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The Ku heterodimer (Ku70/Ku80) is a main component of the nonhomologous end-joining (NHEJ) pathway that repairs DNA
double-strand breaks (DSBs). Ku binds the broken DNA end and recruits other proteins to facilitate the processing and ligation
of the broken end. While Ku interacts with many proteins involved in DNA damage/repair-related functions, few interactions
have been mapped to the N-terminal von Willebrand A (vWA) domain, a predicted protein interaction domain. The mutagenesis
of Ku70 vWA domain S155/D156 unexpectedly increased cell survival following ionizing radiation (IR) treatment. DNA repair
appeared unaffected, but defects in the activation of apoptosis and alterations in the DNA damage signaling response were iden-
tified. In particular, Ku70 S155A/D156A affected the IR-induced transcriptional response of several activating transcription fac-
tor 2 (ATF2)-regulated genes involved in apoptosis regulation. ATF2 phosphorylation and recruitment to DNA damage-induced
foci was increased in Ku70-deficient cells, suggesting that Ku represses ATF2 activation. Ku70 S155A/D156A substitutions fur-
ther enhanced this repression. S155A substitution alone was sufficient to confer enhanced survival, whereas alteration to a phos-
phomimetic residue (S155D) reversed this effect, suggesting that S155 is a phosphorylation site. Thus, these findings infer that
Ku links signals from the DNA repair machinery to DNA damage signaling regulators that control apoptotic pathways.

One of the most dangerous forms of DNA damage is the DNA
double-strand break (DSB), which can lead to aberrant

genomic rearrangement if not repaired properly (25, 26). In eu-
karyotic cells, DSBs trigger signaling pathways that induce cell
cycle checkpoints and alter gene transcription, allowing DNA in-
tegrity to be reestablished through the action of repair complexes
(9, 30, 68, 71).

The DNA damage response (DDR) pathway is initiated by a
phosphorylation cascade that triggers chromatin modifications
which enhance the accessibility of the broken DNA to repair fac-
tors and promote the subsequent accumulation of DDR factors
into foci at the site of damage (57, 68). The Mre11-Rad50-NBS1
(MRN) complex immediately binds the DSB independently of
other factors (32), functioning to recruit the serine/threonine
(S/T) phosphoinositide-3-kinase (PI3K) family member ATM
(ataxia telangiectasia mutated), an essential regulator of the DNA
damage response that is responsible for many phosphorylation
events at the site of DNA damage (36, 37). An important signal
amplification step involves the ATM phosphorylation of the his-
tone variant H2AX to create a platform to which other DDR pro-
teins are able to bind (17). ATM activates signaling cascades that
trigger the activation of cell cycle checkpoints, leading to cell cycle
arrest through the phosphorylation of several substrates, includ-
ing p53, MDC1, BRCA1, Chk1, and Chk2. ATM also contributes
to the establishment of apoptotic pathways (36).

Two main pathways function to repair DSBs, homologous re-
combination (HR), which uses a homologous chromosome or
sister chromatid as the template to repair the broken DNA, and
nonhomologous end joining (NHEJ), which simply religates the
two broken ends together (25). In mammals, NHEJ is the predom-
inant DSB repair pathway, functioning throughout the cell cycle,
and is exclusive to the G1 and S phases (41, 47). NHEJ also medi-
ates the rejoining of programmed breaks generated in V(D)J re-
combination during B- and T-cell maturation (41, 47). NHEJ can
be subdivided into two subpathways, the core or classical NHEJ

pathway (C-NHEJ), which represents the main end-joining activ-
ity in the cell, and alternative NHEJ activities (A-NHEJ) consisting
of microhomology-mediated repair that function as backup path-
way(s) to join DSBs (25, 41, 52).

The C-NHEJ complex in higher eukaryotic cells consists of
DNA-dependent protein kinase (DNA-PK), which is composed of
the Ku heterodimer and DNA-PK catalytic subunit (DNA-PKcs),
Artemis, a DNA processing enzyme, a DNA ligase complex,
XRCC4/DNA ligase IV, and a recently identified factor called
Cernunnos-XLF (41, 47, 65). Other accessory factors, including
polynucleotide kinase (PNK) and DNA polymerases � and �, have
been implicated in some aspects of C-NHEJ (41, 47).

