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Abstract
Genistein, a widely consumed bioflavonoid with chemopreventative properties in adults, and
etoposide, a commonly prescribed anticancer drug, are well-characterized topoisomerase II poisons.
Although both compounds display similar potencies against human topoisomerase IIα and β in vitro
and induce comparable levels of DNA cleavage complexes in cultured human cells, their cytotoxic
and genotoxic effects differ significantly. As determined by assays that monitored viability or the
phosphorylation of histone H2AX, etoposide was much more toxic in CEM cells than genistein.
Further studies that characterized the simultaneous treatment of cells with genistein and etoposide
indicate that the differential actions of the two compounds are not related to the effects of genistein
on cellular processes outside of its activity against topoisomerase II. Rather, they appear to result
from a longer persistence of cleavage complexes induced by etoposide as compared to genistein.
Parallel in vitro studies with purified type II enzymes led to similar conclusions regarding cleavage
complex persistence. Isoform-specific differences were observed in vitro and in cells treated with
etoposide. To this point, the t1/2 of etoposide-induced DNA cleavage complexes formed with
topoisomerase IIα in CEM cells was ∼5 times longer than those formed with topoisomerase IIβ. The
cytotoxicity of etoposide following four treatment-recovery cycles was similar to that induced by
continuous exposure to the drug over an equivalent time period. Taken together, these findings
suggest that it may be possible to preferentially target topoisomerase IIα with etoposide by employing
a schedule that utilizes pulsed drug treatment-recovery cycles.

Type II topoisomerases are enzymes that modulate the topological structure of DNA by
generating transient double-stranded breaks in the backbone of the double helix (1-6). In order
to maintain genomic integrity during this process, the enzymes form covalent bonds with the
5′-termini of the cleaved DNA (7-9).

Compounds that increase the concentration of covalent topoisomerase II-DNA complexes
(i.e., cleavage complexes) are known as topoisomerase II poisons (3,6,10-13). These agents
impact human health in a variety of ways. Some of the most successful anticancer drugs
currently in clinical use, including etoposide and doxorubicin, are topoisomerase II poisons
(3,6,10-13). However, 2–3% of patients treated with regimens that contain these drugs develop
specific leukemias that involve translocations at chromosome band 11q23 (11,13-17).
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Naturally occurring topoisomerase II-active compounds, such as genistein and other
bioflavonoids, are widely consumed constituents of the human diet (18-22). While
bioflavonoids are believed to be chemopreventative in adults, epidemiological studies link their
consumption during pregnancy to the formation of infant leukemias (23-25). As seen with the
anticancer drugs, many of these infant leukemias display 11q23 chromosomal rearrangements
(17,23-25).

The anticancer and leukemogenic effects of the above compounds are believed to result from
their ability to poison topoisomerase II (6,13,17,24-29). Humans express two isoforms of the
enzyme, topoisomerase IIα and β (2-6). Although both appear to be targeted by anticancer and
dietary topoisomerase II poisons, the relative contributions of the individual isoforms to
cellular outcomes are not well-defined. However, recent studies imply that topoisomerase
IIα may play an important role in the induction of cell death by these compounds (30,31), while
topoisomerase IIβ may play a disproportionate role in generating leukemogenic chromosomal
translocations (30,31).

Because of their importance to human health, many of the in vitro actions of etoposide and
genistein against human topoisomerase IIα and β have been characterized (13,24,28,32-35).
In side-by-side comparisons, the two compounds display similar potencies against both enzyme
isoforms and induce comparable levels of cleavage complexes in vitro and in cultured human
cells (28). Although these findings predict that both agents would have similar physiological
effects, the cytotoxic and genotoxic properties of etoposide and genistein have not been
compared directly. Therefore, the effects of these drugs on cell viability and the generation of
permanent double-stranded DNA breaks were evaluated.

Unexpectedly, etoposide was significantly more cytotoxic and genotoxic than genistein in
human CEM cells. The differential actions of the two drugs were not related to the effects of
genistein on cellular processes outside of its activity against topoisomerase II. Rather, they
appear to be due to a longer persistence of cleavage complexes induced by etoposide as
compared to genistein. Finally, differences in the persistence of etoposide-induced
topoisomerase IIα- and β-DNA cleavage complexes suggest the potential for preferentially
targeting the α isoform by employing a schedule that utilizes pulsed drug treatment-recovery
cycles.

