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Abstract
The combination of poly(ADP-ribose)polymerase (PARP) inhibitors and alkylating agents is
currently being investigated in cancer therapy clinical trials. However, the DNA lesions producing
the synergistic cell killing effect in tumors is not fully understood. Treatment of human and mouse
fibroblasts with the monofunctional DNA methylating agent methyl methanesulfonate (MMS) in
the presence of a PARP inhibitor has been shown to trigger a cell cycle checkpoint response.
Among other changes, this DNA damage response to combination treatment includes activation of
ATM/Chk2 and phosphorylation of histone H2A.X. These changes are consistent with DNA
double-strand break (DSB) formation during the response, but the measurement of DSBs has not
been addressed. Such DSB evaluation is important in understanding this DNA damage response
because events other than DSB formation are known to lead to ATM/Chk2 activation and H2A.X
phosphorylation. Here, we examined the structural integrity of genomic DNA after the combined
treatment of cells with MMS and a PARP inhibitor, i.e., exposure to a sub-lethal dose of MMS in
the presence of the PARP inhibitor 4-amino-1,8-napthalimide (4-AN). We used pulsed field gel
electrophoresis (PFGE) for measurement of DSBs in both human and mouse embryonic
fibroblasts, and flow cytometry to follow the phosphorylated form of H2A.X (γ-H2A.X). The
results indicate that DSBs are formed with the combination treatment, but not following treatment
with either agent alone. Our data also show that formation of γ-H2A.X correlates with PARP-1-
expressing cells in S-phase of the cell cycle. The observations support the model that persistence
of PARP-1 at base excision repair intermediates, as cells move into S-phase, leads to DSBs and
the attendant checkpoint responses.
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1. Introduction
Genomic DNA is constantly subjected to a plethora of damaging events resulting in
potentially toxic DNA lesions. Well known cytotoxic events include oxidative modifications
of DNA bases, alkylation of DNA bases, spontaneous base loss and strand breakage, and
irradiation-induced chemical changes. If not repaired, DNA lesions of all types can
adversely affect the ability of DNA to execute its cellular functions. Moreover, un-repaired
base excision repair (BER) intermediates can lead to DSB formation as a function of
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replication fork arrest [1-3]. A DSB is considered a highly detrimental form of DNA
damage, and cells maintain elaborate mechanisms for both detecting and repairing this type
of lesion. When a DSB is detected, normal cells typically signal a replication and cell
division arrest, thus allowing more time for DSB repair. The replication and cell cycle
arrests occur through a signaling cascade that includes activation of the ATM and Chk2
kinases and downstream effectors [4].

BER is the primary defense mechanism against simple DNA base lesion damage and single-
strand breaks in mammalian cells. Incomplete processing of intermediates during BER can
result in accumulation of toxic AP sites and single-strand breaks [1,2]. After initiation of
BER, the abundant PARP-1 protein is considered one of the first BER factors to bind to the
single-strand break intermediate [5-8]. Following binding, PARP-1 becomes activated and
undergoes auto-poly(ADP-ribosyl)ation. This activation of PARP-1 facilitates BER, since
treatment of cells with PARP inhibitor blocks BER [9-12] and strand break intermediates
accumulate [13,14], especially when there is a deficiency in a key BER enzyme/cofactor
such as XRCC1 or DNA polymerase β (Pol β) [13,14]. In addition to PARP-1, PARP-2 has
PAR synthesis activity and may function as a back up in the absence of PARP-1 [15,16].
Wild-type human and mouse fibroblasts in culture do not exhibit sensitivity when treated
with a low dose MMS or with the PARP inhibitor 4-AN alone [17-19]. However, treatment
with the combination of MMS and 4-AN (M+4) causes a profound decrease in cell survival
[14,18,20]. This is accompanied by activation of an S-phase cell cycle checkpoint [18,19]
and eventual cell death by apoptosis [20]. Investigation into the extreme cytotoxic effect
revealed features suggesting the formation of DSBs: M+4 treatment resulted in rapid
phosphorylation of ATM and the ATM signaling partner Chk2 [17]; and M+4 treated cells
exhibited phosphorylation of histone H2A.X. Although these features are consistent with
DSB formation, it is known that phosphorylation of H2A.X and activation of ATM and
Chk2 are not restricted to the DSB response [21-23]. To further examine the cytotoxic effect
of M+4 treatment, we used pulsed field gel electrophoresis (PFGE) of genomic DNA to
directly quantify formation of DSBs. The results are discussed in the context of roles for
PARP activity in DNA repair and DNA damage responses and of models explaining the
cytotoxicity of PARP inhibition. Since inhibited PARP-1 protein is proposed to be involved
in the checkpoint response, we also evaluated DSB formation in PARP-1 −/− cells.

