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1. Introduction 
DNA double strand breaks are considered as the 
most relevant form of DNA damage that causes 
detrimental effects on living cells, because DNA 
breakage may result in an extensive loss of chro-
mosomal regions which threatens genome integrity. 
It is estimated to occur 10 DNA double strand 
breaks per cell per day in mammalian cells. They 
are caused not only by environmental sources, 
such as natural background radiation and exposure 
to genotoxic compounds, but also from intracellu-
lar sources, such as DNA replication stall. 
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 damage related to the detrimental effects of DNA
ed various biochemical methods to measure DNA
r, the application of these methods is limited to the
 agents. Recently, it has been shown that DNA dam-
osphorylation of the checkpoint factors, such as
elated (ATR), CHK1/2, and p53 proteins. For exam-
on at serine 1981 (S1981) at the sites of DNA double
lified, and when visualized with an antibody recog-
ted ATM appears as nuclear foci. Our group has ex-
in exponentially growing normal human diploid cells
f foci showed a linear dose-relationship with doses
sphorylated ATM foci is well correlated with the es-
viding an unique and sensitive tool for the measure-
ical level in situ. 

 

TOPIC
In order to detect DNA double strand breaks 
several biochemical methods have been established, 
however, the previous methods need quite large 
number of DNA double strand breaks, and their 
application is limited to the experiments using 
higher doses of DNA damaging agents. This makes 
it difficult to examine the biological effects of ex-
posure to low-dose DNA damaging agents, whose 
studies are more relevant in the field of environ-
mental toxicology. For example, there is increasing 
concern about the effects of very low doses of ion-
izing radiation. Although higher doses of ionizing 
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radiation are well known to show harmful effects 
on human beings, the biological effects of very low 
dose radiation are not yet fully understood. It is 
assumed that the number of induced DNA double 
strand breaks are increased in a dose-dependent 
manner even at very low doses. However, this as-
sumption is based on a linear extrapolation from 
the data obtained by high dose and high dose rate 
radiation, and direct evidence to prove the linear 
dose-relationship is very limited because of the 
lack of biochemical methods sensitive enough to 
detect cellular response to low level radiation in 
individual cells. Thus, to understand the cellular 
effects by very low dose radiation, it is necessary 
for the establishment of an assay system by which 
small numbers of DNA double strand breaks in a 
cell can be detected. 

 
2. Detection of DNA double strand breaks by 
immunofluorescent detection of phosphorylated 
ATM foci. 
It is becoming evident that eukaryotic cells evolve 
a system by which an integrity of the genome is 
maintained. The system, called DNA damage 
checkpoint, is mediated by a network of signaling 
pathways through sequential phosphorylation of 
the proteins. For instance, DNA damaging check-
point pathway in response to DNA double strand 
breaks is initiated by an activation of the upstream 
protein kinase, ATM. Activated ATM protein me-
diates phosphorylation of a variety of the down-
stream proteins including p53, histone H2AX, 
CHK2, NBS1, and BRCA1. Recently, it has been 
reported that activation of ATM directly associates 
with DNA strand breaks (Bakkenist et al., 2003). 
ATM forms a dimer or oligomer in unirradiated 
cells. In response to ionizing radiation, the auto-
phosphorylation of ATM at serine 1981 (S1981) 
dissociates dimeric or oligomeric forms of ATM 
and turns the ATM kinase activity on. When visu-
alized with an antibody recognizing phosphory-
lated ATM at S1981, phosphorylated ATM appears 
as nuclear foci at the sites of DNA double strand 
breaks. 
     We have established a method to detect 
phosphorylated ATM foci in exponentially growing 
normal human diploid cells exposed to ionizing 
radiation (Figure 1). In unirradiated cells, there 
were very few phosphorylated ATM foci detected 
in the G1, S, and G2 cells, and the average number 
of phosphorylated ATM foci in the control cells 
was 0.2 per cell. When cells were irradiated with 
ionizing radiation, maximum numbers of both 

