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Abstract

Double-strand breaks (DSBs) are highly deleterious DNA lesions as they lead to chromosome
aberrations and/or apoptosis. The formation of nuclear DSBs triggers phosphorylation of histone
H2AX on Ser-139 (defined as yYH2AX), which participates in the repair of such DNA damage. Our
aim was to compare the induction of yH2AX in relation to DSBs induced by topoisomerase 11 (TOPO
I1) poisons, etoposide (ETOP) and mitoxantrone (MXT), in V79 cells. DSBs were measured by the
neutral comet assay, while yH2AX was quantified using immunocytochemistry and flow cytometry.
Stabilized cleavage complexes (SCCs), lesions thought to be responsible for TOPO I1 poison-induced
genotoxicity, were measured using a complex of enzyme-DNA assay. In the case of ETOP, a no
observed adverse effect level (NOAEL) and lowest observed effect level (LOEL) for genotoxicity
was determined; yH2AX levels paralleled DSBs at all concentrations but significant DNA damage
was not detected below 0.5 pg/ml. Furthermore, DNA damage was dependent on the formation of
SCCs. In contrast, at low MXT concentrations (0.0001-0.001 pg/ml), induction of yH2AX was not
accompanied by increases in DSBs. Rather, DSBs were only significantly increased when SCCs were
detected. These findings suggest MXT-induced genotoxicity occurred via at least two mechanisms,
possibly related to DNA intercalation and/or redox cycling as well as TOPO Il inhibition. Our
findings also indicate that yH2AX can be induced by DNA lesions other than DSBs. In conclusion,
yH2AX, when measured using immunocytochemical and flow cytometric methods, is a sensitive
indicator of DNA damage and may be a useful tool in genetic toxicology screens. ETOP data are
consistent with the threshold concept for TOPO |1 poison-induced genotoxicity and this should be
considered in the safety assessment of chemicals displaying an affinity for TOPO Il and genotoxic/
clastogenic effects.
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1. Introduction

Double-strand breaks (DSBs) are highly deleterious lesions in genomic DNA [1,2]. They can
be generated by ionizing irradiation and a variety of chemical agents, e.g. topoisomerase Il
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(TOPO 1) poisons, heavy metal ions and reactive oxygen species (ROS), and hence arise
through diverse mechanisms [3-5]. DSBs, if not repaired efficiently, lead to chromosomal
aberrations and apoptosis; in higher eukaryotes, even a single DSB in an essential gene can
trigger the apoptosis signaling cascade [6,7]. Interestingly, key steps in meiosis, V(D)J and
immunoglobulin class-switch recombination are mediated via formation of DSBs, thus also
demonstrating their essentiality in organism development [8].

Several methods are available for the detection and quantification of DSBs in mammalian cells.
The neutral single-cell gel electrophoresis or ‘comet’ assay is a sensitive technique that has
been used in genotoxicity testing and in vitro DNA damage and repair investigations [9]. By
using electrophoresis buffer at non-denaturing or neutral pH, DSBs are specifically revealed
and can be quantified using specialized image analysis software [10,11]. The neutral comet
assay allows the detection of DSBs in individual cells and an estimation of their distribution
in cell populations.

Bioindicators frequently serve as surrogate endpoints in toxicological investigations [12]. They
are often more accessible and assayed more rapidly, and, providing that they have been
validated, can provide similar information to the biological effect of interest. Phosphorylated
histone H2AX is a promising molecular marker for DSBs produced in nuclear chromatin
[13]. Following the generation of a DSB, PI-3-like kinases, e.g. ATM, ATR and DNA-PK, are
activated and phosphorylate Ser-139 of H2AX (defined as yYH2AX) molecules in a megabase
chromatin domain flanking the lesion [14,15]. yYH2AX is thought to participate in DSB repair
by holding broken DNA ends in close proximity and recruiting other DNA repair factors to
the damaged area [16]. Radiation and chemotherapeutic agents known to cause DSBs, e.g. X-
rays and TOPO Il poisons, have been shown to induce yH2AX foci in various cell types [4,
17,18]. Discrete yH2AX foci can be easily detected and quantified using an
immunocytochemical and multiparameter flow cytometry approach [19]. Furthermore, this
technique offers several advantages over traditional methods, e.g. Western blotting, as it allows
high-throughput screening, rapid and accurate analysis of individual cells, and the ability to
correlate yYH2AX with cell cycle phase and apoptosis [4,20].

