have
little effect on strand rejoining and appear to act primarily
by enhancing the forward rate of DNA scission (110-112).

FIGURE 5: Incubation of plasmid DNA with 1,4-benzoquinone does
not stimulate DNA cleavage mediated by human topoisomerase
IIR. An ethidium bromide-stained agarose gel is shown. Supercoiled
(FI), nicked circular (FII), and linear (FIII) DNA molecules are
labeled as in Figure 2. All of the plasmid DNA samples were filtered
through Bio-Spin 6 chromotography columns (Biorad) before being
used in DNA cleavage assays. DNA substrates are shown as controls
in lanes 1 and 4. Lanes 2-3 and 5-6 contained human topoi-
somerase IIR. Lanes 1-3 contained DNA that was not exposed to
the quinone prior to filtration (No Incubation). Lanes 4-6 contained
DNA that was incubated with 25µM 1,4-benzoquinone for 10 min
prior to filtration (BQ Incubation). Assays in lanes 2 and 5 contained
no 1,4-benzoquinone in the final reaction mixtures. Assays in lanes
3 and 6 contained 25µM 1,4-benzoquinone in the final reaction
mixtures.

FIGURE 6: Effects of reducing agents on the ability of 1,4-
benzoquinone to enhance DNA cleavage mediated by human
topoisomerase IIR. Ethidium bromide-stained agarose gels are
shown. Supercoiled (FI), nicked circular (FII), and linear (FIII) DNA
molecules are labeled as in Figure 2. The top gel shows reactions
in which reducing agents were incubated with compounds prior to
their addition to cleavage reactions. The bottom gel shows reactions
in which reducing agents were added to reaction mixtures after
topoisomerase II-DNA cleavage complexes were established in
the absence of compound or in the presence of 1,4-benzoquinone
or etoposide. The DNA substrate is shown as a control in lane 1.
Reactions contained no compound (lanes 2-4), 25 µM 1,4-
benzoquinone (lanes 5-7), or 100µM etoposide (lanes 8-10).
Reactions contained no reducing agent (None, lanes 2, 5, and 8),
250 µM DTT (lanes 3, 6, and 9), or 500µM glutathione (lanes 4,
7, and 10). Results are representative of three independent assays.
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To determine the mechanistic basis for the actions of 1,4-
benzoquinone against human topoisomerase IIR, the effects
of the compound on enzyme-mediated DNA ligation were
examined and compared to those of etoposide. Two different
assay systems were used for these studies. The first assay
monitored the rate at which the human enzyme religated
DNA strand breaks that it had generated in negatively
supercoiled plasmid molecules (96) (Figure 10, left panel).
This was accomplished by shifting topoisomerase II-DNA
cleavage complexes established at 37°C to the suboptimal
temperature of 0°C. At this latter temperature, the enzyme
rejoins strand breaks but cannot efficiently cleave DNA (96).
The concentrations of 1,4-benzoquinone and etoposide (25
and 50µM, respectively) employed induced similar levels

of enzyme-mediated DNA cleavage in plasmid-based assays
(see Figure 2).

The apparent first-order rate of religation in the presence
of 1,4-benzoquinone (0.046 s-1) was only 27% slower than
that observed in the absence of the compound (0.063 s-1)
(Figure 10, left panel). This inhibition is considerably lower
than that seen in the presence of etoposide. At the 30 s time
point [which is∼3 times longer than thet1/2 for religation
in the absence of drug (∼11 s)], the enzyme resealed<15%

FIGURE 7: DNA cleavage site utilization by human topoisomerase
IIR on a long linear fragment in the presence of 1,4-benzoquinone.
The 4330-bp sequence was derived from plasmid pBR322. An
autoradiogram of a polyacrylamide gel is shown. DNA cleavage
reactions contained 0, 50, or 100µM 1,4-benzoquinone (BQ), or
100 µM etoposide (Etop). A DNA control is shown in the far left
lane. Data are representative of three independent assays.

FIGURE 8: DNA cleavage site utilization by human topoisomerase
IIR on an oligonucleotide substrate in the presence of 1,4-
benzoquinone. The sequence was derived from the humanMLL
gene and contained a leukemic chromosomal translocation break-
point at position 2595 (indicated by the arrow). An autoradiogram
of a polyacrylamide gel is shown for DNA cleavage reactions
carried out in the presence of 0, 25, or 50µM 1,4-benzoquinone
(BQ), or 50µM etoposide (Etop). A DNA control is shown in the
far left lane. Data are representative of three independent assays.

1,4-Benzoquinone Is a Topoisomerase II Poison Biochemistry, Vol. 43, No. 23, 20047569



of the cleaved plasmid molecules in reactions that contained
etoposide.

The second assay monitored the ability of human topoi-
somerase IIR to ligate a DNA nick whose 5′-terminal
phosphate had been activated by covalent attachment to
p-nitrophenol (91, 109) (Figure 10, right panel). The presence
of this activating group mimics the covalent bond between
the DNA substrate and the active-site tyrosine that is formed
during the scission event (97). The ligation reaction occurs
by the direct attack of the 3′-OH at the nick on the activated
5′-phosphate within the active site of topoisomerase IIR and
proceeds without a covalent enzyme-DNA intermediate
(91). The oligonucleotide substrate used for this assay
contained the same sequence that was employed for the DNA
cleavage site specificity experiments. The activated nick was
located at the scissile bond of the top strand of the
oligonucleotide.

Compared to etoposide, 1,4-benzoquinone had a marginal
effect on rates of ligation (Figure 10, right panel). The IC50

values for inhibition of ligation by the quinone were 170
and 250µM, respectively, for substrates that contained either
a guanine residue (the wild-type sequence) or a cytosine
residue (the preferred sequence for etoposide) at the-1
position relative to the scissile bond. In marked contrast, the
IC50 value for etoposide with its preferred sequence (-1
cytosine residue) was 0.8µM (109).

