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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 |l-targeted drugs. Therefore, it has been proposed that the compound initiates
specific leukemias by acting as a topoisomerase Il poison. This hypothesis, however, has not been supported
by in vitro studies. While 1,4-benzoquinone has been shown to inhibit topoisomerase Il catalysis, increases
in enzyme-mediated DNA cleavage have not been reported. Because of the potential involvement of
topoisomerase Il in benzene-induced leukemias, we re-examined the effects of the compound on DNA
cleavage mediated by human topoisomerase Ih contrast to previous reports, we found that
1,4-benzoquinone was a strong topoisomerase Il 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 |lI-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 topoisomexasecliltured

human cells. The present findings are consistent with the hypothesis that topoisomenalsgdla role

in the initiation of specific leukemias induced by benzene and its metabolites.

Benzene is one of the top 20 production chemicals in the  The mechanism by which benzene induces leukemias has
United Statesq, 2). The compound is used in the manu- not been fully elucidated. However, it is believed that
facture of plastics and gasoline and is a combustion productbenzene does not trigger DNA damage directly. Rather, it
of cigarette smoke 3—5). Benzene is clastogenic and acts through a series of phenolic metabolites. The parent
carcinogenic in human${11). Although exposure to the  compound is metabolized to benzene oxide in the liver by
chemical induces a variety of malignancies in mice and rats, cytochrome P450 2E114, 16—18) (Figure 1). While most
it causes primarily hematopoietic cancers in huma&hs ( of the oxide is cleared by conjugation to glutathione, a small
9—-16). The two most frequent human malignancies associ- proportion is converted to phenol by a nonenzymatic
ated with benzene are acute myelogenous leukemia (AML) rearrangement. Phenol is further metabolized by cytochrome
and acute non-lymphocytic leukemié, (7, 911, 13—15). P450 2E1 to 1,4-hydroquinone, which is carried throughout
the body in the bloodstream. When transported to the bone
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been identified in a small proportion of cancer patients who
were treated with regimens that included topoisomerase II-
targeted drugse@, 63, 72, 73, 7577—79). In addition, infant
AMLs with 11923 chromosomal translocations have been
linked to the maternal consumption (during pregnancy) of
<>O Myeloperoxidase foods that contain high concentrations of naturally occurring
NQO1 topoisomerase |l poisong4, 76, 80, 81).
o It has been proposed that 1,4-benzoquinone induces
/©/ leukemia by acting as a topoisomerase Il pois@h @2,
24, 25, 36, 37). However, attempts to demonstrate stimulation
1,4-Semiquinone of topoisomerase |l-mediated DNA cleavage by the com-
Phenol /4 poun_d h_a\_/e_ proven unsuccessﬂﬂi,_(36, 37). In most studies,
Myeloperoxidase only inhibition of enzyme catalysis was observ&&-37).
Two recent findings prompted us to re-examine the effects
of 1,4-benzoquinone on human topoisomerase Hirst,
individuals who are heterozygous or homozygous for the
1,4-Hydroquinone C609Tpolymorphism of theNQO1gene display an increas-
FiGURE 1: Metabolism of benzene to 1,4-benzoguinone. Benzene iNGly higher risk for leukemias with 11923 chromosomal
is metabolized to benzene oxide in the liver by cytochrome P450 translocationsX9—23). Especially prominent are ALLSs in
2E1. A proportion of this compound is then converted to phenol which the MLL gene becomes fused to tidd=-4 gene on
by a nonenzymatic rearrangement. Phenol is further metabolized -hromosome 422). The C609Tpolymorphism encodes an

to 1,4-hydroquinone by cytochrome P450 2E1. 1,4-Hydroquinone . . .
ultimately is converted (through a semiquinone) to 1,4-benzo- inactive form of NQOL, the enzyme that metabolizes 1,4-

quinone by endogenous myeloperoxidaséPQ) in the bone  benzoquinone to the less reactive 1,4-hydroquindiée-(
marrow. 1,4-Benzoquinone is metabolized back to 1,4-hydroquinone 23). Second, some sulfhydryl-reactive chemicals, such as

by NAD(P)H:quinone oxidoreductase NQOJ). Other pathways  quinones, have been shown to increase levels of DNA
that clear benzene from the cell or result in the formation of other cleavage mediated by human topoisomerase(82—85)
metabolites exist, but were omitted for simplicity. )
Therefore, the present study assessed the effects of 1,4-
Topoisomerase Il is essential for proper chromosome P€Nzoquinone on the DNA cleavage activity of human
structure and segregation and removes knots and tangles frorﬁopl)lmsomerase ¢l in vitro and in cuIturedI CEM Ieukehmla
the genetic materia38—44). The enzyme acts by passing cells. In contrast to previous reports, results indicate that 1,4-

an intact double helix through a transient double-stranded P€NZoguinone is in fact a potent topoisomerase |l poison.
break that it creates in a separate segment of DB8-40, Evidence suggests that stimulation of enzyme-mediated DNA

42, 44, 45). Vertebrates contain two isoforms of topoi- scission is depgndent on the sulfhydryl-reactive properties
somerase llo and 3 (46—-53). Topoisomerase di levels of 1,4-benzoquinone. I_DNA c!eavagel enhancement may not
increase dramatically during periods of cell growth, and this Nave been observed in earlier studies because the unique
isoform appears to be primarily responsible for the required characteristics of sulfhydryl—reactwe topoisomerase Il poisons
roles of the enzyme during mitosidk 43, 54—57). had not yet been established.

