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Abstract
Background: DNA double strand breaks induced by DNA damaging agents, such ionizing radiation, are repaired by 
multiple DNA repair pathways including non-homologous end-joining (NHEJ) repair and homologous recombination 
(HR) repair. ATM-dependent DNA damage checkpoint regulates a part of DNA repair pathways, however, the exact role 
of ATM activity remains to be elucidated. In order to define the molecular structure of DNA double strand breaks 
requiring ATM activity we examined repair of DNA double strand breaks induced by different restriction endonucleases 
in normal human diploid cells treated with or without ATM-specific inhibitor.

Results: Synchronized G1 cells were treated with various restriction endonucleases. DNA double strand breaks were 
detected by the foci of phosphorylated ATM at serine 1981 and 53BP1. DNA damage was detectable 2 hours after the 
treatment, and the number of foci decreased thereafter. Repair of the 3'-protruding ends created by Pst I and Sph I was 
efficient irrespective of ATM function, whereas the repair of a part of the blunt ends caused by Pvu II and Rsa I, and 5'-
protruding ends created by Eco RI and Bam HI, respectively, were compromised by ATM inhibition.

Conclusions: Our results indicate that ATM-dependent pathway plays a pivotal role in the repair of a subset of DNA 
double strand breaks with specific end structures.

Background
Ionizing radiation induces various types of DNA damage,
among which DNA double strand breaks show the most
detrimental effects on living cells. DNA double strand
breaks are repaired by two major DNA repair pathways,
which are non-homologous end-joining (NHEJ) and
homologous recombination (HR) [1-6]. While DNA
repair pathway efficiently rejoin the broken ends, un-
rejoined or mis-rejoined DNA damage provide chances
to threaten the integrity of the genome [7-9]. Thus, the
cells evolved a sophisticated system, by which stability of
the genome is maintained [10,11]. The system referred to
as DNA damage checkpoint pathway requires ATM func-
tion [12-14], which is activated by dissociation of ATM
proteins followed by autophosphorylation [15]. Activated
ATM phosphorylates various downstream proteins

including those that regulate cell cycle progression, cell
death, as well as DNA repair [11,14,16,17]. Thereby, ATM
plays a critical role in orchestrating DNA damage signal-
ing and DNA damage repair.

Although AT cells were known to be sensitive to ioniz-
ing radiation, the mechanism underlying the hyper radio-
sensitivity has not yet been fully understood [12-14,18].
AT cells have no gross defect in DNA double strand break
repair, however, several studies reported that a fraction of
the initial DNA double strand breaks remained unre-
joined in AT cells [19-23]. While most of the DNA double
strand breaks are repaired by DNA-PK-dependent non-
homologous end-joining (NHEJ), a subset of breaks,
which are refractory to DNA repair, might require
Artemis for processing [6,23,24]. As Artemis activity is
regulated by phosphorylation by ATM [23,25-27], it was
suggested that a lack of Artemis activity explains
increased radiosensitivity of AT cells.

More recently, another possibility was proposed, in
which ATM activity is required for reorganization of het-
erochromatin through phosphorylation of Kruppel-asso-
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ciated box-associated protein-1 (KAP1) [28]. This idea
was based on the understanding that DNA damage foci in
heterochromatin regions are more refractory to repair
than those in euchromatin regions [29-32]. Mobilization
of KAP-1 by ATM-dependent phosphorylation is neces-
sary for foci removal from heterochromatin [33], suggest-
ing that cells lacking ATM function accumulate residual
DNA double strand breaks in heterochromatin regions.
However, there was no direct evidence showing actual
DNA double strand breaks persisted in heterochromatin.
It was also reported that other ATM-independent mecha-
nisms were involved in DNA repair in heterochromatin.
For example, ATM-independent mobilization of HP1
from chromatin increased accessibility of DNA double
strand breaks by repair factors [34]. Local chromatin
relaxation in the vicinity of DNA double strand breaks
was also mediated by ATP-dependent mechanism [29].
Thus, multiple pathways are involved in heterochromatic
DNA repair. Therefore, it is still possible that increased
radiosensitivity of AT cells does not solely stem from
inability to repair DNA double strand breaks in hetero-
chromatin [35].

