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Abstract
DNA topoisomerase I (Top1) and topoisomerase II (Top2) inhibitors are widely used to treat a
variety of cancers. Their mechanism of action involves stabilization of otherwise transient
(“cleavable”) complexes between Top1 or Top2 and DNA; collisions of DNA replication forks
with such stabilized complexes lead to formation of DNA double-strand breaks (DSBs). In this
study, using 5-ethynyl-2′deoxyuridine (EdU) as a DNA precursor, we directly assessed the
relationship between DNA replication and induction of DSBs revealed as γH2AX foci in A549
cells treated with Top1 inhibitors topotecan (Tpt) or camptothecin (Cpt) and Top2 inhibitors
mitoxantrone (Mxt) and etoposide (Etp). Analysis of cells by multiparameter laser scanning
cytometry following treatment with Tpt or Cpt revealed that only DNA replicating cells showed
induction of γH2AX and a strong correlation between DNA replication and formation of DSBs (r
= 0.86). In cells treated with Mxt or Etp, the correlation was weaker (r = 0.52 and 0.64). In
addition, both Mtx and Etp caused induction of γH2AX in cells not replicating DNA. Confocal
imaging of nuclei of cells treated with Tpt revealed the presence of γH2AX foci predominantly in
DNA replicating cells and close association and co-localization of γH2AX foci with DNA
replication sites. In cells treated with Mxt or Etp, the γH2AX foci were induced in DNA
replicating as well as non-replicating cells but the close association between a large proportion of
γH2AX foci and DNA replication sites was also apparent. The data are consistent with the view
that collision of DNA replication forks with cleavable Top1–DNA complexes stabilized by Tpt/
Cpt is the sole cause of induction of DSBs. Additional mechanisms such as involvement of
transcription and/or generation of oxidative stress may contribute to DSBs induction by Mxt and
Etp. The confocal analysis of the association between DNA replication sites and the sites of DSBs
(γH2AX foci) opens a new approach for mechanistic studies of the involvement of DNA
replication in induction of DNA damage.
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DNA topoisomerases are essential enzymes that mediate changes in the topology of double
helical DNA during replication, transcription, recombination, and chromatin remodeling.
Their activity allows for transitions between supercoiling and relaxing, knotting and un-
knotting, and decatenation versus catenation of superhelical DNA (reviews 1–5). Type I
topoisomerases (Top1) cause relaxation of superhelical DNA by generating a transient
single-strand nick followed by DNA religation. Type II topoisomerases (Top2) mediate
ATP-dependent cleavage of both strands of the DNA double helix followed by crossing of
the DNA double-strand (ds) through the transiently opened gap (1–5). Mammalian cells
have two Top2 isoenzymes, Top2α and Top2β (2,6). While Top2α is associated with cell
proliferation and its level is much higher in rapidly proliferating than in nondividing cells
Top2β may play a role in transcription (7).

Top1 and Top2 proved to be attractive targets of anticancer agents and their inhibitors are
among the most clinically effective drugs that are widely used to treat different kinds of
cancer. Their mechanism of action involves stabilization of otherwise transient (“cleavable”)
complexes formed between Top1 or Top2 and DNA (8,9). Collisions of the progressing
DNA replication forks with such stabilized complexes lead to formation of double-strand
breaks (DSBs) (8,9). Similarly, within the DNA region being transcribed, collisions of the
progressing RNA polymerase molecule with the inhibitor-stabilized Top1 or Top2
“cleavable complexes” located on the transcribed template strand result in formation of
DSBs (10). DSBs are recognized by the cell as lethal lesions and often induce apoptosis.

DNA damage, in particular when it involves induction of DSBs, triggers a complex series of
molecular events which are broadly defined as the DNA damage response (DDR). The DDR
events involve a post-translational modification of numerous proteins that activate many
signaling pathways associated with cell cycle progression, DNA repair, apoptosis, and cell
senescence (11). One of the early events of the DDR is activation of phosphatidyl inositol 3′
kinase-related kinases (PIKKs): Ataxia telangiectasia mutated (ATM), ATM and Rad3-
related (ATR), and/or DNA-dependent protein kinase (DNA-PKcs) (12,13). The function of
these protein kinases is to signal the presence of DNA damage by phosphorylating a
multitude of proteins whose main function is to preserve genome integrity.