To maintain genomic integrity during its catalytic cycle, EXPERIMENTAL PROCEDURES
topoisomerase Il forms covalent bonds between active-site  Enzymes and MaterialdHHuman topoisomerasedlwas
tyrosyl residues and thé-BNA termini created by cleavage  expressed itbaccharomyces cerisiae (86) and purified as
of the double helix38-40, 42, 44, 45, 58-60). Normally, described previously8(, 88), except that 0.1 mM DTT,
these covalent topoisomerase ll-cleaved DNA complexesinstead of 0.5 mM, was used in the purification and storage
(known ascleavage complexgsare fleeting intermediates  puffers. For all of the procedures described below, residual
and are tolerated by the ceB&-40, 42, 44, 45). However,  |evels of DTT in reaction mixtures never exceeded M
when the concentration or longevity of cleavage complexes Negatively supercoiled pBR322 DNA was prepared using a
increases significantly, DNA strand breaks and many of the plasmid Mega Kit (Qiagen) as described by the manufacturer.
genotoxic events described above occd®, 42, 44, 61— 1,4-Benzoquinone was purchased from Sigma, prepared as
65). a 20 mM stock in deionized water, and stored-&0 °C.

A variety of widely prescribed anticancer drugs such as Etoposide (Sigma) was prepared as a 20 mM stock in 100%
etoposide kill cells by increasing physiological levels of DMSO and stored at #C. All other chemicals were
topoisomerase HDNA cleavage complexe89, 42, 44, 66— analytical reagent grade.

70). These drugs are referred totapoisomerase |l poisons DNA Cleaage of Plasmid Substrate®NA cleavage

(to distinguish them froneatalytic inhibitorsof the enzyme)  reactions were carried out using the procedure of Fortune
because they convert this essential enzyme to a potent celluland Osheroff §9). Assay mixtures contained 135 nM
toxin (39, 42, 44, 66, 68, 70, 71). topoisomerase dl and 5 nM negatively supercoiled pBR322

Although topoisomerase Il is an important target for cancer DNA in a total of 20uL of cleavage buffer [LO mM Tris-
chemotherapy, mounting evidence suggests that DNA cleav-HCI (pH 7.9), 100 mM KCI, 5 mM MgC), 0.1 mM
age mediated by the enzyme also plays a role in the NaEDTA, and 2.5% glycerol] and were assembled on ice.
generation of specific forms of leukemiéZ 63, 72—78). 1,4-Benzoquinone or etoposide—{B0 uM) was added to
Therapy-related AMLs with characteristic translocations reaction mixtures last. DNA cleavage was initiated by

: 0 involving the MLL gene at chromosomal band 11923 have
‘e
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shifting samples to 37C, followed by incubation for 6 min.  This substrate spans a previously mapped leukemic break-
Assays that examined the effects of reducing agents on 1,4-point at position 2595 92). The sequences of the top
benzoquinone contained 100 or 26M DTT, or 500 uM and bottom strands were'-BAGAGGAAATCAGCAC-
glutathione. Topoisomerase-IDNA cleavage complexes CAACTGGGGGAATGAATAAGAACTCCCAT-
were trapped by adding/2 of 5% SDS, followed by JuL TAGCAGGTGGGTTTAGCG-3and 3-CGCTAAACCCA-
of 375 mM EDTA (pH 8.0). Proteinase K was addedu(2 CCTGCTAATGGGAGTTCTTATTCATTCCCCCAGTTGGT-
of a 0.8 mg/mL solution), and reactions were incubated for GCTGATTTCCTCTT-3, respectively. The second substrate
30 min at 45°C to digest the topoisomerasexl|Samples was a 47-bp oligonucleotide corresponding to residues 80
were mixed with 2uL of 60% sucrose in 10 mM Tris-HCI 126 of pBR322 and its compleme®3-95). The sequences
(pH 7.9), 0.5% bromophenol blue, and 0.5% xylene cyanol of the top and bottom strands wereGCGTGTATGAAATC-
FF, heated for 3 min at 48C, and subjected to electro- TAACAATGICGCTCATCGTCATCCTCGGCACCGT-3
phoresis in 1% agarose gels in 40 mM Tris-acetate (pH 8.3),and 3-ACGGTGCCGAGGATGACGATGAGCGCATT-
2 mM EDTA that contained 0.pg/mL ethidium bromide. GTTAGATTTCATACACGG-3, respectively. This substrate
DNA cleavage was monitored by the conversion of nega- contains a single strong cleavage site for topoisomerase |
tively supercoiled plasmid DNA to linear molecules. DNA that has been well characteriz&8{-95). Points of scission
bands were visualized by ultraviolet light and quantified are denoted by arrows. Oligonucleotides were labeled on the
using an Alpha Innotech digital imaging system. 5'-termini of the top strands withyf®?P]phosphate and
To determine the reversibility of DNA cleavage that was purified as described previously. In all cases, double-stranded
induced by 1,4-benzoquinone, L of 375 mM EDTA, 1 DNA substrates were generated by annealing equimolar
uL of 5M NaCl, 2 uL of 2.5 mM DTT, or 2uL of 5 mM amounts of complementary oligonucleotides at@Cdor 10
glutathioine was added to assay mixtures prior to treatmentmin and cooling to 25C.
with SDS. To determine whether cleaved DNA was protein-  Reaction mixtures contained 135 nM human topoisomerase
linked, proteinase K treatment was omitted. [l and 10 nM double-stranded oligonucleotide ini20of
Order-of-addition experiments were carried out to assesscleavage buffer in 850 uM 1,4-benzoquinone or etoposide.
the effects of 1,4-benzoquinone on human topoisomerase || Reactions were incubated at 3Z for 15 min. DNA cleavage
in the absence of DNA. In these experiments, the compoundproducts were trapped by the addition gil2 of 10% SDS,
(or an equivalent amount of J@) was incubated with the  followed by 1uL of 375 mM EDTA (pH 8.0). Samples were
enzyme for 6-3 min at 37°C in 10uL of cleavage buffer. digested with proteinase K, ethanol precipitated, and resolved
Cleavage reactions were initiated by adding negatively by electrophoresisi7 M urea, 14% polyacrylamide gels in
supercoiled pBR322 DNA in 10L of cleavage buffer. The 100 mM Tris—borate (pH 8.3), 2 mM EDTA. DNA cleavage
concentrations of topoisomerase |plasmid molecules, and  products were visualized and quantified on a Bio-Rad
1,4-benzoquinone in the final reaction mixtures were 135 Molecular Imager FX.

