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Genotoxicity of dietary, environmental and therapeutic
topoisomerase |l poisons is uniformly correlated

to prolongation of enzyme DNA residence
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Scope: DNA damage by genistein and etoposide is determined by the half-life of topoi-
somerase II-DNA linkage induced [Bandele O. J. and Osheroff N., Biochemistry 2008, 47,
11900]. Here, we test whether this applies generally to dietary flavonoids and therapeutic
compounds enhancing topoisomerase II-DNA cleavage (Topo II poisons).

Methods and results: We compared the impact of Topo II poisons on DNA residence kinetics
of biofluorescent human topoisomerases Ilo and IIf (delineating duration of the DNA-linked
enzyme state) with histone 2AX phosphorylation (delineating DNA damage response).
Prolongation of topoisomerase II-DNA residence was correlated to DNA damage response,
whereas topoisomerase II-DNA linkage was not. Catalytic inhibitors stabilizing topoisomerase
II on unbroken DNA also exhibited such a correlation, albeit at a lower level of DNA damage
response. Therapeutic Topo II poisons had stronger and more durable effects on enzyme II
DNA residence and elicited stronger DNA damage responses than natural or dietary ones.
Conclusions: Topoisomerase II-mediated DNA damage appears related to the prolongation of
enzyme DNA residence more than to enzyme-DNA cleavage. Due to this reason, genistein
and other tested natural and dietary Topo II poisons have a much lower genotoxic potential
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than therapeutic ones under the conditions of equal topoisomerase II-DNA linkage.
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1 Introduction

Isoflavones represent the major flavonoids in soy and soy-
based products [1-3]. Epidemiological studies indicating a
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lower risk of breast and prostate cancer in Asian populations
with high intake of soy have opened new markets for soy-
based products in western countries especially on the
exponentially growing field of food supplements [4].
However, targeting of human topoisomerases is discussed
as a potentially adverse effect of this class of compounds,
which might be of relevance for the maintenance of DNA
integrity [5]. A variety of compounds stimulate DNA double-
strand breakage through interference with the cleavage/
ligation reaction of DNA topoisomerase II (Topo II). Such
agents are termed Topo II poisons. They are chemically
diverse encompassing some of the most powerful anticancer
drugs [6], a range of widely consumed plant polyphenols [7],
various plant alkaloids and fungal toxins [8-10], and certain
benzoquinone metabolites of therapeutics or industrial
chemicals [11-13]. Common to these compounds is the
enhancement of Topo II-DNA cleavage in vitro and in vivo.
However, the genotoxic and cytotoxic potency ensuing
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thereof varies by orders of magnitude. For instance, genis-
tein (a plant polyphenol enriched in soy products [1]) is
much less DNA damaging than etoposide (VP16, a widely
used anti cancer drug [14]) under conditions where
the two compounds are roughly equivalent in terms of Topo
II DNA cleavage stimulation [7, 15]. This discrepancy
between efficacy at the molecular and the cellular level
could be due to the fact that DNA breakage stimulated by
Topo II poisons is reversible and contributes to permanent
DNA damage through a dynamic interplay between the
catalytic Topo II DNA intermediate and various DNA
metabolic processes [6]. A recent study comparing the
amount of single- and double-stranded DNA breaks
induced by VP16 with corresponding histone 2AX phos-
phorylation (yH2AX, histone 2AX phosphorylated at
serine 139) and colony survival comes to the conclusion
that 99% of primary Topo II-mediated DNA breaks
neither trigger YH2AX nor contribute to cytotoxicity [16].
Moreover, YH2AX responses and cytotoxicity induced
by genistein and VP16 are not correlated to the level of
Topo II-mediated DNA strand breakage induced (which
is similar for the two agents) but to the persistence
of these lesions after washout of the agents (which
is much longer for VP16) [17]. In keeping with this,
persistent YH2AX responses to transient VP16 exposure
seem due not to the trapped Topo II-DNA intermediates
per se, but to a long-termed persistence of a subset of
Topo II-dependent DNA defects that cannot be properly
repaired or removed [18]. YH2AX is a marker of persistent
cellular DNA damage response that correlates well with
DNA-strand breakage and cell death triggered by Topo
poisons [16, 19] or ionizing radiation [20-22]. It is believed to
be a biomarker of genotoxicity as reliable as micronuclei or
DNA comet assays [23-26]. Therefore, the above findings
can be interpreted to suggest that genotoxicity of Topo II
poisons is dependent on the half-life rather than the amount
of Topo II-DNA intermediates induced and that these two
properties are not covariant. Thus, the half-life of Topo
II-DNA intermediates induced in a living cell could be a
meaningful parameter for genotoxic risk assessment of
dietary Topo II poisons.

We have previously determined the mobility of human
Topo II in living cells by the recovery of fluorescence
recovery after photobleaching (FRAP) of the green
fluorescent protein of Aequorea victoria (GFP)-fused
enzymes. We observed that both isoforms (o and f) have
high FRAP rates, indicating free mobility in the nucleo-
plasm [27], as is the case for most DNA interacting proteins
not playing a structural role in the nuclear chromatin [28].
Exposure to the strong Topo II poison teniposide
dramatically decreased FRAP rates reflecting a drop in
mobility due to enhanced and/or prolonged attachment to
DNA (which is virtually immobile) [27]. Bioinformatic
modeling infers that such FRAP rates are directly correlated
to exchange rates between free and DNA-bound Topo II
and inversely correlated to the mean DNA-residence time
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of the enzymes [29-31]. Thus, the impact of Topo II poisons
on the half-life of the DNA-coupled state of biofluorescent
Topo II can be quantified in the living cell by nonlinear
regression analysis of FRAP kinetics [30, 31]. Here, we
study several archetypical Topo II-targeting agents by
this approach, comparing drug impact on DNA interaction
kinetics of human Topo Ilo and IIf in the living cell
with YH2AX as an established endpoint of ensuing DNA
damage and genotoxicity [25, 26]. We thus address the
question whether alteration of ex vivo mobility of biofluor-
escent Topo II could be a universal parameter for the
genotoxic potential of dietary and therapeutic Topo II
poisons.