Ku is the DNA-binding component of the C-NHEJ repair ma-
chinery. Upon recognition and binding to the broken DNA end,
Ku recruits DNA-PKcs to form the active protein kinase complex
DNA-PK (41, 47). DNA-PKcs is a large (p450) S/T kinase that is a
member of the PI3K group that includes ATM, ATM-related
(ATR), and mammalian target of rapamycin (mTOR) (1, 27, 49).
The importance of DNA-PK in maintaining genomic integrity is
underscored by the profound immunodeficiency, radiosensitiv-
ity, and prevalence of tumors in mice lacking any of the three
subunits (18, 39, 53, 67). However, DNA-PKcs knockout mice
display milder defects than Ku�/� mice, suggesting that Ku has
additional functions that are independent of those of DNA-PKcs
(42, 67). Besides DNA end recognition, Ku appears to protect
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broken DNA from aberrant nucleolytic processing (15). Ku also
has been shown to bind to telomeres and to function in telomere
maintenance, notably by anchoring telomeres to the nuclear pe-
riphery, contributing to telomeric silencing and preventing telo-
mere shortening (15, 58).

In addition to its main function in DNA repair, several reports
have suggested that DNA-PK also is involved in signaling to reg-
ulate specific aspects of the DDR. DNA-PK participates in repli-
cation protein A2 (RP-A2) and nuclear factor �B (NF-�B) phos-
phorylation in response to DNA damage and also contributes to
the modification of histone H2AX (reviewed in references 12 and
27). Roles for Ku in signaling to the apoptotic machinery also have
been documented (27).

Aside from a recently identified end-processing activity (59),
much of Ku’s function appears to be mediated by protein-protein
interactions with other factors. A number of proteins interact with
Ku, including C-NHEJ core proteins and factors implicated in the
DDR and in telomere maintenance, transcription, and replication
(12, 63). Within the mammalian C-NHEJ complex, the interac-
tion of Ku with XRCC4/DNA ligase IV is required to recruit the
complex to DNA and to stimulate the ligase activity (13, 43). Yeast
Ku also interacts with factors of the RSC complex that mediates
ATP-dependent chromatin remodelling in yeast (66). Interaction
with DNA repair and damage-response factors Mre11, Werner,
and PARP also have been documented (12, 63).

Ku is a heterodimer of two proteins, Ku70 and Ku80, that form
a complex that is conserved throughout evolution both structur-
ally and functionally (4, 15, 63, 72). Ku homologs are found in
organisms ranging from bacteria to humans (4). The two subunits
of Ku in eukaryotes feature three structurally similar domains, an
amino-terminal �/� domain, a central �-barrel domain, and an
�-helical carboxy-terminal arm, that come together in the het-
erodimer to form a quasisymmetrical ring structure that enve-
lopes up to two helical turns of DNA ends, as seen in the crystal
structure (72). The Ku70 carboxy-terminal domain sequence
shows similarities with SAP domains that are involved in DNA
binding (3, 72), whereas the Ku80 C-terminal domain forms a
globular structure with similarity to protein domains involved in
protein-protein interactions (24, 77). The amino-terminal do-
mains of Ku70 and Ku80 (�/� domains [72]) share similarity with
von Willebrand factor A (vWA), a domain that mediates protein-
protein interactions (4, 72, 74). The vWA domains of Ku fall into
the ancient conserved vWA proteins, a group of evolutionarily
conserved intracellular proteins (74). However, while Ku interacts
with many proteins, few have been mapped to the vWA domains
(12, 15, 47, 63). Site-directed mutagenesis of the Saccharomyces
cerevisiae YKU80 and YKU70 genes identified that �-helices on the
surface of the vWA domain confer different Ku functions (56).
The Yku80 �-helix 5 is critical for telomeric functions, while
Yku70 �-helix 5 is required for C-NHEJ. This likely results from
differences in the orientation of the two vWA domains, with the
Ku70 vWA domain facing outwards in close proximity to the
DNA end and the Ku80 vWA domain facing inwards, thus facili-
tating telomeric functions (56, 72).