nM, 5 nM, and 25:M, respectively. DNA Ligation Two different assay systems were used to
Site-Specific DNA Cleage Induced by 1,4-Benzoquinone characterize the effects of 1,4-benzoquinone on DNA ligation
DNA sites cleaved by human topoisomerase ih long mediated by human topoisomerase.[The first monitored

linear DNA fragments were mapped as described by O'Reilly the ability of the enzyme to reseal DNA strand breaks that
and Kreuzer40). A linear 4330-bp fragmentHindIll/ EcaRl) it generated in negatively supercoiled pBR322 plasmid DNA
of pBR322 plasmid DNA singly labeled withy{®?P]- (96). DNA cleavage/religation equilibria were established as
phosphate on the'%erminus of theHindlll site was used described above under “DNA Cleavage of Plasmid Sub-
as the cleavage substrate. Reaction mixtures contained 0.35trates” in the absence of compound or in the presence of
nM DNA fragments and 60 nM human topoisomerase Il 25 uM 1,4-benzoquinone, or 5tM etoposide (these
in 50 uL of cleavage buffer. Assays were carried out in the concentrations induce equivalent levels of enzyme-mediated
absence of compound or in the presence of 50 or /40 DNA cleavage). Religation was initiated by shifting reaction
1,4-benzoquinone, or 1QtM etoposide. Reaction mixtures  mixtures from 37 to 0°C, and reactions were stopped at
were incubated for 10 min at 3T. Cleavage intermediates time points up to 30 s by the addition ofi. of 5% SDS.
were trapped by adding AL of 10% SDS, followed by 5 One microliter of 375 mM NaEDTA (pH 8.0) was added,
uL of 250 mM NaEDTA (pH 8.0), and topoisomerasetll  and samples were processed and analyzed as described for
was digested with proteinase K (d of a 0.8 mg/mL topoisomerase d cleavage reactions that utilized plasmid
solution) for 30 min at 45°C. Reaction products were substrates.
precipitated twice in 100% ethanol, dried, and resuspended The second assay monitored the ability of human topoi-
in 40% formamide, 8.4 mM EDTA, 0.02% bromophenol somerase t to ligate a DNA nick whose 'Sterminal
blue, and 0.02% xylene cyanole FF. Samples were subjectechhosphate was activated by covalent attachmenfp-to
to electrophoresis in a 6% acrylamide gel, which was then nitrophenol 91). The presence of this activating group
fixed in 10% methanol/10% acetic acid for 5 min and dried. mimics the covalent bond between the DNA and the active-
DNA cleavage products were visualized on a Bio-Rad site tyrosine that is formed during the scission eveét, (
Molecular Imager FX. 97). DNA ligation reactions were carried out according to
DNA sites cleaved by human topoisomerase. lin Bromberg et al.41). The substrate for this assay was based
oligonucleotide substrates were determined as describedon the 47-mer pBR322 substrate described in the previous
previously 1). Two independent double-stranded substrates section with the following exceptions. An oligonucleotide
were prepared on an Applied Biosystems DNA synthesizer. spanning the 'Sterminus to the point of topoisomerase I
The first was a 63-bp oligonucleotide corresponding to scission on the top strand was synthesized, labeled on its
residues 25652627 of theMLL gene and its complement.  5'-termini with [y-3?P]phosphate, and purified as above. An
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oligonucleotide extending from the point of scission to the DNA_0 25 5 10 25 50
3'-terminus of the top strand was synthesized dratfvated o
with p-nitrophenol 91). Equimolar amounts of these oligo- B
nucleotides were annealed to the intact complementary Fi
bottom strand by incubating at 7C for 10 min and cooling

to 25°C.

Briefly, ligation assays contained 135 nM topoisomerase
Ilae and 10 nM activated nicked double-stranded oligonucle-
otide in a total of 2QL of 10 mM Tris-HCI (pH 7.9), 135
mM KCI, 7.5 mM CaC}, 0.1 mM EDTA, and 2.5% glycerol.
Reactions were carried out in the presence €600 uM
1,4-benzoquinone or etoposide. Reaction mixtures were
incubated at 37C for 48 h, and ligation was stopped by the
addition of 2uL of 10% SDS, followed by kL 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 RelaxationDNA relaxation reactions were carried
out as described by Fortune and Osherd@®)( Assay [Compound] (uM)
mixtures contained 135 nM topoisomerase Bnd 5 nM FIGURE 2. 1,4-Benzoquinone stimulates DNA cleavage mediated
negatively supercoiled pBR322 DNA in a total of 20 of by human topoisomerasesll An ethidium bromide-stained agarose
10 mM Tris-HCI (pH 7.9), 135 mM KCI, 5 mM MgG] 0.1 gel of DNA cleavage reaptions carried out in the presencqﬁm
mM NaEDTA, 2.5% glycerol, and 25&M ATP. 1,4- UM 134-benzoqumc_)ne is shown at the top. Th_e mobilities _of