The above results strongly suggest that 1,4-benzoquinone
does not have a major effect on the rate of DNA ligation
mediated by human topoisomerase IIR. Therefore, it is
proposed that the quinone increases levels of DNA breaks
primarily by enhancing the forward rate of scission.

Inhibition of Topoisomerase II Catalytic ActiVity by 1,4-
Benzoquinone.Previous studies reported that 1,4-benzo-

quinone inhibits the overall catalytic activity of human
topoisomerase IIR (35-37). However, these earlier works
examined quinone effects on the enzyme under conditions
that undermined DNA cleavage enhancement (i.e., the
presence of DTT or incubation of the compound with the
enzyme prior to the addition of DNA). Therefore, a DNA
relaxation assay was used to determine the effects of 1,4-
benzoquinone on the overall catalytic activity of human
topoisomerase IIR. Conditions employed were conducive to
stimulation of DNA scission.

As shown in Figure 11, 1,4-benzoquinone was a strong
inhibitor of topoisomerase II catalytic activity (IC50 ≈ 2.5
µM). As determined by a DNA unwinding assay (89),
inhibition was not due to a change in the topological state
of the negatively supercoiled substrate (not shown). These
results confirm that the quinone inhibits the ability of the
human type II enzyme to carry out its catalytic DNA strand
passage reaction.

1,4-Benzoquinone Increases LeVels of DNA CleaVage
Mediated by Topoisomerase IIR in Cultured Human Cells.
The ICE bioassay (98, 99) was employed to determine
whether 1,4-benzoquinone increases levels of DNA cleavage
mediated by topoisomerase IIR in human CEM leukemia
cells. In this assay, cultured cells are lysed with an ionic
detergent, and proteins that are covalently attached to
genomic DNA are separated from free proteins by sedimen-
tation through a CsCl cushion. The pelleted DNA from

FIGURE 9: DNA cleavage specificity of human topoisomerase IIR
in the presence of 1,4-benzoquinone. The substrate was a double-
stranded 47-mer oligonucleotide derived from pBR322 that con-
tained a single, well-defined cleavage site for the enzyme. The
central sequence of this substrate is shown in the inset. Scissle bonds
are indicated by the arrows and the base at the-1 position (relative
to the scissile bond) of the top strand is in bold type. The position
of the radiolabel is represented by an asterisk. Levels of DNA
cleavage of the top strand are relative to those observed in the
absence of topoisomerase II poisons. Results are shown for
substrates that contained the indicated residues at the-1 position
(the residue on the complementary strand also was changed to
maintain base pairing) in the presence of 50µM 1,4-benzoquinone
or 50µM etoposide. Error bars represent the standard deviation of
three independent experiments.

FIGURE 10: 1,4-Benzoquinone does not significantly inhibit DNA
ligation mediated by human topoisomerase IIR. The left panel shows
a time course for religation of cleaved plasmid DNA in the absence
of compound (O) or in the presence of 25µM 1,4-benzoquinone
(BQ, b) or 50µM etopside (Etop,9). These concentrations induced
similar levels of enzyme-mediated DNA cleavage. The right panel
shows the effects of 1,4-benzoquinone and etoposide on the ability
of human topoisomerase IIR to ligate an activated substrate in a
cleavage-independent assay. The substrate was the same pBR322-
derived oligonucleotide used in Figure 8, except that the top strand
contained a nick at the point of scission whose 5′-terminus was
activated by covalent attachment to ap-nitrophenyl moiety (pNP).
The central sequence of this substrate is shown in the inset. The
scissle bond on the bottom strand is indicated by the arrow and the
base pair that contained the residue at the-1 position (relative to
the scissile bond) of the top strand is in bold type. (When the-1
G was changed to a C, the residue on the complementary strand
was changed to a G tomaintain base pairing.) The position of the
radiolabel is denoted by an asterisk. Levels of DNA ligation of the
top strand are relative to those determined in the absence of
topoisomerase II poisons (set to 100%). Results are shown for the
ligation of substrates that contained a-1 G or C in the presence
of 0-500 µM 1,4-benzoquinone (b or O, respectively) or a
substrate that contained a-1 C (the preferred sequence for
etoposide) in the presence of 0-500µM etoposide (9). Error bars
represent the standard deviation of three independent experiments.
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cultures treated with no drug for 24 h or 10µM 1,4-
benzoquinone for 4 or 8 h was blotted and probed with a
polyclonal antibody specific for human topoisomerase IIR.
(This reduced quinone concentration was used because it
induced less than 20% cell death over the course of the assay.
Cell death at higher concentrations was in excess of 50%.)
Results from cells treated with 25µM etoposide for 1 h are
shown for comparison. As shown in Figure 12, levels of
topoisomerase IIR that were covalently attached to DNA
following treatment with 1,4-benzoquinone increased several-
fold over the course of the experiment.

It should be noted that some cleavage-independent topoi-
somerase IIR-DNA cross-linking was observed in vitro in
DNA cleavage assays that contained 1,4-benzoquinone.
Therefore, a portion of the covalent topoisomerase IIR-DNA
complex observed in quinone-treated CEM cells may reflect
protein-DNA cross-linking rather than enzyme-mediated
DNA scission. However, the topoisomerase IIR:DNA base
pair ratio (∼1:325) used in the in vitro cleavage assays was
>20 times higher than estimated (∼1:7500) for CEM cells.
When in vitro experiments were carried out using topoi-

somerase IIR:DNA base pair ratios that approximated the
cellular condition, no significant protein:DNA cross-linking
was observed (not shown). Therefore, it is concluded that
1,4-benzoquinone is a topoisomerase II poison in cultured
human cells.