Recently, cell cycle-dependent repair of DNA double
strand breaks was examined in AT and Artemis-defective
cells [22]. Since residual fractions of foci were similar
between AT and Artemis-defective cells in G1, a subset of
DNA double strand breaks seems to require processing
by Artemis-dependent pathway. Therefore, we have
asked whether any specific types of broken ends require
ATM-dependent repair pathway. Here, we examined the
repair kinetics of DNA double strand breaks in synchro-
nized G1 cells treated with different restriction enzymes.
Restriction endonucleases were introduced into cells by
electroporation [36]. We found that ATM inhibition by
KU55933 partially compromised repair of DNA double
strand breaks created by Pvu II, Rsa I, Eco RI, and Bam
HI, but not by Pst I and Sph I, indicating that ATM-
dependent pathway is required for processing certain
types of termini. Our results propose that a part of radio-
sensitivity in AT cells could be explained by defective
repair of certain types of DNA double strand breaks
induced by ionizing radiation.

Results
Induction of DNA damage foci by restriction endonuclease 
treatments
Induction of DNA double strand breaks was examined by
the foci formation of phosphorylated ATM and 53BP1.
Because cells were electroporated in the presence of
enzyme reaction buffer, we checked whether these condi-
tions affected foci formation or not. As shown in Figure 1,
electroporation of Pvu II induced phosphorylated ATM
foci and 53BP1 foci, whereas no focus induction was
observed in cells that underwent electroporation with

buffer only. We also confirmed that the foci formation
was dependent upon the enzyme activity, since cells elec-
troporated with heat-inactivated Pvu II did not induce
foci (HS Pvu II).

A variety of endonucleases were used in this study.
Group I restriction endonucleases include Pvu II, Rsa I,
Bgl I, Eco RV and Sma I, which create blunt ends. Group
II enzymes including Pst I, Sph I, and Kpn I generate 3'-
protruding ends. Group III enzymes include Eco RI, Bam
HI, Not I, Hind III, and Hinf I, which produce 5'-protrud-
ing ends. While dose-dependent increase of foci-positive
cells was observed, we decided to use 100 units as they
were the optimum condition for the detection of the foci.
Electroporation of cells with Pvu II, Rsa I, Pst I, Sph I and
Eco RI induced foci in more than 80% of cells, while Eco
RV, Bam HI and Hinf I could induce foci in approximately
50% of cells. In contrast, little or no foci was induced by
100 units of Bgl I, Sma I, Kpn I, Not I and Hind III, and no
effect was observed even with increasing the amount of
enzymes. Therefore, in the following experiments, we
used six restriction endonucleases including Pvu II, Rsa I,
Pst I, Sph I, Eco RI and Bam HI.

After electroporation with restriction endonucleases,
cells were incubated for 2 hours, which allow cells to
attach on the coverslips. At this point, more than 90% of
cells showed the signal of ATM phosphorylation (Figure
2). As shown in Figure 3, 30~40% of cells showed diffused
foci signal throughout the nuclei, which were classified as
Type I nuclei (Figure 3). Approximately 30% of cells had
numerous foci, whose number was more than 30 (Type II

Figure 1 Electroporation of cells with restriction endonucleases. 
Synchronized normal human diploid cells in G1 were collected by 
trypsinization and suspended in PBS buffer. Enzyme reaction buffer 
and Pvu II (100 U) were mixed immediately before electroporation as 
described in METHODS. Cells were incubated for 2 hours before fixa-
tion. Control; no treatment, Buffer; cells were electroporated with reac-
tion buffer, Pvu II; cells were treated with 100 U of Pvu II, HS Pvu II, cells 
were electroporated with Pvu II (100 U) heat inactivated at 80°C for 20 
minutes.

Control Pvu II

Buffer HS Pvu II
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nuclei), while 10~20% of cells contained countable num-
bers of foci (1~30)(Type III nuclei). Type IV nuclei were
those without any foci. It should be noted that 53BP1 foci
could not be detected in Type I nuclei. This is because
53BP1 is the protein recruited to the sites of phosphory-

lated ATM foci. Therefore, if multiple tiny foci of phos-
phorylated ATM were evenly distributed within the
nucleus, 53BP1 might not be detected as the foci. In Type
II and III nuclei, 53BP1 foci were always colocalized with
phosphorylated ATM foci. Activated ATM transduces
DNA damage signal through phosphorylation of the
downstream effectors. In fact, we confirmed that phos-
phorylated ATM foci were also colocalized with phos-
phorylated 53BP1, phosphorylated histone H2AX, and
phosphorylated NBS1 (See Additional file 1). In the sub-
sequent study, we counted the number of 53BP1 foci
colocalized with phosphorylated ATM foci.