2 Materials and methods
2.1 Cell culture and -imaging

Human HT-1080 fibrosarcoma cells and human noncan-
cerous MRC-5 lung cells were obtained from the
German Collection of Microorganisms and Cell Cultures
(Braunschweig, Germany) and the European Collection of
Cell Cultures (Salisbury, UK), respectively, and grown as
specified by the supplier. Stable expression of full-length,
GFP-tagged Topo Ilae or Topo IIf in HT-1080 cells
followed the previously published procedures [27, 32].
Epifluorescent images were acquired using an inverted
microscope (Axiovert 100, Carl Zeiss, Germany) equipped
with a digital camera (Visitron System GmbH, Germany).
For live cell imaging, cells were cultured under the
microscope in CO,-independent medium. Confocal imaging
and FRAP analysis followed the previously published
procedures [27]. All measurements were performed at 37°C
using an LSM 510 inverted confocal laser-scanning
microscope equipped with a CO,-controlled on stage heat-
ing chamber and a heated 40/1.4 NA oil-immersion
objective (Carl Zeiss). For FRAP measurements, a single
optical section was monitored. Images were taken before
and at 1s time intervals after bleaching of a small
circular area in the nucleus at 20mW nominal laser
power with 15 iterations. Imaging scans were acquired with
the laser power attenuated to 0.1-1% of the bleach
intensity. For quantitative analysis, fluorescence intensities
of the bleached region, the entire cell nucleus, and the
extracellular background were measured at each time point.
Data were corrected for extracellular background intensity
and for the overall loss in total intensity as a result of the
bleach pulse itself and the imaging scans. FRAP curves were
generated by calculating the relative intensity (I) of the
bleached area = (I bleached spot x I entire cell nucleus at
time 0)/(I bleached spot at time 0 x I entire cell nucleus)
[28]. Nonlinear regression analysis of FRAP curves was
carried out as described in [30, 31] using a commercial
computer software (GraphPad PRISM 4.0a, GraphPad
Software, USA).
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2.2 Immunoblotting

Cells were grown on 6-well plates, treated with drugs for 1h,
harvested, lysed with 2% SDS, separated by SDS-PAGE, and
blotted onto PVDF membranes (Immobilon P; Millipore,
Schwalbach, Germany). Topo II immunoband depletion was
assessed in HT-1080 cells expressing GFP-tagged Topo Ilo
and IIB. Blots were probed with either a mouse monoclonal
antibody against GFP (clone JL8, Clontech, Heidelberg,
Germany), a rabbit polyclonal antibody against Topo Ila
(H-231; Santa Cruz, USA), or a rabbit polyclonal antibody
raised against a peptide of amino acid residues 1586-1621 of
human Topo IIf [33]. H2AX phosphorylation was assessed in
untransfected HT-1080 cells and MRC-5 cells. Blots were
probed with mouse monoclonal antibody specific for histone
H2AX phosphorylated at Ser139 or polyclonal rabbit anti-
bodies against total histone H2AX (JBW301 and 07-627,
respectively, Millipore). Blots were developed with peroxidase-
coupled secondary antibodies and chemiluminescence was
quantified with a digital camera system (LAS 4000, Fuiji,
Diusseldorf, Germany). Cumulative H2AX phosphorylation
determined by immunoblotting showed a good correlation
with DNA-damage foci accumulation in non-S-phase HT-
1080 cells determined with 53 binding protein 1 (Supporting
Information Fig. 1).

2.3 Topo Il DNA-cleavage in vitro

Reaction mixtures contained 100 ng Topolla or 200 ng Topo
IIB, 400ng negatively supercoiled pUC18 plasmid and
various concentrations of a given Topo II poison in a total
volume of 40uL of cleavage buffer (10mM Tris-HCI
[pH 7.9], 10mM MgCl,, 100mM KCl, and 0.1mM
EDTA). Mixtures were incubated at 37°C for 7min and
enzyme-DNA cleavage complexes were trapped by the
addition of 5uL 5% SDS. Proteinase K (5puL of 1mg/mlL)
was added and the samples were incubated at 50°C for
1h. The samples were mixed with 10pL of agarose
gel-loading buffer and subjected to electrophoresis in
0.8-1% agarose gels containing 0.5pug/mL ethidium
bromide. DNA bands were visualized and cleavage was
monitored by the conversion of supercoiled plasmid DNA to
linear molecules.

Topo II-DNA linkage ex vivo was analyzed by the ICE-
bioassay [34]. Briefly, 3.0 million HT-1080 cells were allowed
to grow for 48h in Petri dishes (diameter, 15mm) and
afterward incubated with the solvent control (1%v/v
DMSO), VP16, or genistein for 1h under serum-free
conditions. Cells were harvested and lysed in 6 mL TE-buffer
(10mM Tris, pH 8.0, 1mM EDTA, and 1%w/v
N-laurylsarcosyl sodium salt) and cell lysates (4mL) were
layered onto a CsCl gradient in polyallomer tubes (14 mL —
SW40, Beckman Coulter GmbH, Krefeld, Germany). One
gradient consisted of four layers (2mL/layer) of CsCl with a
decreasing density from the bottom to the top. Following
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centrifugation (100000 x g for 24 h at 20°C), gradients were
fractionated (300 pL/fraction) from the bottom of the tubes
and DNA content was determined in each fraction by the
absorbance at 260 nm using a NanoDrop spectrophotometer
(PeqLab Biotechnologie GmbH, Erlangen, Germany). Frac-
tions were slot blotted onto a nitrocellulose membrane and
Topo Ilo and IIP were detected with specific rabbit poly-
clonal antibodies and anti-rabbit IgG peroxidase conjugates
(all from Santa Cruz Biotechnology, Heidelberg, Germany).
Chemiluminescent signal (LumiGLO, Cell Signaling Tech-
nology, USA) on the blots was measured with a LAS 4000
and analyzed with the Multi Gauge V3.2 software (Fujifilm,
USA). Drug-induced increases in DNA linkage of Topo II
were expressed as percentage of untreated control
(= photon counts of treated cells/photon counts of control
cells x 100).

2.4 Topo ll-targeted compounds

Pharmaceutical formulations of VP16 and dexrazoxane
(ICRF-187) (Bristol, Germany and Zinecard Pharmacia &
Upjohn, USA, respectively) were obtained from the local
pharmacy. Naphthoquinone, menadione, plumbagine,
lawsone, and juglone were kindly supplied by Lars O. Klotz,
(Institute of Environmental and Preventive Medicine, IUF,
Diisseldorf, Germany). Alternariol (AOH) was prepared
as stated in [9]. m-Amsacrine (mAMSA), doxorubicine
(DOX), mitoxantrone (MITOX), (—)epigallocatechine-
3-gallate (EGCG), (—)epicatechin, genistein, quercetin, and
N-acetyl-p-benzoquinone imine (NAPQI) were purchased
from Sigma-Aldrich, Germany. Solid substances were
dissolved in DMSO and stored at —20°C, except for NAPQI
and ICRF-187 which were freshly dissolved in water each
time. For treatment with natural polyphenols, the aglycon
forms were used and catalase (100 U/mL) was added to the
incubation mixtures to prevent oxidative inactivation of the
compounds [35].

