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Abstract
Induction of DNA damage by oxidants such as H2O2 activates the complex network of DNA
damage response (DDR) pathways present in cells to initiate DNA repair, halt cell cycle
progression, and prepare an apoptotic reaction. We have previously reported that activation of
Ataxia Telangiectasia Mutated protein kinase (ATM) and induction of γH2AX are among the early
events of the DDR induced by exposure of cells to H2O2, and in human pulmonary carcinoma
A549 cells, both events were expressed predominantly during S-phase. This study was designed to
further explore a correlation between these events and DNA replication. Toward this end, we
utilized 5-ethynyl-2′deoxyuridine (EdU) and the “click chemistry” approach to label DNA during
replication, followed by exposure of A549 cells to H2O2. Multiparameter laser scanning
cytometric analysis of these cells made it possible to identify DNA replicating cells and directly
correlate H2O2-induced ATM activation and induction of γH2AX with DNA replication on a cell
by cell basis. After pulse-labeling with EdU and exposure to H2O2, confocal microscopy was also
used to examine the localization of DNA replication sites (“replication factories”) versus the
H2AX phosphorylation sites (γH2AX foci) in nuclear chromatin in an attempt to observe the
absence or presence of colocalization. The data indicate a close association between DNA
replication and H2AX phosphorylation in A549 cells, suggesting that these DNA damage response
events may be triggered by stalled replication forks and perhaps also by induction of DNA double-
strand breaks at the primary DNA lesions induced by H2O2
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DNA in live cells is being persistently damaged by reactive oxygen species that are either
the by-products of aerobic respiration (1–9), generated during macrophage oxidative burst
(10–12), originating from environmental pollutants (13) or even of iatrogenic origin (14).
The damage manifests as oxidation of DNA bases with a prevalence of guanine adducts
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such as 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxo-dG)], fragmentation of base rings,
sugar modification, DNA and protein crosslinking, and induction of DNA strand breaks
(DSBs) (2,15,16). Repair of DSBs can be error prone leading to deletion of base pairs and
producing defects that result in translocations and chromosomal instability (3,4,17,18).
Alterations in molecular structure of DNA accumulating with time are important factors in
promoting aging, cellular senescence, and predisposing to cancer (1–6,19–21).

In our prior publications, we addressed the issue of oxidative DNA damage such as that
induced by endogenous oxidants produced during aerobic metabolism (8,9,22–24),
generated by the oxidative burst of macrophages (25) or by cell treatment with nitrogen
oxide-releasing aspirin (26). In these studies, DNA damage was monitored indirectly, by
assessment of histone H2AX phosphorylation (expression of γH2AX) (27) and activation of
Ataxia Telangiectasia Mutated protein kinase (ATM) through its autophosphorylation on
Ser1981. Phospho-specific Abs and multiparameter cytometry were used to detect these
phosphorylation events and correlate them with the cell cycle phase and induction of
apoptosis. Our studies provided evidence that DNA damage signaling induced by the
oxidants revealed by H2AX phosphorylation, and ATM activation was strongly correlated
with progression of cells through the S phase of the cell cycle (8,9,22–26).

This study was designed to obtain direct evidence on the possible association between DNA
replication and H2AX phosphorylation as well as ATM activation upon induction of
oxidative DNA damage. Toward this end, we have used the “click chemistry” approach to
label DNA being actually replicated with 5-ethynyl-2′deoxyuridine (EdU) (28–30) followed
by cells exposure to the oxidizing/DNA damaging agent H2O2. Analysis of these cells by
multiparameter cytometry made it possible to identify DNA replicating cells and directly
correlate the H2O2-induced ATM activation and expression of γH2AX with DNA
replication on a cell by cell basis (29). Visualization of nuclear sites of DNA replication
(“replication factories”) through their nascent labeling with EdU versus the sites of H2AX
phosphorylation (γH2AX foci) was accomplished by confocal microscopy. This approach
made it possible to observe whether these events were spatially colocalized.