2. Materials and methods
2.1. Cell lines and maintenance

The human fibroblasts studied were AT cells (SV40 transformed cells obtained from an
Ataxia Telangiectasia patient) complemented with an ATM construct as described [24].
These cells were obtained from the Corriell Cell Repository, Catalog ID, GM16667. Cells
were grown in Dulbeco’s Modified Eagle’s Medium (DMEM) that contained glutamine
(Invitrogen) and 10% fetal bovine serum (FBS) (HyClone) and was supplemented with
hygromycin (100 μg/ml) to maintain complementation, at 37°C in a 10% CO2 chamber.
SV40-transformed NBS1 fibroblasts were derived from primary cells obtained from a
patient with Nijmegen Breakage Syndrome, and were then NBS1-complemented with one
extra human chromosome 8 [25]. These cells were obtained and used with the permission of
Dr. M.Z. Zdzienicka and were grown in DMEM containing glutamine and 10% FBS, at
37°C in a 10% CO2 chamber. Wild type MEFs were generated from a clone obtained from
the SV40-transformed mouse embryonic cell line, M16tsA as previously reported [26]. They
were grown in DMEM containing GlutaMAX I (Invitrogen), 10% FBS and hygromycin (80
μg/ml). MEFs were grown in 10% CO2 incubators at 34°C. Wild type mouse embryonic
fibroblasts (MEFs) were generated from a clone obtained from the SV40-transformed MEF
cell line, M16tsA as previously reported [26]. They were grown in DMEM containing
GlutaMAX I (Invitrogen), 10% FBS and hygromycin (80 μg/ml). MEFs were grown in 10%
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CO2 incubators at 34°C. The spontaneously immortalized PARP-1 wild-type MEFs and the
isogenic PARP-1 null cells were obtained from Dr. Josianne Ménissier-de Murcia [27].
They were maintained in DMEM containing glutamine (Invitrogen) and 10% FBS and were
grown in 10% CO2 at 37°C.

2.2. Genotoxic treatment
For PFGE studies, either 7 × 105 or 1 × 106 cells were grown in 10-cm dishes. Cells were
mock-treated or treated with 0.1 mM MMS (low-dose for human fibroblasts) or 0.25 mM
MMS (low-dose for MEFs) and/or 10 μM 4-AN. In all experiments, the combined M+ 4
treatment was for 1 h in culture medium. Cells were then washed with Hanks’ balanced salt
solution (HBSS) (HyClone) and then cultured in fresh cell-specific culture medium with or
without 10 μM 4-AN. For 4-AN alone and M+4 studies, cells were continuously exposed to
4-AN for the entire period of the experiment. Mock-treated cells were washed, and the
medium was replaced in the same fashion as with the drug treated cells.

2.3. PFGE
After treatment, cells were washed twice using HBSS on ice and trypsinized for 30 sec at
room temperature. Cells were harvested in 5 ml of the cell-specific medium noted above.
Cell pellets were obtained using centrifugation at 6°C at 1500 rpm for 5 min. Cell pellets
were re-suspended in an equal volume of cell re-suspension buffer (Bio-Rad, CHEF
mammalian DNA plug kit) and 2% clean-cut agarose (Bio-Rad kit). The resulting cell plugs
were equilibrated in Proteinase K buffer (Bio-Rad kit) on ice for at least 1 h prior to addition
of Proteinase K (Ambion) to a final concentration of 1 mg/ml. Proteinase K digestion was
performed at 16°C for 16 to 24 h. Plugs were washed three times for 1 h each at 4 °C, using
1× washing buffer (Bio-Rad). Plugs were equilibrated for 1 h in 0.5× TBE running buffer
prior to loading onto the 1% PFGE-grade agarose (Bio-Rad) gel. Electrophoresis was
conducted on a CHEF-mapper XA PFGE system. Electrophoresis conditions were 120°
using 10-90 second switch times at 6 V/cm for 24 h. To ensure that our electrophoresis
conditions were optimal and that we were capturing all of the DSBs entering the gel, a
60-240 second switch time at 4 V/cm for 18 h also was also used (data not shown). The
electrophoresis conditions were different for the ionizing radiation (IR) experiments
presented in Fig. 1A and C; in this case, the conditions were 120° with a 50-5000 second
switch time at 1.5 V/cm for 66 h.