3 Results

3.1 Characterization of biofluorescent reporter cells
based on the HT-1080 cell line

For a precise correlation between drug impact on ex vivo
mobility of Topo II and corresponding DNA damage, we
constructed biofluorescent reporter cells based on the
human fibrosarcoma cell line HT-1080, which has a
stable genome and a low background of constitutive DNA
damage response (Fig. 1C). Cell clones were established
that stably express GFP-fused Topo Ilo or IIf and are
similar to the parental cell line both in gross morphology
and in cell-cycle duration. Cellular localization and
morphology of the two biofluorescent Topo II species
(Fig. 1A) conformed to observations made in other human
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Figure 1. Expression of biofluorescent human Topo Il isozymes in human cells. (A) Representative images of HT-1080-cell clones
expressing human Topo lla-GFP (top) or lI3-GFP (bottom) imaged at 630-fold magnification by transmitted light (left) or green epifluor-
escence (right). (B) Western blots of whole cell lysates of parental HT-1080 cells (lane 1) and HT-1080 cell clones expressing human Topo
Ilo-GFP (lane 2) or lIB-GFP (lane 3) probed with GFP-antibodies (top) or isoform-selective antibodies against C-terminal epitopes of human
Topo lla (middle) and 1B (bottom), respectively. (C) Parental HT-1080 cells (lanes 1 and 2) and HT-1080 cell clones expressing human Topo
llo-GFP (lanes 3 and 4) or lIB-GFP (lanes 5 and 6) were cultured for 1h with (lanes 2, 4, and 6) or without (lanes 1, 3, and 5) 200 uM VP16 for
Th and then subjected to immunoblotting with a monoclonal y-H2AX antibody (Ser 139). (D) Representative example of FRAP
measurements: Images of HT-1080 cell clones expressing human Topo lla-GFP (top row) or -lIB-GFP (bottom row) were taken before and
at the indicated times after GFP was bleached in the nucleoplasmic area indicated by a white circle. Relative recovery of fluorescence
intensities in the bleached region was continuously recorded over time. The plot at the bottom summarizes the mean (+SEM) of eight
independent FRAP recordings made in individual cells and normalized to a prebleach fluorescence level of 1. Error bars indicate the
standard error of the mean at selected time points. Black lines represent the results of nonlinear regression analysis of the data using
kinetic models assuming the coexistence of two enzyme fractions with different mobilities.

cells by immunohistochemistry [36] or expression of GFP-
tagged human enzymes [27, 32]. In Western blots (Fig. 1B,
top), GFP-fused Topo Il or IIf (lanes 2 and 3, respectively)
were detected with GFP antibodies as single protein bands
of the expected size (arrows), which were absent in
untransfected HT-1080 cells (lane 1). Thus, all GFP fluor-
escence in the cells could be assigned to GFP fusions of full-
length Topo Ilo and IIP. In Western blots probed with
isoform-specific antibodies against Topo Ilo. (Fig. 1B,
middle) or IIp (Fig. 1B, bottom), GFP chimera could be
clearly discriminated from corresponding endogenous
enzymes because of their slower migrating bands (arrows).
Intensity of endogenous and GFP-fused enzyme bands
was in a similar range, suggesting that the tracer
proteins were not overexpressed and did not significantly
increase overall cellular Topo II levels. In keeping with
this, the DNA damage response to VP16 (200 uM, 1h) of
the cell clones expressing Topo IIa-GFP or Topo IIB-GFP
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was quantitatively similar in terms of H2AX phosphoryla-
tion to the parental cell line (Fig. 1C). All three cell lines
were virtually negative for H2AX phosphorylation in the
absence of VP16, indicating that residual cellular DNA
damage levels were also not altered by the expression of
GFP-fused Topo II. As will be shown later (Fig. 2C), H2AX
phosphorylation (YH2AX) in response to VP16 in these
cells was also virtually the same as in noncancerous MRC-5
lung cells.

Mobility of Topo II was characterized by FRAP. FRAP
kinetics of biofluorescent, human Topo Ila, or IIf shown in
Fig. 1D were similar to those previously observed in a HEK-
293 cell line stably expressing Topo I13-GFP or Topo I1a-GFP
[27]. Nonlinear regression analysis of FRAP curves was
carried out as described previously [30, 31]. Kinetic models
assuming the coexistence of one, two, or three individual
enzyme fractions with different mobilities were tested and
significantly best fits (according to R’-values of >0.9 and

www.mnf-journal.com



Mol. Nutr. Food Res. 2011, 55, S127-S142

F-test significances of <0.001) were obtained with the
assumption of two individual enzyme fractions (Fig. 1D,
bottom, curve fits are superimposed as dotted lines on FRAP
recordings). The major component was a rapidly moving
fraction with a recovery rate constant Kgg = 0.24740.04 and
0.205+0.01/s for Topo IIa and II, respectively. According to
maximal recovery values calculated for the individual
components of the curve, the fast fraction made up roughly
three quarters of the observed enzyme molecules (78+2
and 76+3% of Topo Ilo and IIP, respectively), whereas
the remaining quarter had a ten-fold slower mobility
(Kstow = 0.0324+0.009 and 0.031+0.005/s for Topo Ilo and
IIB, respectively). In untreated cells, the observed FRAP
curves always converged to a relative fluorescence intensity of
1.0 and values of maximal recovery of fast and slow compo-
nent derived from nonlinear regression of the curves added
up to 100%. Thus, fast and slow enzyme fractions together
always accounted for complete recovery of fluorescence in the
bleached spot excluding contribution of further, less mobile
enzyme subfractions to the observed data. A quantitatively
similar distribution of fast and slow fractions has been
previously observed for nuclear Topo I [31] and a variety of
other nuclear proteins transiently interacting with DNA
[28, 30, 37]. Current belief holds that the slow fraction
represents protein molecules engaged in DNA association/
dissociation processes, whereas the fast fraction represents
protein molecules currently not engaged in DNA metabolic
processes and therefore more free to roam the nuclear
space [27, 28, 30, 37]. Further support of this assumption
is lend by the data shown in Fig. 5A and B. In summary,
these analyses confirmed that (i) the established cell
clones expressed physiological levels of GFP-tagged Topo
Il or IIB, (ii) the biofluorescent tracer proteins were
correctly localized and normally mobile, (iii) the cells
expressing the labeled enzymes exhibited an unaltered DNA
damage response to a standard Topo II poison, and (iv) the
cells had a normal morphology and an undisturbed cell-
cycle progression. Therefore, the biofluorescent reporter
cells based on the HT-1080 cell line were an adequate
model for comparing the impact of Topo II targeted drugs on
the ex vivo mobility of Topo Ila and IIf with cellular DNA
damage responses to the drugs judged by H2AX phosphor-
ylation [25].