Materials and Methods
Cells, Cell Treatment

Human lung carcinoma A549 cells were purchased 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) and supplemented
with 10% fetal bovine serum (ATCC). Dual-chambered slides (Nunc Lab-Tek II) were
seeded with 105 cells/ml suspended in 1 ml medium per chamber. During treatment with
EdU and H2O2, the cells were in exponential phase of growth. The cultures were treated
with 10 μM EdU (Invitrogen/Molecular Probes, Eugene, OR) for 60 min and then, while still
in the presence of EdU, with 200 μM H2O2 (Sigma Chemical Co., St Louis, MO) for another
60 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
(Polysciences, Warrington, PA) for 15 min. The slides were postfixed in 70% ethanol and
kept at 0–4°C until staining.

Detection of H2AX Phosphorylation, ATM Activation, 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 bovine serum
albumin (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
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volume of 1% BSA containing a 1:300 dilution of phospho-specific (Ser139) γH2AX mAb
(Biolegend, San Diego, CA or with 1:100 dilution of phospho-specific (Ser1981) ATM mAb
(Millipore, Tamecula, CA). The secondary Ab was tagged with AlexaFluor 647
fluorochrome (Invitrogen/Molecular Probes, used at 1:200 dilution). The Click-iT® EdU
AlexaFluor® 488 imaging kit (Invitrogen/Molecular Probes) was used to detect EdU
incorporation. Before measurement by LSC, the cells were counterstained with 2.8 μg/ml
4,6-diamidino-2-pheny-lindole (DAPI; Sigma) in PBS for 15 min. Each experiment was
performed with an IgG control in which cells were labeled only with the secondary
AlexaFluor 647 antibody, 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 (31,32).

Measurement of Cell Fluorescence by LSC
Cellular green (EdU) or red IF representing the binding of the respective phospho-specific
Abs as well as the blue emission of DAPI stained DNA was measured using an LSC (iCys;
CompuCyte, Westwood, MA) utilizing standard filter settings; fluorescence was excited
with 488-nm argon, helium-neon (633 nm) and violet (405 nm) lasers (33). The intensities
of maximal pixel and integrated fluorescence were measured and recorded for each cell. At
least 3,000 cells were measured per sample. Gating analysis was carried out as described in
Figure legends. To measure the correlation between incorporation of EdU and expression of
γH2AX or ATM-S1981P, the subpopulations of DNA replicating cells were gated as shown
in Figures 1–3, and the Microsoft Excel was used to analyze the correlation coefficient
(Pearson’s r) within these subpopulations.

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 H2O2 was added at final
concentration 100 μM for additional 30 min in the presence of EdU. Cells were fixed with
methanol-free formaldehyde (4%) and treated with Triton X-100 (0.1%). Blocking was done
overnight in 3% (w/v) BSA; phospho-specific (Ser139) γH2AX mAb (Upstate Bio-
technology Inc., Lake Placid, NY) was used, followed by a secondary antibody AlexaFluor
568 goat anti-mouse IgG (H+L), cat. # A11004 (Invitrogen/Molecular Probes).
Subsequently, detection of EdU was performed, according to manufacturer’s instructions.
Images were recorded using 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 488 (Ar) and 561 nm (HeNe), emission
detection bands 500–550 nm for AlexaFluor488 (Click-iT EdU) and 600 to 660 nm for
AlexaFluor568 (immunofluorescence, γH2A.X), registration in sequential mode, scanning or
8000 Hz (resonant scanner), with 16–32 averaged frames. Images were deconvoluted using
Auto-Deblur software v.X2.2 (Media Cybernetics, USA).

Results
As mentioned, the detection of EdU incorporation using the “click chemistry” approach
enables one to identify DNA replicating cells and concurrently detect other intracellular
epitopes immunocytochemically (28–30). This approach has been presently used to correlate
DNA replication and H2AX or ATM phosphorylation in cells subjected to oxidative stress.
To label nascent DNA, the cells were treated with EdU for 60 min and then, still in the
presence of EdU, exposed to H2O2 for an additional hour to induce γH2AX. As is evident
from the data shown in Figure 1, the induction of γH2AX by exposure to H2O2 was
essentially limited to the DNA replicating cells. The cells initiating and terminating DNA
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replication [entering (enS) and exiting (exS) S phase] during the duration of the exposure to
EdU had variable levels of EdU incorporation as their length of exposure to the precursor at
the time of DNA replication varied between 1 and 120 min.