One of the key substrates phosphorylated by PIKKs is histone H2AX, a variant of the
nucleosome core histone H2A (14,15). Its phosphorylation on Ser139 takes place on a large
number of nucleosomes, along a megabase span of DNA flanking the DSB; the
phosphorylated H2AX has been defined as γH2AX (15). Phosphorylation of several PIKKs
and of H2AX upon induction of DNA damage can be immunocytochemically detected with
the respective phospho-specific Abs and assessed by cytometry (16–20).

In our prior studies on the effects of the Top1 inhibitor topotecan (Tpt) and Top2 inhibitors
mitoxantrone (Mxt) and etoposide (Etp), we observed a strong cell cycle-phase dependence
in DNA damage signaling as revealed by ATM activation and induction of γH2AX (18,20–
24). Specifically, exposure of either human leukemic TK6 or pulmonary adenocarcinoma
A549 cells to Tpt, or its analogue camptothecin (Cpt), led to rapid phosphorylation of ATM
and H2AX selectively in S-phase cells. In contrast, the exposure to Mxt or Etp induced
ATM and H2AX phosphorylation in all phases of the cycle (20–24). Moreover, whereas
DNA damage signaling induced by Mxt or Etp was significantly attenuated by the reactive
oxygen species (ROS) scavenger N-acetyl-L-cysteine (NAC) (22), no similar attenuation
was seen upon induction of DNA damage by Tpt or Cpt (22,25). The occurrence of
apoptosis, which was subsequent to ATM activation and H2AX phosphorylation, was also
cell cycle-phase specific, being selective to S-phase cells following treatment with Tpt and
Mxt but not with Etp (20,21).
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This study was designed to explore the cell cycle-phase selectivity in DNA signaling
induced by Tpt/Cpt, Mxt, and Etp with more accuracy, particularly to study any correlation
between the DDR signaling and S-phase progression as revealed by DNA replication.
Toward this end we have labeled DNA replicating cells with a short pulse of the DNA
precursor 5-ethynyl-2′deoxyuridine (EdU) and subsequently exposed them to the inhibitors.
The detection of the EdU incorporation using the “click chemistry” approach (26) makes it
possible to concurrently detect intracellular epitopes (27), including their modification by
phosphorylation, with the use of phospho-specific Abs (28–32). Using multiparameter LSC,
we have been able, therefore, to directly correlate DNA replication with the induction of
DNA damage signaling triggered by topoisomerase inhibitors as revealed by H2AX
phosphorylation. The use of confocal microscopy made it possible to relate the induction of
γH2AX foci, likely reporting the presence of DSBs (15), with the discrete sites of DNA
replication (“DNA replication factories”) made up of DNA associated with protein
complexes involved in DNA replication within chromatin (33).

Materials and Methods
Cells, Cell Treatment

Human lung carcinoma A549 cells were obtained from American Type Culture Collection
(ATCC CCL-185, Manassas, VA). The cells were cultured in Ham’s F12K medium with 2
mM L-glutamine adjusted to contain 1.5 g/L sodium bicarbonate (ATCC) supplemented with
10% fetal bovine serum (ATCC). Dual-chambered slides (Nunc Lab-Tek II) were seeded
with 105 cells/mL suspended in 2 mL medium per chamber. During treatment with EdU and
Tpt, Cpt, Mxt, or Etp, the cells were in exponential phase of growth. The cultures were
treated with 20 µM EdU (Invitrogen/Molecular Probes, Eugene, OR) for 30 min and then,
while still in the presence of EdU, either with 0.2 µM Tpt, or 0.2 µM Cpt, 0.2 µM Mxt, or
10 µM Etp (all from Sigma/Aldrich Chemical Co., St. Louis, MO) for another 120 min. The
cells were then rinsed with phosphate-buffered salt solution (PBS) and fixed by transferring
slides into Coplin jars containing 1% methanol-free formaldehyde (Poly-sciences,
Warrington, PA) for 15 min. The slides were rinsed with PBS and kept at 4°C with a 1% (w/
v) solution of bovine serum albumin (BSA; Sigma/Aldrich) in PBS until staining.