In mammals, very little is known about the precise function of
the Ku70/Ku80 N-terminal vWA domains. In this study, we intro-
duced point mutations in various regions of the Ku70 vWA do-
main with the intent of identifying structural determinants that
direct Ku function in response to DNA damage (Fig. 1). The mu-
tation of Ku70 vWA �-helix 5 residues (D192A/D195R) resulted

in a sharp decrease in survival. These substitutions, previously
shown to confer a DNA repair defect in yeast (56), markedly im-
paired the DNA repair function of Ku in mouse embryonic fibro-
blasts (MEFs), suggesting that the function of these residues is
conserved between yeast and mammals. Unexpectedly, the mu-
tagenesis of residues adjacent to �-helix 4 (S155A/D156A) re-
sulted in increased survival following ionizing radiation (IR)
treatment. C-NHEJ appeared unaffected, but a marked decrease
in the activation of apoptosis and alterations in the DNA damage
signaling response, as well as in the transcriptional profile of gene
expression following DNA damage, were identified. In particular,
this mutation affected an activating transcription factor 2 (ATF2)-
dependent transcriptional pathway that modulates several genes
implicated in the activation of apoptosis. The D192A/D195R sur-
vival defect was rescued by introducing the S155A/D156A substi-
tution, inferring that separate regions of the Ku70 vWA domain
confer two different Ku functions in response to DNA damage.
Further, S155 was identified as the critical residue regulating cell
survival. Thus, importantly, the defects resulting from these mu-
tations suggest that the N-terminal vWA domain of Ku70 is im-
plicated in the activation of apoptotic pathways by linking signals
of DNA repair completion (or lack thereof) to the signaling ma-
chinery that controls the activation of cell death pathways.

MATERIALS AND METHODS
Plasmid expression constructs. Ku70 human cDNA was cloned from the
BamHI site in pEGFP Ku70 (6) into the HpaI site of pMSCVpuro retro-
viral vector (Clontech). Ku70 point mutations were introduced by site-
directed mutagenesis using Pfu polymerase (Stratagene) with primers
bearing the targeted point mutations (primers are listed in Table S3 in the
supplemental material). All mutations were confirmed by sequencing.
pGL3-Promoter and pRL-SV40 plasmids were from Promega.

Cell culture and treatments. Ku70�/� MEFs were obtained from S.
Matsuyama (Case Western, Cleveland, OH) (19). All cells were cultured
in high-glucose Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) at 37°C in 5% CO2.

pMSCV vectors containing wild-type and mutant Ku70, as well as the
empty pMSCVpuro vector, were transfected via calcium phosphate into
the Phoenix Ampho retroviral packaging cell line. The medium-
containing virus was collected 48 h later and used to infect Ku70�/�

MEFs. Twenty-four hours postinfection, the media were replaced with 2.5
�g/ml puromycin containing medium to select and maintain cells in-
fected with the pMSCV vector. Cells were maintained as a pool for all
subsequent experiments.

For irradiation experiments, cells were plated the night before at 50 to
70% confluence. Irradiations were performed with a Faxitron RX-650 at a
dose rate of 1.42 Gy/min.

Extracts and Western blot analyses. Whole-cell extracts were pre-
pared as described previously (64). Nuclear extracts were prepared as
described previously (2). For Western blot analysis, extracts were resolved
by SDS-PAGE (either 8 or 10%), transferred onto a polyvinylidene diflu-
oride (PVDF) membrane, and hybridized with antibodies to Ku70
(N3H10; Neomarkers), Ku80 (M-20; Santa Cruz), �-actin (I-19; Santa
Cruz), GADD153/CHOP (F-168; Santa Cruz), ATF3 (C-19; Santa Cruz),
PCNA (clone PC-10; Millipore), 69/71 phospho-ATF2 (Cell Signaling),
and ATF2 (N-96; Santa Cruz).

Clonogenic survival assays. Cells were plated in triplicate at a single-
cell density, irradiated 6 h later with various doses of irradiation (IR), and
then incubated for 7 days. The plates were washed with phosphate-
buffered saline (PBS) and stained with 0.5% crystal violet in 20% metha-
nol. Colonies were counted and survival was assessed by calculating the
ratio of colony number on the irradiated plates to the number of the
unirradiated controls.
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Caspase assays. Cell extracts were prepared in lysis buffer (1 mM KCl, 10
mM HEPES [pH 7.4], 1.5 mM MgCl2, 1 mM dithiothreitol [DTT], 1 mM
phenylmethylsulfonyl fluoride [PMSF], 5 �g/ml leupeptin, 2 �g/ml apro-
tinin, and 10% glycerol). Caspase activity was measured in caspase assay buf-
fer containing 25 mM HEPES, pH 7.4, 10 mM DTT, 10% sucrose, 0.1%
3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate, and 10
�M caspase-3 substrate containing N-acetyl-Asp-Glu-Val-Asp-(7-amino-4-
trifluoromethyl-coumarin) (DEVD-AFC; Biomol International). The fluo-
rescence produced by DEVD-AFC cleavage was measured on a SpectraMax
M5 fluorimeter (excitation, 400 nm; emission, 505 nm) during a 2-h interval.
Caspase activity was calculated as the ratio of the fluorescence output in
treated samples to that of corresponding untreated controls.

