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ABSTRACT: Topoisomerase II-targeted drugs, such as etoposide, “poison” this enzyme and kill cells by
increasing levels of covalent topoisomerase II-cleaved DNA complexes. In spite of the success of this
drug in the treatment of human cancers, a significant proportion of patients treated with etoposide eventually
develop secondary leukemias that are characterized by translocations at chromosome band 11q23. Since
similar translocations are associated with primary leukemias in previously untreated infants, we questioned
whether they could also be triggered by the actions of “endogenous topoisomerase II poisons”. Recent
studies, which demonstrated that several forms of spontaneous DNA damage stimulate cleavage mediated
byDrosophilatopoisomerase II, suggest that DNA lesions may act as these endogenous poisons. Therefore,
to determine whether the ability to recognize spontaneous DNA damage has been conserved from this
lower eukaryote to mammalian species, the effects of apurinic sites, apyrimidinic sites, and deaminated
cytosine residues on human topoisomerase IIR were assessed. All three lesions were potent poisons of
the human enzyme and stimulated cleavage when located within the four-base overhang generated by
enzyme-mediated DNA scission. Furthermore, these lesions increased levels of cleavage at five sites
proximal to 11q23 translocation breakpoints and did so with an efficacy that was comparable to or greater
than that of therapeutic concentrations of etoposide. Although the physiological relevance of these findings
has yet to be established, they suggest a potential role for endogenous topoisomerase II poisons in the
initiation of leukemic chromosomal breakpoints.

Topoisomerase II is the primary cellular target for some
of the most active drugs used in the treatment of human
cancers (1-4). These agents exert their chemotherapeutic
actions by increasing levels of covalent topoisomerase II-
cleaved DNA complexes (1-4). Although these complexes
are obligatory intermediates in the DNA strand passage
reaction catalyzed by the enzyme (1, 5-7), when present in
high concentrations, they trigger mutagenic and cell death
pathways (4, 8-11). Thus, agents that enhance topoisom-
erase II-mediated DNA cleavage are referred to as topoisom-
erase II “poisons” because they convert this essential enzyme
to a potent cellular toxin (2, 12).

Etoposide, which is one such poison, is the most com-
monly prescribed anticancer drug in clinical use (4, 13, 14).
Unfortunately, despite the success of this agent, between 2
and 12% of patients treated with etoposide-based regimens
eventually develop secondary therapy-related leukemias (13-
15). Of these patients, over 50% have genomic transloca-
tions involving an 8.3-kilobase breakpoint cluster in theMLL
oncogene at chromosome band 11q23 (13, 14, 16-20). The
nonrandom association of etoposide treatment with these
translocations coupled with the fact that etoposide stimulates
topoisomerase II-mediated DNA scission at sites proximal
to 11q23 breakpoints (21) suggests that the type II enzyme
may be involved in initiating these translocation events.

Chromosomal translocations involving band 11q23 are also
associated with the majority of primary infant leukemias,
even though affected infants had no prior exposure to
anticancer drugs (13, 14, 22, 23). This finding raises the
question of how chromosomal breaks that trigger leukemic
translocations are initiated in these drug-naive patients. One
intriguing possibility is that they are generated by the actions
of “endogenous topoisomerase II poisons”. Evidence sup-
porting this hypothesis comes from recent work that char-
acterized the effects of DNA lesions onDrosophila topo-
isomerase II (24-26). These studies demonstrated that
several types of spontaneous DNA damage commonly
formed in the cell enhance cleavage mediated by the type II
enzyme from this lower eukaryote.

Therefore, as a first step toward determining whether
endogenous topoisomerase II poisons are capable of initiating
chromosomal translocations in mammalian systems, we
assessed the ability of spontaneous DNA lesions to stimulate
cleavage mediated by human topoisomerase IIR. Results
indicated that the three major forms of spontaneous DNA
damage, apurinic sites, apyrimidinic sites, and deaminated
cytosine residues (i.e., uracil‚guanine mismatches) (27-29),
were all potent enhancers of DNA scission mediated by this
enzyme. Furthermore, these lesions stimulated DNA cleav-
age at sites proximal to leukemic 11q23 chromosomal
breakpoints with an efficacy that was equal to or greater than
that of therapeutic concentrations of etoposide. Although
the physiological relevance of these findings has yet to be
established, they suggest a potential role for endogenous
topoisomerase II poisons in the generation of leukemic
chromosomal breakpoints.
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EXPERIMENTAL PROCEDURES