The neutral comet assay and detection of yH2AX have previously been utilized in parallel to
assess the level of DSBs in y-irradiated cells [21]. It has also been suggested that yH2AX
expression can be used as a surrogate of cell killing by drugs that create DSBs [22]. TOPO I
poisons are a class of antitumor drugs that induce cancer cell death via this mechanism [23].
TOPO Il enzymes are responsible for modulating DNA topology in regulatory processes such
as chromosome condensation, DNA replication, transcription and recombination [24].
Inhibition of TOPO II, particularly the a isoform (TOPO lla), in rapidly dividing cells leads
to the formation of stabilized cleavage complexes (SCCs), generation of DSBs and ultimately
apoptosis [25]. To the best of our knowledge, no direct comparison of both methods in the
assessment of DSBs generated as a result of TOPO Il poisoning has been reported.

The aim of the present study was to compare the induction of yH2AX vis-a-vis DSBs detected
by the neutral comet assay using two classical TOPO |1 poisons, etoposide (ETOP) and
mitoxantrone (MXT). We studied the formation of intracellular SCCs with a sensitive complex
of enzyme-DNA assay, which utilizes immunoblotting to measure DNA-bound TOPO lla.
These complementary assays were applied in concentration-response studies in V79 cells
extending to very low concentrations in order to investigate the threshold concept for
genotoxicity, which has been reported with various TOPOQ |1 poisons [26].
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2. Materials and methods

2.1. Cell culture and treatment

Chinese hamster lung fibroblasts (V79 cells) were cultured at 37 °C (in a humidified, 5%
CO5, atmosphere) in high-glucose DMEM (Gibco, USA) supplemented with 10% (v/v) fetal
bovine serum, 2 mM -glutamine, 100 U/ml penicillin and 100 ug/ml streptomycin. To identify
TOPO Ila-DNA SCCs, V79 cells were treated with ETOP (0-10 pug/ml) and MXT (0-1 pg/
ml) for 4 h in 6-well culture plates (Gibco) and processed as in Section 2.2. For neutral comet
assay and yH2AX, cells were treated with the same ETOP and MXT concentration range for
4 hin 12-well culture plates (Gibco). Following treatment, cells were gently scraped and split
into two aliquots for use in the two assays. Cells were processed as in Sections 2.4 and 2.5,
respectively.

2.2. Identification of stabilized TOPO lla

ETOP- and MXT-mediated SCCs were identified using the In Vivo Link Kit (TopoGEN, USA)
as per the manufacturer's instructions. Briefly, treated V79 cells were lysed in TE buffer (10
mM Tris, pH 7.5 and 1 mM Na,EDTA) containing sarkosyl (1%) and layered on to a cushion
of cesium chloride (density of 1.5 g/ml). Following centrifugation (170,000 x g for 12h, at 25°
C) in a SW50.1 rotor (Beckman Coulter, USA), isolated DNA was precipitated with 1 ml
ethanol (100%) and resolubilized in TE buffer. DNA (10 ug) was applied to a nitrocellulose
membrane (Bio-Rad, USA) using a slot-blotting apparatus (Bio-Dot SF, Bio-Rad). DNA-
bound TOPO lla was identified by immunoblotting with an anti-TOPO Il antibody (diluted
1:1500; TopoGEN) and enhanced chemiluminescence reagents (GE Healthcare, USA).