Pulsed-field gel electrophoresis (PFGE). One day prior to irradiation,
3.5 million cells were seeded onto a 10-cm plate. Following 40 Gy of IR or
mock treatment, cells were harvested into agarose plugs using the Bio-Rad
contour-clamped homogeneous electric field (CHEF) genomic DNA plug
kit. Agarose plugs were run on a 0.8% gel using the Bio-Rad CHEF-DR II
system for 48 h (switch time of 200 to 500 s, 120° angle, 3 V/cm). The gels
were stained with ethidium bromide, images were captured using a Bio-
Rad ChemiDoc and ImageLab software, and staining was quantified using
ImageJ. The fraction of activity released (FAR) corresponding to unre-
paired DNA was determined by calculating the ratio of the DNA migrat-
ing below the plug to the total DNA loaded (DNA remaining in the plug
and fraction entering the gel).

Plasmid repair luciferase assays. The pGL3-Promoter luciferase re-
porter plasmid was digested with BglII, which cuts between the promoter

and the luciferase coding region. PMSCV-infected MEFs were transfected
with 750 ng of linearized PGL3-Promoter and 5 ng of pRL-SV40 in 12-
well plates using Fugene 6 (Roche) by following the manufacturer’s in-
structions. Forty-eight hours posttransfection, the cells were harvested in
0.3 ml 1� passive lysis buffer (Promega), and luciferase assays were per-
formed with 30 �l of extract with the Promega dual-luciferase reporter
assay system (50 �l of both LAR II and Stop & Glo reagents) using an
Orion II luminometer (Titertek-Berthold).

Immunofluorescence. One day prior to irradiation, cells were seeded
at 60 to 80% confluence on 10-mm glass coverslips. At the given time
points postirradiation, cells were washed in cold PBS and fixed in 3%
paraformaldehyde. Cells were permeabilized in 0.5% Triton-X and
blocked in 5% fetal bovine serum (FBS), followed by incubation with the
primary antibody to phosphoserine 139 H2AX (20E3; Cell Signaling),
ATF2 (C-19; Santa Cruz), or 69/71 phospho-ATF2 (Cell Signaling). Slides
then were incubated with an anti-rabbit Alexa 497 secondary antibody
(Invitrogen). Coverslips were mounted onto glass slides using ProLong
Gold containing 4=,6=-diamidino-2-phenylindole (DAPI) (Invitrogen).
Cell pictures were taken with an Olympus BX51 microscope at �40 mag-
nification and Image-Pro Plus software (Media Cybernetics, Inc.). For
�-H2AX and phospho-ATF2, pixel density was measured with ImageJ
software and used as a measure of focus content per picture. DAPI nucleic
staining was used for cell counting, and the pixel density was averaged per
cell for approximately 500 cells. For the quantification of ATF2 foci, all
pictures were set to an equal contrast threshold on ImageJ, and cells were
scored positive if they contained at least one focus.

FIG 1 (A) Sequence alignment of the Ku70 N-terminal vWA domain (�-helices 3 to 5) from a selection of Ku70 eukaryotic homologs. The position of the vWA
domain �-helices is indicated at the top. Conservation between species of the residues within �-helices 3 to 5 is highlighted according to percent identity (PID)
(light gray, �40%; dark gray, �60%; black, �80% PID). The residues mutated in this study are boxed, and the substitutions introduced are indicated below the
alignments. (B) Space-filling representations of the human Ku dimer structure bound to DNA (72) (Protein Data Bank no. IJEY; depicted using PyMol). The
upper image shows the front view of the Ku dimer (facing the DNA end). The Ku70 vWA domain E145/W148, S155/D156, and D192/D195 residues are
highlighted in black, and their position is indicated. DNA is represented as a black helix. The lower image shows the side view of the Ku dimer (DNA end to the
left). The position of the Ku70 vWa domain K114/L117 and K129/D133 residues is shown.
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Reverse transcriptase PCR (RT-PCR). Total RNA was isolated using
the Qiagen RNeasy RNA extraction kit. RNA (2 �g) was reverse tran-
scribed with the Superscript II cDNA kit (Invitrogen). Quantitative PCR
was performed using Bio-Rad MyiQ single-color real-time PCR detection
and the Bio-Rad IQ SYBR green mix. Primers are listed in Table S3 in the
supplemental material. The relative quantification of specific gene expres-
sion was determined by the ��CT method, with the target gene threshold
cycle (CT) values normalized to that of the beta-2-microglobulin control.
The change of gene expression in irradiated samples was calculated rela-
tive to that of the unirradiated controls.