Experimental Procedures
Enzymes and Materials

Recombinant wild-type human topoisomerase IIα and β were expressed in Saccharomyces
cerevisiae and purified as described previously (36-38). Negatively supercoiled pBR322 DNA
was prepared from Escherichia coli using a Plasmid Mega Kit (Qiagen) as described by the
manufacturer. Genistein was obtained from LKT Laboratories. Etoposide and the proteasome
inhibitor MG132 (carbobenzoxyl-leucinyl-leucinyl-leucinal) were obtained from Sigma. All
compounds were prepared as 20 mM stocks in 100% DMSO and stored at −20 °C.

Cell Culture
Human CEM leukemia cells were purchased from ATCC. Cells were grown under 5% CO2 at
37 °C in RPMI 1640 medium (Cellgro by Mediatech, Inc.), containing 10% heat-inactivated
fetal bovine serum (Hyclone) and 2 mM glutamine (Cellgro by Mediatech, Inc.).

Cytotoxicity
Human CEM cells were plated in 96-well plates at 7.5 × 105 cells/mL and grown for 24 h prior
to treatment. Cells were exposed to 0–200 μM genistein or etoposide for 8 h. After treatment,
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10 μL of CCK-8 (Dojinodo) reagent was added to each well to measure cell viability. Plates
were read in a VERSAmax tunable microplate reader at 450 nm. Viability was determined
colorimetrically in comparison to cells treated in the absence of drug (set to 100%).

To examine the effects of genistein on etoposide-induced cytotoxicity, cells were incubated
with 50 μM genistein starting 2 h prior to the further addition of 0–200 μM etoposide for 6 h.
Following exposure, cell viability was assessed using the CCK-8 reagent.

In some experiments, a pulsed treatment schedule of etoposide in cultured human CEM cells
was employed. Cultures were treated for 15 min with 200 μM etoposide followed by a 2 h
recovery period in etoposide-free medium for 4 cycles. The CCK-8 proliferation assay
described above was performed to monitor cell viability.

Induction of Histone H2AX Phosphorylation by Topoisomerase II Poisons
CEM cells were treated with 0–250 μM genistein or 50 μM etoposide for 1 h. Following
treatment, CEM cells were harvested by centrifugation at 1500 rpm. Cells were resuspended
in 50 mM Tris, pH 7.9, 150 mM NaCl, 0.5% (v/v) NP-40, and protease inhibitor cocktail
(Roche), and sonicated. Protein concentrations were determined by the Bradford assay (39).
Cell lysates were diluted 1:1 in Laemmili buffer and boiled for 15 min prior to loading into
SDS-PAGE gels (Bio-Rad). Gels were subjected to electrophoresis for 1 h at 35 mA, 200 V
in 25 mM Tris, 192 mM glycine, and 0.1% SDS (w/v), pH 8.3. Proteins were blotted overnight
onto PDVF membranes (PerkinElmer) in 25 mM Tris, pH 8.3, 192 mM glycine at 30 V at 4 °
C. Membranes were blocked with 5% (w/v) non-fat dried milk in 20 mM Tris, pH 7.6, 137
mM NaCl, 0.1% (v/v) Tween-20. To assess the levels of drug-induced permanent DNA breaks
mediated by human type II topoisomerases, membranes were probed overnight at 4 °C with a
monoclonal α-histone phospho-H2AX (Ser 139) antibody (Upstate) at a 1:1500 dilution. As a
loading control, membranes were probed with a polyclonal antibody directed toward
Cyclophilin A at a 1:2000 dilution. Membranes were incubated with a secondary antibody (α-
rabbit or α-mouse) conjugated to horseradish peroxidase. The amount of protein was visualized
using an ECL chemiluminescence kit (Amersham). Results were quantified using an Alpha
Innotech digital imaging system.

To examine the effects of genistein on the ability of etoposide to induce permanent DNA
damage (primarily double-stranded breaks), cells were incubated with 50 μM genistein starting
2 h prior to the further addition of 50 μM etoposide for 1 h. Following treatment, cells were
processed as described above to measure levels of phosphorylated histone H2AX.