2.3. Assessment of cytotoxicity

Cytotoxicity was assessed by performing relative cell counts (RCC). Following treatment, V79
cells were washed in PBS and fresh drug-free DMEM added. Cells were incubated at 37 °C
for a further 20 h before media were collected and cells harvested from culture plates by
trypsinization. Aspirated media and trypsinized cells were subjected to centrifugation (200 x
g, 5 min) and the resulting cell pellet resuspended in HBSS solution (1 ml). An aliquot of cells
(20 pl) was added to trypan blue solution (20 pl; Sigma—Aldrich, USA) and viable cells (non-
trypan blue-containing) counted using a hemacytometer (only viable cells were used in RCC
calculations).

2.4. Neutral comet assay

Isolated V79 cells were centrifuged (200 x g, 5 min) and resulting pellets resuspended in PBS
(150 pl). An aliquot of resuspended cells (50 ul) was placed into a tube containing low melting
point agarose (120 ul) and this cell suspension transferred to glass microscope slides (Fisher,
USA) pre-coated with 0.5% normal melting point agarose. Glass coverslips (Fisher) were
added and slides placed on ice for 10 min. Coverslips were subsequently removed and slides
placed in lysis buffer (2.5 M NaCl, 0.1 M Na,EDTA, 10 mM Tris base, 1% sarkosyl, 10%
DMSO and 1% Triton X-100, adjusted to pH 10) for 1 h at 4 °C. Following lysis, slides were
transferred to a horizontal electrophoresis tank containing electrophoresis buffer (0.089M Tris
base, 0.089M boric acid and 2 mM Na,EDTA, adjusted to pH 8.3) and DNA allowed to unwind
for 30 min. DNA was then subjected to electrophoresis (0.7 VV/cm and 50 mA, 30 min). Slides
were subsequently stained with ethidium bromide solution (20 pg/ml). Comet images (at least
100 random nucleiods per slide) were examined at 160x magnification using a fluorescence
microscope (Nikon Optiphot, Japan) and digitized, before being analyzed with CometScore™
software (TriTek Corp., USA). Measurements of percent (%) tail DNA were determined to
assess the extent of DNA damage and median values of three separate experiments were
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analyzed using ANOVA and post hoc Student's t-test, as recommended by Duez et al. [27].
Neutral comet data were plotted on logarithmic—logarithmic axes.

2.5. Immunofluorescence detection of yH2AX

Isolated V79 cells were fixed in p-formaldehyde (1%) for 15 min at 4 °C and postfixed in ice-
cold ethanol (70%) for at least 1 h at —20 °C. Fixed cells were incubated with BSA (1%)
containing anti-human yH2AX antibody (diluted 1:100; Millipore Corp., USA) for 1 h at 25 °
C. Following washing in BSA (1%), cells were incubated with Alexa Fluor 488 antibody
(diluted 1:100; Molecular Probes, USA) for 1 h at 25 °C. Cells were counterstained with
propidium iodide containing RNase (both 10 pg/ml) and stored at 4 °C overnight. Cellular
green (YH2AX) and red (nuclear DNA) fluorescence was measured using a FACScan flow
cytometer (Becton Dickinson, USA) with the standard emission filters for green (FL1) and red
(FL3) fluorescence as described by Halicka et al. [20]. At least 4000 cells were counted per
sample. yYH2AX data were plotted on logarithmic-logarithmic axes.

3. Results

3.1. Stabilization of TOPO lla by ETOP and MXT

Untreated V79 cells showed no presence of SCCs (Fig. 1A and B). Cells treated with 0.001
and 0.01 pug/ml ETOP also had no detectable SCCs present. A concentration-dependent
increase in SCCs was detected in cells treated with higher concentrations of ETOP; a very faint
level was observed at 0.1 pg/ml, with clear levels detected at both 1 and 10 ug/ml. Cells treated
with 0.0001 pg/ml MXT had no detectable SCCs present. A concentration-dependent increase
in SCCs was detected in cells treated with higher concentrations of MXT; a definite level was
observed at 0.001 ug/ml, with greater levels evident at both 0.01 and 0.1 pug/ml. Cells treated
with 1 pg/ml MXT showed some abundant SCCs, but the level was slightly lower than in cells
treated with 0.1 pg/ml.