3.2 VP16 and genistein have a similar impact on
Topo ll-mediated DNA cleavage in vitro and
Topo II-DNA linkage ex vivo but a different
impact on H2AX phosphorylation and
subnuclear Topo Il distribution

Next, we compared the effects of the synthetic podophyllo-
toxin derivative VP16, a prototypic non-DNA intercalative
Topo II poison widely used in cancer therapy [38] and the
plant polyphenol genistein, a major component in eastern
diets rich in soy [1]. In MRC-5 cells, these two compounds
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have a similar potency to stimulate Topo II DNA cleavage,
but a divergent genotoxic potential [7]. In our cell model, we
observed a similar divergence: VP16 and genistein had
similar dose-response characteristics with respect to
stimulation of Topo II DNA cleavage in vitro (Fig. 2A) and
stabilization of the Topo II-DNA intermediate in HT-1080
cells (Fig. 2B), suggesting that the maximal capacity of the
two compounds to poison Topo II is similar. However,
corresponding measurements of H2AX phosphorylation
carried out in HT-1080 and MRC-5 cells (Fig. 2C) revealed
that genistein elicited an at least 30-fold lesser DNA damage
response than VP16 across a wide concentration range.
Interestingly, DNA damage responses to both drugs were
correlated to the amount of DNA-linked Topo Il or IIf with
the result that the regression lines had a ten-fold difference
in slope (0.28 versus 0.029 and 0.29 versus 0.03 for Topo ITa
and IIp, respectively; Fig. 2D). This suggests that DNA
damage responses to genistein and VP16 are not only
governed by the extent of Topo I[I-DNA entrapment but by
at least one more factor. Another notable difference in the
cellular response to the two drugs is shown in Fig. 2E: VP16
induced a rapid redistribution of GFP-fused Topo Ila and
IIB from nucleoli to nucleoplasm, which has been
previously attributed to fixation of the enzymes at nucleo-
plasmic DNA sites [27, 31]. On the contrary, genistein at
concentrations inducing similar levels of DNA cleavage in
vitro or Topo [I-DNA entrapment in the cell failed to induce
nuclear redistribution of Topo Ila. This further indicates
that stimulation of Topo II DNA cleavage and linkage per se
does not necessarily disturb the cellular disposition of Topo
IIo and IIB. Thus, the genotoxic action of Topo II poisons
must be determined by an additional feature, and the recent
studies [17] suggest that this could be prolongation of Topo
II-DNA residence time.

3.3 VP16 induces a ten-fold increase in DNA
residence times of Topo lla and IIf, whereas
genistein promotes DNA engagement of Topo I
without prolonging DNA residence

To measure Topo II-DNA residence kinetics, we used
photobleaching techniques. Upon exposure to increasing
VP16 concentrations, Topo Ilo and IIP became progressively
less mobile in the cell nucleus, as deducible from a signifi-
cant retardation of FRAP (Fig. 3A). The mean of 20 indivi-
dual FRAP recordings covering a time frame from 20 to
40 min after addition of VP16 exhibited a scatter similar to
the inherent imprecision of the data (Fig. 1D), indicating that
VP16 effects were in the equilibrium after 20min of expo-
sure. This given, nonlinear regression analysis of serial FRAP
curves (Fig. 3A, curve fits are superimposed on FRAP
recordings as dotted lines) could be interpreted in quantita-
tive terms quoad equilibrium effects of VP16 on the ex vivo
mobility of Topo Il and IIf. Up to 50 uM, VP16 best curve
fits (according to R*-values of >0.9 and F-test significances of
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Figure 2. Effects of VP16 and genistein on Topo ll-mediated DNA cleavage, trapping of Topo Il on DNA, H2AX-phosphorylation, and enzyme
localization. Quantitative data referring to Topo lloa and 1B are indicated by red and green symbols, respectively, whereas data points referring
to the effects of VP16 and genistein are shown by circles and squares, respectively. (A) DNA cleavage in vitro: pUC18 plasmid DNA was
incubated (20 min, 30°C) with purified human Topo lla or [If and VP16 (left) or genistein (right) at the indicated concentrations. Representative
gels are shown on top and intensities of linearized DNA as compared with solvent control are plotted against drug concentration at the
bottom. Arrowheads point at linearized plasmid induced by Topo ll-mediated DNA cleavage. (B) Topo II-DNA linkage measured by the ICE-
bioassay in HT-1080 cells treated with VP16 (left) or genistein (right) at the indicated concentrations for 1h. Top: Representative results of
enzyme-DNA complexes isolated by CsCl-gradient centrifugation and visualized by slot blotting. Bottom: Mean values+SEM of three similar
experiments normalized to cells exposed to the solvent control (set to 100%). (C) Assessment of H2AX phosphorylation by comparative
immunoblotting following drug treatment for 1 h. Top, upper blot: Representative result obtained with a monoclonal antibody against y-H2AX
(phosphorylated at Ser 139). Top, lower blot: Corresponding result with a polyclonal antibody against total H2AX. Bottom: Mean+SEM (n = 4)
of intensities of y-H2AX-specific bands plotted against drug concentration. Data were corrected for loading (using the total H2AX signal as
reference) and normalized to the effect of 100 uM VP16 (set to 100%). Effects on HT-1080 and MRC-5 cells are represented by closed and open
symbols, respectively. Insert: Rescaled representation of the genistein data. Where error bars are not shown, they are smaller than the
symbols. (D) Quantitative comparison of Topo II-DNA linkage at various concentrations of VP16 or genistein (B) with corresponding y-H2AX
responses (according to the data set for HT-1080 cells in [C]). Dashed lines represent linear regression of the data. For genistein exposure of
Topo Il and 1B, P-values were 0.91 and 0.95, respectively and the slopes were 0.029 and 0.03, respectively). For VP16 exposure of Topo Ilo.
and IIB, P-values were 0.93 and 0.97, respectively and the slopes were 0.28 and 0.29, respectively). (E) Representative images of HT-1080 cells
expressing GFP-fused Topo lla or lIf scanned at 650-fold magnification in mid-plane before and after treatment with 50 uM VP16 (top) or
200 pM genistein (bottom). Each row of images shows from left to right the same cell nucleus before (phase contrast and green fluorescence)
and 10 min after drug exposure (green fluorescence only). The p-bar in the lower right corner applies to all images.