Neutral Comet Assay
The neutral comet assay was employed to detect double-stranded DNA breaks in cultured
human CEM cells. Cells were seeded at 5x105 cells/mL for 24 h and were treated with 50 μM
genistein or etoposide for 1 h. Following exposure, cells were harvested by centrifugation,
resuspended in culture medium at 1x105 cells/mL, and mixed with LMAgarose (low-melting
temperature agarose) at a 1:10 ratio of cells to LMAgarose. The mixture (75 μL) was added to
comet slides and allowed to solidify in the dark for 10 min at 4 °C. Slides were incubated in
cold lysis solution for 30 min at 4 °C and washed twice in TBE buffer (90 mM Tris, pH 7.9,
35 mM boric acid, 2.5 mM EDTA) for 5 min. Comet slides were subjected to electrophoresis
in TBE buffer for 15 min at 20 V, gently rinsed with H2O, and immersed in 70% ethanol for
5 min. Samples were allowed to air dry and were stained with 50 μL of SYBR Green I. Cells
were visualized using a green fluorescence filter on a Leica DM IRB inverted microscope
equipped with a Nikon DXM1200C camera.
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DNA Cleavage Mediated by Human Topoisomerase IIα and β in Cultured CEM Cells
The in vivo complex of enzyme (ICE) bioassay (as modified on the TopoGen, Inc. website)
was utilized to determine the ability of genistein and etoposide to increase levels of
topoisomerase II-DNA cleavage complexes in treated cells. Exponentially growing cultures
were treated with 50 μM genistein or etoposide for 1 h. Cells (∼5x105) were harvested by
centrifugation and lysed immediately with 3 mL of 1% sarcosyl. Following gentle
homogenization with a dounce homogenizer, cell lysates were layered onto a 2 mL cushion of
CsCl (1.5 g/mL) and centrifuged in a Beckman NVT90 rotor at 45000 rpm for 15 h at 20 °C.
DNA pellets were isolated, resuspended in 5 mM Tris-HCl, pH 8.0, and 0.5 mM EDTA,
normalized for the amount of DNA, and blotted onto nitrocellulose membranes using a
Schleicher and Schuell slot blot apparatus at multiple DNA concentrations. Covalent
complexes formed between human topoisomerase IIα or β and DNA were detected using
polyclonal antibodies (Abcam) directed against either human topoisomerase IIα or β,
respectively, at a 1:2000 dilution. Sub-saturating bands were used to quantify levels of
topoisomerase II-DNA cleavage complexes.

ICE bioassays were performed to determine the persistence of drug-induced cleavage
complexes mediated by human topoisomerase IIα or β in human CEM cells. Cells were treated
with 50 μM genistein or etoposide for 15 min to 1 h. Following exposure, cells were transferred
to drug-free medium for 0–2 h, and the loss of drug-induced covalent complexes formed
between topoisomerase IIα or β and DNA was quantified.

To examine the role of the proteasome in the persistence of topoisomerase IIα- and β-DNA
cleavage complexes induced by genistein and etoposide, CEM cells were incubated in the
presence of 2 μM MG132 prior to and during exposure to 50 μM genistein or etoposide. Cells
were treated under the conditions described above for monitoring the persistence of drug-
induced cleavage complexes.

Persistence of Topoisomerase II-Mediated DNA Cleavage In Vitro
DNA cleavage reactions were performed using the procedure of Fortune and Osheroff (40).
Assay mixtures contained 220 nM topoisomerase IIα or β and 5 nM negatively supercoiled
pBR322 DNA in a total of 20 μL of cleavage buffer [10 mM Tris-HCl, pH 7.9, 5 mM
MgCl2, 100 mM KCl, 0.1 mM EDTA, and 2.5% (v/v) glycerol] that contained 50 μM genistein
or etoposide. After reactions reached DNA cleavage/ligation equilibria, mixtures were diluted
10–fold with cleavage buffer and were incubated up to 30 min. Enzyme-DNA cleavage
complexes were trapped by adding 2 μL of 5% SDS and 1 μL of 375 mM EDTA, pH 8.0.
Proteinase K was added (2 μL of a 0.8 mg/mL solution) and reaction mixtures were incubated
for 30 min at 45 °C to digest topoisomerase II. Samples were precipitated with ethanol,
resuspended in 20 μL of water, mixed with 2 μL of 60% sucrose in 10 mM Tris-HCl, pH 7.9,
0.5% bromophenol blue, and 0.5% xylene cyanol FF, heated for 2 min at 45 °C, and subjected
to electrophoresis in 1% agarose gels in 40 mM Tris-acetate, pH 8.3, and 2 mM EDTA
containing 0.5 μg/mL ethidium bromide. DNA cleavage was monitored by the conversion of
negatively supercoiled plasmid DNA to linear molecules. DNA bands were visualized by
ultraviolet light and quantified using an Alpha Innotech digital imaging system.

Results
Induction of Topoisomerase II-DNA Cleavage Complexes in Cultured Human CEM Leukemia
Cells by Genistein and Etoposide

Genistein and etoposide induce similar levels of DNA cleavage mediated by topoisomerase
IIα and β in vitro (28). To determine whether the two compounds generate comparable levels
of cleavage complexes in cultured human cells, CEM cells were treated with 50 μM genistein
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or etoposide for 1 hr and covalent topoisomerase II-DNA complexes were monitored using the
ICE bioassay (28). As seen in Figure 1, genistein and etoposide induce similar concentrations
of covalent complexes between chromosomal DNA and both topoisomerase IIα and β.
Therefore, at least at 50 μM, both compounds display equivalent effects on the type II enzymes
in CEM cells.