DISCUSSION

Benzene is a human carcinogen that induces primarily
hematopoietic malignancies (6-11, 13-16). It is believed
that the parent compound does not trigger leukemic chro-
mosomal translocations directly. Rather, benzene generates
DNA damage through a series of phenolic metabolites,
especially 1,4-benzoquinone (14, 16-18, 24).

The mechanism by which 1,4-benzoquinone initiates
leukemias has not been elucidated. The compound induces
DNA strand breaks, homologous recombination, and sister
chromatid exchange in treated cells (10, 24, 27, 29, 31). In
addition, decreased levels of NQO1 (the enzyme that
detoxifies 1,4-benzoquinone) correlate with a higher risk of
AMLs and ALLs that are characterized by 11q23 chromo-
somal translocations (19-23). Since these findings are
consistent with the actions of topoisomerase II-targeted drugs,
it has been proposed that 1,4-benzoquinone initiates leuke-
mias (at least in part) by acting as a topoisomerase II poison
(21, 22, 24, 25, 36, 37).

Cellular effects notwithstanding, this hypothesis has not
been supported by in vitro studies (25, 36, 37). While
previous work demonstrated inhibition of topoisomerase II
catalysis by 1,4-benzoquinone, increases in enzyme-mediated
DNA cleavage were never observed (25, 36, 37).

Recently, several quinones were found to poison human
topoisomerase IIR (82, 83, 85). Some quinones, as well as
other sulfhydryl-reactive compounds, appear to act in a
manner that differs from most “traditional” topoisomerase
II poisons (82, 84, 85). While topoisomerase II-active agents
typically interact with the enzyme in a noncovalent fashion,
it has been proposed that sulfhydryl-reactive compounds
increase DNA cleavage by modifying the enzyme (82). These
“sulfhydryl-reactive” poisons display two characteristics that
distinguish them from other topoisomerase II-targeted
agents: their activity is destroyed by exposure to reducing
agents such as DTT (82, 84), and incubation of the enzyme
with these compounds prior to the addition of DNA renders
topoisomerase II catalytically inert (82, 84, 85).

Previous in vitro work on 1,4-benzoquinone and the human
type II enzyme was carried out before the properties of
sulfhydryl-reactive topoisomerase II poisons had been re-
ported. All of these studies were performed in the presence
of significant concentrations of reducing agents (25, 36, 37).
Furthermore, in some cases, 1,4-benzoquinone was incubated
directly with topoisomerase IIR in an effort to maximize
interactions with the enzyme (25). Consequently, earlier
studies were not in a position to draw valid conclusions
regarding the potential of 1,4-benzoquinone to act as a
topoisomerase II poison.

In light of the recent observations regarding the actions
of sulfhydryl-active topoisomerase II poisons, we examined
the effects of 1,4-benzoquinone on the DNA cleavage activity
of human topoisomerase IIR at low concentrations of DTT
(<0.4 µM). In addition, the quinone was added to the
enzyme-DNA complex rather than the enzyme alone.

FIGURE 11: 1,4-Benzoquinone inhibits the overall catalytic activity
of topoisomerase IIR. DNA relaxation reactions catalyzed by
topoisomerase IIR were carried out for 30 min in the presence of
0-50 µM 1,4-benzoquinone. DNA relaxation was quantified by
disappearance of the negatively supercoiled DNA substrate. Error
bars represent the standard deviation of three independent experi-
ments. The inset shows an ethidium bromide-stained agarose gel
of DNA relaxation reactions carried out in the presence of 0-50
µM 1,4-benzoquinone. Negatively supercoiled DNA (FI) and nicked
circular DNA (FII) are indicated as in Figure 2.

FIGURE 12: 1,4-Benzoquinone enhances DNA cleavage mediated
by human topoisomerase IIR in treated human CEM cells. The ICE
bioassay was used to monitor the level of cleavage complexes in
cells treated with 1,4-benzoquinone. DNA (10µg) from cultures
grown in the absence of compound for 24 h, or in the presence of
10 µM 1,4-benzoquinone (BQ) for 4 or 8 h, or 25µM etoposide
for 1 h was blotted onto a nitrocellulose membrane. Blots were
probed with a polyclonal antibody directed against human topoi-
somerase IIR. Results are representative of three independent
experiments.
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Results demonstrate that 1,4-benzoquinone is a strong
topoisomerase II poison that is more potent than the
anticancer drug etoposide in vitro. Furthermore, the quinone
induces the formation of topoisomerase IIR-DNA cleavage
complexes in cultured human cells.

1,4-Benzoquinone displays all of the hallmarks of sulf-
hydryl-reactive topoisomerase II poisons (82, 84, 85).
Although it has not been demonstrated directly, the ability
of the compound to stimulate topoisomerase II-mediated
DNA cleavage is consistent with a covalent modification of
the human enzyme. The mechanism by which this proposed
modification increases levels of cleavage is not known. The
fact that DNA scission can be reversed by the addition of
salt or EDTA, and that 1,4-benzoquinone has little effect on
rates of DNA ligation, rules out the simplistic interpretation
that the quinone modifies a sulfhydryl residue that is exposed
in the cleavage complex and destroys enzyme activity.

It is notable that polymorphisms in two enzymes that are
involved in quinone metabolism increase the risk of develop-
ing leukemias with 11q23 chromosomal translocations. In
addition to the NQO1 polymorphism discussed above (19-
23), the cytochrome P450 3A4 genotype (a promoter variant)
decreases the risk of therapy-related leukemias in patients
treated with etoposide and related epipodophyllotoxins (113).
Cytochrome P450 3A converts etoposide to a catechol
metabolite, which is further oxidized to etoposide quinone
(114). Etoposide quinone is approximately twice as active
as etoposide against human topoisomerase IIR (83).