Proteinase K was obtained from Merck; bacteriophage T4
polynucleotide kinase and Klenow DNA polymerase were
from New England Biolabs.Escherichia coliuracil DNA
glycosylase and [γ-32P]ATP (∼6000 Ci/mmol) were from
Amersham; etoposide was from Sigma (stored at 4°C as a
10 mM stock solution in 100% dimethyl sulfoxide). Deoxy-
uridine phosphoramidite was from Glen Research; hydroxy-
lapatite (Bio-Gel HTP) was from Bio-Rad. All other
chemicals were analytical reagent grade.

Purification of Human Topoisomerase IIR. Human to-
poisomerase IIR was purified from∼40 g ofSaccharomyces
cereVisiaecontaining the human TOP2R gene in the induc-
ible overexpression plasmid YEpWOB6 (30). All steps were
carried out at 4°C. Prior to chromatography, the procedure
was based on that previously described by Wasserman et al.
(30). Briefly, cells were lysed, and topoisomerase IIR was
extracted from chromosomes that were precipitated with
polymin P. Following differential precipitation with (NH4)2-
SO4, the pellet containing topoisomerase IIR was resuspended
in buffer I [15 mM NaPO4 (pH 7.7), 1 mM EGTA, 1 mM
EDTA, 10% glycerol, 1 mM phenylmethanesulfonyl fluoride,
1 mM 2-mercaptoethanol, 0.5µg of leupeptin/mL, and 1µg
of pepstatin/mL] until it was brought to a conductivity similar
to that of HAP-column buffer [15 mM NaPO4 (pH 7.7), 10%
glycerol, 1 mM phenylmethanesulfonyl fluoride, 0.5 mM
dithiothreitol, and 10 mM Na2S2O5] containing 100 mM
KPO4 at pH 7.7.

The protein sample was subsequently applied to a 10 mL
hydroxylapatite column that had been equilibrated with HAP-
column buffer containing 100 mM KPO4 at pH 7.7. The
column was washed with 30 mL of the same buffer, and
protein was eluted with a linear 150 mL gradient of HAP-
column buffer containing 100 mM KPO4 at pH 7.7 to 600
mM KPO4 at pH 7.7. Fractions containing human topo-
isomerase IIR (as monitored by gel electrophoresis) were
collected and diluted with buffer I until they reached a
conductivity similar to that of P-cell column buffer [15 mM
NaPO4 (pH 7.7), 1 mM EGTA, 1 mM EDTA, 10% glycerol,
0.5 mM dithiothreitol, and 150 mM KCl]. Protein was
concentrated by applying it to a 2.5 mL phosphocellulose
collection column (equilibrated in P-cell column buffer),
washing with 5 mL of P-cell column buffer, and eluting with
10 mM Tris-HCl (pH 7.7), 0.5 mM dithiothreitol, 0.1 mM
EDTA, 40% glycerol, and 750 mM KCl. Protein-containing
fractions [as monitored by Bradford assays using the Bio-
Rad reagent (Bio-Rad) and bovine serum albumin as a
standard] were pooled, aliquoted, and stored in liquid N2.
This protocol typically yields∼0.3 mg of protein that was
>90% pure from 1 g of drypacked cells (Figure 1).

Preparation of Oligonucleotides. Experiments utilized a
40-base single-stranded oligonucleotide that corresponds to
residues 87-126 of pBR322 (31) and its complementary
oligonucleotide that were prepared on an Applied Biosystems
DNA synthesizer. The sequences of the top and bottom
oligonucleotides were 5′-TGAAATCTAACAATG VGCTC-
ATCGTCATCCTCGGCACCGT-3′ and 5′-ACGGTGCCGA-
GGATGACGATGVGCGCATTGTTAGATTTCA-3′, respec-
tively. Points of topoisomerase II-mediated DNA cleavage
are denoted by the arrows (32, 33). Single-stranded uracil-
containing oligonucleotides were prepared in a similar

manner utilizing a deoxyuridine phosphoramidite. Alterna-
tively, wild type and uracil-containing oligonucleotides that
contained 11q23 chromosomal breakpoints (see Figure 4)
were obtained from Cruachem, Inc. When appropriate,
single-stranded oligonucleotides were radioactively labeled
on their 5′-termini in reaction mixtures that contained 10
pmol of oligonucleotide, 5 units of polynucleotide kinase,
and 75 pmol of [γ-32P]ATP in a total of 30µL of kinase
buffer (supplied by the manufacturer). Oligonucleotides
were purified by electrophoresis in 7 M urea, 8% polyacryl-
amide gels. DNA bands were excised from gels and purified
using the QIAGEN gel extraction protocol. Complementary
oligonucleotides were annealed as described by Corbett et
al. (33).