Among the cells that did not incorporate EdU, only a very few had γH2AX levels above that
of the upper threshold of the H2O2-untreated cells (Fig. 1E, black dots). These were
predominantly G2/M-phase cells which were previously shown to have high level of
constitutive expression of γH2AX and activated ATM (8,9,22–24). The data also
demonstrate that DNA replication was suppressed in cells exposed to the oxidant. This was
reflected by a decreased level of EdU incorporation in the cells that were exposed to the
precursor for 60 min in the absence of H2O2 and then for 60 min in the presence of H2O2
(Fig. 1C) compared with the cells exposed for the full 120 min to EdU in the absence of
H2O2 (Fig. 1B). A relatively weak correlation (r = 0.36) was seen between the degree of
EdU incorporation and extent of H2AX phosphorylation within the population of DNA
replicating cells.

Essentially similar results were obtained in an experiment aimed to examine the relationship
between DNA replication and activation of ATM in cells exposed to H2O2 (Fig. 2). Thus,
activation of ATM was seen almost exclusively in cells that incorporated EdU. However,
there were also cells that had incorporated EdU but did not show an increase in ATM
activation (cells below the dashed line for ATM-S1981P in Fig. 2D). Among DNA
replicating cells, the correlation between EdU incorporation and the degree of ATM
activation (Ser1981 phosphorylation) was somewhat weaker (r = 0.32) that in the case of
H2AX phosphorylation (r = 0.36).

The correlation between EdU incorporation versus induction of γH2AX (Fig. 1F) or versus
induction of ATM-S1981P by H2O2 (Fig. 2F) included cells that were initiating (enS) and
terminating (exS) DNA replication during the duration of the EdU pulse (120 min), i.e.,
were exposed to the precursor for variable (1–120 min) time intervals. To reveal whether
there is a correlation between the DNA replication and the induction of γH2AX or ATM-
S1981P in the cells that were exposed to EdU for the full 120 min, the paint-a-gate analysis
was carried out as shown in Figure 3 to exclude the enS and exS cells. The data show a
rather weak correlation between EdU incorporation and the induction of γH2AX (r = 0.21)
and essentially no (very weak negative) correlation between EdU and the induction of ATM-
S1981P(r = −13).

The intranuclear spatial relationship between the sites of DNA replication (“replication
factories”) and the sites of H2AX phosphorylation (γH2AX foci) is shown in the confocal
image of A549 nuclei. These cells were exposed to EdU for 30 min and subsequently treated
with H2O2 for an additional 30 min (Fig. 4). The incorporated EdU was detected using the
green-fluorophore (AlexaFluor 488)-tagged azide, while γH2AX was detected
immunocytochemically using a secondary Ab tagged with a red fluorescing dye (AlexaFluor
568). The pattern of DNA replication sites (“replication factories”, green) of these nuclei is
consistent with the early-S (A, B) and late-S (C) phase of the cycle. It is evident that there
are numerous DNA replication sites alone, not associated with the γH2AX foci. It is also
apparent that numerous γH2AX foci are also alone, not associated with the incorporated
EdU. However, a significant proportion of the γH2AX foci are associated with the
replication sites, and in fact, in several sites a distinct colocalization of EdU and γH2AX is
apparent, revealed by yellow fluorescence, a result of the red plus green fluorescence
overlap.
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Discussion
The present data confirm our previous reports that oxidative stress mediated by H2O2
induces phosphorylation of H2AX and activation of ATM (8,9,22–26). Although in the prior
studies, we observed that these two DDR events were induced predominantly in S-phase
cells, the present data provide more direct evidence of their association with actual DNA
replication, this time revealed by the concurrent analysis of EdU incorporation. It is quite
evident that almost all DNA replicating cells had levels of γH2AX elevated above that of the
untreated cells (Fig. 1E). In the case of ATM activation, this relationship was somewhat less
apparent in as much as a significant number of DNA replicating cells still had levels of
ATM-S1981P similar to that of the S-phase cells from the control culture (below the dashed
line in Figs. 2C and 2D).