Detection of H2AX Phosphorylation and Incorporation of EdU
Slides in fixative were washed twice in PBS and the cells on the slides treated with 0.1%
Triton X-100 (Sigma) in PBS for 15 min, and with a 1% (w/v) solution of BSA (Sigma) in
PBS for 30 min (or overnight incubation for confocal imaging) to suppress nonspecific
antibody (Ab) binding. The cells were then incubated in a 100 µL volume of 1% BSA
containing a 1:300 dilution of phospho-specific (Ser139) γH2AX mAb (BioLegend, San
Diego, CA) for 1.5 h at room temperature or overnight at 4°C. The secondary Ab was tagged
with Alexa-Fluor 647 fluorochrome (Invitrogen/Molecular Probes, at a dilution of 1:100)
and incubated for 45 min at room temperature. The Click-iT® EdU AlexaFluor® 488
imaging kit (Invitrogen/Molecular Probes) was used to detect EdU incorporation according
to the Invitrogen protocol. Before measurement by LSC, the cells were counterstained with
2.8 µg/mL 4,6-diamidino-2-phenylindole (DAPI; Sigma/Aldrich) in PBS for 15 min. Each
experiment was performed with an IgG control in which cells were labeled only with the
secondary AlexaFluor 647 Ab, without primary antibody incubation to estimate the extent of
nonspecific binding of the secondary antibody to the cells. Other details of cell incubations
with the primary and secondary Ab have been previously described (30,32).

Measurement of Cell Fluorescence by LSC
Cellular green (EdU) or red immunofluorescence (IF) representing the binding of the
respective phospho-specific Abs as well as the blue emission of DAPI-stained DNA was
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measured using an LSC (iCys; CompuCyte, Westwood, MA) utilizing standard filter
settings; fluorescence was excited with heliumneon (633 nm) argon ion (488 nm) and violet
(405 nm) lasers. The intensities of maximal pixel and integrated fluorescence were measured
and recorded for each cell. No electronic compensation for possible emission spectral
overlap was applied. At least 3,000 cells were measured per sample. Gating analysis was
carried out as described in legend of Figure 1. To measure the correlation between
incorporation of EdU and expression of γH2AX, the subpopulations of DNA replicating
cells were gated as shown in Figure 1 and the data transferred to Microsoft Excel which
were used to analyze the correlation coefficient (Pearson’s r) within these subpopulations
(Examples of the raw data of LSC analysis are presented in Supplemental Information).

Mapping Replication and H2AX Phosphorylation by Confocal Microscopy
Cell cultures intended for imaging experiments were grown on round coverslips submerged
in Petri dishes. Cells were incubated with EdU first (30 min; Click-iT® EdU Alexa-Fluor®

488 Imaging Kit cat. # C10337; Invitrogen/Molecular Probes) and the topoisomerase
inhibitors were added at a final concentration of 0.15 µM of Tpt, 0.2 µM of Mxt or 10 µM
of Etp for an additional 60 or 120 min in the presence of EdU. Cells were fixed with
methanol-free formaldehyde (4%, 15 min) and treated with Triton X-100 (0.1%, 15 min).
Blocking was done overnight in 3% (w/v) BSA; phospho-specific (Ser139) γH2AX mAb
(Upstate Biotechnology, Lake Placid, NY) was used followed by the secondary antibody
Alexa-Fluor® 568 goat anti-mouse IgG (H+L) (cat. # A11004; Invitrogen/Molecular
Probes). Subsequently, detection of EdU was performed, according to the manufacturer’s
instructions. Images were recorded using a Leica LSC SP5 confocal microscope (Leica
Microsystems GmbH, Wetzlar, Germany). The following instrumental parameters were
used: 63× HCX PL APO CS NA 1.4 oil immersion lens; excitation was at 488 (Ar) and 561
nm (HeNe); emission detection bands used were 500–550 nm for AlexaFluor488 (Click-iT
EdU) and 560–700 nm for AlexaFluor568 (immunofluorescence, γH2A.X); registration was
in sequential mode; and scanning was done at 8,000 Hz (resonant scanner), with 16–32
averaged frames. Images were deconvoluted using AutoDeblur software v.X2.2 (Media
Cybernetics).