Cytotoxic and Genotoxic Effects of Genistein and Etoposide in Cultured Human CEM
Leukemia Cells

Although genistein and etoposide have comparable effects on topoisomerase II-mediated DNA
cleavage (28), they displayed markedly different effects on the viability of CEM cells (Figure
2, left panel). The IC50 values for the two compounds were ∼180 and ∼10 μM, respectively.

To determine whether the differences in genistein- and etoposide-induced cytotoxicity reflect
the conversion of topoisomerase II-DNA cleavage complexes to permanent DNA damage,
levels of histone H2AX phosphorylation (γ-H2AX), were monitored in the presence of the
compounds. Upon the generation of double-stranded breaks and other forms of DNA damage,
histone H2AX is phosphorylated and recruited to the sites of DNA breaks (41,42). Thus, γ-
H2AX can be utilized as a barometer to monitor DNA damage in eukaryotic cells.

As seen in Figure 2 (right panel), levels of H2AX phosphorylation in cells incubated with 50
μM etoposide were ∼10 times higher than those treated with up to 250 μM genistein. Therefore,
it appears that the covalent enzyme-DNA intermediates formed in the presence of the
anticancer drug are converted to permanent DNA damage much more efficiently that those
induced by the bioflavonoid.

Although etoposide primarily targets topoisomerase IIα and β (28,32,33,43), genistein has
numerous effects on mammalian cells that could potentially alter the ability of cleavage
complexes to be converted to deleterious permanent DNA strand breaks. As an example, the
bioflavonoid inhibits tyrosine kinases that are involved in cell cycle progression (44-46). Since
collisions between cleavage complexes and replication or transcription enzymes represent the
major pathways for transforming transient topoisomerase II-associated strand breaks into
permanent DNA damage (3,6,11-13), the inhibitory effects of genistein on protein kinases
could reduce its topoisomerase II-mediated cytotoxicity. Alternatively, genistein also could
affect the pathways that are responsible for processing topoisomerase II from DNA strand
breaks, thus allowing them to be recognized by cellular repair proteins.

Therefore, a global approach was employed to determine whether the decreased cytotoxicity
and DNA damage formed in the presence of the bioflavonoid are due to its actions on protein
kinases or other non-topoisomerase II targets. If these alternative effects are the underlying
cause for the decreased levels of DNA damage triggered by genistein, the presence of the
bioflavonoid should reduce the cytotoxicity and genotoxicity of other topoisomerase II poisons.
Consequently, CEM cells were incubated with 50 μM genistein starting 2 h prior to treatment
with etoposide (0–200 μM) for an additional 6 h in the continued presence of the bioflavonoid.
As seen in Figure 3 (left panel), genistein had virtually no effect on the cytotoxicity of
etoposide. Moreover, the presence of 50 μM genistein did not impact the ability of 50 μM
etoposide to generate permanent DNA damage (as monitored by the generation of γ-H2AX)
in treated cells (Figure 3, right panel). These findings provide strong evidence that the
differential effects of the bioflavonoid and anticancer drug on human cells do not result from
the non-topoisomerase II-directed activities of genistein.
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Differential Effects of Genistein and Etoposide on the Persistence of Topoisomerase IIα– and
β–DNA Cleavage Complexes

The above findings suggest that the differential ability of genistein and etoposide to induce
death and permanent DNA damage in CEM cells is related to the properties of the
topoisomerase II-DNA cleavage complexes formed in the presence of these two compounds.
Therefore, the persistence of cleavage complexes induced by genistein and etoposide were
examined. This persistence could affect the generation of permanent DNA damage induced by
topoisomerase II poisons by at least two different mechanisms. First, the longer a cleavage
complex is maintained in a cell, the greater the probability that replication enzymes or other
DNA tracking systems will collide with it. Second, the more stable a cleavage complex, the
greater the likelihood that it will be converted to permanent DNA damage following a collision
with a DNA tracking system.

As an initial step toward characterizing the persistence of cleavage complexes formed in the
presence of genistein or etoposide, a neutral comet assay was utilized to monitor double-
stranded DNA breaks. In this assay, cells are lysed by treatment with sarcosyl, which is the
same denaturing detergent used to trap cleavage complexes in the ICE bioassay. Therefore,
the majority of DNA breaks measured by this assay in the presence of a topoisomerase II poison
should reflect the concentration of topoisomerase II-DNA cleavage complexes.

