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the protein kinases atm and 
 dna-PKcs play critical roles in the 

cellular response to dna double strand 
breaks (dsbs). atm and dna-PKcs are 
activated in response to dsbs and play 
several important roles in propagation 
of the damage signal and for the repair 
of dna damage. recent work from sev-
eral groups, including ours, has focused 
on studying the dynamics of each of 
these proteins at dsbs and the require-
ments and factors which play a role(s) in 
this process. the use of live cell imag-
ing of fluorescently-tagged atm and 
dna-PKcs has allowed us to study the 
real-time response of these proteins to 
laser-generated dna damage in vivo. 
here, we will extensively discuss the 
behavior of the atm and dna-PKcs 
proteins at dsb sites.

Introduction

Human cells are exposed to at least 10,000 
DNA lesions every day. Of the various 
types of DNA damage that can occur, 
DNA double strand breaks (DSBs) are 
the most lethal.1 Double strand breaks can 
form in response to endogenously gener-
ated agents, including reactive oxygen 
species and during normal V(D)J recom-
bination, and exogenous agents such as 
ionizing radiation (IR) and radiomimetic 
drugs.2 The inability to repair DSBs can 
result in genomic instability, carcinogene-
sis or cell death. Because of the deleterious 
nature of these events, cells have devel-
oped multiple redundant mechanisms to 
repair DSBs. The two major pathways 
which are responsible for repairing DSBs 
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are homologous recombination (HR) and 
non-homologous end-joining (NHEJ).3 
The HR process mediates DSB repair by 
using a homologous DNA sequence as a 
template to guide proper restoration of 
the break. Because homologous templates 
are found on sister chromosomes, HR is 
thought to be only active during the S and 
G

2
 cell cycle phases. NHEJ is character-

ized by its ability to directly ligate the 
two ends of the broken DNA molecule. 
This process does not have the need for 
a homologous template and is therefore 
theoretically not restricted to a certain 
phase of the cell cycle. Finally, since the 
HR process utilizes a homologous DNA 
sequence, it is believed to be a relatively 
error-free process, whereas NHEJ, which 
only ligates the two DNA ends together, is 
potentially error-prone.

The cellular response to DNA DSBs 
is a complex process that includes rec-
ognition of DNA damage, activation of 
signaling pathways including cell cycle 
checkpoints, and repair of the DNA 
lesions. Two important proteins required 
for the cellular response to DSBs are the 
DNA-dependent protein kinase cata-
lytic subunit (DNA-PKcs) and the ataxia 
telangiectasia mutated (ATM) protein.4-9 
DNA-PKcs and ATM belong to the phos-
phatidylinositol 3-kinase-like family of 
serine/threonine protein kinases. Motif 
analysis shows that DNA-PKcs and ATM 
share many common features including 
a leucine zipper, a FAT domain (FRAP, 
ATM and TRRAP), the phosphoinositide 
3,4-kinase domain and a FAT carboxy-ter-
minal (FATC) domain. ATM and DNA-
PKcs are both rapidly and specifically 
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ATM localizes to the DNA break and the 
 flanking region of the break.21