A relatively low level of correlation was observed between the extent of EdU incorporation
and expression of γH2AX (r = 0.36) or ATM-S1981P (r = 0.32). This was the case when all
DNA-replicating cells, including those cells entering (enS) and exiting (exS) S phase during
the EdU pulse were included. When the analysis was restricted to mid-S phase cells,
(excluding the enS and exS cells as in Fig. 3), the correlation between EdU incorporation
and γH2AX expression was still weaker (r = 0.21) and was not apparent for EdU versus
ATM-S1981P. However, one has to be cautious in interpreting the data involving the
relationship of these DDR events and the rate of DNA replication. The extent of
incorporation of EdU may be affected by possible intercellular differences including: the
uptake of the precursor, the size of the pool of endogenous thymidine competing with its
analog EdU, as well as the rate of DNA replication.

The confocal images of the DNA replicating cells show the apparent association of some
γH2AX foci with DNA replication factories, even to the point that some γH2AX foci
colocalize with the DNA replication sites (Fig. 4). As it could be expected, there were sites
of DNA replication that were not associated with γH2AX, likely reflecting replication
through DNA sections having no H2O2-induced lesions It should be stressed, however, that
a large proportion of the DNA replication sites were not associated with γH2AX foci. More
extensive analysis of the association between the replication sites and induction of γH2AX
by oxidative stress, including the analysis of DNA replicating cells at shorter pulses of
exposure to EdU, different integrals (time windows) of the S-phase and statistical evaluation
of the degree of the colocalization, is the subject of separate publication (manuscript in
preparation).

Induction of distinct γH2AX foci is considered to report formation of DSBs (27,34,35). Our
present data show that exposure to H2O2 induced γH2AX essentially only in DNA
replicating cells and that some γH2AX foci either colocalized with or were in close
proximity to DNA replication factories. These observations suggest the possibility that
induction of DSBs occur as a result of the collapse of DNA replication forks upon
encountering 8-oxo-dG, the primary DNA lesions caused by the oxidant. The role of
replication stress and replication fork stalling and collapse induced by various agents
including oxidants was recently reviewed by Allen et al. (36). It is more difficult to explain
the presence of a large proportion of γH2AX foci alone, with no apparent association with
DNA replication sites. It is possible that these γH2AX foci are the sites of DNA replication
at which the amount of EdU incorporation at the moment of the collapse of the replication
forks was as yet minimal and thus undetectable.