- X negatively supercoiled DNA (form |, Fl), nicked circular plasmid
Benzoquinone (850 M) was added to mixtures last. DNA (5111 "Fil), and linear molecules (form IiI. FIll) are indicated.
relaxation was initiated by shifting samples to 3C, Levels of DNA cleavage were quantified and expressed as a fold-
followed by incubation for 30 min. Reactions were stopped enhancement over reactions that were carried out in the absence of

by the addition of L of 375 mM EDTA (pH 8.0), followed 1,4-benzoquinone. Assays were carried out in the presence of 1,4-

i benzoquinone (BQ®), 1,4-benzoquinone in the presence of 100
by the addition of 2uL of 0.5% SDS and 77 mM EDTA. uM DTT (BQ + DTT, 0), or etoposide (EtopO). Error bars

Proteinase K was added (& of a 0.8 mg/mL solution),  ‘epresent the standard deviation of three independent experiments.
and reactions were incubated for 30 min at°€5to digest

the enzyme. Samples were subjected to electrophoresis irntopoisomerase Il poisor2, 22, 24, 25, 36, 37), enhancement
1% agarose gels 100 mM Triborate (pH 8.3), 2 mM  of enzyme-mediated DNA cleavage has not been observed
EDTA. Gels were stained for 30 min with 0.g/mL in previous studies2b, 36, 37). Only inhibition of topoi-
ethidium bromide and DNA bands were quantified as somerase Il catalytic activity by the compound has been
described above. reported 85—37).

Topoisomerase |l-Mediated DNA Clezge in Human The C609Tpolymorphism of theNQO1gene recently was
CEM Leukemia CellsHuman CEM leukemia cells were correlated with an increased propensity for pediatric de novo
cultured under 5% C@at 37 °C in RPMI 1640 medium  leukemias with 11923 chromosomal translocatidi®-(23).
(Cellgro by Mediatech, Inc.), containing 10% heat-inactivated Although AMLs were observed, the highest odds ratio was
fetal calf serum (Hyclone) and 2 mM glutamine (Cellgro by found for infant ALLs in which theMLL gene became fused
Mediatech, Inc.). Then vivo complex of enzyme (ICE) to theAF-4 gene on chromosome 22). This polymorphism
bioassay 98, 99 (as modified on the TopoGEN, Inc. encodes an inactive form of NQOI1, the enzyme that
website) was used to determine the effects of 1,4-benzo-metabolizes 1,4-benzoquinonkd¢-23). Since 11g23 trans-
quinone on topoisomeraseoHmediated DNA breaks in  |ocations are characteristic of leukemias induced by topoi-
treated CEM cells. Exponentially growing cultures were somerase Il poisons$®, 63, 72, 73, 75, 77—79), we felt
treated with 1QuM 1,4-benzoquinone for 4 or 8 h, or with  that it was appropriate to re-examine the effects of 1,4-
25 uM etoposide fo 1 h for comparison. Cells~5 x 10°) benzoquinone on topoisomerase II-mediated DNA cleavage.
were harvested by centrifugation and lysed by the immediate 1,4-Benzoquinone Enhances DNA Glage Mediated by
addition of 3 mL of 1% sarkosyl. Following gentle douncing, Human Topoisomerasedl In contrast to results from
cell lysates were layered onto a 2-mL cushion of CsClI (1.5 previous studies2b, 36, 37), 1,4-benzoquinone enhanced
g/mL) and centrifuged at 80 000 rpm for 5.5 h at 20. DNA scission mediated by human topoisomeraseifl a
DNA pellets were isolated, resuspended in 5 mM Tris-HCI concentration-dependent manner (Figure 2). The quinone was
(pH 8.0) and 0.5 mM EDTA, and blotted onto nitrocellulose more potent than the commonly used anticancer drug
membranes using a Schleicher and Schuell slot blot ap-etoposide, and increased DNA cleavage-fold at a
paratus. Covalent complexes formed between topoisomeras&oncentration of 2%M.
llo. and DNA were detected using a polyclonal antibody  These results raise the question of why DNA cleavage
directed against human topoisomerase (Kiamaya Bio- enhancement was not observed previously. We believe that
chemical Co.) at a 1:4000 dilution. the answer is two-fold. First, DTT and other reducing agents

react with 1,4-benzoquinone and impair its ability to modify
RESULTS sulfhydryl residues on protein8%). DTT concentrations used

Although it has been proposed that 1,4-benzoquinone in earlier studies ranged from 75 to 50M, and in one case,

induces specific leukemias (at least in part) by acting as athe reducing agent was supplemented with 15 gHher-