In order to generate apurinic sites or apyrimidinic sites,
uracil bases were removed by incubating 2 pmol (100 nM)
of double-stranded oligonucleotide per reaction with 0.2 unit
(1.7 nM final concentration) of uracil DNA glycosylase in
17 µL of 10 mM Hepes-HCl (pH 7.9), 0.1 mM EDTA, and
2.5% glycerol for 30 min at 37°C. Following treatment
with uracil DNA glycosylase, samples were prepared for
topoisomerase II assays by the addition of 1µL of 2 M KCl
and 1µL of 100 mM MgCl2. Wild type oligonucleotide
was treated by an identical procedure to control for the
potential effects of this process on topoisomerase II activity.
In order to generate deaminated cytosine residues, oligo-
nucleotides that contained a uracil‚guanine mismatch were
treated in a similar manner in the absence of uracil DNA
glycosylase.

Topoisomerase II-Mediated DNA CleaVage. Topoisom-
erase II-mediated DNA cleavage reactions were carried out
by a protocol similar to that previously described by Kingma
et al. (25). Reaction mixtures contained 100 nM oligonucle-
otide in 19µL of 10 mM Hepes-HCl (pH 7.9), 0.1 mM
EDTA, 100 mM KCl, 5 mM MgCl2, and 2.5% glycerol, and
reactions were initiated by the addition of 1µL of human
topoisomerase IIR (150 nM final concentration). Reaction
mixtures were incubated for 10 min at 37°C, and reactions
were stopped with 2µL of 10% SDS followed by 1.5µL of
250 mM EDTA. When appropriate, cleavage reactions were

FIGURE1: Purification of human topoisomerase IIR. A Coomassie-
stained 7.5% polyacrylamide gel is shown: lane 1, purified human
topoisomerase IIR; lane 2, molecular weight markers.
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reversed by the addition of 1.5µL of 250 mM EDTA or 2
µL of 5 M NaCl for 4 min at 37°C prior to detergent.
Cleavage products were digested with proteinase K (2µL
of a 0.8 mg/mL solution) for 20 min at 37°C, precipitated
with ethanol twice, and resuspended in 5µL of 40%
formamide, 8.5 mM EDTA, 0.02% bromophenol blue, and
0.02% xylene cyanole FF. Products were resolved by
electrophoresis in denaturing 7 M urea, 14% polyacrylamide
sequencing gels in 100 mM Tris-borate (pH 8.3) and 2 mM
NaEDTA. Gels were fixed in 10% methanol and 10% acetic
acid for 10 min and dried. Reaction products were visualized
and quantified using a Molecular Dynamics PhosphorImager
system. Levels of cleavage were calculated relative to the
wild type substrate from the amount of cleavage product that
was produced or from the percentage of total substrate that
was cleaved. Similar results were obtained using either
method.

RESULTS AND DISCUSSION

Previous studies demonstrated that several types of
spontaneous DNA damage act as position-specific poisons
of Drosophilatopoisomerase II and greatly stimulate DNA
cleavage mediated by the enzyme (24-26). In contrast to
Drosophilaand other lower eukaryotes, vertebrate species
contain two distinct isoforms of topoisomerase II,R andâ
(1, 7, 34-36). Although both of these isoforms will
complement yeast topoisomerase IIin ViVo (37), they appear
to have distinct enzymological, pharmacological, and physi-
ological properties (7, 36, 38). Therefore, to extend our
earlier work with lower eukaryotes to a human system, the
effects of apurinic sites, apyrimidinic sites, and deaminated
cytosine residues on human topoisomerase IIR were char-
acterized. TheR isoform of the human enzyme was
employed for this study because it is the isoform that (1) is
associated with proliferating tissues (39-41), (2) has been
shown to cleave DNA proximal to translocation breakpoints
at chromosomal band 11q23 (21), and (3) is most commonly
linked to the chemotherapeutic actions of topoisomerase II-
targeted anticancer drugs in mammalian cells (36, 38, 42,
43).