Results
Figure 1 illustrates the correlation between the induction of γH2AX by treatment of A549
cells with Cpt, Mxt, or Etp vis-à-vis DNA replication. To directly assess a relationship
between the expression of γH2AX induced by the inhibitors and the extent of EdU
incorporation, these topoisomerase inhibitors were included into the cultures at the time
when the cells were incorporating the DNA precursor EdU. In the course of multiparameter
analysis by LSC, the cells incorporating EdU were identified using “paint-a-gate” analysis
which made it possible to evaluate the expression of γH2AX by them and compare it with
that of the cells that did not replicate DNA during exposure to EdU. The evidence is quite
straight-forward that upon exposure to Cpt γH2AX was induced exclusively in DNA
replicating cells. In cells treated with Mxt or Etp on the other hand, both DNA replicating as
well as non-replicating cells demonstrated elevated level of γH2AX (e.g., above that of the
maximal threshold of γH2AX of untreated cells; Fig. 1, Panel B). A relatively strong
correlation between EdU incorporation and induction of γH2AX was observed in cells
treated with Cpt (r = 0.86). The correlation was of a lesser degree in cells treated with Mxt
(r = 0.52) or Etp (r = 0.64). The data shown in Figure 1 also indicate that treatment of cells
with Cpt, Mxt, or Etp decreased the intensity of their labeling with EdU as is evident by the
lower level of EdU incorporation in the D, G, and J panels compared with A.

The spatial relationship in chromatin between the sites of DNA replication and the sites of
H2AX phosphorylation (γH2AX foci) induced by treatment with Tpt is shown in the
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confocal image of A549 cells nuclei (Fig. 2; left column). The cells were exposed to EdU
for 30 min and subsequently treated with Tpt for an additional 60 or 120 min. The
incorporated EdU was detected using the green-fluorochrome (AlexaFluor 488)-tagged
azide, whereas γH2AX was detected immunocytochemically using a secondary Ab
conjugated to a red fluorescing dye (AlexaFluor 568). The most conspicuous observation
was that all cells showing EdU incorporation (DNA replication) sites also contained a
multitude of γH2AX foci. On the other hand, most cells that were EdU negative had low
numbers (1–5) of γH2AX foci. However, a few EdU unlabeled cells had a slightly higher
number of foci (Fig. 2; left column, top panel). As it is quite apparent from Figure 2, while
there were numerous DNA replication sites that were not associated with γH2AX foci and
there were some γH2AX foci alone, with no distinct association with sites of EdU
incorporation, a significant proportion of the γH2AX foci were associated with the
replication sites. In fact, in numerous sites, a distinct co-localization of EdU and γH2AX
was apparent, revealed by yellow fluorescence, a result of the red plus green fluorescence
overlap.

The center column in Figure 2 shows confocal images of A549 cell nuclei treated with Mxt
and EdU. Unlike in Tpt-treated cells, well over 50% of the MTX-treated nuclei showed the
presence of large numbers of γH2AX foci in the absence of DNA replication sites. However,
all nuclei containing DNA replication sites also had numerous γH2AX foci. As was the case
with Tpt treated cells, such nuclei had individual DNA replication sites not in association
with γH2AX foci, relatively few γH2AX foci alone and large number γH2AX foci co-
localized with DNA replication foci.

The pattern of EdU and γH2AX localization in nuclei of cells treated with Etp resembled
that of cells treated with Mxt (Fig. 2 right column). Thus, there was a conspicuous presence
of cells having only γH2AX foci in the absence of DNA replication sites as well as large
number of nuclei with both, γH2AX foci and DNA replication sites. Here also, the
replication sites were seen either alone or co-localized with the γH2AX foci.