Repair of restriction endonuclease-induced foci
Time-dependent decrease in the foci number was exam-
ined (Figure 2). After electroporation, at least one hour
was needed to allow cells for firm attachment. Two hours
after the treatment, the foci were already induced maxi-
mally, and more than 90% of cells were foci-positive after
Pvu II-treatment (Figure 4). The percentage of Type I
nuclei gradually disappeared thereafter, and more than
50% of cells lost foci within 24 hours after the treatment.
By 48 hours after the treatment, more than 80% of cells
repaired foci. Because the number of foci per nucleus was
not uniformly distributed, the number of foci-negative
cells might be overestimated by growth of the cells that
were released from cell cycle arrest. Therefore, repair of
foci was also assessed by the distribution of foci number
per nucleus. As shown in Figure 3, the number of foci was
also decreased with increasing times after the treatment.
Between 6 and 24 hours after the treatment, the fraction
of Type III nuclei seemed to be unchanged, as Type I and
II nuclei were shifted to Type III nuclei, but the number
of foci apparently decreased, indicating repair of DNA
damage foci in Type III nuclei. Similar results were

Figure 2 Time-dependent foci formation by Pvu II. Synchronized 
normal human diploid cells in G1 were electroporated with Pvu II (100 
U) as described in METHODS. The cells were incubated for the time in-
dicated before fixation.
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Figure 3 Classification of the nuclei with foci. Synchronized normal human diploid cells in G1 were electroporated with Pvu II (100 U) as described 
in METHODS, and they were incubated for 2 hours before fixation. The nuclei were classified into 4 types. Type I; nuclei with diffused phosphorylated 
ATM signal, but without 53 BP1 foci. Type II; nuclei with numerous foci more than 30 foci. Type III; nuclei with countable foci below 30. Type IV; nuclei 
without detectable foci.
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Figure 4 Distribution of cells with different nuclear type. Synchronized normal human diploid cells in G1 were electroporated with 100 U of var-
ious restriction endonucleases as described in METHODS. The cells were incubated for the time indicated before fixation. At least 1000 nuclei were 
examined. C; mock-treated control cells without restriction endonucleases. Black bars represent cells without foci (Type IV). Dark gray and light gray 
bars represent cells with Type III and Type II nuclei, respectively. Off-white bars represent cells with Type I nuclei.
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obtained in every cell treated with Rsa I, Pst I, Sph I, Eco
RI and Bam HI (Figure 4).

Effects of ATM inactivation on DNA damage foci repair
Role of ATM-dependent repair pathway were examined
by inhibiting ATM activity using an ATM specific inhibi-
tor, KU55933. Suppression of ATM activity was checked
by significant loss of phosphorylation of ATM at serine
1981 (Figure 5). Accordingly, foci formation of 53 BP1
was significantly compromised, although the effect was
less profound compared with the suppressive effect on
phosphorylated ATM foci. Because inhibition of ATM
activity by KU55933 is reversible, the formation of phos-
phorylated ATM foci and 53 BP1 foci was visualized by
incubating cells for 0.5 hour with a fresh medium without
KU55933. The percentage of cells with Type III and IV
nuclei was compared 24, 36, and 48 hours after the treat-
ment. We confirmed that KU55933 treatment alone did
not show any effect on the foci type distribution in the
control cells. As shown in Figure 6, the increase of foci-
negative nuclei was suppressed by KU55933 in cells
treated with Pvu II, Rsa I, Eco RI and Bam HI, whereas,
no such effect was observed in Pst I and Sph I-treated
cells. The effect of KU55933 was more pronounced when
the number of foci in Type III nuclei was compared (Fig-
ure 7). The distribution of foci number clearly showed an
inhibitory effect of DNA damage foci repair by ATM
inhibition in Pvu II, Rsa I, Eco RI, and Bam HI-treated
cells (Figures 8 and 9). In contrast, the distribution of foci
number does not show any significant difference in cells
treated with Pst I and Sph I (Figure 10).