In summary, it is likely that the genotoxicity/cytotoxicity
of 1,4-benzoquinone is mediated by multiple cellular events.
However, the present findings suggest that the chromosomal
breaks induced by exposure to 1,4-benzoquinone are gener-
ated to some extent by topoisomerase IIR. Furthermore, these
findings are consistent with the hypothesis that topoisomerase
II-mediated DNA cleavage contributes to the development
of specific leukemias that are induced by benzene and its
metabolites.

ACKNOWLEDGMENT

We are grateful to Dr. A. B. Burgin (deCODE Genetics)
for generously supplying the activated oligonucleotides used
for cleavage-independent DNA ligation reactions, to Dr. D.
C. Liebler for helpful discussions regarding quinones, and
to J. S. Dickey for critical reading of the manuscript.

REFERENCES

1. Fishbein, L. (1992) Exposure from occupational versus other
sources,Scand. J. Work EnViron. Health 18(Suppl. 1), 5-16.

2. Agency for Toxic Substances and Disease Registry (1997)
Toxicological profile for benzene, U.S. Department of Health and
Human Services, Public Health Service.

3. International Agency for Research on Cancer (1989)Benzene, Vol.
45, IARC Scientific Publications, Lyon, France.

4. Wallace, L. A. (1989) Major sources of benzene exposure,EnViron.
Health Perspect. 82, 165-169.

5. International Programme Chemical Safety IPCS (1993) Environ-
mental Health Criteria, 150. Benzene, World Health Organization,
Geneva, Switzerland.

6. Ott, M. G., Townsend, J. C., Fishbeck, W. A., and Langner, R.
A. (1978) Mortality among individuals occupationally exposed
to benzene,Arch. EnViron. Health. 33, 3-10.

7. Rinsky, R. A., Smith, A. B., Hornung, R., Filloon, T. G., Young,
R. J., Okun, A. H., and Landrigan, P. J. (1987) Benzene and
leukemia. An epidemiologic risk assessment,N. Engl. J. Med.
316, 1044-1050.

8. Crump, K. S. (1994) Risk of benzene-induced leukemia: a
sensitivity analysis of the pliofilm cohort with additional follow-
up and new exposure estimates,J. Toxicol. EnViron. Health. 42,
219-242.

9. Paxton, M. B., Chinchilli, V. M., Brett, S. M., and Rodricks, J.
V. (1994) Leukemia risk associated with benzene exposure in the
pliofilm cohort. II. Risk estimates,Risk. Anal. 14, 155-161.

10. Snyder, R., and Kalf, G. F. (1994) A perspective on benzene
leukemogenesis,Crit. ReV. Toxicol. 24, 177-209.

11. Hayes, R. B., Yin, S. N., Dosemeci, M., Li, G. L., Wacholder, S.,
Travis, L. B., Li, C. Y., Rothman, N., Hoover, R. N., and Linet,
M. S. (1997) Benzene and the dose-related incidence of hema-
tologic neoplasms in China. Chinese Academy of Preventive
MedicinesNational Cancer Institute Benzene Study Group,J.
Natl. Cancer Inst. 89, 1065-1071.

12. Sabourin, P. J., Bechtold, W. E., Griffith, W. C., Birnbaum, L.
S., Lucier, G., and Henderson, R. F. (1989) Effect of exposure
concentration, exposure rate, and route of administration on
metabolism of benzene by F344 rats and B6C3F1 mice,Toxicol.
Appl. Pharmacol. 99, 421-444.

13. Savitz, D. A., and Andrews, K. W. (1997) Review of epidemiologic
evidence on benzene and lymphatic and hematopoietic cancers,
Am. J. Ind. Med. 31, 287-295.

14. Golding, B. T., and Watson, W. P. (1999) inExocyclic DNA
Adducts in Mutagenesis and Carcinogenesis(Singer, B., and
Bartsch, H., Eds.) pp 75-88, IARC Scientific Publications, Lyon.

15. Irons, R. D. (2000) Molecular models of benzene leukemogenesis,
J. Toxicol. EnViron. Health A 61, 391-397.

16. Lovern, M. R., Cole, C. E., and Schlosser, P. M. (2001) A review
of quantitative studies of benzene metabolism,Crit. ReV. Toxicol.
31, 285-311.

17. Snyder, R., and Hedli, C. C. (1996) An overview of benzene
metabolism,EnViron. Health Perspect. 104(Suppl. 6), 1165-
1171.

18. Ross, D. (2000) The role of metabolism and specific metabolites
in benzene-induced toxicity: evidence and issues,J. Toxicol.
EnViron. Health A 61, 357-372.

19. Wiemels, J. L., Pagnamenta, A., Taylor, G. M., Eden, O. B.,
Alexander, F. E., and Greaves, M. F. (1999) A lack of a functional
NAD(P)H:quinone oxidoreductase allele is selectively associated
with pediatric leukemias that have MLL fusions. United Kingdom
Childhood Cancer Study Investigators,Cancer Res. 59, 4095-
4099.

20. Larson, R. A., Wang, Y., Banerjee, M., Wiemels, J., Hartford,
C., Le Beau, M. M., and Smith, M. T. (1999) Prevalence of the
inactivating 609Cf T polymorphism in the NAD(P)H:quinone
oxidoreductase (NQO1) gene in patients with primary and therapy-
related myeloid leukemia,Blood 94, 803-807.

21. Smith, M. T. (1999) Benzene, NQO1, and genetic susceptibility
to cancer,Proc. Natl. Acad. Sci. U.S.A. 96, 7624-7626.

22. Smith, M. T., Wang, Y., Skibola, C. F., Slater, D. J., Lo Nigro,
L., Nowell, P. C., Lange, B. J., and Felix, C. A. (2002) Low NAD-
(P)H:quinone oxidoreductase activity is associated with increased
risk of leukemia withMLL translocations in infants and children,
Blood 100, 4590-4593.