Discussion
These data confirm and provide additional information in support of our prior observations
on the cell cycle phase specificity of Ctp/Tpt, Mxt, and Etp in terms of induction of DNA
damage signaling (20–25,34). In these earlier studies, we observed that the Top1 inhibitors
Cpt and Tpt selectively affected S-phase cells triggering their ATM and Chk2 activation as
well as H2AX and p53 phosphorylation and had no effect on G1 or G2M phase cells. In
contrast, Mxt and Etp triggered DNA damage signaling in G1 and G2M phase in addition to
S-phase cells. In these earlier studies, we have identified these cell cycle phases by cellular
DNA content. Such identification has a bias since the cells just initiating- or completing-
DNA replication may have DNA content so close to that of G1 or G2M cells, respectively,
that they can be erroneously classified as in G1 or G2M phase. In this study, we were able to
correlate the induction of DDR by these drugs as revealed by H2AX phosphorylation
directly with DNA replication, detected within the same cells. Thus, the identification of the
S-phase cells was more accurate and revealed actual DNA replication. Furthermore, we
were able to correlate the extent of DNA replication during the exposure to EdU based on
the quantity of the incorporated precursor with the extent of phosphorylation of H2AX
measured as the intensity of γH2AX immunofluorescence (Fig. 1, C, F, I, L). In addition,
confocal microscopy enabled us to observe the spatial relationship between γH2AX foci and
DNA replication sites in chromatin (Fig. 2). The presence of discrete γH2AX foci is
considered to represent formation of DSBs (14,15). It was possible therefore to directly
correlate the induction of DSBs with DNA replication.
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The Top1 inhibitors Cpt/Tpt bind DNA by intercalation between the −1 and +1 bases of
DNA where the −1 base is the nucleotide covalently bound to Top1, thereby stabilizing
DNA–Top1 complexes (1–4). The Top1 inhibitors Cpt and its analogue Tpt were previously
shown to selectively induce apoptosis of S-phase cells having no effect on cells in either G1
or G2M (35). These data provide additional information that the induction of γH2AX by
these Top1 inhibitors was strongly associated with DNA replication. Thus, the low
frequency of γH2AX foci (1–5) seen in most cells not replicating DNA was similar to that of
untreated cells and has previously been shown to represent constitutive DNA damage
signaling, induced primarily by endogenous, metabolically generated oxidants (36,37).
Occasionally, some cells not replicating DNA in cultures treated with Tpt had a larger
number of foci (Fig. 2, left top panel). We had observed in prior studies (36,37) that cells
with elevated levels of constitutive DNA damage signaling were predominantly in late G2 or
in prophase. On the other hand, among DNA replicating cells, a rather strong correlation
was seen between the extent of DNA replication revealed by the amount of incorporated
EdU and degree of H2AX phosphorylation (r = 0.86). Furthermore, the confocal images of
Tpt-treated cells showed a high frequency of DNA replication sites in association and co-
localized with γH2AX foci (Fig. 2). All this evidence, combined with the prior observation
that the induction of DDR by Top1 inhibitors was not attenuated by the ROS scavenger
NAC (22), points out that the induction of DSBs by Tpt/Cpt was solely a consequence of the
collisions of DNA replications forks with “cleavable complexes” stabilized by the inhibitors,
as originally proposed by Hsiang et al (7). In fact, among a large variety of the anticancer
drugs studied, the Top1 inhibitors were shown to be the most effective agents in triggering
apoptotic cell death selectively of DNA replicating cells (38).