When cells were analyzed immediately following a 1 h exposure to 50 μM genistein or
etoposide, significant levels of double-stranded DNA breaks (as determined by the length of
the comet tail) were observed for both compounds (Figure 4, left panels). This finding confirms
the results of the ICE bioassays shown in Figure 1. However, when cells were transferred to
drug-free medium and allowed to recover for 30 min, a marked difference between genistein
and etoposide was observed (Figure 4, right panels). While the levels of DNA damage in cells
treated with the bioflavonoid were similar to control cultures grown in the absence of
topoisomerase II poisons, the comet tail length in cells treated with the anticancer drug
persisted. These results suggest that cleavage complexes formed in the presence of etoposide
have a longer half-life in cells than those induced by genistein.

To more thoroughly characterize the effects of genistein and etoposide on the persistence of
topoisomerase II-DNA cleavage complexes, the ICE bioassay was utilized to monitor
individual enzyme isoforms. Following a 1 h exposure of CEM cells to 50 μM genistein or
etoposide, cells were transferred to culture medium that lacked either compound, and levels of
cleavage complexes were monitored over time. Fifteen minutes after the removal of genistein
from cell cultures, levels of topoisomerase IIα- and β-associated cleavage complexes dropped
∼10–fold (Figure 5, left panel). In marked contrast, etoposide-induced complexes were much
more stable. Following removal of the anticancer drug, the half-lives of topoisomerase IIα-
and β-associated cleavage complexes were ∼120 min and 25 min, respectively (Figure 5, right
panel). These data provide strong evidence that etoposide-induced cleavage complexes formed
with topoisomerase IIα and β persist considerably longer in CEM cells than do those induced
by genistein.

Two alternative explanations may account for the above findings. The first alternative is that
genistein-induced complexes are processed more rapidly in CEM cells than those induced by
etoposide. This explanation would appear to be improbable because faster processing would
likely generate higher levels of permanent DNA damage. However, since previous studies
indicate that topoisomerase II is processed from the termini of cleaved DNA in human cells
(at least in part) by the 26S proteasome (47-49), levels of drug-induced cleavage complexes
were monitored in the presence of 2 μM MG132, a potent proteasome inhibitor (50,51). As
seen in Figure 6, the addition of MG132 to cell cultures had virtually no effect on levels of
genistein-induced DNA cleavage complexes. Consistent with the data in Figure 5, the
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concentration of topoisomerase IIα- and β-associated DNA strand breaks dropped precipitously
following a 30 min recovery period in drug-free medium in the absence and presence of the
proteasome inhibitor. A somewhat greater effect of MG132 was observed in etoposide-treated
cells (Figure 6). Higher levels of both topoisomerase IIα- and β-associated cleavage complexes
were seen in cells that were treated with the proteasome inhibitor. Taken together, these data
demonstrate that the disappearance of genistein-induced cleavage complexes following a
recovery period is not due to a more rapid processing by the 26S proteasome.

The second alternative is that cleavage complexes formed in the presence of genistein are
intrinsically less stable than those formed in the presence of etoposide. To examine this
possibility, the stability of cleavage complexes formed in the presence of genistein or etoposide
was examined in a cell-free system. A dilution experiment was designed to mimic the cellular
recovery experiment performed with the ICE bioassay (see Figure 5). In this in vitro system,
cleavage complexes were established for 6 min in the presence of the bioflavonoid or the
anticancer drug, and reaction mixtures were diluted 10–fold with cleavage buffer. Levels of
topoisomerase II-mediated DNA scission are dramatically reduced if cleavage reactions are
initiated under these dilute conditions. Therefore, the rate at which DNA scission decreases
after samples are diluted should reflect the intrinsic stability of cleavage complexes. Although
the factors that control the decay of cleavage intermediates have not been addressed
experimentally, the rate-determining step in this process is most likely the dissociation of the
topoisomerase II poison from the ternary complex.

Results from this cell-free experiment paralleled those observed in cultured cells. The half-
lives of cleavage complexes established in the presence of 50 μM genistein were less than 5 s
for both topoisomerase II isoforms (Figure 7, left panel). In marked contrast, the half-lives of
topoisomerase IIα- and β-associated DNA breaks formed in the presence of 50 μM etoposide
were ∼30 min and 3 min, respectively. These findings demonstrate that topoisomerase II-
associated DNA strand breaks formed in the presence of the anticancer drug are intrinsically
more stable than those formed in the presence of the bioflavonoid. Furthermore, these in vitro
data strongly suggest that the decreased persistence of genistein-induced cleavage complexes
in CEM cells is due to a decreased stability of the cleavage intermediate, rather than enhanced
cellular processing.