23. Smith, M. T., Wang, Y., Kane, E., Rollinson, S., Wiemels, J. L.,
Roman, E., Roddam, P., Cartwright, R., and Morgan, G. (2001)
Low NAD(P)H:quinone oxidoreductase 1 activity is associated
with increased risk of acute leukemia in adults,Blood 97, 1422-
1426.

24. Smith, M. T. (1996) The mechanism of benzene-induced leuke-
mia: a hypothesis and speculations on the causes of leukemia,
EnViron. Health Perspect. 104(Suppl. 6), 1219-1225.

25. Hutt, A. M., and Kalf, G. F. (1996) Inhibition of human DNA
topoisomerase II by hydroquinone andp-benzoquinone, reactive
metabolites of benzene,EnViron. Health Perspect. 104(Suppl.
6), 1265-1269.

26. Ludewig, G., Dogra, S., and Glatt, H. (1989) Genotoxicity of 1,4-
benzoquinone and 1,4-naphthoquinone in relation to effects on
glutathione and NAD(P)H levels in V79 cells,EnViron. Health
Perspect. 82, 223-228.

27. Sze, C. C., Shi, C. Y., and Ong, C. N. (1996) Cytotoxicity and
DNA strand breaks induced by benzene and its metabolites in
Chinese hamster ovary cells,J. Appl. Toxicol. 16, 259-264.

28. Nakayama, A., Koyoshi, S., Morisawa, S., and Yagi, T. (2000)
Comparison of the mutations induced byp-benzoquinone, a
benzene metabolite, in human and mouse cells,Mutat. Res. 470,
147-153.

7572 Biochemistry, Vol. 43, No. 23, 2004 Lindsey et al.



29. Erexson, G. L., Wilmer, J. L., and Kligerman, A. D. (1985) Sister
chromatid exchange induction in human lymphocytes exposed to
benzene and its metabolites in vitro,Cancer Res. 45, 2471-2477.

30. Hiraku, Y., and Kawanishi, S. (1996) Oxidative DNA damage
and apoptosis induced by benzene metabolites,Cancer Res. 56,
5172-5178.

31. Winn, L. M. (2003) Homologous recombination initiated by
benzene metabolites: a potential role of oxidative stress,Toxicol.
Sci. 72, 143-149.

32. Shen, Y., Shen, H. M., Shi, C. Y., and Ong, C. N. (1996) Benzene
metabolites enhance reactive oxygen species generation in HL60
human leukemia cells,Hum. Exp. Toxicol. 15, 422-427.

33. Kuo, M. L., Shiah, S. G., Wang, C. J., and Chuang, S. E. (1999)
Suppression of apoptosis by Bcl-2 to enhance benzene metabolites-
induced oxidative DNA damage and mutagenesis: A possible
mechanism of carcinogenesis,Mol. Pharmacol. 55, 894-901.

34. Rappaport, S. M., Waidyanatha, S., Qu, Q., Shore, R., Jin, X.,
Cohen, B., Chen, L. C., Melikian, A. A., Li, G., Yin, S., Yan, H.,
Xu, B., Mu, R., Li, Y., Zhang, X., and Li, K. (2002) Albumin
adducts of benzene oxide and 1,4-benzoquinone as measures of
human benzene metabolism,Cancer Res. 62, 1330-1337.

35. Frantz, C. E., Chen, H., and Eastmond, D. A. (1996) Inhibition
of human topoisomerase II in vitro by bioactive benzene metabo-
lites, EnViron. Health Perspect. 104(Suppl. 6), 1319-1323.

36. Baker, R. K., Kurz, E. U., Pyatt, D. W., Irons, R. D., and Kroll,
D. J. (2001) Benzene metabolites antagonize etoposide-stabilized
cleavable complexes of DNA topoisomerase IIR, Blood 98, 830-
833.

37. Chen, H., and Eastmond, D. A. (1995) Topoisomerase inhibition
by phenolic metabolites: a potential mechanism for benzene’s
clastogenic effects,Carcinogenesis 16, 2301-2307.

38. Wang, J. C. (1996) DNA Topoisomerases,Annu. ReV. Biochem.
65, 635-692.

39. Burden, D. A., and Osheroff, N. (1998) Mechanism of action of
eukaryotic topoisomerase II and drugs targeted to the enzyme,
Biochim. Biophys. Acta 1400, 139-154.

40. Wang, J. C. (1998) Moving one DNA double helix through another
by a type II DNA topoisomerase: the story of a simple molecular
machine,Q. ReV. Biophys. 31, 107-144.

41. Nitiss, J. L. (1998) Investigating the biological functions of DNA
topoisomerases in eukaryotic cells,Biochim. Biophys. Acta 1400,
63-81.

42. Fortune, J. M., and Osheroff, N. (2000) Topoisomerase II as a
target for anticancer drugs: when enzymes stop being nice,Prog.
Nucleic Acids Res. Mol. Biol. 64, 221-253.

43. Wang, J. C. (2002) Cellular roles of DNA topoisomerases: a
molecular perspective,Nat. ReV. Mol. Cell. Biol. 3, 430-440.

44. Wilstermann, A. M., and Osheroff, N. (2003) Stabilization of
eukaryotic topoisomerase II-DNA cleavage complexes,Curr.
Top. Med. Chem. 3, 321-338.

45. Berger, J. M., Gamblin, S. J., Harrison, S. C., and Wang, J. C.
(1996) Structure and mechanism of DNA topoisomerase II,Nature
379, 225-232.

46. Goto, T., and Wang, J. C. (1984) Yeast DNA topoisomerase II is
encoded by a single-copy, essential gene,Cell 36, 1073-1080.

47. Voelkel-Meiman, K., DiNardo, S., and Sternglanz, R. (1986)
Molecular cloning and genetic mapping of the DNA topoisomerase
II gene ofSaccharomyces cereVisiae, Gene 42, 193-199.