3.2. ETOP- and MXT-induced cytotoxicity

To investigate potential ETOP- and MXT-induced cytotoxicity in V79 cells, RCC were
performed (Figs. 2 and 3). Treatment with 5 and 10 ug/ml ETOP produced 23% and 43%
decreases in RCC compared to controls, respectively, whereas, all other concentrations were
non-cytotoxic. MXT was more cytotoxic as treatment with 0.005, 0.01, 0.05, 0.1, 0.5 and 1
ng/ml produced 36%, 41%, 35%, 36%, 41% and 53% decreases in RCC compared to controls,
respectively. Concentrations of 0.0001, 0.0005 and 0.001 pg/ml MXT were non-cytotoxic.

3.3. Induction of DSBs by ETOP and MXT

Induction of DSBs by ETOP and MXT in V79 cells was assessed using the neutral comet assay.
Results are expressed as mean of median values % DNA in the comet tail+standard error of
the mean (S.E.M.) of three separate experiments and are shown in Figs. 2 and 3. No significant
changes in comet tail DNA were detected following treatment with 0.001-0.1 pg/ml ETOP
compared to controls, and concentration-dependent increases were observed with 0.5-10 pg/
ml. No significant changes in comet tail DNA were detected following treatment with 0.0001—
0.001 pg/ml MXT compared to controls. Treatment with 0.005-0.1 pg/ml MXT produced
statistically significant increases in comet tail DNA in a concentration-dependent manner,
whereas, it plateaued following treatment with 0.5-1 pg/ml.

3.4. Induction of H2AX by ETOP and MXT

Induction of yH2AX by ETOP and MXT in V79 cells was assessed using
immunocytochemistry and flow cytometry. Results are expressed as mean green fluorescence
(YH2AX) +S.E.M. of three separate experiments and are shown in Fig. 4. yH2AX data were
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expressed in this manner as changes were pan-cell cycle without marked phase-specific effects.
Small changes in YH2AX fluorescence were detected in cells treated with 0.001-0.05 pg/ml
ETOP, whereas, marked concentration-dependent increases were observed with 0.1-10 pg/ml.
Marked concentration-dependent increases in yH2AX levels were detected in cells treated with
0.0001-0.1 pg/ml MXT. yH2AX fluorescence plateaued in cells treated with 0.5 and 1 pg/ml
MXT.

4. Discussion

In the present study, ETOP- and MXT-treated V79 cells were assessed for the presence of
DSBs using the neutral comet assay and yH2AX by immunocytochemistry and flow cytometry.
Uniquely in this investigation, the same population of TOPO I poison-treated cells was used
for both assays, thus enabling direct comparison of natural (DSBs) and surrogate (YH2AX)
endpoints.