Although ATM and DNA-PKcs can 
both directly interact with DNA, many 
studies have shown that each requires 
specific proteins to localize to DSBs.22,23 
Many in vitro studies have shown that the 
Ku70/80 heterodimer directs DNA-PKcs 
to DNA ends and stabilizes the DNA-
DNA-PKcs interaction.24-26 A previous 
study showed that the recruitment of 
DNA-PKcs to DSB sites is dependent on 
the Ku heterodimer in vivo.17 Furthermore, 
autophosphorylation of DNA-PKcs at ser-
ine 2056 was abrogated in the Ku defi-
cient cells indicating that activation of 
DNA-PKcs’ kinase activity is dependent 
on the Ku heterodimer in vivo. Similar to 
DNA-PKcs, a multimer protein complex 
recruits ATM to DSBs. Previous studies 
have shown that the MRE11/RAD50/
NBS1 (MRN) complex is required for 
focus formation of endogenous ATM 
in response to radiation, radiomimetic 
agents and ATM’s association to DSBs 
generated by endonucleases.27-30 Like the 
Ku heterodimer, the MRN complex is 
believed to be an initial sensor of DSBs. 
The MRE11/RAD50 complex binds to 
DNA ends via two DNA biding domains 
in MRE11 and the two termini of the 
broken DNA molecule are tethered by 
RAD50.31 MRE11 has exonuclease and 
endonuclease activity and the exonuclease 
activity is required for resection for the 
initiation of HR.32,33 Although the NBS1 
protein does not have any known enzy-
matic activity, it does stimulate MRE11’s 
endonuclease activity and is important 
for activating ATM.34 These studies were 
verified and expanded upon by show-
ing that YFP-tagged ATM localization 
to laser-induced DSBs is abrogated in 
MRN knock-down cells and in a NBS-
deficient cell line in living cells.19 Previous 
data suggests that the exonuclease activ-
ity of MRE11 is required for activation 
of ATM.29 To determine if the nuclease 
activity of MRE11 is required for localiza-
tion of ATM to DSBs, MRE11 deficient 
cells were complemented with wild-type 
DsRed-tagged MRE11, DsRed-tagged 
MRE11-3 (nuclease dead mutation) or 
the DsRed empty vector and localization 
of YFP-ATM to laser-generated DSBs 
was determined.35 MRE11 and MRE11-3 

Finally, the DNA ends are ligated by the 
ligase IV/XRCC4 complex and may be 
enhanced by the presence of the XLF/
Cernunnos protein. Recently a hypomor-
phic DNA-PKcs mutation was discovered 
in a patient with radiosensitive T-B- severe 
combined immunodeficiency.14 The caus-
ative mutation in DNA-PKcs is a missense 
mutation at the 3062 amino acid which 
results in insufficient Artemis activation 
and compromised V(D)J recombination, 
an essential process for the development of 
B and T lymphocytes.

Recruitment to DNA Double 
Strand Breaks

A concerted effort has been made to study 
the cellular response to DSBs includ-
ing determining which proteins localize 
to DNA DSBs. The established method 
for studying the localization of proteins 
to DSBs was by visualization of repair 
proteins localizing into nuclear foci via 
immunofluorescence following induction 
of the damage.15 Unfortunately, in order 
to observe nuclear foci, cells must be fixed; 
therefore, the real-time observation of 
proteins localizing to DSBs remains chal-
lenging. Many labs, including our own, 
now use live cell imaging of fluorescently-
tagged proteins to study DNA damage 
responses in vivo and in real time.16-19 
Coupling irradiation via a micro-laser with 
fluorescent microscopy allows for con-
tinuous monitoring of real-time recruit-
ment and retention of fluorescent-tagged 
proteins to DSBs in living cells. Previous 
studies have shown that DNA-PKcs and 
ATM are both recruited to laser-gener-
ated DSBs.17,19,20 To compare DNA-PKcs 
and ATM recruitment in the same cel-
lular background to laser-induced DSBs, 
YFP-tagged DNA-PKcs and ATM were 
expressed in HT1080 cells and time-lapse 
imaging for each protein’s recruitment to 
laser-generated DSBs were collected. Both 
proteins were shown to rapidly localize to 
DSBs (localization was observed as early 
as 60 seconds for each protein) (fig. 1a), 
but DNA-PKcs reached its maximal level 
faster (10 minutes) than ATM (20 min-
utes) (fig. 1b). The difference in reaching 
its maximal level between the two proteins 
may be because DNA-PKcs only local-
izes at the sites of DNA damage whereas 

activated in response to DSBs and play 
important roles in transducing the dam-
age signal and for the repair of the DNA 
damage. Once activated, ATM phospho-
rylates a number of substrates including 
other repair proteins and proteins which 
activate cell cycle checkpoints that are 
important for the repair of DSBs.8,9 ATM 
probably does not directly have a role in 
the repair of DNA DSBs, but it signals to 
the repair machinery to assist in the repair 
of DNA damage. Mutations in ATM can 
result in the genomic instability syndrome 
termed Ataxia-Telangiectasia (A-T), 
which is characterized by progressive cer-
ebellar ataxia, immune deficiencies, radia-
tion sensitivity and an increased risk of 
cancer.10 Cells isolated from A-T patients 
have defects in cell cycle checkpoint acti-
vation, radiosensitivity and an increased 
frequency of chromosome breakage.10 A-T 
cells do not have a gross defect in DNA 
DSB repair, but experiments have shown 
that a small subset (10%) of DSBs are 
not repaired in these cells.11 This subset 
of DNA damage requires processing by 
the nuclease Artemis and this process-
ing requires Artemis phosphorylation by 
ATM. Later studies have shown that this 
subset of DNA damage is localized to the 
heterochromatin.12