Discussion
Use of restriction endonucleases to study the biological
effects of DNA double strand breaks has been described
for many years [36-38]. Previously, the formation of DNA
double strand breaks was quantified by chromosome

aberrations or by comet assay in restriction endonu-
clease-treated Chinese hamster cells [39-41] and human
lymphoblastoid cells [37,38,40]. Here, we introduced var-
ious restriction endonucleases into G1-synchronized
normal human fibroblast-like cells, and DNA double
strand breaks were successfully detected by phosphory-
lated ATM foci and 53 BP1 foci. It is well established that
the foci of DNA damage checkpoint factors can be used
as reliable markers for DNA double strand breaks [42-
44]. As phosphorylation of such factors was also induced
in response to various stresses [45-47], we carefully deter-
mined whether electroporation by itself or the introduc-
tion of exogenous proteins did not cause phosphorylation
of ATM. As shown in Figure 1, neither treatment with
reaction buffer only nor electroporation with heat-inacti-
vated Pvu II induced foci, indicating that foci formation
exclusively depended upon the enzyme activity. Although
various types of restriction endnucleases were examined
in this study, not all of them were functional in normal
human cells. The reason of this result was not known, but
biochemical conditions including salt concentration
might not be appropriate in the intact nuclei for some
enzymes. According to the result shown in Figure 2, at
least two-hour incubation after electroporation was suffi-
cient for inducing DNA double strand breaks. Since the
fraction of foci-negative cells was already increased
slightly six hours after Pvu II treatment (Figure 4), the
enzyme activity seemed to be active for the first few
hours. Repair of DNA double strand breaks induced by
restriction endonucleases was confirmed by the increase
of the fraction of cells without foci (Type IV nuclei). It
was also evidenced when the distribution of foci numbers
in Type III nuclei was compared (Figures 8, 9 and 10).

Involvement of ATM-dependent pathway in foci repair
was examined by inhibiting ATM activity by KU55933,
which is a specific inhibitor for ATM [48]. As shown in
Figures 5 and 7, KU55933 treatment significantly com-
promised phosphorylation of ATM, indicating that ATM
activity was considerably inhibited. While the suppressive
effect was less significant in 53 BP1 foci, it could be
explained by phosphorylation-independent accumulation
of 53 BP1, as described previously [49]. The increase in
the fraction of Type IV nuclei was delayed by KU55933 in
cells treated with Pvu II, Rsa I, Eco RI, and Bam HI.
Although such inhibitory effects were not apparent at
early times after the treatment (data not shown), notice-
able effect was observed at later times (Figure 6). Similar
result was reported in AT cells exposed to X-rays, in
which no repair defect during 2 hours incubation after X-
irradiation but the fraction of residual damage was signif-
icantly higher [22]. More striking effects were observed
when the distribution of foci number was compared (Fig-
ures 8 and 9). Importantly, these inhibitory effects were
not entirely detected in cells treated with Pst I and Sph I

Figure 5 Effect of ATM inhibitor on foci formation. Synchronized 
normal human diploid cells in G1 were electroporated with Pvu II (100 
U) as described in METHODS, and they were incubated for 2 hours be-
fore fixation. KU55933 (20 μM) was administrated 30 minutes before 
electroporation, and the cells were incubated with a medium contain-
ing KU55933 after electroporation.
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(Figures 6 and 10). Thus, these results indicate that a part
of DNA double strand breaks, created by restriction
endonucleases generating blunt ends and 5'-protruding
ends, requires ATM-dependent DNA repair pathway.

The major pathway responsible for repair of DNA dou-
ble strand breaks in G1 is DNA-PK-dependent NHEJ [1-
6], and our results and others indicated that NHEJ path-
way could repair most of the restriction endonuclease-
induced DNA double strand breaks irrespective of ATM

Figure 6 Effect of ATM inhibition on DNA damage foci repair Synchronized normal human diploid cells in G1 were electroporated with 100 U of 
various restriction endonucleases with or without 20 μM KU55933. The cells were incubated for the time indicated before fixation. At least 1000 nuclei 
were examined. C; mock-treated control cells without restriction endonucleases. Black bars and dark gray bars represent cells with Type IV and Type 
III nuclei, respectively.
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deficiency [37,38]. However, ATM inhibition partly com-
promised repair of foci, especially, those persisted foci for
over 24 hours. According to the previous results, these
residual foci possibly represented chromatins with
unreparable DNA breaks, DNA breaks refractory for

repair, and those harboring mis-rejoined DNA damage
[7,50]. Since a part of residual foci gradually reduced in
number in the presence of ATM activity, it seems likely
that they represent DNA breaks refractory for repair by a
conventional NHEJ pathway. We presumed that such
slowly-repairing DNA damage required ATM-dependent
pathway. The important information was that ATM activ-
ity was required for the repair of 5'-protruding and blunt
ends, whereas it did not show any role in repair of 3'-pro-
truding DNA double strand breaks. Therefore, it is likely
that a part of 5'-protruding and blunt termini requires
ATM activity to expose 3'-protruding ends, whose pro-
cess needs 5' to 3' exonuclease activity.