Spontaneous DNA Lesions Located within the Four-Base
CleaVage OVerhang Generated by Human Topoisomerase
IIR Stimulate DNA Scission. To analyze the effects of
spontaneous DNA lesions on cleavage mediated by human
topoisomerase IIR, position-specific apurinic sites, apyrimi-
dinic sites, and deaminated cytosine residues were incorpo-
rated into a double-stranded 40-mer substrate that contained
a single, centrally located topoisomerase II cleavage site. The
positions of DNA lesions are designated relative to the point
of cleavage on that strand. Bases 5′ to the point of cleavage
are denoted by negative numbers, and those 3′ are denoted
by positive numbers. The points of scission on both the top
and bottom strands are located between the-1 and+1 bases.
Cleavage of the top and bottom strands of this substrate by
the human type II enzyme results primarily in the formation
of 15- and 21-mer products, respectively, so that a four-base
cleavage overhang is generated (see Figure 3) (32, 33). To
ensure that DNA breaks were generated by the enzyme rather
than degradation of lesions, oligonucleotide scission was
monitored on the wild type strand complementary to the
oligonucleotide containing the damaged residue.

Lesions located within the four-base overhang of the
cleavage site stimulated DNA scission mediated by human
topoisomerase IIR. As seen in Figures 2 and 3, cleavage
was enhanced∼4-7.5-fold by the presence of a single
apurinic site per oligonucleotide. In order to achieve
comparable levels of cleavage stimulation by etoposide, a
2000-fold molar excess of drug over 40-mer substrate (i.e.,
200 µM etoposide) was required (data not shown). DNA
cleavage was also stimulated by apyrimidinic sites and
deaminated cytosines, albeit to a lesser extent (∼2.5-4.5-
fold by apyrimidinic sites and∼2-fold by deaminated
cytosines) (Figures 2 and 3). These results are similar to
those reported for theDrosophila type II enzyme (25, 26)
and strongly suggest that spontaneous DNA lesions are
formidable poisons of human topoisomerase IIR.
Spontaneous DNA lesions are subject to degradation by

numerous chemical and cellular factors (27-29). Since topo-
isomerase II-mediated cleavage of DNA in the vicinity of a
nick can result in the formation of a nonreversible “suicide”
cleavage complex (44, 45), two control reactions were carried
out to confirm that the cleavage stimulation observed was
due to the DNA lesion rather than to a site-specific nick.
First, no oligonucleotide cleavage was observed when the
human enzyme was omitted from reaction mixtures (not
shown). Second, the vast majority of cleavage was reversed
by the addition of high salt or chelation of the essential
divalent cation with EDTA (Table 1). Therefore, the DNA
scission observed with lesion-containing oligonucleotides is
mediated by topoisomerase IIR, and cleavage enhancement
is not due to the degradation of lesions to nicks during
scission reactions.

FIGURE 2: Spontaneous DNA lesions stimulate cleavage mediated
by human topoisomerase IIR. Reaction mixtures contained human
topoisomerase IIR and wild type substrate (None) or oligonucle-
otides that contained an apurinic site [+2 AP(R)], apyrimidinic site
[+1 AP(Y)], or deaminated cytosine residue (+3 Uracil) incorpo-
rated at the indicated position on the top strand (see Figure 3). DNA
substrates were labeled on the 5′-termini of the bottom strand, and
DNA cleavage products were resolved on denaturing polyacryla-
mide gels. A control reaction mixture that contained wild type
substrate in the absence of topoisomerase IIR is shown (Std).
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In contrast to the cleavage stimulation observed with
internal DNA lesions, apurinic sites located immediately
outside the cleavage stagger dramatically inhibited cleavage
complex formation (Figure 3). The inhibitory effects of
external apyrimidinic sites and deaminated cytosines were

less pronounced, as they decreased cleavage complex forma-
tion by∼50 and∼25%, respectively.
The positional specificity of cleavage-enhancing DNA