Preferential Targeting of Topoisomerase IIα-Mediated Cytotoxicity by Etoposide in Cultured
Human Cells

All known anticancer drugs that act against topoisomerase II target both isoforms of the
enzyme. However, several studies suggest that a drug that could preferentially target
topoisomerase IIα might have beneficial ramifications for cancer patients. For example, while
topoisomerase IIα is present only in rapidly proliferating tissues (including most cancer cells)
(52-55), topoisomerase IIβ is present in all cell types (54,56). Considerable evidence indicates
that the action of topoisomerase II-targeted agents against the β isoform in differentiated tissues
such as cardiac cells is responsible for much of the off-target toxicity of these drugs (30,31).
Recent studies also imply that topoisomerase IIα is the primary cytotoxic target of
topoisomerase II poisons (30,31), while topoisomerase IIβ may play a disproportionate role in
generating the leukemogenic MLL gene 11q23 translocations observed in patients that are
treated with these agents (30,31).

The findings described in the previous section suggest that it may be possible to exploit the
differential persistence of etoposide-induced DNA cleavage complexes in order to
preferentially target topoisomerase IIα. Over the course of the 2 h recovery period following
removal of etoposide from culture medium, levels of DNA scission mediated by topoisomerase
IIα were ∼2.4–fold greater than those generated by the β isoform (Figure 8, inset). Therefore,
it should be possible to preferentially target topoisomerase IIα using a “pulsed” schedule that
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includes recovery periods as opposed to “continuous” treatment with etoposide. However, it
remains to be determined whether a pulsed schedule that induces lower levels of topoisomerase
IIβ-DNA cleavage complexes will be as efficacious as a schedule that maintains high levels
of cleavage complexes formed with both enzyme isoforms.

To address this issue, cells were exposed to etoposide for 15 min followed by a 2 h recovery
period in drug-free medium. Results with human CEM cells that were treated continuously
with etoposide were compared to cultures that were pulsed for 4 treatment-recovery cycles
(Figure 8). Lower cytotoxicity was observed following the first 2–3 cycles. However, after the
completion of all four cycles, the survival of cells on the pulsed schedule was comparable to
that of cultures treated with constant exposure to etoposide over an equivalent time course.
The physical manipulation of cells required by the pulsed regimen had no effect on viability.
Thus, it is concluded that, at least for the cell line and protocols employed, a schedule that is
based on multiple cycles of etoposide exposure and recovery may be as efficacious as one that
includes continuous drug treatment.

Discussion
Although etoposide and genistein display a similar ability to induce topoisomerase II-DNA
cleavage complexes in vitro and in cultured human cells (28), their effects on the viability and
generation of permanent DNA damage in cells differ considerably. Etoposide was ∼10 times
more cytotoxic and genotoxic than the bioflavonoid in CEM cells. This difference was not due
to the physiological effects of genistein on tyrosine kinases or other growth-related enzymes.
Rather, it correlates with an intrinsic difference in the properties of topoisomerase II-DNA
cleavage complexes generated in the presence of the two compounds. To this point,
topoisomerase IIα- and β-DNA cleavage complexes formed in the presence of etoposide were
dramatically more stable than those formed in the presence of genistein. Following dilution
into drug-free medium (cellular experiments) or buffer (in vitro experiments), etoposide-
induced cleavage complexes often persisted ten times longer than equivalent genistein-induced
complexes.

Despite the difference in persistence, the actual levels of isoform-specific cleavage complexes
generated during continual exposure of CEM cells to 50 μM genistein or etoposide were the
same. This finding suggests that persistence is a property of cleavage complexes that is
independent of the concentration of topoisomerase II-associated DNA cleavage intermediates.
Rather, the intrinsic stability of any given cleavage complex may determine the likelihood that
it can be converted to permanent DNA damage in the cell. For example, if a replication fork
(or other tracking system) encounters a persistent topoisomerase II-DNA cleavage complex,
there may be a high probability that the collision will render the enzyme unable to rejoin the
cleaved DNA termini. Conversely, if the same replication fork encounters a less stable cleavage
complex, the type II enzyme may still be able to ligate the DNA termini and allow the tracking
system to traverse the site without generating permanent damage. Therefore, even if two drugs
generate similar concentrations of topoisomerase II-DNA cleavage complexes in treated cells,
the drug that remains associated with the ternary complex longer may induce higher levels of
DNA strand breaks and subsequent toxicity. Similar conclusions have been proposed for
topoisomerase I, based on the effects of mutant, self-poisoning enzymes (57,58), and
camptothecin derivatives on cell viability (59).