Top2 inhibitors Mxt and Etp both generate formation of stabilized Top2-DNA covalent
complexes, but by different mechanisms (1–5). While the anthracycline analogue Mxt binds
DNA by intercalation (39) Etp is not an intercalator and binds stoichiometrically to Top2
(40). We have observed that Mxt, similar to Cpt, induces apoptosis preferentially in S-phase
cells (20,41), whereas Etp is not so selective and the cells exposed to it undergo apoptosis at
all phases of the cycle (25). Furthermore, while the induction of DNA damage by Mxt and
Etp to a large extent appears to be mediated by ROS, no such involvement of ROS was seen
in the cells treated with Cpt/Tpt (22,25). In this study, the induction of γH2AX by Mxt and
Etp was seen both in DNA replicating as well as in non-replicating cells. The correlation in
the extent of induction of γH2AX and EdU incorporation was of a lesser degree (r = 0.52,
Mxt; r = 0.64, Etp) compared with Cpt. However, the presence of γH2AX foci in association
with and co-localizing with DNA replication sites was clearly evident (Fig. 2). Thus, our
present data are compatible with the view that while some DSBs induced by Mxt or Etp
were caused by collisions of DNA replication forks with the stabilized complexes of Top2-
DNA (7), other DSBs could have originated from collisions of the DNA transcription
machinery with these complexes (9,10) and/or were caused by ROS induced by treatment
with these inhibitors (22,25). As we have shown recently, the oxidative stress-induced
γH2AX foci are predominant in S-phase cells and do co-localize with DNA replication sites
(32).

Our confocal studies on the association between DNA replication sites and the sites of DSBs
(γH2AX foci) opened a new approach for mechanistic studies on the involvement of DNA
replication with the genotoxicity of different agents. As shown in Figure 2, there were (i)
DNA replication sites alone with no apparent association with γH2AX foci. Their presence
is expected when the replication takes place at DNA sections not being affected by the drug
(with no DSBs); (ii) DNA replication sites in association with or co-localized with γH2AX
foci. The incidence of such sites points out that DNA replication may have a contributory
role in DSBs formation; and (iii) γH2AX foci alone, which may indicate that DSBs were
induced with no contribution of DNA replication. However, it is also possible that these
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γH2AX foci are at the sites of DNA replication at which the amount of incorporated EdU at
the moment of the DSBs formation (e.g., collision of the replication forks) was as yet
minimal and thus undetectable.

In an attempt to quantitatively express a correlation between H2AX phosphorylation foci
(red) and DNA replication sites (green) (Fig. 2) we calculated the overlap between these
sites using a JaCoP plugin (42) for ImageJ (43) approach. The co-localization coefficients,
calculated according to the method of Manders et al. (44), are presented in Table 1. The data
show the greatest degree of co-localization for Tpt (0.655, 0.475) and the lowest for Etp
(0.155; 0.19). In the case of Tpt and Mxt, the co-localization was more pronounced in early-
than in late-S phase cells.

In the case of Tpt (Fig. 1, Panel E), the DSBs (γH2AX foci) are expected to be formed
almost solely at the DNA replication sites (collapse of “cleavable complexes”; Ref. 7). Thus,
the co-localization coefficient is expected to be close to 1.0. However, the γH2AX foci are
relatively large (megabase domains of DNA at both flanks of DSB; Refs. 14,15) and may
extend beyond the areas marked by the incorporated EdU. Moreover, translocation of
particular areas of chromatin may occur due to local chromatin relaxation (decondensation)
that occurs shortly after induction of DNA damage (45). Thus, at the time the cells were
fixed some γH2AX foci, even if initially were at the replication sites, may not fully overlap
with the latter at the time of fixation. This may explain why the co-localization coefficient is
in the range 0.475–0.655 (Table 1) rather than be close to 1.0.

It is reasonable to expect that lower values of the coefficient represent the situation where
DNA damage was inflicted not only at the sites of replication forks but also outside of them
as well. The damage induced by Mxt or Etp falls into this category (Table 1). This is
consistent with the LSC data (Fig. 1). The difference in the co-localization coefficients
between the early- and late- S cells may be due to the fact that the rate of DNA replication in
these sections of S phase is markedly different (33,46).

This initial analysis of the representative images as shown in Fig. 2 requires refinement,
which will include measurements of the distances between the regions of replication and
phosphorylation and a selection of a larger number of cells at earlymid- and late- sections of
S phase. Such analysis, embracing a large body of new data is currently in progress. The
data may provide further information on the role of DNA replication in formation of DSBs
induced by these agents.