Sequence alignments. Sequences were obtained from the NCBI data-
base and aligned using MUSCLE software (16). Percent identity calcula-
tions were performed using Jalview software.

Statistical analyses. Differences between two groups were compared
using an unpaired two-tailed t test, and analysis of variance (ANOVA) was
used for comparisons of multiple groups. Results were considered signif-
icant when P � 0.05.

RESULTS
Identification of Ku70 mutations that impair survival in re-
sponse to IR. To investigate the contribution of the Ku70 vWA
domain in Ku70’s function in the response to DSBs, several point
mutations were produced in the human Ku70 vWA domain.
These mutations targeted residues located on the solvent-exposed
surface of the protein and showing various degrees of conserva-
tion across Ku70 homologs (Fig. 1). For instance, residues in Ku70
�-helix 5, previously involved in DNA repair in yeast, are fairly
well conserved (Fig. 1A) (56). In contrast, �-helix 3 is much less
conserved (Fig. 1A). We produced five different Ku70 mutations:
two mutations in �-helix 3, one in �-helix 4, one in �-helix 5, and
one in a loop region bordering �-helix 4 (S155A/D156A) (Fig.
1B). At each location, we altered two amino acids to maximize the
likelihood of disrupting a protein-interacting surface. Wild-type
human Ku70 as well as the various mutant human Ku70 cDNAs
were stably introduced into Ku70�/� immortalized MEFs via a
murine stem cell virus construct. To determine whether the mu-
tations interfered with Ku’s function in response to IR, we mea-
sured the radiosensitivity of MEFs expressing wild-type or mutant
Ku70 at various doses of IR (between 2 and 10 Gy) using a clono-
genic assay. Cells lacking Ku70 are severely deficient in DSB repair
and therefore have very low survival rates following treatment
with IR (20). Consistently with previous reports (20, 21), the re-
expression of human Ku70 in the Ku70�/� MEFs restored wild-
type MEF survival in response to IR (Fig. 2A). Western blot anal-
yses indicated that the level of Ku70 restored was similar to that in
wild-type cells (data not shown). Also, we verified that the expres-
sion of Ku80, which is reduced to undetectable levels in the ab-
sence of the Ku70 subunit, was reestablished upon the expression
of the human Ku70 construct (Fig. 2D and 3D).

MEFs expressing �-helix 3 and �-helix 4 Ku70 mutant con-
structs produced survival curves not significantly different from
that of the wild type, suggesting that these residues are not essen-
tial for Ku function in response to IR (see Fig. S1 in the supple-
mental material). An �-helix 5 mutation (D192A/D195R) was
designed based on the previously identified DNA repair defect
associated with the mutation of the corresponding residues in
yeast Ku70 (56). The Ku70 D192A/D195R-expressing cells
showed a dramatic decrease in survival following IR treatment,
displaying a survival curve that more closely matched that of the
Ku70�/� cells than that of the wild type (Fig. 2B). For example, at
4 Gy, 34% of Ku70 wild-type-expressing MEFs formed colonies,

whereas only 4.5% of cells expressing empty vector and 10% of
cells expressing Ku70 D192A/D195 did so. At 6 Gy, 20% of wild-
type cells survived versus 4% of Ku70 D192A/D195R and 1.5% of
cells expressing empty vector. This suggests that these residues are
functionally conserved between yeast and human. Intriguingly, a
Ku70 mutant bearing alanine substitutions of residues S155 and
D156 located in a loop region between �-helices 4 and 5 consis-
tently conferred a 40 to 50% increase in survival compared to that
of the wild type (at 4 Gy, 60 versus 33%; at 6 Gy, 30 versus 19%)
(Fig. 2C). This was unexpected, and as the expression of this mu-
tant was similar to that of the Ku70 wild type (Fig. 2D), it sug-
gested that the mutation enhanced viability in response to IR
treatment.