2.4. Calculation of fraction of activity released (FAR)
CHEF-grade agarose gels were stained using Sybr Gold (Invitrogen) according the
manufacturer’s instructions. The signal in each lane was separated into three zones. The first
zone corresponded to the well at the top of the gel, the second and third zones corresponded
to regions within the gel where DNA signals were observed immediately below the well and
elsewhere in the gel, respectively. The total signal was taken as the sum of all three zones.
The fraction of DNA entering the gel was calculated using the sum of zones two and three
divided by the total signal for all three zones (i.e., the FAR). The FAR values reported were
then multiplied by 100, and the numbers plotted in the figures represent the values after
subtracting the background (mock-treated). Gels also were Southern blotted to verify the
sensitivity of the Sybr Gold staining method. This was accomplished by transferring the
DNA from the gel onto a Hybond (GE) nylon membrane and then probing the transferred
DNA with HindIII-digested genomic DNA (human or mouse) radiolabeled with
[α-32P]dCMP. Similar results were obtained by this method as with the Sybr Gold staining
method described above.
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2.5. Flow cytometry and γ-H2A.X staining
Cells were seeded in 10-cm dishes at a density of 2 × 106. Cells were cultured and mock-
treated, or treated with MMS, 4-AN or M+4, as described above. After treatment and
culture, cells were harvested by trypsinization, collected by centrifugation and washed with
phosphate buffered saline (PBS). The washed cell pellet was prepared using the H2A.X
Phosphorylation Assay Kit for flow cytometry (Millipore) following the manufacturer’s
instructions except for minor variations. Briefly, cells were resuspended in 500 μl of 1X
Fixation solution for 20 min on ice, washed with PBS and resuspended in 500 μl of
Permeabilization solution for 30 min on ice. 50 μl of this mixture was added to a tube
containing 5 μl of γ-H2A.X-FITC antibody, 0.5% Tween 20, 1% BSA and 5 μg of RNase A
(Sigma). Cells were placed on ice and periodically mixed with gentle agitation. Cells were
collected by centrifugation and resuspended in 5 μg/ml propidium iodide (PI) (Sigma-
Aldrich) and stored in the dark for 30 min. Samples were read on a FACS flow cytometer
(BD Biosciences) and analyzed using Cell Quest software (BD Biosciences).

3. Results
3.1. Measurement of DSBs by PFGE

To make use of PFGE for measurement of DSBs (reviewed in [28]), we first characterized
wild-type mouse and human fibroblasts for DSB formation after exposure to IR (Fig. 1). In
this assay for DSBs, chromosome-size DNA and replicating DNA molecules do not enter
the gel, whereas DNA fragments 10 Mbp or less enter the gel [28] and are detected by Sybr
Gold staining. We were able to readily detect DSBs over an increasing range of IR exposure
from 5 to 80 Gy (Fig. 1). The amount of DNA entering the gel was quantified at each dose,
and the background obtained from untreated cells was subtracted. A dose-dependent
response was observed with all cell types used (Fig. 1), and at the highest dose of IR used
(80 Gy), 35 to 55% of the cellular DNA (Fig. 1, top panels, lanes 11 and 12) entered the gel.
The background observed in this set of experiments was negligible compared with the DSBs
observed with increasing IR. However, in the M+4 experiments to be described below where
the level of DSBs was lower, the background was a significant consideration.