Conclusions
This study demonstrates the utility of the combination of: (i) “click chemistry” to detect
DNA replication, (ii) multi-parameter analysis by laser scanning cytometry, and (iii)
confocal microscopy, in mechanistic studies of DNA damage induced by widely used
anticancer drugs. While this methodology can be used to study other cell types and other
drugs, the aim of this study was to show the feasibility and advantages of such an approach.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Correlation between induction of γH2AX by Cpt, Mxt, and Etp and DNA replication in
A549 cells. Exponentially growing A549 cells were exposed to 20 µM EdU for 30 min and
then (still in the presence of EdU) were treated either with 0.2 µM Cpt (D, E, F), 0.2 µM
Mxt (G, H, I), or 20 µM Etp (J, K, L) for 2 h. Control cells (A—C) were exposed only to
20 µM EdU for 2.5 h. The cells were then fixed and their blue (DAPI), green (EdU), and red
(γH2AX) fluorescence were measured by LSC. The cells that incorporated EdU were “paint-
gated” and the data were plotted as bivariate distributions representing γH2AX versus DNA
content (B, E, H, K) or γH2AX expression versus EdU incorporation (C, F, I, L). Note that
Cpt induced γH2AX only in EdU incorporating cells. In contrast, in response to treatment
with Mxt or Etp, H2AX was phosphorylated in both EdU incorporating and non-
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incorporating (G1 and G2M) cells. A correlation between EdU incorporation and induction
of γH2AX by the Top inhibitors is shown in Panels F, I, and L; the correlation coefficient
refers only to DNA replicating cells. Insets in A, D, G, and J panels present DNA content
frequency histograms from the respective cultures, with EdU incorporating cells marked in
red. The dashed skewed lines in B, E, H, and K show the upper threshold for 97% of G1 and
S-phase cells expressing γH2AX in the untreated culture (Ctrl). [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 2.
Relationship between the sites of EdU incorporation (replication factories) and the induction
of γH2AX foci in A549 cells treated with Tpt (left column), Mxt (middle column), or Etp
(right column). Confocal images of A549 nuclei that were exposed to 10 µM EdU for 30
min and then for additional 60 or 120 min treated with 0.15 µM Tpt, 0.2 µM Mxt, or 10 µM
Etp. The incorporation of EdU was detected using the “click chemistry” methodology [refs.
26—30] utilizing AlexaFluor 488-tagged azide (green fluorescence) while γH2AX was
detected immunocytochemically using a secondary Ab labeled with AlexaFluor 568 (red
fluorescence). The size marker = 10 µm. The displayed images are 3D maximum intensity
projections of all the confocal planes of a given nucleus for non-replicating, and late-S phase
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cells, or a stack of sections from the equatorial region of the nucleus for early S-phase cells,
where the frequency of foci was much greater. The top row shows nuclei of EdU non-
incorporating cells, the middle—nuclei of cells in early S phase, the bottom—nuclei of late
S phase. The distinction between early- and late-S phase is based on the characteristic
differences in the pattern of DNA replication sites [ref. 33]. Enlarged images of selected
foci/sites of DNA replication (late S phase) are shown at the bottom of the respective
columns; the size marker = 0.5 µm). Nuclei of cells treated with Tpt demonstrate the sites of
EdU incorporation (“replication factories”) often in close proximity or co-localized (green
and red overlap = yellow fluorescence) with γH2AX foci. Fewer phosphorylation foci co-
localize with replication sites in cells treated with Mxt or Etp. The co-localization
coefficients are shown in Table 1. In Tpt-treated and EdU-negative cell, the frequency of
γH2AX foci was similar to that of untreated controls. In Mxt and Etp treated cells, the
number of γH2AX foci in EdU-negative cells was greater than in control cells.
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Table 1

Co-localization coefficient for the fraction of γH2AX foci (red fluorescence) overlapping DNA replication
sites (green fluorescence). R→G = fraction of red overlapping green

MANDERS’ COEFFICIENTS

TOPOTECAN MITOXANTRONE ETOPOSIDE

Early S R→G = 0.655 R→G = 0.419 R→G = 0.155

Late S R→G = 0.475 R→G = 0.02 R→G = 0.19
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