48. Uemura, T., Morikawa, K., and Yanagida, M. (1986) The
nucleotide sequence of the fission yeast DNA topoisomerase II
gene: structural and functional relationships to other DNA
topoisomerases,EMBO J. 5, 2355-2361.

49. Nolan, J. M., Lee, M. P., Wyckoff, E., and Hsieh, T. S. (1986)
Isolation and characterization of the gene encodingDrosophila
DNA topoisomerase II,Proc. Natl. Acad. Sci. U.S.A. 83, 3664-
3668.

50. Drake, F. H., Zimmerman, J. P., McCabe, F. L., Bartus, H. F.,
Per, S. R., Sullivan, D. M., Ross, W. E., Mattern, M. R., Johnson,
R. K., Crooke, S. T., and Mirabelli, C. K. (1987) Purification of
topoisomerase II from amsacrine-resistant P388 leukemia cells.
Evidence for two forms of the enzyme,J. Biol. Chem. 262,
16739-16747.

51. Jenkins, J. R., Ayton, P., Jones, T., Davies, S. L., Simmons, D.
L., Harris, A. L., Sheer, D., and Hickson, I. D. (1992) Isolation
of cDNA clones encoding the beta isozyme of human DNA
topoisomerase II and localisation of the gene to chromosome 3p24,
Nucleic Acids Res. 20, 5587-5592.

52. Tan, K. B., Dorman, T. E., Falls, K. M., Chung, T. D., Mirabelli,
C. K., Crooke, S. T., and Mao, J. (1992) Topoisomerase II alpha

and topoisomerase II beta genes: characterization and mapping
to human chromosomes 17 and 3, respectively,Cancer Res. 52,
231-234.

53. Austin, C. A., and Marsh, K. L. (1998) Eukaryotic DNA
topoisomerase IIâ, BioEssays 20, 215-226.

54. Heck, M. M., and Earnshaw, W. C. (1986) Topoisomerase II: A
specific marker for cell proliferation,J. Cell Biol. 103, 2569-
2581.

55. Heck, M. M., Hittelman, W. N., and Earnshaw, W. C. (1988)
Differential expression of DNA topoisomerases I and II during
the eukaryotic cell cycle,Proc. Natl. Acad. Sci. U.S.A. 85, 1086-
1090.

56. Isaacs, R. J., Davies, S. L., Sandri, M. I., Redwood, C., Wells, N.
J., and Hickson, I. D. (1998) Physiological regulation of eukaryotic
topoisomerase II,Biochim. Biophys. Acta 1400, 121-137.

57. Grue, P., Grasser, A., Sehested, M., Jensen, P. B., Uhse, A., Straub,
T., Ness, W., and Boege, F. (1998) Essential mitotic functions of
DNA topoisomerase IIR are not adopted by topoisomerase IIâ in
human H69 cells,J. Biol. Chem. 273, 33660-33666.

58. Sander, M., and Hsieh, T. (1983) Double strand DNA cleavage
by type II DNA topoisomerase from Drosophila melanogaster,J.
Biol. Chem. 258, 8421-8428.

59. Liu, L. F., Rowe, T. C., Yang, L., Tewey, K. M., and Chen, G. L.
(1983) Cleavage of DNA by mammalian DNA topoisomerase II,
J. Biol. Chem. 258, 15365-15370.

60. Zechiedrich, E. L., Christiansen, K., Andersen, A. H., Westergaard,
O., and Osheroff, N. (1989) Double-stranded DNA cleavage/
religation reaction of eukaryotic topoisomerase II: evidence for
a nicked DNA intermediate,Biochemistry 28, 6229-6236.

61. Kaufmann, S. H. (1998) Cell death induced by topoisomerase-
targeted drugs: more questions than answers,Biochim. Biophys.
Acta 1400, 195-211.

62. Felix, C. A. (1998) Secondary leukemias induced by topoi-
somerase-targeted drugs,Biochim. Biophys. Acta 1400, 233-255.

63. Rowley, J. D. (1998) The critical role of chromosome transloca-
tions in human leukemias,Annu. ReV. Genet. 32, 495-519.

64. Kaufmann, S. H., Gore, S. D., Miller, C. B., Jones, R. J., Zwelling,
L. A., Schneider, E., Burke, P. J., and Karp, J. E. (1998)
Topoisomerase II and the response to antileukemic therapy,
Leukemia Lymph. 29, 217-237.

65. Sordet, O., Khan, Q. A., Kohn, K. W., and Pommier, Y. (2003)
Apoptosis induced by topoisomerase inhibitors,Curr. Med. Chem.
Anti-Cancer Agents 3, 271-290.

66. Pommier, Y. (1997) inCancer Drug DiscoVery and DeVelopment
(Teicher, B. A., Ed.) pp 153-174, Humana Press, Inc., Totowa,
NJ.

67. Hande, K. R. (1998) Clinical applications of anticancer drugs
targeted to topoisomerase II,Biochim. Biophys. Acta 1400, 173-
184.

68. Li, T. K., and Liu, L. F. (2001) Tumor cell death induced by
topoisomerase-targeting drugs,Annu. ReV. Pharmacol. Toxicol.
41, 53-77.

69. Toonen, T. R., and Hande, K. R. (2001) Topoisomerase II
inhibitors, Cancer Chemother. Biol. Response Modif. 19, 129-
147.

70. Walker, J. V., and Nitiss, J. L. (2002) DNA topoisomerase II as
a target for cancer chemotherapy,Cancer InVest. 20, 570-589.

71. Kreuzer, K. N., and Cozzarelli, N. R. (1979)Escherichia coli
mutants thermosensitive for deoxyribonucleic acid gyrase subunit
A: effects on deoxyribonucleic acid replication, transcription, and
bacteriophage growth,J. Bacteriol. 140, 424-435.

72. DeVore, R., Whitlock, J., Hainsworth, T., and Johnson, D. (1989)
Therapy-related acute nonlymphocytic leukemia with monocytic
features and rearrangement of chromosome 11q,Ann. Intern. Med.
110, 740-742.