<0.001) were obtained assuming the coexistence of slow and slow fractions in a doserelated manner. For Topo Ilo
fast enzyme populations with FRAP rate constants similar to (Fig. 3B, left), this effect reached saturation at 100 uM VP16
those in untreated cells. However, in the presence of VP16, and encompassed “immobilization” of the entire cellular
the two populations did not add up to 100% (as opposed to enzyme complement, whereas for Topo IIf (Fig. 3B, right)
untreated cells, compare Fig. 1D), suggesting that VP16 saturation was reached at 400 pM VP16 and the maximal
induced an additional enzyme fraction imposing as “immo- effect did not involve more than =~50% of the enzyme
bile” because it did not significantly contribute to fluores- molecules, indicating a lesser sensitivity of the B-isoform for
cence recovery during the 90s observation window. VP16. FRAP measurements with an extended observation
“Immobile” fractions increased at the expense of fast and time window (Fig. 3C) showed that Topo Ilo and IIf were not
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truly immobilized by saturation concentrations of VP16, but
retained residual recovery rates of 0.132+0.031 and
0.324 + 018 /min, respectively. This observation suggests that
the Topo II-DNA cleavage complex stabilized by VP16 is
dynamic and undergoes continuous DNA association/disso-
ciation albeit at a much reduced rate. Mean DNA residence
times of the DNA cleavage complex estimated from extended
FRAP measurements [29-31] were 5.4 and 2.1 min for Topo
ITo and 11, respectively, which is & 10-fold longer than DNA
residence times of the DNA-engaged enzymes in the absence

S133

of drug (21.6+4.9 and 22.4+5.3s for Topo Ila and IIB,
respectively), but much shorter than DNA residence times of
bona fide immobile nuclear proteins such as core histones
which are in the range of hours [27, 37]. Reversal of retar-
dation upon washout of VP16 had a half-time of 32 and
15 min for Topo Ila and II, respectively (Fig. 3D). A similar
time course has been observed for the reversal of VP16-
induced Topo II-DNA linkage in human CEM cells
measured by the ICE bioassay [17]. The time frame of
complete reversal was about ten times as long as the mean
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Figure 3. Impact of VP16 on ex vivo mobility of Topo lla and 11B. (A) Dose response: Nucleoplasmic FRAP recordings of Topo lla-GFP (left)
or lIB-YFP (right) taken before (grey) or after exposure for 20 min to various concentrations [M] of VP16 indicated on the right margin.
Each curve represents the mean of eight independent FRAP recordings made in individual cells and normalized to a prebleach fluores-
cence level of 1. The standard error of the data was <5% (error bars omitted for clarity). Black dotted lines represent nonlinear regression
of the data. Best fits were obtained with kinetic models, assuming that two enzyme fractions with fast and slow mobilities were present.
(B) Relative amounts of fast (red) and slow enzyme fractions (green) and of a third, presumably immobile, fraction defined by the negative
offset of maximal recovery from a value of 1 (blue) are plotted over concentration of VP16. Every data point represents the mean +SEM of
three independent experiments each consisting of eight individual FRAP recordings simultaneously subjected to regression analysis.
Results for Topo lla-GFP and lIB-YFP are shown on the left and right hand side, respectively. (C) Determination of DNA residence times of
Topo llo (red) and Topo I (magenta) in the presence of VP16 saturation (100 and 400 uM, respectively) by nucleoplasmic FRAP recordings
with an extended observation window. The mean of five recordings in individual cells is shown. Dotted lines represent nonlinear
regression of the data, assuming that three enzyme fractions with different mobilities are present. Derived recovery half-times of the
slowest fractions are stated. (D) Reversal of VP16 effect: Nucleoplasmic FRAP recordings of Topo lla-GFP (left) and 1IB-YFP (right) were
taken before (—20 min) and after (0 min) equilibration with 50 uM VP16. The drug was then removed and further recordings were done at
the indicated time points. Each data point represents the mean +standard error of nonlinear regression analysis of three independent
experiments each consisting of eight individual FRAP recordings simultaneously subjected to nonlinear regression analysis. In all cases,
best fits were obtained with kinetic models, assuming that two enzyme fractions with fast and slow mobilities and a third, presumably
immobile fraction defined by the offset of maximal recovery from a value of 1. Relative amounts of fast (red), slow (green), and immobile
enzymes (blue) are plotted for Topo lla-GFP (left) and -1I3-YFP (right).
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Figure 4. Impact of genistein on ex vivo mobility of Topo lla and lIB. Experimental conditions, replicates, and data processing are similar to
corresponding sections of Fig. 3. (A) Dose response of nucleoplasmic FRAP of Topo lla-GFP (left) or lIB-YFP (right) to various concen-
trations [pM] of genistein indicated on the right margin. (B) Relative amounts of fast (red), slow (green), and presumably immobile
enzyme fractions (blue) derived from nonlinear regression analysis are plotted against the concentration of genistein. (C) Reversal of
genistein effect: Nucleoplasmic FRAP recordings of Topo lla-GFP (left) or IIB-GFP (right) were taken before (—20 min) equilibration with
800 uM genistein followed by drug removal (0 min) and further recordings at the indicated time points. FRAP data were subjected to
nonlinear regression analysis and the resulting relative amounts of fast (red), slow (green), and immobile enzymes (blue) are plotted

against time for Topo lloa-GFP (left) and IIB-GFP (right).

DNA-residence time of the drug induced DNA-Topo II
intermediate, suggesting that dissociation of the complex is
indeed rate limiting for reversal.

A similar series of experiments carried out with genistein
are shown in Fig. 4. Genistein also decreased mobility of
Topo Ila and IIP in a dose-dependent fashion. The effect
was equilibrated within 20 min and effective concentrations
ranged from 100 to 800 puM. Genistein effects on FRAP
were similar for Topo Ila and IIB, but much smaller than
those of VP16. Moreover, the more rounded shape of the
FRAP curves suggested a different mode of retardation
(compare Figs. 3A and 4A). Nonlinear regression analysis
confirmed this notion: Again, best fits of all FRAP curves
were obtained assuming the coexistence of slow and fast
enzyme fractions with rate constants similar to untreated
cells. Retardation of Topo Il and IIp seemed mainly due to
an increase in the slow (Fig. 4B, green symbols) at the
expense of the fast (Fig. 4B, red symbols) enzyme fraction,
whereas slower or immobile enzyme fractions were induced
to a lesser degree (Fig. 4B, blue symbols, note data scatter
relative to zero). In keeping with this, reversal of enzyme
retardation at genistein saturation (800 pM) had a half-time
of 1 and 3 min for Topo Ila and IIP, respectively (Fig. 4C),
which is in the range expected when reversal rates are
determined by the normal DNA residence time of the
isozymes deduced from the slow component of FRAP
kinetics in untreated cells. In summary, these observations
suggest that the primary effect of VP16 is recruitment of
Topo Ilo and IIf to a DNA-bound form which has a ten-fold
slower turnover and a ten-fold longer DNA residence time,
whereas genistein enhances DNA recruitment of Topo Il
and IIB without significantly prolonging DNA residence
times of the enzymes or attenuating turnover of the enzy-
me-DNA complex. These findings are in good agreement
with the notion that VP16 inhibits the religation step,

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

whereas genistein stimulates the cleavage reaction of Topo
11 [39).