Relative DNA Cleavage
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Ficure 3: 1,4-Benzoquinone rapidly inactivates human topoi-
somerase H in the absence of DNA. Topoisomeraset lWas
incubated with 1,4-benzoquinone for-Q00 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
(FIN), and linear (FIII) DNA are labeled as in Figure 2.
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Ficure 4. DNA cleavage in the presence of 1,4-benzoquinone is
mediated by topoisomerasenll 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 (DNAQ) in
the absence of enzyme are shown. DNA cleavage mediated by
human topoisomerasenlin the absence<{BQ) or presence{BQ)
of 25uM 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 omitteBro K).
captoethanol25, 36, 37). The residual DTT concentration  Reversibility of reactions containing 1,4-benzoquinone was exam-
present in reaction mixtures used in this study was4 uM.? ined by adding EDTA or NaCl prior to SDS treatment. Error bars
As shown in Figure 2, the addition of 1g@M DTT to represent the standard deviation of three independent experiments.
reaction mixtures blocked the ability of 1,4-benzoquinone
to stimulate topoisomerase Ill-mediated DNA scission.
Second, while the addition of sulfhydryl-reactive topoi-
somerase Il poisons to enzymBNA 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 topoisomerase8P( 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 5). In the present study, the compound
always was added to the enzysieNA complex. As shown
in Figure 3, when human topoisomerase 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%.

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 82, 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 (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

Several controls were carried out to confirm that the were replaced with N7-deazaguani@Sy

: : To address this important issue, 281 1,4-benzoquinone
enhanced DNA cleavage induced by 1,4-benzoquinone was : ! :
mediated by topoisomerasenl(Figure 4). First, no linear was incubated with pBR322 for 10 min, but removed by

DNA was observed in reactions that containedi@s 1,4- gel filtration prior to DNA cleavage assays. If the compound

: .enhances topoisomerase ll-mediated scission primarily b
benzoquinone but lacked enzyme. Second, the eIECtrOphoretl?orming DNAI\O adducts or by inducing depurinafi)on pri)é)r y
mobility of the cleaved DNA (i.e., the linear band) was !

dramatically reduced in the absence of proteinase K treat_incubation of the plasmid with the quinone should stimulate

ment, indicating that all of the cleaved plasmid molecules DNA cleavage, even though there is no free 1,4-benzo-
were covalently attached to topoisomerase.. IThird, quinone in the final reaction mixture. As shown in Figure 5,
scission was reversed when EDTA or NaCl was added to this was not the case. Levels of DNA cleavage observed with

reaction mixtures before cleavage complexes were trappedplasmid that had been incubated with 1,4-benzoquinone prior

by the addition of SDS. This reversibility is inconsistent with to assays (lane 5) were similar to those seen in parallel

an inorganic reaction. Taken together, the above findings g;as_rn;]lg T:é?(ptl)efscfggf/geeree:%tai)é%ﬁggttevg;enqolf['?gg?e(éa?oe
provide strong evidence that 1,4-benzoquinone is indeed athé filtration rocedureg because the back addition of 1,4-
strong topoisomerase Il poison. P ' '

benzoquinone to these latter samples following filtration

: _ - _ _ stimulated topoisomerase II-mediated DNA scission (lanes
2The residual DTT in the reaction mixture comes from the final 3 and 6)

step of the topoisomerasen purification protocol. This compound is ' . .

used as a general reducing agent to help preserve the enzyme during |t has been suggested that some quinones stimulate

preparation and storage. topoisomerase Il-mediated DNA cleavage by covalently
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No Incubation . BQ Incubation [l —DNA complex (Figure 6, top). A similar result was seen
DNA 0 25 DNA 0 23

when 50QuM glutathione was incubated with the compound.

In contrast, once a topoisomeraseNA 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 topoisomeraselin the absence of the quinone

F 5: Incubation of plasmid DNA with 1,4-benzoquinone does or In the presence of etoposide (Figure 6)
IGURE 5! Incubati i with 1,4-benzoqui ; . .
not stimulate DNA cleavage mediated by human topoisomerase Site Specificity of DNA Cleage Mediated by Human

lloe. An ethidium bromide-stained agarose gel is shown. Supercoiled TOPOisomerase dl in the Presence of 1,4-BenzoquinoAs.
(F1), nicked circular (FIl), and linear (FIlI) DNA molecules are a first step toward determining the effects of 1,4-benzo-

labeled as in Figure 2. All of the plasmid DNA samples were filtered quinone on the DNA cleavage site specificity of topoi-
UScd h DNA cleavage assays, DA Substates are shown s controls C1e12€ 11 @ singly end-labeled fragment of pBR322 was
u . . .

in lanes 1 and 4. I?anes—% and 5-6 contained human topoi- Used as a substratQQ). This 433Q-bp Ilnggr DNA allows
somerase it. Lanes 13 contained DNA that was not exposed to cleavage to be monitored at the site-specific level. As shown
the quinone prior to filtration (No Incubation). Lanes@ contained in Figure 7, 1,4-benzoquinone increased DNA scission at a
DNA that was incubated with 28M 1,4-benzoquinone for 10 min - number of sequences. Furthermore, the pattern of cleavage-
prior to filtration (BQ Incubation). Assays in lanes 2 and 5 contained gjta tilization observed in the presence of the quinone

no 1,4-benzoquinone in the final reaction mixtures. Assays in Ianesd.ff d sianificantly f that ted i fi that
3 and 6 contained 26M 1,4-benzoquinone in the final reaction ~ @"€read signimcantly irom that generated in reactions tha

Fll

Flll

Fl

1 2 3 4 5 6

mixtures. contained etoposide. A number of distinct sites were seen
for both compounds.