DNA-PKcs is believed to be directly 
involved in the repair process via NHEJ. 
The NHEJ process repairs DSBs that are 
introduced by IR and reactive oxygen spe-
cies but also by those that are generated 
during normal V(D)J recombination.3-6 
NHEJ is initiated when the Ku protein 
binds to DNA ends. The Ku protein is a 
heterodimer consisting of the Ku70 and 
Ku80 proteins which forms a ring-like 
structure that has a high affinity for free 
DNA ends.13 Once bound to DNA, the 
Ku70/80-DNA complex functions as a 
scaffold to recruit other NHEJ factors 
to the DSB including DNA-PKcs. Upon 
binding the Ku70/80-DNA complex, the 
kinase activity of DNA-PKcs is activated. 
Although the kinase activity of DNA-
PKcs is required for NHEJ, the primary 
role of DNA-PKs may be to tether the two 
ends of the broken DNA molecule and 
regulate the access of other repair enzymes 
to the DNA termini.4 Non-ligatable DNA 
ends are processed by polymerases and 
nucleases, including the Artemis protein. 
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hand, the fluorescence intensity of ATM 
at the accumulation area was still at 60% 
of its maximal level at 2 hours (figs. 1c 
and 3). The non-homologous end-joining 
(NHEJ) factors Ku70, Ku80 and DNA-
PKcs dissociate from DSBs rather quickly 
(80% is dissociated in 2 hours).17,39 The 

significantly different. Following reach-
ing its maximal level, DNA-PKcs starts to 
rapidly dissociate from DSBs. The fluores-
cence intensity of the accumulation area 
in cells expressing DNA-PKcs decreased 
to 20% of its maximum level in a 2 hour 
period (figs. 1c and 3). On the other 

both localize to laser-induced DSBs as 
does ATM (fig. 2). These data show that 
the exonuclease activity of MRE11 is not 
required for localization of MRE11 or 
ATM to DSBs.

A previous study reported a conserved 
carboxy-terminal motif in human Ku80 
and NBS1 that is required for their inter-
action with DNA-PKcs and ATM, respec-
tively.28 This carboxy-terminal motif was 
shown to be required for the recruitment 
of each of these proteins to DSBs, sig-
naling events and DNA repair. Further 
studies have shown that although this 
carboxy-terminal motif is important for 
ATM and DNA-PKcs activation, it is not 
absolutely required for it. For example, at 
low doses of irradiation, MRE11-RAD50 
activates ATM in the absence of NBS1, 
but NBS1 cells expressing NBS1 with 
C-terminal motif deleted had attenuated 
levels of ATM activation.36 Furthermore, 
ATM localized to laser-generated DSBs in 
mouse knock-out cells which were com-
plemented with NB1 with the C-terminus 
deleted and ATM was shown to interact 
with this mutant NBS1 protein.37 Lastly, 
ATM interacts with the MRN complex 
at multiple sites. Similar to this, further 
studies with DNA-PKcs and Ku80 have 
shown that the Ku80 C-terminal motif is 
not essential for DNA-PKcs kinase activ-
ity or its ability to localize to DSBs.38 
However, deletion of the C-terminal por-
tion of Ku80 results in radiosensitivity, 
which is probably due to its importance 
for phosphorylation of DNA-PKcs at the 
2609 cluster and the DNA end process-
ing by the Artemis endonuclease and 
ultimately end-joining. These data sug-
gest that ATM and DNA-PKcs are both 
recruited to DSBs via multimeric com-
plexes, but further detailed studies need 
to be performed to delineate the specific 
domains/residues required for localization 
of ATM and DNA-PKcs to DSBs.