It should be noted that the DNA cleavage specificity of etoposide and genistein differ from
one another, with the former preferring a cytosine at the -1 position relative to the scissile bond
and the latter preferring a thymine (28,60). At the present time, the role of DNA cleavage site
selection in drug cytotoxicity is not understood. However, it is possible that it influences the
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relative abilities of etoposide and genistein to kill cultured human cells, despite the similar
levels of topoisomerase II-DNA cleavage complexes induced by these two compounds.

An unexpected result from the present study was the finding that etoposide-induced DNA
cleavage complexes formed with topoisomerase IIα persisted several–fold longer than those
formed with topoisomerase IIβ. This observation may have potential ramifications for the
scheduling of etoposide during cancer chemotherapy. As discussed earlier, all clinically
relevant topoisomerase II-active anticancer drugs target both isoforms of the type II enzyme.
However, a growing body of evidence indicates that the targeting of topoisomerase IIβ in
cardiac cells is responsible for much of the off-target toxicity of these agents (30,31). The β
isoform also has been suggested to play a disproportionate role in generating leukemogenic
11q23 translocations involving the MLL gene (30,31). Therefore, a drug that selectively targets
topoisomerase IIα may be advantageous for patients.

Given the differential persistence of topoisomerase IIα- and β-DNA cleavage complexes, it
may be possible to preferentially target the α isoform with etoposide by using a pulsed drug
schedule as opposed to constant exposure. Results with cultured human CEM cells suggest
that the two regimens yield similar levels of cytotoxicity after a few drug treatment-recovery
cycles. Thus, the use of pulsed drug schedules in the clinical setting, at least in principle, might
be feasible. Studies currently are underway to determine whether other topoisomerase II-
targeted agents also display isoform specificity with regard to the stability of cleavage
complexes.