cgmh:,%und Benzoquinone Etoposide To further assess the DNA cleavage specificity of 1,4-

v @ > @ > e A o> benzpqumone, the aplllty of this compognd to stimulate

> & xoé I xoé ARSI 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 théLL gene at chromosomal
band 11923, was identified in a patient who presented with
infant AML at 20 months of age9@). 1,4-Benzoquinone
enhanced DNA scission mediated by human topoisomerase
Ila at several sites proximal to the translocation breakpoint.
Fill D D G SIS . = Furthermore, there were obvious differences between the
! DNA cleavage pattern generated in the presence of the
quinone and etoposide.
R NSO SO SOV Y. S W W Therefore, to further compare the DNA cleavage specifici-
LA L T L ties of 1,4-benzoquinone and etoposide, a double-stranded
Ficure 6: Effects of reducing agents on the ability of 1,4-  47_mer derived from plasmid pBR322 (residues-826)

benzoquinone to enhance DNA cleavage mediated by human . . - :
topoisomerase d. Ethidium bromide-stained agarose gels are that contained a single, well-characterized cleavage site for

shown. Supercoiled (Fl), nicked circular (FIl), and linear (FIll) DNA human topoisomeraseollwas used as a substra8(-95)
molecules are labeled as in Figure 2. The top gel shows reactions(Figure 9). In the absence of a topoisomerase Il poison, the

in which reducing agents were incubated with compounds prior to enzyme preferentially cleaves this sequence when it contains
their addition to cleavage reactions. The bottom gel shows reactionsy guanine residue immediately % the scissile bond (i.e.,

in which reducing agents were added to reaction mixtures after " . .
topoisomerase HDNA cleavage complexes were established in @t the —1 position) @1). Consistent with a number of

the absence of compound or in the presence of 1,4-benzoquinonedr€vious reports, etoposide dramatically enhanced topoi-
or etoposide. The DNA substrate is shown as a control in lane 1. somerase ll-mediated DNA cleavage when this sequence

Reactions contained no compound (lanes4p, 25 uM 1,4- contained a cytosine residue at thé position @1, 106,

benzoquinone (lanes—%), or 100uM etoposide (lanes -810). ) : : S
Reactions contained no reducing agent (None, lanes 2, 5, and 8),107)' In contrast, 1,4-benzoquinone displayed no significant

2504M DTT (lanes 3, 6, and 9), or 500M glutathione (lanes 4,  Preference for any specific residue at this position. Thus, it
7, and 10). Results are representative of three independent assaygippears that 1,4-benzoquinone enhances topoisomerase |I-
mediated DNA cleavage at an array of sites that differs from
modifying the enzyme (presumably on a sulfhydryl residue) that utilized by the enzyme in the presence of etoposide.
(82). If this is the case for 1,4-benzoquinone, once the Effects of 1,4-Benzoquinone on DNA Ligation Mediated
quinone has modified topoisomerase,lit should not be by Human Topoisomeraseall Topoisomerase Il poisons
able to dissociate from the enzyme. Therefore, order-of- increase levels of enzyme-mediated DNA breaks by two non-
addition experiments were carried out to address the effectsmutually exclusive mechanism89, 42, 44). While drugs
of reducing agents on the actions of 1,4-benzoquinone such as etoposide and TAS-103 act primarily by inhibiting
(Figure 6). Consistent with the data shown in Figure 2, no the ability of topoisomerase Il to ligate DNA breaka6(
enhancement of enzyme-mediated DNA cleavage was ob-108 109, poisons such as quinolones and genistein have
served when 25@M DTT was incubated with 1,4-benzo- little effect on strand rejoining and appear to act primarily
quinone before the quinone was added to the topoisomerasdoy enhancing the forward rate of DNA scissidrl(—112).

Fll e — — e — — — —

Flll S - '

1 ) o S St e e
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Ficure 7: DNA cleavage site utilization by human topoisomerase
Ilae 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 1@01 1,4-benzoquinone (BQ), or MLL 2595

100uM etoposide (Etop). A DNA control is shown in the far left  Ficure 8: DNA cleavage site utilization by human topoisomerase
lane. Data are representative of three independent assays. Il on an oligonucleotide substrate in the presence of 1,4-
benzoquinone. The sequence was derived from the huvidn
gene and contained a leukemic chromosomal translocation break-
To determine the mechanistic basis for the actions of 1,4- point at position 2595 (indicated by the arrow). An autoradiogram

carried out in the presence of 0, 25, or 80 1,4-benzoquinone

of the_ compound on enzyme-mediated DNA Ilgatlon_were BQ), or 50uM etoposide (Etop). A DNA control is shown in the
examined and compared to those of etoposide. Two differentfa jeft lane. Data are representative of three independent assays.
assay systems were used for these studies. The first assay

monitored the rate at which the human enzyme religated of enzyme-mediated DNA cleavage in plasmid-based assays
DNA strand breaks that it had generated in negatively (see Figure 2).

supercoiled plasmid molecule86] (Figure 10, left panel). The apparent first-order rate of religation in the presence
This was accomplished by shifting topoisomeraseCINA of 1,4-benzoquinone (0.046% was only 27% slower than
cleavage complexes established at°’@7to the suboptimal  that observed in the absence of the compound (0.083 s
temperature of OC. At this latter temperature, the enzyme (Figure 10, left panel). This inhibition is considerably lower
rejoins strand breaks but cannot efficiently cleave DI9B)( than that seen in the presence of etoposide. At the 30 s time
The concentrations of 1,4-benzoquinone and etoposide (25point [which is~3 times longer than thg,, for religation

and 50uM, respectively) employed induced similar levels in the absence of drug{l1 s)], the enzyme resealedl5%
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FiGUrRe 10: 1,4-Benzoquinone does not significantly inhibit DNA
il i e e e B G ke ligation mediated by human topoisomerase he left panel shows
Benzoquinone Etoposide a time course for religation of cleaved plasmid DNA in the absence

of compound ©) or in the presence of 26M 1,4-benzoquinone
(BQ, ®) or 50uM etopside (EtopH). 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
f human topoisomerased|to ligate an activated substrate in a
leavage-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 whoseesminus was
activated by covalent attachment t@-aitrophenyl 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-tlieposition (relative to