phosphorylated ATM foci were obtained 0.5 hours 
after exposure. The average numbers of foci were 
approximately 50 per Gy, and they are well corre-
lated with the estimated number of DNA double 
strand breaks in normal human diploid cells. The 
number of phosphorylated ATM foci decreased as 
the time after irradiation increased, and the kinetics 
of the foci were comparable to those obtained by 
biochemical assays. The dose-dependent induction 
of phosphorylated ATM was examined, and a lin-
ear dose-relationship was observed between doses 
of 10 mGy and 1 Gy in the phosphorylated ATM 
foci (Suzuki et al.). 
     These observations provide us an unique 
tool to detect DNA double strand breaks in living 
cells, even if the numbers of DNA double strand 
breaks are physiological levels. Because the acti-
vation of ATM is solely attributed to the exposure 
of cells to ionizing radiation (Shiloh at al., 2003, 
Bakkenist et al., 2004, Lavin et al.2005), it pro-
vides the possibility that the activation of ATM 
could be used as a suitable biomarker for DNA 
double strand breaks. Although a method using 
antibodies against phosphorylated histone H2AX 
at serine 139 has been described (Rogakou et 
al.,1999). Our examination revealed a problem of 
this method. Histone H2AX is a subfamily of the 
core histone proteins, histone H2A. In response to 
ionizing radiation, histone H2AX near the break-
age site is phosphorylated and forms discrete foci 
(Paull et al., 2000). Since the number of phos-
phorylated histone H2AX foci are closely related 
to the estimated number of DNA double strand 
breaks (Sedelnikova et al., 2002), it is believed that 
phosphorylated histone H2AX foci also represent 
DNA double strand breaks like phosphorylated 
ATM foci. Recently, the dose-dependent induction 
of phosphorylated histone H2AX foci was exten-
sively examined in stationary, nondividing primary 
human fibroblasts, and a linear dose-relationship 
was observed between doses of 1.2 mGy and 2 Gy 
(Rothkamm et al., 2003). These results clearly in-
dicate that phosphorylated histone H2AX foci are a 
useful and reliable biomarker for the quantification 
of DNA double strand breaks, however, there is 
accumulating evidence indicating that the number 
of background phosphorylated histone H2AX foci 
are relatively higher in exponentially growing cells 
than in confluent cells (Banath et al.,2004). Al-
though ATM is the major kinase involved in phos-
phorylation of histone H2AX under a physiologi-
cal condition (Burma et al., 2001, Stiff et al., 2001), 
it has also been reported that ATR (Ward et al., 
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hosphorylated ATM foci induced by ionizing radiation. 

man diploid cells were cultured on 22 mm x 22 mm coverslips. After 48 hours incuba-
 were exposed to 0.25 Gy of X-rays and incubated for 2 hours. Then cells were fixed in
ldehyde in phosphate buffered saline (PBS) for 15 min, permeabilized for 10 min on ice in
n X-100 in PBS, and washed extensively with a sufficient amount of PBS. The coverslips

bated with anti-phosphorylated ATM at serine 1981 (Rockland, PA) in TBS-DT (20 mM
137 mM NaCl, pH7.6, containing 50 mg/ml skim milk and 0.1% Tween-20) for 2 hours at
 primary antibodies were washed with PBS, and Alexa Fluor 488-labelled anti-mouse IgG
Molecular Probes, Inc., OR) were added. The coverslips were incubated for 1 hour at
hed with PBS, and sealed on slide glasses with 0.05 ml of PBS containing 10% Glycerol.
were examined with Olympus fluorescence microscope AX80 (Olympus, Tokyo). Digital
re captured by a Quantix 1400 camera (Photometrics, AZ), using IP-Lab Spectrum analy-

re (Signal Analytics Corporation, VA). 

 al., 2005), whose activity is stimu-
arrest of DNA replication, could 
histone H2AX. Thus, mis-regulation 
bolism possibly results in an in-
ncy of background phosphorylated 
foci in growing cells, and this may 
tection of phosphorylated histone 
uced by DNA damaging agents. In 
rodent cells, in which p53 function 
show significant numbers of back-
orylated histone H2AX foci. There-
ylated histone H2AX foci are the 
er for the detection of DNA double 
owever, especially in growing cells, 

and if the number of induced DNA double strand 
breaks are very low, phosphorylated ATM foci 
could be the better biochemical marker for meas-
urement of DNA double strand breaks in situ. 
 
3. Conclusion 
There is growing importance to detect a small 
number of DNA double strand breaks, because 
DNA double strand breaks are the most relevant 
form of DNA damage that causes detrimental ef-
fects on living cells exposed to environmental 
DNA damaging agents. As we discussed above, 
immunofluorescent detection of phosphorylated 
ATM foci makes it possible, and even one DNA 
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double strand break per nucleus could easily be 
detectable by this method. It is expected that re-
search into the biological effects of not only lower 
levels of DNA damaging agents but also variety of 
environmental toxicants at lower doses should be 
promoted. 
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