73. Ratain, M. J., and Rowley, J. D. (1992) Therapy-related acute
myeloid leukemia secondary to inhibitors of topoisomerase II:
from the bedside to the target genes,Ann. Oncol. 3, 107-111.

74. Felix, C. A., and Lange, B. J. (1999) Leukemia in infants,
Oncologist 4, 225-240.

75. Pui, C. H., and Relling, M. V. (2000) Topoisomerase II inhibitor-
related acute myeloid leukaemia,Br. J. Haematol. 109, 13-23.

76. Strick, R., Strissel, P. L., Borgers, S., Smith, S. L., and Rowley,
J. D. (2000) Dietary bioflavonoids induce cleavage in theMLL
gene and may contribute to infant leukemia,Proc. Natl. Acad.
Sci. U.S.A. 97, 4790-4795.

77. Felix, C. A. (2001) Leukemias related to treatment with DNA
topoisomerase II inhibitors,Med. Pediatr. Oncol. 36, 525-535.

1,4-Benzoquinone Is a Topoisomerase II Poison Biochemistry, Vol. 43, No. 23, 20047573



78. Leone, G., Voso, M. T., Sica, S., Morosetti, R., and Pagano, L.
(2001) Therapy related leukemias: susceptibility, prevention and
treatment,Leuk. Lymphoma 41, 255-276.

79. Smith, M. A., Rubinstein, L., Anderson, J. R., Arthur, D., Catalano,
P. J., Freidlin, B., Heyn, R., Khayat, A., Krailo, M., Land, V. J.,
Miser, J., Shuster, J., and Vena, D. (1999) Secondary leukemia
or myelodysplastic syndrome after treatment with epipodophyl-
lotoxins,J. Clin. Oncol. 17, 569-577.

80. Ross, J. A., Potter, J. D., and Robison, L. L. (1994) Infant
leukemia, topoisomerase II inhibitors, and the MLL gene,J. Natl.
Cancer Inst. 86, 1678-1680.

81. Ross, J. A., Potter, J. D., Reaman, G. H., Pendergrass, T. W., and
Robison, L. L. (1996) Maternal exposure to potential inhibitors
of DNA topoisomerase II and infant leukemia (United States): a
report from the Children’s Cancer Group,Cancer, Causes Control
7, 581-590.

82. Wang, H., Mao, Y., Chen, A. Y., Zhou, N., LaVoie, E. J., and
Liu, L. F. (2001) Stimulation of topoisomerase II-mediated DNA
damage via a mechanism involving protein thiolation,Biochem-
istry 40, 3316-3323.

83. Lovett, B. D., Strumberg, D., Blair, I. A., Pang, S., Burden, D.
A., Megonigal, M. D., Rappaport, E. F., Rebbeck, T. R., Osheroff,
N., Pommier, Y. G., and Felix, C. A. (2001) Etoposide metabolites
enhance DNA topoisomerase II cleavage near leukemia-associated
MLL translocation breakpoints,Biochemistry 40, 1159-1170.

84. Zhou, N., Xiao, H., Li, T. K., Nur, E. K. A., and Liu, L. F. (2003)
DNA damage-mediated apoptosis induced by selenium com-
pounds,J. Biol. Chem. 278, 29532-29537.

85. Bender, R. P., Lindsey, R. H., Jr., Burden, D. A., and Osheroff,
N. (2004)N-acetyl-p-benzoquinone Imine, the Toxic Metabolite
of Acetaminophen, is a Topoisomerase II Poison,Biochemistry
43, 3731-3739.

86. Worland, S. T., and Wang, J. C. (1989) Inducible overexpression,
purification, and active site mapping of DNA topoisomerase II
from the yeastSaccharomyces cereVisiae, J. Biol. Chem. 264,
4412-4416.

87. Elsea, S. H., Hsiung, Y., Nitiss, J. L., and Osheroff, N. (1995) A
yeast type II topoisomerase selected for resistance to quinolones.
Mutation of histidine 1012 to tyrosine confers resistance to
nonintercalative drugs but hypersensitivity to ellipticine,J. Biol.
Chem. 270, 1913-1920.

88. Kingma, P. S., Greider, C. A., and Osheroff, N. (1997) Spontane-
ous DNA lesions poison human topoisomerase IIR and stimulate
cleavage proximal to leukemic 11q23 chromosomal breakpoints,
Biochemistry 36, 5934-5939.

89. Fortune, J. M., and Osheroff, N. (1998) Merbarone inhibits the
catalytic activity of human topoisomerase IIR by blocking DNA
cleavage,J. Biol. Chem. 273, 17643-17650.

90. O’Reilly, E. K., and Kreuzer, K. N. (2002) A unique type II
topoisomerase mutant that is hypersensitive to a broad range of
cleavage-inducing antitumor agents,Biochemistry 41, 7989-7997.

91. Bromberg, K. D., Hendricks, C., Burgin, A. B., and Osheroff, N.
(2002) Human topoisomerase IIR possesses an intrinsic nucleic
acid specificity for DNA ligation. Use of 5′ covalently activated
oligonucleotide substrates to study enzyme mechanism,J. Biol.
Chem. 277, 31201-31206.

92. Slater, D. J., Hilgenfeld, E., Rappaport, E. F., Shah, N., Meek, R.
G., Williams, W. R., Lovett, B. D., Osheroff, N., Autar, R. S.,
Ried, T., and Felix, C. A. (2002)MLL-SEPTIN6fusion recurs in
novel translocation of chromosomes 3, X, and 11 in infant acute
myelomonocytic leukaemia and in t(X.;11) in infant acute myeloid
leukaemia, andMLL genomic breakpoint in complexMLL-
SEPTIN6rearrangement is a DNA topoisomerase II cleavage site,
Oncogene 21, 4706-4714.