3.4 H2AX phosphorylation in response to VP16 or
genistein corresponds to the extension of DNA
residence time of Topo lla and IIp induced by the
drugs

Figure 5A shows, at the top, a linear correlation between the
disappearance of the fast moving fractions of Topo IIa and
IIB in response to increasing doses of VP16 or genistein (as
determined by FRAP, see Figs. 3B and 4B) and a corre-
sponding depletion of the specific protein bands of Topo ITa
and IIf from immunoblots (original blot data, see
Supporting Information Fig. 2A). The stringency of the
correlation strongly supports current belief that the fast
fractions of Topo IIa and IIf indeed represent enzyme
molecules not engaged in DNA turnover [27, 28, 30, 37].
Therefore, they escape DNA linkage upon SDS denaturation
and becoming detectable by immunoblotting. In keeping
with this, covalent DNA-Topo II linkage measured by the
ICE-bioassay exhibited a similarly stringent, albeit inverse
correlation with the disappearance of the fast fractions of
Topo IIa and IIP in response to VP16 or genistein (Fig. 5A,
bottom). Thus, drug-induced changes in the fast fractions of
Topo II determined by FRAP can be taken as a robust
reciprocal measure of enzyme-DNA linkage induced by
Topo II poisoning. In the case of VP16, disappearance of the
fast enzyme fractions was stringently correlated to an
exponential rise in H2AX phosphorylation (Fig. 5B, left,
circles and dotted lines), whereas such a correlation was
clearly absent in the cellular response to genistein (Fig. 5B,
left, squares). A similar discrepancy was observed when
H2AX phosphorylation in response to VP16 or genistein
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Figure 5. Comparison of H2AX phosphorylation, Topo Il mobility, and Topo [I-DNA linkage in response to VP16 and genistein. Data points
represent the impact of VP16 (0, 25, 50, 100, 200, and 400 uM) (circles) or genistein (0, 100, 200, 400, and 800 M) (squares) both on Topo llo
(red symbols), and Topo IIf (green symbols). Mean values+SEM of at least four independent determinations are shown. (A) Relative
amounts of fast fraction derived from FRAP measurements (Figs. 3B and 4B) are plotted against relative intensity of residual specific
protein band in immunoband depletion (top) or relative amount of enzyme linked to DNA (ICE bioassay) (bottom). The results of linear
data regressions are represented by solid lines and both coefficients (r?) and slopes (s) are stated next to the curves in matching colors.
(B and C) y-H2AX values (according to the data set for HT1080 cells in Fig. 2C) are plotted against relative amounts of fast (B, left) or
immobile (B, right) fraction of Topo lla or IIf (derived from FRAP measurements, see Figs. 3B and 4B) or the coefficients of Topo Il
immobilization (C). Thus, the relative amounts of immobile fraction were multiplied by the half-times of reversal of immobilization after
washout of the drugs (compare Figs. 3D and 4C), which in the case of VP16 were t;,=32+5 and 154+3min for Topo llo and IIB,
respectively, and in the case of genistein were t;,=1+0.5 and 3+0.8min for Topo llo and IIB, respectively. Dotted lines in (B) and
(C) represent nonlinear regression of the data using a model of single component exponential decay. R? was >0.97 throughout.
(C) Significantly better correlations (p<0.001, AR?>0.05) for Topo llo, when data of genistein and VP16 were jointly subjected to
regression. (D, inset): Enlarged representation of the portion shaded in grey in the main plot.

was compared with Topo II-DNA linkage measured by the genistein for Topo IIP. Significantly better correlations were
ICE assay (Fig. 2D) or Topo II immunoband depletion obtained (p<0.001, A*>0.05) when these two data sets were
(Supporting Information Fig. 2C). Thus, DNA entrapment combined in a single regression. The opposite was true for
and concomitant loss of free Topo II strongly reflected the the Topo Ilo data sets of VP16 and genistein, which
genotoxicity of VP16 but not of genistein. Since genistein exhibited better correlations when analyzed separately. An
had a much lesser potency than VP16 to induce “immobile” enlarged representation of the relevant portion of the plot
Topo II (compare blue symbols in Figs. 3B and 4B), we (Fig. 5C, inset) shows that Topo IIP data for genistein and
speculated that it could be just the “immobile” portions of VP16 (green squares and circles, respectively) aligned with
the enzymes that trigger H2AX phosphorylation. To check high fidelity along a single exponential regression line
this, we plotted H2AX phosphorylation in response to (green dotted line). On the contrary, the Topo Ilo data for
various concentrations of VP16 or genistein against corre- genistein (red squares) were outliers to the left indicating a
sponding values of “immobile” fractions of Topo II (Fig. 5B, complete lack of correlation with H2AX phosphorylation.
right). This improved coherence of the data sets for genis- These observations suggest that the potency of VP16 and
tein and VP16, but did still not allow for joint regression of genistein to trigger Topo II-mediated DNA damage
the data sets of the two drugs. To obtain this, we further had responses is covariant to their potency to recruit Topo II to a
to factor in reversibility of drug-induced immobilization, DNA bound form with a prolonged DNA residence time and
which was much slower for VP16 (t;=32+5 and to the reversal time of DNA residence time prolongation. In
1543 min for Topo Ila and IIP, respectively) than for the case of genistein, this covariance existed only for the
genistein (t,, = 140.5 and 3+0.5 min for Topo ITo and IIf, impact on the B isozyme. This finding would be meaningful
respectively Figs. 3D and 4C). When H2AX phosphorylation if genistein exerts its (weak) DNA damaging effect solely
in response to various concentrations of VP16 or genistein through a moderate immobilization of the p-isoform,
was plotted against a compound value of the percentage of whereas its even lesser effect on the a-isoform is below the
immobile fraction multiplied by the half-time of reversal threshold of the cellular DNA damage response. In support
(termed coefficient of immobilization, C;; Fig. 5C), we of this, Topo II nucleolar depletion in response to genistein
obtained complete coherence of the data sets of VP16 and was found here restricted to the B-isoform (Fig. 2E).
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3.5 Various types of Topo Il poisons share a
quantitative correlation between effects on DNA
residence time and corresponding yH2AX
responses

To test the general validity of our findings made with
genistein and VP16, we carried out a survey on a range of
Topo II poisons playing a class-representative role in tumor
therapy or environment and food toxicology. Figure 6A
shows that the DNA damaging potential of these substances
varied over a wide range. Synthetic Topo II poisons with
established anti-cancer activity (i.e. VP16, DOX, mAMSA,
and MITOX) [6, 39] elicited higher DNA damage responses
and/or were effective at lower concentrations than various
plant polyphenols (genistein, EGCG) and natural food
contaminants (AOH) [7, 15] or the benzoquinone metabolite
NAPQI [11, 13]. The latter group exhibited a dose-response
profile more similar to catalytic Topo II inhibitors of various
chemical classes (ICRF-187, naphthoquinone, plumbagin)
[40-42] than to classical Topo II poisons. To determine
whether the lesser genotoxicity of these substances was due
to a shorter half-life of the Topo II-DNA complexes induced,
we determined the impact of their maximally DNA dama-
ging dose on Topo II ex vivo mobility (defined by the frac-
tions of Topo Il and IIB becoming immobile and the half-
time of reversal of immobilization after washout of the
drug). These results are summarized in Table 1. The various
Topo II poisons used in cancer therapy exhibited a much
higher potency to immobilize Topo Ila and IIf than the
various plant polyphenols or the toxic metabolite NAPQI,
and this potency corresponded to their higher genotoxic
potency (Fig. 6B, compare closed and open circles). More-
over, there was a stringent linear correlation (r*=0.89)
between these two potencies for all Topo II poisons tested
(Fig. 6B, inset, closed circles). Thus, the DNA damaging
potency of various chemically diverse Topo II poisons
appears to be covariant with their potency to prolong DNA
residence of Topo Ila and/or IIp.