Then, how does ATM activity regulate end processing?
One possibility is that Artemis is involved in this process-
ing. Artemis was the first component, involved in NHEJ
pathway, which is phosphorylated by ATM [23,25]. An
epistasis-type analysis demonstrated that AT cells and
Artemis-defective cells showed identical DNA repair
phenotypes [22]. Furthermore, addition of ATM inhibitor
to Artemis-defective cells resulted in no additive effect on
repair of residual damage. Thus, it was concluded that
ATM and Artemis function in the same DNA repair path-
way. Artemis has 5' to 3' exonuclease activity towards sin-
gle stranded DNA, while it also acquires endonuclease
activity in the presence of DNA-PK [25,51,52]. Although
subsequent studies have demonstrated that DNA-PK is

Figure 7 Effect of ATM inhibition on distribution of foci number. 
Synchronized normal human diploid cells in G1 were electroporated 
with 100 U of Pvu II with or without 20 μM KU55933. The cells were in-
cubated for the time indicated before fixation.
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Figure 8 Distribution of foci numbers per nucleus. Synchronized normal human diploid cells in G1 were electroporated with 100 U of Pvu II and 
Rsa I with or without 20 μM KU55933. The cells were incubated for 24 or 48 hours after the treatment, and the foci numbers in Type III nuclei were 
counted. At least 500 nuclei were examined. Black bars: cells treated with KU55933. White bars: cells treated without KU55933.
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an essential factor for Artemis activity [51], ATM-depen-
dent phosphorylation was suggested to inhibit regulation
of Artemis by DNA-PK-dependent phosphorylation [53].
Therefore, it is possible that ATM regulates exonuclease
activity of Artemis involved in end-processing of broken
DNA ends. Although we need further investigation, a
plausible mechanism is that some residual DNA breaks
need processing by Artemis to create the 3'-protruding
ends. According to the recent review, the initial step of
DNA-PK-dependent NHEJ starts by binding of Ku80/70
heterodimers to the broken ends [6]. In most cases,
DNA-PKcs tethers the broken ends by interacting with
Ku80/70 heterodimers. But, clustered damage was intro-
duced by restriction endonucleases in a localized area,
DNA-PK-dependent pathway can not be functional any-
more, and backup repair system takes place. Or, some
broken termini might be attacked by endogenous nucle-
ases, which results in incompatible ends. In either case,
DNA ends may need processing by Artemis.

Although ATM activity is required for reorganizing
heterochromatin through KAP-1 phosphorylation [28], it
might not explain the results obtained in this study. If
ATM-dependent heterochromatin reorganization was
involved in repair of residual foci, ATM inhibition
affected repair of residual foci irrespective of the struc-
ture of broken ends. However, this assumption was not in

agreement with the results, in which the repair of Pst I-
and Sph I-induced damage was insensitive to ATM inhi-
bition. Thus, it is more likely that ATM activity plays a
role in activating Artemis-dependent DNA processing a
subset of DNA double strand breaks. Although future
studies should define the molecular nature of this pro-
cess, our results suggest that hyper radiosensitivity of AT
cells might be explained in part by a defect in this pro-
cess.

Conclusions
Radiosensitive AT cells showed difficulty to rejoin a small
fraction of DNA double strand breaks. Our current study
demonstrated that a part of residual blunt and 5'-protrud-
ing ends required ATM activity, but repair of residual 3'-
protruding ends was not affected by ATM inhibition.
Thus, it is concluded that the defect in ATM-dependent
DNA repair pathway, which is indispensable for the
repair of subsets of residual breaks, could be a cause of
increased radiosensitivity of AT cells.