%he scissile bond) of the top strand is in bold type. (When-tfie

G was changed to a C, the residue on the complementary strand
was changedota 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
of the cleaved plasmid molecules in reactions that containedtopoisomerase Il poisons (set to 100%). Results are shown for the
etoposide. ligation of substrates that contained-d G or C in the presence

: - . of 0—500 uM 1,4-benzoquinone & or O, respectively) or a
The second assay monitored the ability of human topoi substrate that contained &1 C (the preferred sequence for

somerase H to ligate a DNA nick whose "sterminal etoposide) in the presence of B00uM etoposide M). Error bars
phosphate had been activated by covalent attachment taepresent the standard deviation of three independent experiments.

p-nitrophenol 91, 109 (Figure 10, right panel). The presence
of this activating group mimics the covalent bond between quinone inhibits the overall catalytic activity of human
the DNA substrate and the active-site tyrosine that is formed topoisomerase # (35—37). However, these earlier works
during the scission even®7). The ligation reaction occurs  examined quinone effects on the enzyme under conditions
by the direct attack of the'®H at the nick on the activated that undermined DNA cleavage enhancement (i.e., the
5'-phosphate within the active site of topoisomeraseglihd presence of DTT or incubation of the compound with the
proceeds without a covalent enzyr@NA intermediate enzyme prior to the addition of DNA). Therefore, a DNA
(91). The oligonucleotide substrate used for this assay relaxation assay was used to determine the effects of 1,4-
contained the same sequence that was employed for the DNAbenzoquinone on the overall catalytic activity of human
cleavage site specificity experiments. The activated nick wastopoisomerase #l. Conditions employed were conducive to
located at the scissile bond of the top strand of the stimulation of DNA scission.
oligonucleotide. As shown in Figure 11, 1,4-benzoquinone was a strong
Compared to etoposide, 1,4-benzoquinone had a marginainhibitor of topoisomerase Il catalytic activity (¢~ 2.5
effect on rates of ligation (Figure 10, right panel). ThgdC  4M). As determined by a DNA unwinding assag9,
values for inhibition of ligation by the quinone were 170 inhibition was not due to a change in the topological state
and 25QuM, respectively, for substrates that contained either of the negatively supercoiled substrate (not shown). These
a guanine residue (the wild-type sequence) or a cytosineresults confirm that the quinone inhibits the ability of the
residue (the preferred sequence for etoposide) at-the  human type Il enzyme to carry out its catalytic DNA strand
position relative to the scissile bond. In marked contrast, the passage reaction.
ICso value for etoposide with its preferred sequene ( 1,4-Benzoquinone Increases dets of DNA Cleaage
cytosine residue) was 08V (109). Mediated by Topoisomerasenlin Cultured Human Cells.
The above results strongly suggest that 1,4-benzoquinoneThe ICE bioassay 98, 99) was employed to determine
does not have a major effect on the rate of DNA ligation whether 1,4-benzoquinone increases levels of DNA cleavage
mediated by human topoisomerase.lITherefore, it is  mediated by topoisomerasenlin human CEM leukemia
proposed that the quinone increases levels of DNA breakscells. In this assay, cultured cells are lysed with an ionic
primarily by enhancing the forward rate of scission. detergent, and proteins that are covalently attached to
Inhibition of Topoisomerase Il Catalytic Aetiy by 1,4- genomic DNA are separated from free proteins by sedimen-
BenzoquinonePrevious studies reported that 1,4-benzo- tation through a CsCIl cushion. The pelleted DNA from

Ficure 9: DNA cleavage specificity of human topoisomerase Il

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 bondg
are indicated by the arrows and the base attheosition (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 Il poisons. Results are shown for
substrates that contained the indicated residues at 1hposition
(the residue on the complementary strand also was changed t
maintain base pairing) in the presence of®0 1,4-benzoquinone

or 50uM etoposide. Error bars represent the standard deviation of
three independent experiments.
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100 somerase t: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 |l poison in cultured
human cells.

DISCUSSION

% Relaxed DNA

Benzene is a human carcinogen that induces primarily
hematopoietic malignancie${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-benzoquinoné&4, 16—18, 24).

The mechanism by which 1,4-benzoquinone initiates

0 2'5 50
[Benzoquinone] (M)

Ficure 11: 1,4-Benzoquinone inhibits the overall catalytic activity |eykemias has not been elucidated. The compound induces

of topoisomerase ¢l. DNA relaxation reactions catalyzed by — pNA strand breaks, homologous recombination, and sister
topoisomerase d were carried out for 30 min in the presence of ' :

0-50 «M 1,4-benzoquinone. DNA relaxation was quantified by chromatid exchange in treated cell)(24, 27, 29, 31). In
disappearance of the negatively supercoiled DNA substrate. Erroraddition, decreased levels of NQO1 (the enzyme that
bars represent the standard deviation of three independent experidetoxifies 1,4-benzoquinone) correlate with a higher risk of
ments. The inset shows an ethidium bromide-stained agarose gelAMLs and ALLs that are characterized by 11923 chromo-
of DNA relaxation reactions carried out in the presence 660 : - - L
uM 1,4-benzoquinone. Negatively supercoiled DNA (FI) and nicked Som"?" tran§locat|ons;9 23). S'T“’e these findings are
circular DNA (FIl) are indicated as in Figure 2. consistent with the actions of topoisomerase lI-targeted drugs,
it has been proposed that 1,4-benzoquinone initiates leuke-

mias (at least in part) by acting as a topoisomerase |l poison

No Compound (24 h) (21, 22, 24, 25, 36, 37).
Cellular effects notwithstanding, this hypothesis has not
25 uM Etoposide (1h) A been supported by in vitro studie5 36, 37). While

previous work demonstrated inhibition of topoisomerase Il
catalysis by 1,4-benzoquinone, increases in enzyme-mediated
DNA cleavage were never observeb( 36, 37).