Retention at and Dissociation 
from DNA Double Strand Breaks

Once DNA-PKcs and ATM are recruited 
to a DSB, the next question is what their 
dynamics at the DSB are after recruit-
ment. Although DNA-PKcs and ATM 
both rapidly associate to DSBs, their 
retention/dissociation from DSBs is 

Figure 1. accumulation and dissociation/retention kinetics of atM and DNa-PKcs at laser-
generated DNa double strand breaks. (a) accumulation of YFP-tagged atM and DNa-PKcs at 
laser-induced double strand breaks. time-lapse imaging of exogenously expressed YFP-atM and 
YFP-DNa-PKcs in Ht1080 cells before and after micro-irradiation. initial accumulation kinetics  
(180 seconds) of YFP-atM and YFP-DNa-PKcs accumulating at the DSB site after micro-irradiation. 
(B) 2 hour time course after micro-irradiation, showing the kinetics of YFP-tagged atM and DNa-
PKcs in Ht1080 cells. each data point is the average of 10 independent measurements. error bars 
represent the standard deviation.
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(mouse homologue of human serine 367, 
1893 and 1981) demonstrated normal 
localization of ATM to DSBs.20,45 Recent 
work from our laboratory has shown that 
autophosphorylation at serine 1981 is not 
required for localization of ATM to laser-
generated DSBs.19 Furthermore, we found 
that other autophosphorylation sites are 
not required either, as the kinase dead 
(KD) form of ATM localizes to DSBs (fig. 
3a). Wild-type, S1981A and KD forms of 
YFP-tagged ATM had similar accumula-
tion kinetics to DSBs during the first 10 
minutes after micro-irradiation. But, time 
lapse imaging experiments showed that 
after its initial localization (first 10 min-
utes), S1981A and KD rapidly dissociated 
from DSBs. Two hours after irradiation, 
65% of wild-type ATM was still pres-
ent at laser-generated DSBs whereas only 
20% of S1981A and KD were (fig. 3a). 
Biochemical assays showed that ablation 
of ATM autophosphorylation resulted in a 
reduced interaction with MDC1 and that 
MDC1 is required for ATM retention at 
DSB sites.19

Similar to ATM, the phosphorylation 
status of DNA-PKcs regulates its dynam-
ics at DNA DSBs. DNA-PKcs is phos-
phorylated at a number of sites including 
autophosphorylated at serine 2056 and 
phosphorylated on six sites by ATM 
between the threonine 2609 and threonine 
2647 amino acids (T2609 cluster).46-49 
Wild-type, KD and 7A (DNA-PKcs in 
which the six phoshphorylation sites of 
the T2609 cluster and serine 2056 have 
been mutated to alanine) forms of DNA-
PKcs show similar accumulation kinetics 
to laser-generated DSBs.17 However, time-
lapse imaging experiment for a period of 
2 hours after laser micro-irradiation shows 
that the fluorescence intensity of the 
accumulation area in the wild-type cells 
decreased to 20% of the maximum levels 
at 2 hours, whereas the intensity of the 
accumulation area in the KD and 7A cells 
only dropped to 80% of the maximum 
level in the same time period (fig. 3b). 
These results demonstrate that impair-
ment of phosphorylation at these seven 
sites results in sustained retention of DNA-
PKcs at the sites of DSBs. The retention 
of KD and 7A forms of DNA-PKcs at the 
laser-generated DSBs is most likely due 
to the inability of the cells to repair the 

and to do this activated ATM should be 
released from DSBs.9 This may be why 
the ATM-DSB interaction is not stable.