93. Sander, M., and Hsieh, T. S. (1985) Drosophila topoisomerase II
double-strand DNA cleavage: analysis of DNA sequence homol-
ogy at the cleavage site,Nucleic Acids Res. 13, 1057-1072.

94. Corbett, A. H., Zechiedrich, E. L., and Osheroff, N. (1992) A role
for the passage helix in the DNA cleavage reaction of eukaryotic
topoisomerase II. A two-site model for enzyme-mediated DNA
cleavage,J. Biol. Chem. 267, 683-686.

95. Kingma, P. S., and Osheroff, N. (1997) Apurinic sites are position-
specific topoisomerase II poisons,J. Biol. Chem. 272, 1148-1155.

96. Byl, J. A., Fortune, J. M., Burden, D. A., Nitiss, J. L., Utsugi, T.,
Yamada, Y., and Osheroff, N. (1999) DNA topoisomerases as
targets for the anticancer drug TAS-103: primary cellular target
and DNA cleavage enhancement,Biochemistry 38, 15573-15579.

97. Burgin, A. B., Jr., Huizenga, B. N., and Nash, H. A. (1995) A
novel suicide substrate for DNA topoisomerases and site-specific
recombinases,Nucleic Acids Res. 23, 2973-2979.

98. Shaw, J. L., Blanco, J., and Mueller, G. C. (1975) Simple procedure
for isolation of DNA, RNA and protein fractions from cultured
animal cells,Anal. Biochem. 65, 125-131.

99. Subramanian, D., Kraut, E., Staubus, A., Young, D. C., and Muller,
M. T. (1995) Analysis of topoisomerase I/DNA complexes in
patients administered topotecan,Cancer Res. 55, 2097-2103.

100. Cavalieri, E. L., Stack, D. E., Devanesan, P. D., Todorovic, R.,
Dwivedy, I., Higginbotham, S., Johansson, S. L., Patil, K. D.,
Gross, M. L., Gooden, J. K., Ramanathan, R., Cerny, R. L., and
Rogan, E. G. (1997) Molecular origin of cancer: catechol
estrogen-3,4-quinones as endogenous tumor initiators,Proc. Natl.
Acad. Sci. U.S.A. 94, 10937-10942.

101. Snyder, R. (2000) Overview of the toxicology of benzene,J.
Toxicol. EnViron. Health A 61, 339-346.

102. Kingma, P. S., and Osheroff, N. (1998) Topoisomerase II-mediated
DNA cleavage and religation in the absence of base pairing:
abasic lesions as a tool to dissect enzyme mechanism,J. Biol.
Chem. 273, 17999-18002.

103. Cline, S. D., and Osheroff, N. (1999) Cytosine arabinoside (araC)
lesions are position-specific topoisomerase II poisons and stimulate
DNA cleavage mediated by the human type II enzymes,J. Biol.
Chem. 274, 29740-29743.

104. Cline, S. D., Jones, W. R., Stone, M. P., and Osheroff, N. (1999)
DNA abasic lesions in a different light: solution structure of an
endogenous topoisomerase II poison,Biochemistry 38, 15500-
15507.

105. Sabourin, M., and Osheroff, N. (2000) Sensitivity of human type
II topoisomerases to DNA damage: stimulation of enzyme-
mediated DNA cleavage by abasic, oxidized and alkylated lesions,
Nucleic. Acids Res. 28, 1947-1954.

106. Pommier, Y., Capranico, G., Orr, A., and Kohn, K. W. (1991)
Local base sequence preferences for DNA cleavage by mammalian
topoisomerase II in the presence of amsacrine or teniposide,
Nucleic Acids Res. 19, 5973-5980.

107. Capranico, G., and Binaschi, M. (1998) DNA sequence selectivity
of topoisomerases and topoisomerase poisons,Biochim. Biophys.
Acta 1400, 185-194.

108. Osheroff, N. (1989) Effect of antineoplastic agents on the DNA
cleavage/religation reaction of eukaryotic topoisomerase II: in-
hibition of DNA religation by etoposide,Biochemistry 28, 6157-
6160.

109. Bromberg, K. D., Burgin, A. B., and Osheroff, N. (2003) A two
drug model for etoposide action against human topoisomerase IIR,
J. Biol. Chem. 278, 7406-7412.

110. Corbett, A. H., and Osheroff, N. (1993) When good enzymes go
bad: conversion of topoisomerase II to a cellular toxin by
antineoplastic drugs,Chem. Res. Toxicol. 6, 585-597.

111. Robinson, M. J., Martin, B. A., Gootz, T. D., McGuirk, P. R.,
Moynihan, M., Sutcliffe, J. A., and Osheroff, N. (1991) Effects
of quinolone derivatives on eukaryotic topoisomerase II. A novel
mechanism for enhancement of enzyme-mediated DNA cleavage,
J. Biol. Chem. 266, 14585-14592.

112. Bromberg, K. D., Burgin, A. B., and Osheroff, N. (2003)
Quinolone action against human topoisomerase IIR: stimulation
of enzyme-mediated double-stranded DNA cleavage,Biochemistry
42, 3393-3398.

113. Felix, C. A., Walker, A. H., Lange, B. J., Williams, T. M., Winick,
N. J., Cheung, N. K., Lovett, B. D., Nowell, P. C., Blair, I. A.,
and Rebbeck, T. R. (1998) Association of CYP3A4 genotype with
treatment-related leukemia,Proc. Natl. Acad. Sci. U.S.A. 95,
13176-13181.

114. van Maanen, J. M., Retel, J., de Vries, J., and Pinedo, H. M. (1988)
Mechanism of action of antitumor drug etoposide: a review,J.
Natl. Cancer Inst. 80, 1526-1533.

BI049756R

7574 Biochemistry, Vol. 43, No. 23, 2004 Lindsey et al.