Repair of DSBs was assessed over a 4 h period after exposure to 80 Gy IR. A time-
dependent decrease in the amount of DNA entering the gel was observed, reflecting DSB
repair (Fig. 1, top panels, lanes 11-16). In each cell type, a significant decrease in signal was
observed by 4 h. Results for accumulation and repair of DSBs are presented graphically
under each gel panel. These results with PFGE assay and IR exposure in human and mouse
fibroblasts are consistent with earlier findings [29-34].

3.2. DSB formation as a function of the combination of low-dose alkylating agent and
PARP inhibition

Human and mouse fibroblasts treated with low-dose MMS or 4-AN as single agents
exhibited DSBs that were equivalent to the background level (Fig. 2A and C). However, the
M+4 combination treatment for 24 h consistently produced DSB levels that were higher than
the background or the single agent samples (Fig. 2A, lanes 6 and 7 and Fig. 2C, lanes 7 and
8). A summary of the results with human and mouse fibroblasts is shown in Table 1. With M
+4 treatment, DSBs were detected in both cell types at a level higher than background. DSB
measurements expressed as FAR value in cells treated with M+4 ranged from ~17 to 23
(Table 1). With the M+4 combination in both mouse and human cells, DSBs were found at a
higher level at 24 h, than at the earlier times studied, 5-6 h (Fig. 2B and D, compare lanes 3
and 4 with 5 and 6). In further experiments, to ascertain the effect of a higher level of
alkylating agent-induced DNA damage, the MMS dose was increased by 10-fold in the M+4
combination treatment. There was an increase in DSB formation under this condition (data

Heacock et al. Page 4

DNA Repair (Amst). Author manuscript; available in PMC 2011 August 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



not shown). Finally, in light of the use of PARP inhibitors in mono-therapy for BRCA1/2-
deficient tumors, it is noteworthy that we did not observe DSB formation after treatment of
wild-type MEFs with 4-AN alone. These cells are wild-type for HR and BER, and this
circumstance probably accounts for the difference in our results and those obtained by others
with BRCA-deficient cancer cells [35,36].

3.3 DSB formation as a function of PARP-1 expression
The results described so far are consistent with a model where activity-inhibited PARP-1
protein is involved in the production of DSBs (reviewed in [37]). To explore this possibility,
we asked if DSBs could be observed in the absence of PARP-1. PARP-1 −/− cells were
evaluated for DSB formation after combination M+4 treatment using the PFGE assay. We
observed a low, but above background, level of DBSs in PARP-1 −/− cells treated with M+4
(Fig. 2E). The isogenic PARP-1 wild-type cells examined in parallel exhibited a higher level
of DSBs upon M+4 treatment, as expected. These observations indicated that DSBs are
formed as a consequence of M+4 treatment in the absence of PARP-1, but that the level of
DSBs produced was extremely low and near the detection limit of our PFGE assay (Table
2). The results illustrate the importance of PARP-1 in the DSB formation phenotype of the
M+4 treated cells. It is noteworthy that MMS-treated PARP-1 null cells continue to exhibit
hypersensitivity to PARP inhibition, but the extent of the hypersensitivity is considerably
less than that seen with the wild-type cells [19].

3.4. DSB and γ-H2A.X levels as a function of time after M+4 treatment
It is known that an S-phase checkpoint is activated in response to M+4 treatment [14,17,18]
and that this effect requires cells to be in S-phase. To further investigate the relationship
between M+4 treatment, S-phase and DSBs, we used unsynchronized human cells and
evaluated various time points for the presence of γ-H2A.X. Flow cytometry analysis was
employed to simultaneously monitor DNA content by PI staining.

The majority (92%) of M+4-treated cells were positive for γ-H2A.X staining and
corresponded to cells accumulated in S-phase (see DNA content histogram inset of Fig. 3A,
bottom panel). These results supported the interpretation that following M+4 treatment, the
appearance of DSBs was S-phase-dependent. Since the majority of M+4 treated cells were
in S-phase by 24 h [17-19], we also evaluated the γ-H2A.X signal in M+4 treated cells at 5
h, a time when only 60% of the cells were found in S-phase. Similar to the results at 24 h,
the γ-H2A.X signal was confined to cells in S-phase (data not shown). We verified that the
γ-H2A.X signal was specific to M+4 treatment by following untreated cells and cells treated
with MMS or 4-AN alone (Fig. 3A, top panel). Very few (4%) of these cells were γ–H2A.X
positive. Finally, in contrast to the results obtained with M+4 treatment, cells treated with 5
Gy IR displayed immediate γ-H2A.X formation in all phases of the cell cycle (Fig. 3B).
Together, these observations indicate that the measured γ-H2A.X signal was S-phase-
dependent after M+4 treatment.