Impact of the Phosphorylation 
Status on the Dynamics  

at DSBs and Functions of ATM 
and DNA-PKcs

Studies have shown that the phosphoryla-
tion status of ATM and DNA-PKcs play 
an important role in the dynamics of each 
protein at DNA DSBs. In human cells, 
ATM is autophosphorylated on serines 
367, 1893 and 1981 in response to IR.42-44  
The best characterized of these sites is 
serine 1981. Autophosphorylation at ser-
ine 1981 leads to dissociation of ATM 
from a dimer into an active monomer 
and this active monomer is recruited to 
DNA breaks where it can phosphorylate a 
number of substrates.42 Previously, contra-
dictory data has been produced in experi-
ments which tested the requirement of 
serine 1981 autophosphorylation for ATM 
functions, including localization to DSBs. 
Studies with human ATM have shown that 
autophosphorylation of 1981 is required 
for association of ATM to chromatin.30 
In contrast, studies in ATM knock-
out mice complemented with ATM-
S1987A and ATM S367AS1899AS1987A  

dissociation of NHEJ factors is similar 
to the resolution of γH2AX foci, which 
suggests that NHEJ factors dissociate 
once DSB repair is completed. To support 
this notion, DNA-PKcs showed persistent 
localization at DSBs in NHEJ deficient 
cells.17 ATM may be retained because 
it is not there to solely repair the break, 
but it also to assist in chromatin remod-
eling at DSBs and/or due to its role in 
signaling and halting the cell cycle.30,40,41 
Furthermore, recent data also shows that 
ATM is required for repair of DNA dam-
age in the heterochromatin and it is pos-
sible that prolonged localization of ATM 
is due to its requirement for repair of this 
subset of DNA.12 Interestingly, FRAP 
data shows that the YFP-ATM signal 
within the bleached regions in the micro-
irradiated area rapidly recovered to the 
80% of pre-bleached values (half-time 
is 9.69 seconds), while the recovery of 
YFP-DNA-PKcs proceeded with slower 
kinetics (half-time is 70.98 seconds) (fig. 
3). These results indicate that the DNA-
PKcs-DSB interaction is much tighter 
than that of ATM-DSB. The reason for 
the tight interaction of DNA-PKcs-DSB 
could be the role of DNA-PKcs to tether 
the two broken ends.4 ATM phosphory-
lates its substrates not only at DSBs but 
also in the nucleoplasm (for example p53) 

Figure 2. the exonuclease activity of Mre11 is not required for atM localization to DNa double 
strand breaks. YFP-atM expressing Mre11 deficient (atLD) cells were transfected with Dsred-
tagged full-length Mre11 and nuclease-dead Mre11-3 and micro-irradiated.
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DSBs when ATM autophosphorylation 
at serine 1981 is ablated.19 Furthermore, 
ablation of the autophosphorylation site 
results in a weakened interaction with 

phosphorylated at sites of damage was not 
affected, suggesting that defective phos-
phorylation of SMC1 and KAP1 is due to 
the  premature dissociation of ATM from 

introduced DSBs. This is supported by 
the experiments which show that KD or 
7A expressing cells displays a deficiency in 
DSB repair.46,50,51 Furthermore, wild-type 
DNA-PKcs is also retained at DSBs in a 
similar fashion to the KD and 7A proteins 
when it is expressed in XR1 cells which are 
XRCC4 deficient and have been shown to 
not be able to repair DSBs.52

Comparing the two proteins, auto-
phosphorylation does not play a role in 
the ability of either protein to localize 
to laser-generated DSBs. But, when it 
comes to retention/dissociation, ATM 
and DNA-PKcs are opposites. Ablation 
of autophosphorylation of ATM results in 
rapid dissociation of ATM following its 
normal association. On the other hand, 
ablation of phosphorylation of DNA-
PKcs results in a sustained retention at 
DSBs. FRAP data shows that S1981A is 
a bit more mobile than wild-type ATM 
with the half-time to recover to 50% of 
maximum recovery value is 6.93 seconds 
to S1981A compared to 9.69 seconds for 
wild-type ATM (fig. 4). The half-time 
to recover to 50% of maximum recovery 
value is 123.95 seconds for 7A compared 
to 70.98 seconds for wild-type DNA-PKcs 
(fig. 4). Comparing the phosphorylation 
site mutant of ATM compared to DNA-
PKcs, the numbers obviously show that 
ATM is much more mobile than DNA-
PKcs at DSBs and that mutation of the 
phosphorylation sites make this difference 
even larger.