In summary, the persistence of drug-induced topoisomerase II-DNA cleavage complexes may
have a profound effect on both the therapeutic and leukemogenic actions of these anticancer
agents. Consequently, it would be worthwhile to evaluate this property as part of the routine
characterization of topoisomerase II-targeted drugs.
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FIGURE 1.
Ability of genistein and etoposide to enhance DNA cleavage mediated by topoisomerase IIα
and β in cultured human CEM cells. The ICE bioassay was used to monitor levels of isoform-
specific cleavage complexes in cells treated with genistein or etoposide. DNA from cell cultures
treated for 1 h in the absence of compound (None) or in the presence of 50 μM genistein or
etoposide was blotted onto a nitrocellulose membrane. Immunoblots were probed with
polyclonal antibodies directed against either human topoisomerase IIα or β. A representative
immunoblot is shown (left). The bar graph shows data for topoisomerase IIα (hTIIα; open bars)
and β (hTIIβ; closed bars). Levels of covalently bound topoisomerase II are based on standards
of purified human type II topoisomerases. Error bars represent the standard deviation for three
independent experiments. Data were adapted from Ref. 34.
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FIGURE 2.
Cytotoxic and genotoxic effects of genistein and etoposide in cultured human CEM cells. Left
Panel: The viability of cells in the presence of genistein or etoposide was monitored using the
CCK-8 cell proliferation assay. Data are shown for cells treated with 0–200 μM genistein
(closed circles) or etoposide (open circles) for 8 h. Cell viability was set to 100% in the absence
of compounds. Right Panel: Phosphorylation of histone H2AX (i.e., γ-H2AX) was monitored
as a marker for permanent DNA damage in CEM cells. Data are shown for cells treated in the
absence of compound (None) or in the presence of 0–250 μM genistein or 50 μM etoposide
for 1 h. The inset shows a representative immunoblot that was probed with a monoclonal
antibody directed against γ-H2AX (Ser 139). Levels of permanent DNA damage are relative
to those in the presence of 50 μM etoposide (set to 1.0). Error bars represent the standard
deviation for three independent experiments.
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FIGURE 3.
Effects of genistein on the cytotoxicity and genotoxicity of etoposide in cultured human CEM
cells. Left Panel: The CCK-8 cell proliferation assay was used to monitor the viability of cells
incubated with 0–200 μM etoposide alone (open circles) or 50 μM genistein for 2 h prior to
and during a 6 h exposure to 0–200 μM etoposide (closed circles; Gen/Etop). Cell viability
was set to 100% in the absence of compounds. Right Panel: Phosphorylation of histone H2AX
(i.e., γ-H2AX) was monitored as a marker for permanent DNA damage to examine the effect
of genistein on the genotoxicity of etoposide in CEM cells. Data are shown for cells treated in
the absence of compound (None), in the presence of 50 μM etoposide alone for 1 h (Etoposide)
or 50 μM genistein alone for 3 h (Genistein), or in the presence of 50 μM genistein for 2 h prior
to and during a 1 h exposure to 50 μM etoposide (Gen/Etop). The inset shows a representative
immunoblot that was probed with a monoclonal antibody directed against γ-H2AX (Ser 139).
Levels of γ-H2AX are relative to those in the presence of etoposide (set to 1.0). Error bars
represent the standard deviation for three independent experiments.
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FIGURE 4.
Effects of genistein and etoposide on the persistence of DNA cleavage complexes mediated
by topoisomerase II in cultured human CEM cells. The neutral comet assay was utilized to
monitor the levels of double-stranded DNA breaks in treated cells. Left panels show
representative cells treated in the absence of compounds (None) or in the presence of 50 μM
genistein or etoposide for 1 h and lysed immediately following treatment (i.e., No Recovery)
Right panels show representative cells from parallel experiments in which cultures were
transferred to drug-free medium for 30 min prior to lysis (i.e., 30 Min Recovery). The length
of the “comet tail” of each cell is proportional to the level of double-stranded DNA breaks.
Data are representative of at least three independent experiments. At least ten fields similar to
those shown were observed for each set of experimental conditions.
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FIGURE 5.
Effects of genistein and etoposide on the persistence of topoisomerase IIα- and β-DNA
cleavage complexes in cultured human CEM cells. The ICE bioassay was utilized to monitor
levels of isoform-specific DNA cleavage complexes induced by genistein (left panel) or
etoposide (right panel). Cells were treated with 50 μM compounds for 1 h and transferred to
drug-free medium for the indicated times. Data for topoisomerase IIα- (hTIIα; open bars) and
topoisomerase IIβ-DNA cleavage complexes (hTIIβ; closed bars) are shown. Relative levels
of complexes prior to recovery were set to 100%. Error bars represent the standard deviation
for three independent experiments.
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FIGURE 6.
Role of the 26S proteasome in the degradation of topoisomerase IIα– and β–DNA cleavage
complexes induced by genistein and etoposide. The ICE bioassay was utilized to monitor levels
of isoform-specific DNA cleavage complexes. CEM cells were treated in the absence of
compound or in the presence of 2 μM MG132 (a proteasome inhibitor), 50 μM genistein, or
50 μM etoposide for 1 h. In some cases, cells were transferred to drug-free medium for a 30
min recovery period following treatment. When experiments were carried out in presence of
MG132 (2 μM), the proteasome inhibitor was included in cell cultures for 30 min prior to the
addition of genistein or etoposide and also was present during the recovery period. Data for
cleavage complexes mediated by topoisomerase IIα (hTIIα; open bars) or β (hTIIβ; closed bars)
are shown. Levels of cleavage complexes prior to recovery were set to 100%. Error bars
represent the standard deviation for three independent experiments.
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FIGURE 7.
Effects of genistein and etoposide on the persistence of topoisomerase IIα- and β-DNA
cleavage complexes in vitro. DNA cleavage assays were performed using purified human type
II enzymes. Reactions were initiated in the presence of 50 μM genistein (left panel) or etoposide
(right panel). After cleavage equilibrium was established (6 min), reaction mixtures were
diluted 10–fold with DNA cleavage buffer, and levels of double-stranded DNA breaks were
monitored over time. Data for DNA cleavage mediated by topoisomerase IIα (hTIIα; open
bars) or β (hTIIβ; closed bars) are shown. Relative levels of DNA cleavage prior to dilution
were set to 100%. Error bars represent the standard deviation for three independent
experiments.
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FIGURE 8.
Cytotoxicity of etoposide using a pulsed treatment schedule in cultured human CEM cells. The
CCK-8 proliferation assay was utilized to compare the viability of cells treated with a pulsed
schedule (4 cycles of treatment with etoposide for 15 min followed by a 2 h recovery period
in drug-free medium) vs. a continuous exposure to 50 μM etoposide for an equivalent period
of time (9 h total). Control data are shown for cells treated in the absence of drug (None), in
the continuous presence of drug diluent (DMSO), or in the absence of drug but subjected to
the physical manipulation of the pulsed schedule (None/Pulsed). The viability of cells is shown
following each cycle of the pulsed schedule (Cycle P1-4) and for samples that were removed
at equivalent times (2.25 h intervals) for cultures that were continuously exposed to etoposide
(Cycle C1-4). Cell viability was set to 100% in the absence of drug. Error bars represent the
standard deviation for three independent experiments. The inset shows the area under the curve
for levels of etoposide-induced DNA cleavage complexes mediated by topoisomerase IIα
(black + gray filled areas) and β (gray filled area) for one pulse-recovery cycle, as monitored
by the ICE bioassay.
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