Methods
Cell culture
Normal human diploid fibroblast-like cells [54,55], which
derived from embryonic dermal tissue, were cultured in
MEM supplemented with 10% fetal bovine serum

Figure 9 Distribution of foci numbers per nucleus. Synchronized normal human diploid cells in G1 were electroporated with 100 U of Eco RI and 
Bam HI with or without 20 μM KU55933. The cells were incubated for 24 or 48 hours after the treatment, and the foci numbers in Type III nuclei were 
counted. At least 500 nuclei were examined. Black bars: cells treated with KU55933. White bars: cells treated without KU55933.
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(TRACE Bioscience PTY Ltd., Australia). To obtain syn-
chronized cells the cells were subcultured at a high den-
sity for days with changing medium every 3 days. After 7
days-synchronization, more than 95% of cells were in G0/
G1. The ATM kinase activity was inhibited by a specific
inhibitor, KU55933, and 20 μM of KU55933 was adminis-
trated 30 min before electroporation. Immediately after
electroporation, a fresh medium containing 20 μM of
KU55933 was fed, and the cells were cultured at 37°C in a
5% CO2 incubator until they were fixed. In order to visu-
alize phosphorylated ATM foci and 53 BP1 foci, the cells
were incubated for one with a fresh medium without
KU55933.

Introduction of restriction endonucleases by 
electroporation
Synchronized cells were washed with phosphate-buffered
saline (PBS) twice, collected by trypsinization and resus-
pended in PBS at a concentration of 2 × 106/ml. Then,
450 μl of cell suspension was mixed with 50 μl of reaction
buffer, and restriction endonucleases were added before
electroporation (pulse height and width were 400 V/cm
and 1000 msec, respectively). Immediately after elec-
troporation, a fresh medium was fed, and cells were
plated onto sterilized 22 × 22 mm cover slips at a density
of 5 × 104 cells per slip. The cells were incubated at 37°C
in a 5% CO2 incubator until they were fixed. Restriction

endonucleases were obtained from Nippon Gene (Tokyo,
Japan).

Immunofluorescence
Cells cultured on coverslips were fixed with 4% formalde-
hyde for 10 min, permeabilized with 0.5% Triton X-100
for 5 min, and were washed extensively with phosphate-
buffered saline (PBS). Fixation and permeabilization were
performed on ice. The primary antibodies were diluted in
100 μl of TBS-DT (20 mM Tris-HCl, pH7.6, 137 mM
NaCl, containing 50 mg/ml skim milk and 0.1% Tween-
20), and the antibodies were applied on the coverslips.
The samples were incubated for 2 hours in a humidified
CO2 incubator at 37°C. Then, the primary antibodies
were washed with PBS, and Alexa488-labelled anti-
mouse or Alexa594-labelled anti-rabbit IgG antibodies
(Molecular Probes, Inc., OR) were added. The coverslips
were incubated for 1 hour in a humidified CO2 incubator
at 37°C, washed with PBS, and counterstained with 0.1
mg/ml of DAPI. The samples were examined with a
F3000B fluorescence microscope (Leica, Tokyo). Digital
images were captured and the images were analyzed by
FW4000 software (Leica, Tokyo). In order to quantify the
fluorescence intensity, green dot-like signals were
marked, and the sum of the pixel intensity within the
marked area was calculated by FW4000 software. The
primary antibodies used in this study were mouse anti-

Figure 10 Distribution of foci numbers per nucleus. Synchronized normal human diploid cells in G1 were electroporated with 100 U of Pst I and 
Sph I with or without 20 μM KU55933. The cells were incubated for 24 or 48 hours after the treatment, and the foci numbers in Type III nuclei were 
counted. At least 500 nuclei were examined. Black bars: cells treated with KU55933. White bars: cells treated without KU55933.
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phosphorylated ATM at serine 1981 monoclonal anti-
body (Clone 10 H11.E12, Rockland, Gilbertsville, PA),
rabbit anti-53 BP1 polyclonal antibody (A300-272 A,
BETHYL, Montgomery, TX), rabbit anti-phosphorylated
NBS1 at serine 343 polyclonal antibody (A300-189 A,
BETHYL, Montgomery, TX), rabbit anti-phosphorylated
histone H2AX at serine 139 polyclonal antibody (A300-
081 A, BETHYL, Montgomery, TX), and rabbit anti-
phosphorylated 53 BP1 at serine 1778 polyclonal anti-
body (2675, Cell Signaling Technology Japan, Tokyo).
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