Although it appears the phosphoryla-
tion status differentially regulates ATM 
and DNA-PKcs at DSBs, the ablation 
of the autophosphorylation sites simi-
larly results in deficiency in DSB repair 
in both situations. A marked radiosensi-
tivity in ATM deficient cells is observed 
when compared with the same cell that 
had been complemented with wild-type 
ATM.19,43 Complementation with S367A, 
S1893A or S1981A results in an interme-
diate sensitivity to IR.19,43 Furthermore, 
ablation of each of these phosphorylation 
sites results in defects in ATM signaling, 
radiation-induced DNA repair and a fail-
ure to correct cell cycle checkpoint defects. 
Interestingly, S1981A showed reduced 
phosphorylation of SMC1 and KAP1, 
proteins phosphorylated at DSBs, how-
ever, phosphorylation of p53 which is not 

Figure 3. Phosphorylation of atM and DNa-PKcs influences their dynamics at DNa double strand 
breaks. (a) at5Biva cells expressing wild-type, 1981a or kinase-dead (KD) forms of YFP-atM were 
micro-irradiated, incubated for 10 min, pre-extracted, fixed and immunostained with a phospho-
specific antibody to atM (S1981). (B) 2 hour time course after micro-irradiation, showing the 
kinetics of YFP-tagged wild-type, 1981a and KD forms atM in at5Biva cells. each data point is the 
average of 10 independent measurements. error bars represent the standard deviation. ©Sairei 
So et al. 2009; Originally published in J Cell Biol doi:10.1083/jcb.200906064 (C) 2 hour time course 
after micro-irradiation, showing the kinetics of YFP-tagged wild-type, 7a and KD forms DNa-PKcs 
in v3 cells. each data point is the average of 10 independent measurements. error bars represent 
the standard deviation. ©Naoya Uematsu et al. 2007; Originally published in J Cell Biol doi:10.1083/
jcb.200608077.
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complex to let other NHEJ factors access, 
process, and ligate the DNA ends.

Concluding Remarks

The PI3K kinases ATM and DNA-PKcs 
are key proteins in the cellular response 
to DNA double strand breaks. Our data 
suggests that there are common mecha-
nisms which regulate their association 
with DSBs with multimeric complexes 
recruiting and stabilizing the proteins at 
the damage site. FRAP analysis shows that 
the DNA-ATM and DNA-DNA-PKcs 

DNA ends, and thereby inhibits efficient 
ligation.50,53,54 Importantly, this inhibi-
tion can be cleared by autophosphory-
lation. Furthermore, solution structure 
of DNA-PKcs and Ku in complex with 
DNA revealed that autophosphorylation 
induced a large conformational change 
that opens DNA-PKcs.55 In addition, 
mutation of 2056 and the entire 2609 clus-
ter results in tight binding of DNA-PKcs 
to DNA ends (fig. 3 FRAP). Together, 
these data suggest that phosphorylation 
of DNA-PKcs promotes a conformational 
change to open the DNA-DNA-PKcs 

MDC1. These data suggest that auto-
phosphorylation at serine 1981 promotes 
the interaction of ATM with MDC1 
which serves to  stabilize ATM at DSBs 
and thereby regulates phosphorylation of 
substrates and response to DNA damage 
in human cells. The importance of DNA-
PKcs autophosphorylation for NHEJ 
is demonstrated by numerous studies 
which show that ablation of autophos-
phorylation sites results in an increase in 
radiosensitivity and a decrease in DSB 
repair.46,50,51 Biochemical studies showed 
that unphosphorylated DNA-PKcs block 

Figure 4. Phosphorylation of atM and DNa-PKcs influence the exchange rate between DNa-bound and free forms of each protein at DNa double 
strand breaks sites. (a and B) FraP curves of wild-type atM and 1981a in at5Biva cells (a) and wild-type DNa-PKcs and 7a in v3 cells (B) at DNa 
double strand break sites. the data show the normalized data from the average of three independent experiments, fitted to an exponential rise to 
Max model. Pre-bleach intensity levels were normalized to 1 and post-bleach intensity levels were normalized to 0. in each experiment at least 10 cells 
were measured.
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complexes are different with the DNA-
DNA-PKcs complex being tighter than 
the DNA-ATM complex. The retention/
dissociation of ATM and DNA-PKcs are 
markedly different with DNA-PKcs dis-
sociating much quicker from DSBs than 
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