4. Discussion
Previous results [14,17,38] indicated that cell cycle checkpoints are triggered in cultured
mammalian cells when they are treated with MMS in the presence of the PARP inhibitor 4-
AN. In the current study, we used two approaches, PFGE and staining for γ-H2A.X, to
evaluate whether DSB formation accompanies this response. DSB formation was observed
by both approaches when cells were subjected to the combination of MMS-induced BER
and PARP inhibition with 4-AN. Treatment with either MMS or 4-AN alone did not lead to
an increase in DSBs. Yet, the amount of DSBs detected by PFGE appeared to be lower
compared with γ-H2A.X staining (compare Figs. 2 and 3). An explanation for this difference
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may be that γ-H2A.X staining is more sensitive, involving amplification of signal stemming
from a small number of DSBs. In fact, the H2A.X phosphorylation is known to radiate
outward several kilo base pairs in each direction from the site of a DSB [23].

In support of our hypothesis that DSBs formation occurred during S-phase, flow cytometric
analysis showed that the M+4-induced γ-H2A.X signal occurred during S-phase (Fig. 3A),
and DSBs measured by PFGE were predominantly observed 24 h after treatment (Fig. 2B
and D), at a time when cells had accumulated in S-phase. In contrast, with IR treated cells,
DSBs measured by PFGE (Fig. 1) and γ-H2A.X signals (Fig. 3B) were observed in all
phases of the cell cycle. The results also showed that DSBs were observed in untreated cells
(Figs. 2 and 3). The origin of this background level of DSBs was not investigated, but such
DSBs could have been due to “general” replication fork stalling or intrinsic background
occurring during the experimental procedure. Others also have observed background levels
of DBSs in untreated mammalian cells [30,39-42].

A working model to explain DSB formation in response to M+4 treatment calls for retention
of inhibited PARP-1 at BER intermediates secondary to MMS-induced lesions. The PARP-1
bound to DNA eventually acts as a barrier to the replicative machinery during S-phase,
leading to DBS formation after fork collapse and/or replication run-off. Additionally, the
absence of poly(ADP-ribose) synthesis may hinder important protein-protein interactions
that are required for efficient repair of strand breaks [43].

The present study indicated that the M+4-induced DSBs occur predominantly in S-phase,
consistent with involvement of DNA replication in DSB formation and with proposed
models explaining the effects of PARP inhibition [37]. Our observation that PARP-1 −/−

cells treated with M+4 exhibit a reduced level of DSB formation is consistent with the
proposed model and with PARP-2 serving in a back up role in the absence of PARP-1. We
previously found that PARP-1 null cells retained a modest degree of enhanced cytotoxicity
in response to M+4 treatment, consistent with a proposed role for PARP-2 as a backup for
PARP-1 deficiency [19]. PARP-1 activity appears to be critical in the base lesion repair
process. This is consistent with recent findings on cell-based repair of base lesions where
inhibition of PARP resulted in decreased repair capacity [10] and with findings in PARP-1
null chicken DT40 cells that strand break repair intermediates accumulated after MMS
treatment [44]. PARP-1 has been shown to be involved in the replication fork restart
process, where it is thought to assist in recruitment of the Mre11/Rad50/NBS1 (MRN
complex). The role of PARP-1 in the recruitment of the MRN complex was dependent on
PARP-1 activity [43], thus, when PARP-1 was unable to auto-poly(ADP-ribosyl)ate, the
MRN complex was not recruited, resulting in a failure of fork restart. Additionally, the
importance of PARP-1 in the context of chromatin remodeling has been reported [45,46].
These recent results showed that a chromatin-remodeling complex, ALC1, had decreased
binding to DNA damage response (DDR) proteins when PARP activity was inhibited. Ahel
et al. also demonstrated that recruitment of ALC1 to damage sites was reduced when PARP
activity was inhibited [45].