Treatment with ETOP produced similar concentration-response effects on DSBs and yH2AX
induction. At low concentrations (0.001-0.1 pug/ml) no significant changes in DSBs were
detected, although tail DNA was increased at 0.05 and 0.1 pg/ml ETOP compared to controls,
and thus there was a no observed adverse effect level (NOAEL). Similarly, yH2AX levels were
not distinct from controls at these concentrations. The lowest observed effect level (LOEL)
occurred at >0.5 ug/ml ETOP as DSBs increased in a statistically significant, near-linear
manner. Again, YH2AX levels reflected DSBs, with marked concentration-dependent increases
detected at >0.1 pg/ml ETOP. In the case of ETOP, it appears that the level of yH2AX
accurately reflects the level of genomic DSBs; accordingly, yH2AX could serve as a surrogate
indicator of DSBs in future ETOP investigations. These findings also suggest the presence of
a threshold for ETOP-mediated genotoxicity, which is in general agreement with the results
of Lynch et al. [26]. In our model, the “pragmatic’ threshold for induction of both DSBs and
yH2AX in V79 cells was determined to lie between 0.05 and 0.5 pug/ml. Lynch et al. using
transformed L5178Y mouse lymphoma cells and a combination of hypothesis testing and
mathematical modeling, reported the pragmatic threshold for ETOP-induced clastogenicity (as
micronucleus induction) to be 0.00236 ug/ml [26]. In a dose—-response study by Boos and
Stopper, the lowest concentration (2 nM; 0.0012 pg/ml) for ETOP-induced micronuclei in
L5178Y cells was also reported to be similar to that of Lynch et al. [26,28]. Taken together,
these results suggest the existence of a threshold for ETOP-mediated genotoxicity. However,
as stated by Lynch et al., we believe that differences in ‘threshold’ concentrations can arise
from the use of different cell lines, i.e. genotoxic effects are cell type-specific and dependent
on factors such as DNA damage response and repair capacity, which most likely vary between
cell lines [26].

It is also of interest to note that ETOP-mediated SCCs are formed at a similar time to the
significant induction of DSBs and yH2AX. SCCs are widely regarded as the lesion ultimately
responsible for TOPO Il poison-induced genotoxicity; they are thought to induce DSBs by
disrupting the catalytic cycle of TOPO Il and/or colliding with DNA replication and
transcription machinery [23]. However, recent studies have shown that such covalent protein—
DNA adducts can be degraded in a proteasome-mediated process and TOPO |1 poison-induced
DSBs are substrates for repair by the non-homologous end-joining pathway [29,30]. In the
light of our findings, it appears that a specific level of TOPO lla inhibition is required for the
induction of DNA damage, and below this level no significant genotoxic effects are manifested
because of efficient repair. This is also consistent with a threshold concept and in support of
the described genotoxicity results. Above the threshold, levels of ETOP-mediated SCCs are
increased in a concentration-dependent manner, together with associated increases in both
DSBs and yH2AX. Only at the top two ETOP concentrations (5 and 10 pug/ml) however, does
the level of DNA damage overwhelm repair capacity, and manifest itself as significant
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cytotoxicity. Therefore, below a specific level, SCCs and DNA damage appear able to be
processed and reversed but once the critical level is reached, cells are impelled into a quiescent
state and/or apoptosis pathways are triggered (as determined by marked decreases in RCC at
5and 10 pg/ml). Clearly, the temporal relationship between formation of SCCs and induction
of DNA damage is important for the determination of thresholds and thus a temporal analysis
of the various end-points may shed more light on this interesting phenomenon.

In the case of MXT, a marked induction of yYH2AX by low concentrations (0.0001-0.001 ug/
ml) was not accompanied by an induction of DSBs as measured by the neutral comet assay.
Rather, DSBs were only significantly increased after treatment with >0.005 pg/ml. Although
MXT is considered a TOPO Il poison, its chemical structure and reported mode(s) of action
are different to those of ETOP. ETOP is a semi-synthetic derivative of podophyllotoxin and
binds stoichiometrically to TOPO Il enzymes in the absence of DNA, whereas, MXT is an
anthracenedione and can intercalate into duplex DNA, as well as interact with TOPO 11
[31-34]. Interestingly, several studies have shown that induction of yH2AX (and
phosphorylation of its upstream mediator ATM) by ETOP and MXT can be partially abrogated
by pre-treatment with the antioxidant N-acetyl-.-cysteine [35,36]. This suggests that ETOP and
MXT can undergo redox cycling to generate ROS, which have the potential to act as DNA
damaging agents [37]. As we detected no MXT-mediated SCCs at 0.0001 ug/ml, we speculate
that at these concentrations some form of ROS- and/or intercalation-induced DNA damage,
but not DSBs, is responsible for the increases in yH2AX in V79 cells. To this end, a number
of recent studies have revealed that yH2AX can be induced by DNA excision repair
intermediates, without the involvement of DSBs per se [38-40]. It is possible that excision
repair-mediated removal of MXT-induced lesions yields intermediate moieties capable of
activating ATM or other PI-3-related kinases, e.g. ATR, which subsequently phospho- rylate
H2AX molecules.