lesions observed in the present study on human topoisom-
erase IIR is identical to that previously described for the
effects of DNA damage onDrosophilatopoisomerase II (25,
26) and the effects of base mismatches on the human enzyme
(46). Thus, it appears that the “positional poison” model
(25), which was originally proposed to explain the actions
of DNA lesions and anticancer drugs against topoisomerase
II from lower eukaryotes, is also applicable to human
systems. This model postulates that (1) topoisomerase II
poisons (both DNA lesions and anticancer drugs) induce
similar alterations in the structure of DNA, (2) these
structural alterations are responsible for enhancing topoisom-
erase II-mediated DNA scission, and (3) they must be
positioned (through either enzyme binding or covalent
linkage to the DNA) within the four-base cleavage overhang
in order to stimulate this enzyme activity.
DNA Lesions Stimulate Topoisomerase II-Mediated Scis-

sion of CleaVage Sites Proximal to 11q23 Translocation
Breakpoints. Translocations involving chromosome band
11q23 are often observed in etoposide-induced secondary
leukemias (13, 14, 16, 17). Although the events that lead
to these chromosomal rearrangements are unknown, it has
been suggested that they are triggered by the formation of
drug-stabilized topoisomerase II-DNA cleavage complexes
proximal to the breakpoints (which are eventually converted
to permanent breaks, processed by polymerases or nucleases,
and ligated) (18, 20, 21, 47, 48). Since these same
chromosomal translocations are present in the majority of
primary infant leukemias (13, 14, 22, 23), it is possible that
they are triggered by the actions of endogenous or environ-
mental topoisomerase II poisons. On the basis of the above
results, we questioned whether DNA lesions were capable
of stimulating cleavage mediated by human topoisomerase
IIR at sites proximal to 11q23 translocation breakpoints.
Two 61-base pair oligonucleotide substrates that spanned

nucleotide positions 1050-1110 or positions 1130-1190 of
theMLL oncogene were utilized for this investigation (21,
49). The first contained two translocation breakpoints at
nucleotide positions 1081 and 1082 of theMLL gene
breakpoint cluster region and two etoposide-enhanced topo-
isomerase IIR cleavage sites at positions 1067 and 1087. The
second contained a single translocation breakpoint at position
1161 and three surrounding cleavage sites at positions 1148,

FIGURE 3: Effects of position-specific spontaneous DNA lesions
on cleavage mediated by human topoisomerase IIR. The effects
of position-specific apurinic sites, apyrimidinic sites, or deaminated
cytosine residues on topoisomerase II-mediated DNA cleavage are
shown in panels A-C, respectively. DNA lesions were incorpo-
rated at the specified positions on the top and bottom strands. Levels
of cleavage were determined relative to the wild type (None)
substrate for oligonucleotides that contained lesions on the bottom
or top strands by monitoring production of labeled 15-mer or 21-
mer cleavage products, respectively. Data represent the averages
of three independent experiments. Standard deviations are indicated
by error bars.

Table 1: Reversal of DNA Cleavage Mediated by Human
Topoisomerase IIRa

relative cleavage

position of DNA lesion SDS EDTA NaCl

bottom strand
none 1.0 <0.05 <0.05
+2 AP(R) 7.3( 0.9 0.15( 0.05 0.3( 0.3

top strand
none 1.0 0.1( 0.1 0.1( 0.1
+1 AP(Y) 4.6( 0.7 0.64( 0.05 0.88( 0.07
+3 uracil 2.5( 0.4 0.25( 0.08 0.18( 0.05
aCleavage reactions utilized wild type double-stranded oligonucle-

otide (none), oligonucleotide that contained an apurinic [AP(R)] or
apyrimidinic site [AP(Y)], or uracil located at the indicated position.
Cleavage was stopped by the addition of SDS or reversed by treatment
with 15 mM EDTA or 500 mM NaCl prior to the detergent.
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1155, and 1165. As shown in Figure 4 and Table 2, insertion
of a single apurinic site within the 1067 or 1087 cleavage
site enhanced enzyme-mediated DNA scission∼10- or 19-
fold, respectively. Furthermore, cleavage was stimulated
∼11-, 3-, or 6-fold by insertion of this lesion within the 1148,
1155, or 1165 site, respectively.
All five cleavage sites were flanked by a cytosine at the