In summary, DSBs are produced in response to treatment of human and mouse fibroblasts
with the combination of low-dose MMS and the PARP inhibitor 4-AN. PARP inhibition in
combination with DNA damaging agents is in clinical evaluation for cancer treatment, and
the results described here may contribute to the understanding of the molecular
consequences of such an approach [47,48].
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Fig. 1.
Detection of DSBs using PFGE in model cellular systems.
(A) Top, photograph of a representative agarose gel prepared using agarose plugs from
MEFs treated with increasing amounts of IR; plugs were electrophoresed in a 1% agarose
gel as described in Section 2. DNA was stained using Sybr Gold. Bottom, quantification of
the DNA signal in panel above. The percentage of total DNA that entered the gel, or fraction
of activity released x100 (FAR), was plotted. The disappearance of the 80 Gy-induced FAR
signal over a 4 h period is shown separately in the plot on the right. (B) Top, representative
agarose gel obtained using agarose plugs prepared from GM 166667 human fibroblasts, IR
treated as in panel A. Bottom, quantification of the FAR signal from panel B. The graph on
the right shows the rate of disappearance of the signal. (C) Top, representative agarose gel
obtained using agarose plugs prepared from NBS1 human fibroblasts Itreated with IR as in
panel A. Bottom, quantification of the FAR signals as described above. Error bars for the
panels were determined from two separate samples for each experimental condition.
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Fig. 2.
Treatment with M+4 results in an increased FAR signal.
(A) Top panel, representative agarose gel stained with Sybr Gold to visualize the DNA
obtained from MEFs mock-treated (lanes 1 and 2), or treated with 10 μM 4-AN (lane 3),
0.25 mM MMS for 1 h (lanes 4 and 5) or M+4 (lanes 6 and 7) as described in Section 2. The
total duration of treatment was 24 h. (B) Top panel, representative agarose gel stained with
Sybr Gold from MEFs mock-treated (lanes 1 and 2), treated with M+4 for 5 h (lanes 3 and
4), or for 24 h (lanes 5 and 6). (C) Top panel, representative agarose gel stained with Sybr
Gold to visualize the DNA obtained from human fibroblasts mock-treated (lanes 1 and 2), or
treated with 4-AN (lanes 3 and 4), MMS (lanes 5 and 6) or M+4 (lanes 7 and 8). The
duration of treatment was 24 h. (D) Top panel, representative agarose gel stained with Sybr
gold from human cells that were mock-treated (lanes 1 and 2), treated with M+4 for 6 h
(lanes 3 and 4), or treated with M+4 for 24 h (lanes 5 and 6). (E) Top panel, representative
agarose gel stained with Sybr gold from isogenic PARP-1+/+ (lanes 1 - 4) or PARP-1−/−

MEFs (lanes 5 - 8) that were mock-treated (lanes 1, 2, 5 and 6) or treated with M+4 (lanes 3,
4, 8 and 9). In each of the bottom panels, A-E, are shown quantification of the DNA signals
from the agarose gels above. Error bars represent the difference error from the mean of two
samples for each condition after the background was subtracted. For each gel, size is
indicated on the right in mega base pairs (Mbp).
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Fig. 3.
S-phase dependent γ-H2A.X signal in M+4-treated human fibroblasts. (A) Top panel, flow
cytometry analysis using mock-treated cells stained with a FITC-conjugated antibody to γ-
H2A.X as described in Section 2. DNA containing a signal for γ-H2A.X above background
levels (red) is shown in green in the plots on the left. DNA content was measured using PI
staining. Bottom panels illustrate γ-H2A.X and cell cycle analysis 24 h after exposure to M
+4. (B) Flow cytometry analysis as described in (A), but cells were mock-treated (top) or
treated with 5 Gy of IR and assessed 30 min after exposure (bottom). The horizontal line
drawn on the γ-H2A.X contour plot in the graphs on the right distinguishes background
(below the line) from positive signal (above the line). Percentages shown in the panels on
the right indicate the percentage of total DNA positive for γ-H2A.X staining.
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