: Recently, several quinones were found to poison human
FiGURE 12: 1,4-Benzoquinone enhances DNA cleavage mediated topoisomerase &l (82, 83, 85). Some quinones, as well as

by human topoisomerasenlin treated human CEM cells. The ICE  other sulfhydryl-reactive compounds, appear to act in a

bioassay was used to monitor the level of cleavage complexes in ; “ i " :
cells treated with 1,4-benzoquinone. DNA (i) from cultures manner that differs from most “traditional” topoisomerase

grown in the absence of compound for 24 h, or in the presence of I p_0|son$ 62, 84, 8,5)' While topmsqmerase ll-active agel_ﬂts
10 uM 1,4-benzoquinone (BQ) for 4 or 8 h, or 28\ etoposide typically interact with the enzyme in a noncovalent fashion,
for 1 h was blotted onto a nitrocellulose membrane. Blots were it has been proposed that sulfhydryl-reactive compounds
probed with a polyclonal antibody directed against human topoi- jncrease DNA cleavage by modifying the enzyr@2)( These
somerase H. Results are representative of three independent “sulfhydryl-reactive” poisons display two characteristics that

iments. A )
experiments distinguish them from other topoisomerase II-targeted

A —
10 uM BQ

8h e——

cultures treated with no drug for 24 h or 1M 1,4- agents: their activity is destroyed by exposure to reducing
benzoquinone for 4108 h was blotted and probed with a @gents such as DTBR, 84), and incubation of the enzyme
polyc'ona| antibody Speciﬁc for human topoisomerasﬁ 1] with these Compounds prior to the addition of DNA renders

(This reduced quinone concentration was used because ifopoisomerase Il catalytically iner82, 84, 85).
induced less than 20% cell death over the course of the assay. Previous in vitro work on 1,4-benzoquinone and the human
Cell death at higher concentrations was in excess of 50%.)type Il enzyme was carried out before the properties of
Results from cells treated with 26V etoposide fo 1 h are sulfhydryl-reactive topoisomerase Il poisons had been re-
shown for comparison. As shown in Figure 12, levels of ported. All of these studies were performed in the presence
topoisomerase dl that were covalently attached to DNA  of significant concentrations of reducing ageras, 36, 37).
following treatment with 1,4-benzoquinone increased several- Furthermore, in some cases, 1,4-benzoquinone was incubated
fold over the course of the experiment. directly with topoisomerase dl in an effort to maximize

It should be noted that some cleavage-independent topoi-interactions with the enzyme2%). Consequently, earlier
somerase t—DNA cross-linking was observed in vitro in ~ studies were not in a position to draw valid conclusions
DNA cleavage assays that contained 1,4-benzoquinone.regarding the potential of 1,4-benzoquinone to act as a
Therefore, a portion of the covalent topoisomerage-IDNA topoisomerase Il poison.
complex observed in quinone-treated CEM cells may reflect In light of the recent observations regarding the actions
proteir—-DNA cross-linking rather than enzyme-mediated of sulfhydryl-active topoisomerase Il poisons, we examined
DNA scission. However, the topoisomerase:DNA base the effects of 1,4-benzoquinone on the DNA cleavage activity
pair ratio (~1:325) used in the in vitro cleavage assays was of human topoisomerasedllat low concentrations of DTT
>20 times higher than estimated 1:7500) for CEM cells. (<0.4 uM). In addition, the quinone was added to the
When in vitro experiments were carried out using topoi- enzyme-DNA complex rather than the enzyme alone.
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Results demonstrate that 1,4-benzoquinone is a strong 8.
topoisomerase Il poison that is more potent than the
anticancer drug etoposide in vitro. Furthermore, the quinone
induces the formation of topoisomerase-HDNA cleavage
complexes in cultured human cells.

1,4-Benzoquinone displays all of the hallmarks of sulf-
hydryl-reactive topoisomerase Il poison82( 84, 85).
Although it has not been demonstrated directly, the ability 11.
of the compound to stimulate topoisomerase Il-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 12.
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 11g23 chromosomal translocations. In
addition to the NQO1 polymorphism discussed abdv&(

23), the cytochrome P450 3A4 genotype (a promoter variant)
decreases the risk of therapy-related leukemias in patients 16,
treated with etoposide and related epipodophyllotoxiis)(
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 topoisomerasg8B).

In summary, it is likely that the genotoxicity/cytotoxicity
of 1,4-benzoquinone is mediated by multiple cellular events. g
However, the present findings suggest that the chromosomal
breaks induced by exposure to 1,4-benzoquinone are gener-
ated to some extent by topoisomerase Hurthermore, these
findings are consistent with the hypothesis that topoisomerase
II-mediated DNA cleavage contributes to the development 20.
of specific leukemias that are induced by benzene and its
metabolites.
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