-1 position, which is often predictive of strong etoposide-
enhanced DNA scission (4). Despite this positive indicator
for drug action, the cleavage stimulation induced by a single
apurinic lesion at any given site was similar to or greater
than that generated by therapeutic concentrations of the drug
(i.e., 100µM) at four of these five sequences (Figure 4).
Topoisomerase II requires ATP to catalyze its double-

stranded DNA passage reaction (5-7). Although the
nucleoside triphosphate is not necessary for the enzyme to
cleave its DNA substrate (5-7), it has been suggested that
the ability of etoposide to enhance topoisomerase II-mediated
DNA scission is strongly dependent on the presence of ATP
(2, 6). Since the above experiments were carried out in the
absence of a high-energy cofactor, DNA scission was also
analyzed in the presence of ATP. As seen in Table 2, ATP
had differential effects on the ability of etoposide and
apurinic sites to stimulate cleavage at specific sites. In some
cases, the nucleoside triphosphate enhanced DNA scission
as much as 2.5-fold (relative to wild type controls), while in
others, levels of cleavage diminished slightly. These minor
alterations notwithstanding, ATP did not preferentially
increase drug-induced cleavage over that of the DNA lesion.
In fact, in the presence of the nucleoside triphosphate, the
level of cleavage observed in every apurinic oligonucleotide
was higher than that generated in etoposide-containing
reactions.

When placed within the cleavage site at position 1067, an
apyrimidinic site or a deaminated cytosine residue also
enhanced DNA scission mediated by human topoisomerase
IIR (in the presence or absence of ATP) (Table 2). Thus, it
appears that a variety of DNA lesions are capable of inducing
DNA cleavage proximal to 11q23 translocation breakpoints.
In summary, the effects of DNA lesions on the cleavage

activity of human topoisomerase IIR indicate that the
recognition of spontaneous DNA damage by type II topo-
isomerases has been evolutionarily conserved from (at least)
invertebrates to mammalian species (24-26, 46). Further-

FIGURE4: Spontaneous DNA lesions stimulate cleavage mediated by human topoisomerase IIR proximal to 11q23 translocation breakpoints.
Position-specific apurinic sites were incorporated at the underlined positions. Levels of DNA cleavage (indicated by bars) were determined
in the absence of ATP relative to the wild type substrate for both apurinic oligonucleotides (closed bars) and reaction mixtures that contained
wild type substrate and 100µM etoposide (open bars). Data represent the averages of three independent experiments. Points of topoisomerase
II-mediated DNA scission are indicated by closed arrows, and the nucleotide positions of the topoisomerase II cleavage sites on the top
strand of each oligonucleotide are denoted by numbers previously assigned to the breakpoint cluster (49). The locations of chromosome
band 11q23 translocation breakpoints are indicated by open arrows.

Table 2: DNA Cleavage Proximal to 11q23 Translocation
Breakpointsa

relative DNA cleavage
cleavage
site poison without ATP with ATP

1067 apurinic site 10.4( 0.5 17.6( 0.4
etoposide 5.6( 0.2 14.3( 0.9
apyrimidinic site 7.2( 0.2 6.1( 0.1
uracil 5.0( 0.1 3.6( 1.0

1087 apurinic site 19.3( 3.9 12.3( 2.7
etoposide 5.0( 0.6 5.4( 0.7

1148 apurinic site 10.6( 0.1 18.8( 1.6
etoposide 10.0( 0.8 15.8( 0.7

1155 apurinic site 3.2( 0.9 6.4( 0.3
etoposide 5.9( 0.9 5.2( 0.4

1165 apurinic site 6.1( 0.7 11.2( 0.6
etoposide 4.8( 0.3 6.2( 0.2

aCleavage reactions utilized wild type double-stranded oligonucle-
otide with 100µM etoposide or oligonucleotide that contained an
apurinic site located at the underlined positions in Figure 4. Alterna-
tively, reactions utilized a substrate that contained an apyrimidinic site
or uracil located at the+3 position of the top strand of site 1067. Levels
of cleavage were determined relative to the wild type substrate in the
absence of drug.
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more, apurinic sites, apyrimidinic sites, and deaminated
cytosine residues are all capable of stimulating topoisomerase
II-mediated cleavage proximal to leukemic breakpoints at
chromosome band 11q23. It has been hypothesized that
chemotherapy-related translocations in this region are trig-
gered by high levels of etoposide-induced DNA cleavage
mediated by topoisomerase II in theMLL oncogene (18-
21). If this hypothesis is correct, spontaneous DNA lesions
must be considered as candidates for triggering this cancer-
associated chomosomal aberration in drug-naive cells.
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