3.6 Catalytic Topo Il inhibitors also share a
quantitative correlation between prolongation
of Topo II-DNA residence and YH2AX responses,
albeit at a lower level of DNA damage

It stands to a reason that prolongation of Topo II-DNA
residence by Topo II poisons reflects stabilization of the
enzyme-coupled DNA double strand break, which is the
common genotoxic mechanism of these compounds [6, 43].
However, this is just one of the several possible mechanisms
by which Topo II-DNA residence could be prolonged and it
cannot be excluded that immobilization of the enzymes per
se also triggers damage recognition responses. To exclude
this, we studied the effects of ICRF-187, which is a compe-
titive inhibitor of Topo II ATPase activity required for
reopening the enzyme clamp at the end of the catalytic cycle
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[40]. It thereby stabilizes a conformation of Topo II where the
clamp of the enzyme remains closed around an unbroken
DNA double strand [41]. Thus, ICRF-187 is expected to
extend Topo II-DNA residence without inducing DNA clea-
vage. In our hands, this was indeed the case: ICRF-187 and
several natural and synthetic naphthoquinones having a
similar effect on Topo II activity [42] exhibited a potency to
immobilize Topo Ila and IIf that was similar or even higher
than that of the most potent Topo II poisons (Table 1).
However, corresponding YH2AX responses were much lower
than for the Topo II poisons (Fig. 6B, compare squares and
circles). In other words, YH2AX responses to immobilization
of Topo II in the closed clamp formation on unbroken DNA
are much lower than YH2AX responses to a quantitatively
equal retardation of Topo II in the DNA-strand break coupled
form. In keeping with current belief, this clearly indicates
that prolongation of the covalently DNA-linked enzyme state
is the major trigger for DNA damage responses. Yet it should
be noted that within the group of catalytic Topo II inhibitors,
there was also a stringent linear correlation between Topo II
immobilization and (an overall much weaker) DNA damage
response (Fig. 6B, inset, compare open and closed circles).
This correlation may reflect the potency of these compounds
to withdraw Topo II from essential cellular tasks, which is
believed to be the common cytotoxic mechanism of catalytic
Topo II inhibitors [6, 39].

4 Discussion

Our findings are relevant for the genotoxic risk assessment
of micronutrients and environmental toxins that inflict Topo
II-mediated DNA damage in humans. Most prominent
among these are bioflavonoids, a diverse group of poly-
phenolic compounds found in fruits, vegetables, nuts,
legumes, fungi, and plant leaves. Bioflavonoids are an
integral component of human diets and the most abundant
natural source of antioxidants [1, 3]. Epidemiological studies
link the dietary intake of bioflavonoids to a lower incidence
and/or prevalence of cancer, cardiovascular dysfunction,
osteoporosis, inflammation, and other age-related diseases
[5, 44—47]. Thus, increased consumption or diet fortification
with bioflavonoids could be beneficial for human health.
However, at increased concentrations, some bioflavonoids
are likely to have serious adverse effects, inter alia because
they poison human Topo I [48] and/or Topo II [7, 9, 15].
Topo poisoning is believed to contribute to the antitumor
activity of some bioflavonoids [5, 6, 45] but can also
compromise genome stability. Genistein has been demon-
strated to induce DNA sequence rearrangements in mouse
myeloid progenitor cells by a Topo IIf and proteasome-
mediated mechanism [49]. In human hematopoetic stem
cells, genistein and two other widely consumed bioflavo-
noids (quercetin and kaempferol) trigger chromosomal
rearrangements [50] believed to involve Topo II-DNA
cleavage and known to cause childhood leukemia [51, 52]. In
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Figure 6. Comparison of Topo Il immobilization and yH2AX response to various Topo Il poisons and catalytic inhibitors. Mean
values+SEM of at least three independent determinations are shown. (A) HT-1080 cells were incubated (1h, 37°C) with various
concentrations of the drugs and H2AX phosphorylation was assessed by comparative immunoblotting with a monoclonal antibody
against y-H2AX (phosphorylated at Ser 139). Data are corrected for loading and normalized to the effect of 100 uM VP16 (set to 100%). Top,
middle, and bottom panel are set to identical scale. (B) Results of graphic analysis are summarized in Table 1: G-values of Topo Il
immobilization (calculated as in Fig. 5C) determined at strongest/highest DNA-damaging concentrations of various Topo ll-targeted
compounds (derived from [A]) are plotted against corresponding y-H2AX responses. Data for Topo lla and IIp are indicated by red and
green symbols, respectively. Closed circles represent Topo Il poisons with established anticancer activity (VP16, MITOX, DOX, mAMSA,
and XK469). Open circles represent natural polyphenols (genistein, EGCG, and AOH) or toxic drug metabolites (NAPQI) known to induce
Topo lI-mediated DNA cleavage. Open squares represent synthetic and natural compounds known to act as catalytic inhibitors by
stabilizing the closed clamp formation of Topo Il (ICRF-187, naphthoquinone, and plumbagine). Blue square: Cell background treated with
solvent control. (B, inset) Linear regression of entire data sets for Topo Il poisons (closed circles) or catalytic inhibitors (open circles) with

P-values of 0.89 and 0.91, respectively and the slopes of 0.0006 and 0.073, respectively.

keeping with this, enhanced maternal consumption of
genistein has been associated with a ten-fold increased risk
of infant acute myelogenous leukemia [53]. In summary,
increased uptake of bioflavonoids and other natural and
environmental compounds that poison Topo II appears to
bear a significant genotoxic risk advocating a systematic
quantitative assessment of this potency.