At higher concentrations of MXT (>0.001 ug/ml), however, when SCCs were observed,
significant levels of DSBs were also detected by the neutral comet assay (YH2AX also
paralleled levels of DSBs over this concentration range). This suggests that DSBs produced in
these cells were a direct consequence of TOPO Il stabilization. Therefore, although our study
did not detect a NOAEL for total MXT-induced DNA damage in V79 cells, it does provide
useful information on its mechanisms of genotoxicity; at low concentrations it appears that
MXT induces DNA damage via a TOPO Il-independent mechanism(s), whereas, at higher
concentrations, DNA damage is mainly in the form of DSBs and results from TOPO I
inhibition. ETOP, on the other hand, appears to induce DSBs exclusively and these occur
through the single mechanism of TOPO Il poisoning. However, it should be noted that ETOP-
DNA adducts (as determined by 32P-postlabeling) have been observed in vitro, so other
mechanisms of ETOP-mediated DNA damage potentially exist (GM Williams, personal
communication).

The approach used in this study also allowed us to assess the relative potencies of ETOP and
MXT in terms of TOPO Il inhibition, induction of DNA damage and cytotoxicity. Inhibition
of TOPO lla (measured as SCC formation) and significant induction of DSBs by MXT
occurred at a concentration ~90-fold (molar basis) lower than with ETOP. A recent study
highlighted the importance of TOPO lla inhibition in relation to cytotoxicity, so it was not
surprising that MXT was significantly more cytotoxic than ETOP (as determined by RCC),
thus confirming other reports [25,41]. However, it must be considered that MXT's TOPO II-
independent mechanism of genotoxicity may also contribute to cytotoxicity, as cell counts were
decreased with 0.001 pug/ml when SCCs and DSBs were not detected.

In conclusion, the present findings demonstrate that induction of yH2AX by TOPO II poisons,
as with X- and y-irradiation and other agents, is strongly associated with DSBs in nuclear
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chromatin. However, recent evidence suggests that yYH2AX can also be induced by other types
of DNA damage. Results should therefore be validated and interpreted carefully when using
yH2AX as a marker of DSBs in future investigations. On the other hand, yH2AX, when
measured using immunocytochemical and flow cytometric methods, appears to be a highly
sensitive indicator of DNA damage and thus may prove to be a useful tool in genetic toxicology
screens. The ETOP data are also in line with the current threshold concept for TOPO |1 poison-
induced genotoxicity and this has implications in the safety assessment of chemicals displaying
both an affinity for TOPO Il and genotoxic/clastogenic effects.
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Fig. 1.
Formation of SCCs in V79 cells treated with TOPO |1 poisons: (A) ETOP and (B) MXT.
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Fig. 2.

Induction of DSBs (measured as % tail DNA,; solid line) by ETOP in V79 cells as assessed by
the neutral comet assay (control; 2.7£0). * P < 0.05. RCC (dashed line) are also shown as a
measure of cytotoxicity (control; 100%).
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Fig. 3.

Induction of DSBs (measured as % tail DNA; solid line) by MXT in V79 cells as assessed by
the neutral comet assay (control; 2.5+0.9). *P < 0.05, **P < 0.01. RCC (dashed line) are also
shown as a measure of cytotoxicity (control; 100%).
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yH2AX mean fluorescence (+S.E.M.) in V79 cells treated with ETOP (control; 111+5) or MXT

(control; 123£17).
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