It was recently reported that oxidative stress induces activation of ATM directly, in the
absence DNA, DSBs and the MRN complex (37,38). The authors postulate that in addition
to its essential role in activation of the DSBs-induced signaling pathways, ATM may also
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serve as a sensor of oxidative stress and may activate other pathways related to oxidant-
signaling. In these studies, activation of ATM by H2O2 in human primary fibroblasts was
observed to occur with no evidence of H2AX phosphorylation. This is in contrast to the
present findings and to our prior studies in which we observed induction of γH2AX upon
treatment with H2O2 (8,9) or in response to other exogenous or endogenous oxidants (22–
26). There is also extensive evidence in the literature concerning induction of γH2AX by
different oxidants (39–45). Because H2AX phosphorylation induced by H2O2 occurs only in
DNA replicating cells (Fig. 1), the apparent lack of H2AX phosphorylation upon treatment
with H2O2 (37) may indicate that the cells were in a stationary phase of growth, in the G0/1
phase. It is also possible that primary fibroblasts have a different response to oxidants in
terms of H2AX phosphorylation than the pulmonary carcinoma A549 cells or other tumor
lines.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Correlation between DNA replication and induction of γH2AX in A549 cells treated with
H2O2. Panel A: The cells were not exposed to EdU nor were they treated with H2O2. Panels
B and D: cells were exposed in culture to 5 μM EdU for 120 min. The cells with variable
level of EdU incorporation were entering (enS) or exiting (exS) S phase during the duration
of the EdU pulse as their interval of exposure to the precursor at the time of DNA replication
varied between 1 and 120 min. C, E, and F: The cultures were initially treated with 5 μM
EdU for 60 min, then exposed to 200 μM of H2O2 (still in the presence of EdU) for an
additional 60 min. All cultures (B—F) thus had a 120 min-pulse of EdU, while C,E,F
cultures were also exposed to H2O2 for 60 min. Using the “paint-a-gate” gating analysis, the
DNA replicating cells characterized by EdU incorporation (above the threshold of the of
unexposed to EdU cells; A, dashed line) were colored red (B) and then replotted as γH2AX
vs. DNA content (E) or γH2AX vs. EdU (F) bivariate distributions. It is quite evident that
following exposure to H2O2, predominantly DNA replicating (red) cells had increased
expression of γH2AX [above the level of the H2O2 untreated control cells (D, dashed line)].
A moderate correlation between EdU incorporation and the induction of H2AX estimated
for the population of DNA replicating (red colored) cells is apparent, with the coefficient
(Pearson) r = 0.36 (F). The insets in A and C show DNA frequency histograms from the
respective cultures. [Color figure can be viewed in the online issue which is available at
wileyonlinelibrary.com]
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Figure 2.
Correlation between DNA replication and phosphorylation of ATM on Ser1981 in A549
cells treated with H2O2. Panels A and B: the cells were exposed in culture to 5 μM EdU for
120 min. Panels B, D, and F: The cultures were initially treated with 5 μM EdU for 60 min,
then exposed to 200 μM of H2O2 (still in the presence of EdU) for an additional 60 min. As
in Fig. 1, using the “paint-a-gate” gating analysis, the EdU incorporating cells were colored
red (B) and then data were replotted as ATM-S1981P vs. DNA content (D) or ATM-S1981P

vs. EdU (F) bivariate distributions. It is apparent that predominantly DNA replicating (red)
cells exhibited an increased level of ATM-S1081P following exposure to H2O2 [above the
upper threshold for 97% of cells in the H2O2 untreated control culture (C, dashed line)]. A
modest correlation between EdU incorporation and the induction of ATM-S1981P estimated
for the population of DNA replicating (red colored) cells is apparent, with the coefficient
(Pearson) r = 0.32 (F). The insets in panels A and B show DNA frequency histograms from
the respective cultures. [Color figure can be viewed in the online issue which is available at
wileyonlinelibrary.com]
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Figure 3.
Relationship between the induction of γH2AX or activation of ATM and the extent of EdU
incorporation of cells exposed to H2O2. Panel A: The cells were exposed to EdU for 60 min
and then to H2O2 for the next 60 min (as in Fig. 1C). The analysis gate was set in mid-S to
exclude the enS and exS cells. Such analysis enabled one to correlate the extent of EdU
incorporation of the cells that were exposed to EdU for the full 120 min at the time when
they were replicating DNA compared to the expression of γH2AX (D) or ATM-S1981P(E).
[Color figure can be viewed in the online issue which is available at wileyonlinelibrary.com]
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Figure 4.
Relationship between the sites of EdU incorporation and the induction of γH2AX foci in
A549 cells treated with H2O2 Confocal images of A549 nuclei (selected equatorial planes)
that were exposed to EdU for 30 min and then to H2O2 for additional 30 min. The
incorporation of EdU was detected using the “Click-iT® methodology utilizing AlexaFluor
488-tagged azide (green fluorescence), whereas γH2AX was detected
immunocytochemically with the secondary Ab labeled with AlexaFluor 568 (red
fluorescence). The bottom panels show the sites of EdU incorporation that are in close
proximity or colocalize with γH2AX foci, selected from the respective cell images
(enlarged). The size marker = 5 μm.

Zhao et al. Page 12

Cytometry A. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