Currently, natural or environmental Topo II poisons are
recognized by their potency to induce Topo II-mediated
DNA cleavage or Topo II-DNA linkage [9, 11-13, 54].
However, it has been recently shown that the DNA-dama-
ging potential of two compounds with an comparable Topo
II poisoning potency (genistein and VP16) is not reflected by
the levels of Topo II-DNA cleavage complexes induced but
by the persistence of such complexes in the cell [17]. We
show here that this difference is faithfully reflected by

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

corresponding prolongation of Topo II-DNA residence in
the living cell. We find that attenuation of Topo II interac-
tion kinetics is covariant with cellular DNA damage
response over the entire dose-response ranges of genistein
and VP16, and we find the same quantitative correlation in
several other archetypical Topo II poisons of various
chemical classes. Using catalytic Topo II inhibitors, we
exclude that attenuation of Topo II interaction kinetics per
se elicits DNA damage responses at a similar level. We
conclude from these findings that there exists a relationship
between DNA damage response and the persistence of Topo
II-DNA cleavage complexes that is the same for many
(if not all) Topo II poisons. Thus, the contribution of Topo II
poisoning to the genotoxic potential of a given compound
could possibly be gauged more appropriately by measuring
persistence of Topo II-DNA cleavage complexes in addition
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to the extent of Topo II-DNA cleavage. Alterations of Topo
II DNA interaction kinetics seem to be a valid measure for
the persistence of drug-induced Topo II-DNA cleavage
complexes in the cell since they not only reflect the known
properties of genistein and VP16 in this respect [17] but also
conform to the published knowledge on the cellular
persistence of Topo II-DNA cleavage complexes induced by
various other therapeutic Topo II poisons [55].

As compared with therapeutic Topo II poisons, dietary
Topo II poisons tested in this study had only moderate or no
effects on Topo II-DNA residence, irrespective of whether
they inhibit Topo II DNA religation (e.g. NAPQI) [11]
or stimulate Topo II DNA cleavage by enzyme binding
(e.g. quercetin) or redox cycling (e.g. EGCG) [7]. In all these
cases, moderate or absent effects on Topo [I-DNA interac-
tion kinetics were matched by low or absent DNA damage
responses. In principle, this could be due to simultaneous
triggering of other pathways such as tyrosine kinase inhi-
bition or displacement of Topo II from DNA. However, it
has been previously demonstrated that the lower genotoxi-
city of genistein in comparison to VP16 does not result from
non-Topo II-directed activities [17]. We show that none of
the tested isoflavones and other dietary Topo II poisons
clusters in the correlative matrix together with catalytic
inhibitors of Topo II ATPase such as ICRF 187 or plum-
bagin. This virtually excludes that these compounds inhibit
Topo II ATPase activity and thereby attenuate their Topo II
poisoning effects. Another possible interference could be
with YH2AX as a readout of DNA damage. Histone 2AX is
phosphorylated by members of the phosphatidylinositol 3-
kinase-like kinase (PIKK) family, including ATM, ATR, and
DNA-PK [56, 57], which can be influenced by protein kinase
inhibitors [25, 57]. Therefore, tyrosine kinase inhibitory
properties of the tested compounds could, in principle, lead
to the suppression of phosphorylation of histone 2AX. This
would be most probable in the case of genistein which is a
known tyrosin kinase inhibitor [58]. However, genistein is
unlikely to inhibit those phosphatidylinositol 3-kinase-like
kinase family members that are responsible for histone 2AX
phosphorylation, because it has been demonstrated
that genistein induces phosphorylation of ATM and
histone 2AX and that ATM phosphorylates H2AX in
response to genistein-induced DNA double-strand breakage
[59]. Thus, the lesser impact of genistein on Topo II-DNA
residence (as compared with therapeutic Topo II poisons) is
most probably due to the fact that the Topo II-DNA inter-
mediates thereby induced are too short-lived to elicit
significant DNA damage responses. It seems likely that this
also holds true for the other isoflavones and dietary Topo II
poisons tested here, which exhibited the effects on Topo
II-DNA residence that were even more transient than the
ones of genistein.

Interestingly, genistein had a comparable impact on DNA
cleavage of both Topo II isoforms. However, its (moderate)
impact on DNA residence was significant only for Topo IIf§
and only these data points fitted the correlative matrix with
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H2AX phosphorylation. This seems to indicate that genistein,
although poisoning both isoforms to a similar extent, exerts
its DNA-damaging effect mostly through its more stable
interaction with Topo IIB. This notion is corroborated by the
observations that cells lacking Topo IIf are resistant to
genistein [60]. Given that regulation of transcription by
various steroids involves stimulation of Topo IIB-mediated
DNA cleavage [61, 62], the known estrogen-like properties of
genistein [1, 63, 64] could selectively boost its impact on
Topo IIB-DNA interaction in cells expressing estrogen
receptors. However, a similar effect was also found with the
mycotoxin AOH not rated a phytoestrogen, whereas it was
not found with quercetin which, like genistein, acts as
phytoestrogen and Topo II poison. Thus, it remains unclear
how the Topo II isoform is selected that mediates the geno-
toxic effect of a given isoflavone or other dietary Topo II
poison. However, this selection is important, because current
Dbelief holds that poisoning of Topo Ilo. mediates tumor cell
killing, whereas poisoning of Topo IIf} promotes mutagenesis
and cancerogenesis [65]. Along these lines, Topo IIB-medi-
ated DNA damage by genistein fits the mutagenic potential of
this isoflavone that has been established at the level of the cell
[49] and the human population [53].

This finally raises the question of how relevant are the
genotoxic effects of genistein demonstrated here in the light
of what is known about the intake and bioavailability of
dietary isoflavones in humans? The average dietary intake of
soy-derived isoflavones is less than 1mg/day in western
countries, whereas in Asia it amounts up to 50 mg/day
[2, 66]. This results in plasma concentrations in the lower
nanomolar range for western countries and around 870 nM
for Asian countries [3, 67]. Bioavailability of genistein
appears to be not significantly different when isoflavones are
consumed as aglycones or glucosides [68] because the
glucosides are substrates for bacterial B-glucosidases that
release the aglycone forms in the jejunum [69]. The agly-
cones are either absorbed intact or further metabolized by
intestinal microflora before absorption. Therefore, bioavail-
ability is increased by a rapid gut transit time and low fecal
digestion rates and decreased by a fiber-rich diet [2].
Aglycones of isoflavones seem to be transported much more
efficiently than their respective glycosides [70] and are able
to penetrate cells in contrast to the glycosides. However,
there are no studies available stating actual isoflavone levels
found in human cells in vivo. It seems unlikely that intra-
cellular levels are much higher than those in human
plasma, which rarely exceed 1puM under normal nutrition
[3] and may assume ten-fold this value under habitual
consumption of dietary supplements based on soy extracts
or of food products fortified with isoflavones in a purified
form, which can raise daily isoflavone uptake up to 150 mg
[66]. When comparing these approximative values of bioa-
vailability with ex vivo dose responses of Topo IIB-mediated
DNA damage to the intact aglycon of genistein shown in
this study, it seems unlikely that genistein has genotoxic or
mutagenic effects when consumed in the course of normal
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nutrition, whereas habitual consumption of dietary
supplements based on soy extracts or of food products
fortified with isoflavones could indeed contribute to the
increase in mutagenic risk suggested by epidemiological
studies[53].
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