S155A/D156A mutation does not affect DNA repair effi-
ciency. Since Ku’s prominent documented function is to recruit
DNA repair factors to DSBs and promote C-NHEJ, we first con-
sidered the possibility that the increase in survival conferred by the
Ku70 S155A/D156A mutant was due to an improved capacity for
DNA repair. To test this possibility, we employed pulsed-field gel
electrophoresis (PFGE) to analyze DNA repair. The analysis was
performed with samples processed immediately following IR to

FIG 2 Analysis of cell survival properties of Ku70�/� MEFs expressing Ku70
bearing substitutions in the N-terminal vWA domain. (A) Reexpression of
human wild-type Ku70 via retroviral infection restores wild-type survival lev-
els of MEFs following ionizing radiation. The clonogenic survival of MEFs
(wild type [Ku70�/�], Ku70 deficient [Ku70�/�], Ku70�/� expressing empty
vector [pMSCV], or Ku70 cDNA [Ku70 pMSCV]) was tested at the IR doses
indicated. Results are the means from three separate experiments performed in
triplicate, with error bars representing the standard deviations (SD). Error bars
are included for all data points but may not be visible when they are smaller
than symbol size. (B) Ku70�/� MEFs expressing Ku70 mutant bearing substi-
tutions D192A/D195R exhibit radiation sensitivity. A clonogenic assay was
done as described for panel A with Ku70�/� MEFs expressing wild-type Ku70
(WT), Ku70 with substitutions (D192A/D195R), or empty vector (pMSCV).
(C) MEFs expressing Ku70 with S155A/D156A substitutions show increased
survival following IR exposure. Clonogenic assay results are presented as de-
scribed for panel A. Error bars represent the standard deviations. (D) Repre-
sentative Western blot analysis of Ku70�/� MEFs or Ku70�/� MEFs express-
ing wild-type Ku70 (WT) and Ku70 S155A/D156A. The blot was analyzed with
antibodies to Ku80, Ku70, and PCNA as indicated. The asterisk indicates the
position of a nonspecific (NS) band migrating above Ku80.

Regulation of DNA Damage Signaling through Ku70 vWA

January 2012 Volume 32 Number 1 mcb.asm.org 79

http://mcb.asm.org


measure the total amount of genomic DNA breakage, 2 h later,
when DNA repair is ongoing, and then 6 h after IR treatment, at
which time most DNA breaks are already repaired (33, 61). A
comparison of Ku70 wild-type and Ku70 S155A/D156A mutant
cells revealed no significant differences in their abilities to repair
genomic DNA damaged by IR (Fig. 3A). To confirm this result, an
in vivo plasmid repair assay was employed, which measures the
cell’s ability to recircularize a transfected linearized luciferase ex-
pression plasmid by measuring luciferase activity. Ku wild-type
and Ku70 S155A/D156A cells showed no significant difference in
their abilities to repair restriction enzyme-cut extrachromosomal
plasmid DNA (Fig. 3B), suggesting that the mutated residues did
not enhance the DNA repair function of Ku. To substantiate the
potential for the Ku S155A/D156A mutation to increase survival
independently of DNA repair, we tested whether this mutation
could rescue the survival defect conferred by a Ku repair muta-
tion. To this end, we introduced the D192A/D195R substitution
in �-helix 5 in the Ku70 S155A/D156A construct. The survival of
cells expressing the double mutant Ku70 S155A/D156A, D192A/
D195R was completely rescued (Fig. 3C), suggesting that the mu-
tation of the S155/D156 residues can compensate for the defects
imparted by a DNA repair deficiency. To confirm this result, we
analyzed DNA repair in cells expressing Ku70 D192A/D195R and
that of the double mutant Ku70 S155A/D156A, D192A/D195R

using PFGE (Fig. 3E). As expected, Ku70 D192A/D195R-
expressing cells displayed a marked repair defect not statistically
different from that of the Ku70-deficient cells. A similar repair
defect was observed in cells expressing the Ku70 S155A/D156A,
D192A/D195R substitutions, providing evidence that S155A/
D156A substitutions do not affect Ku’s function in DNA end join-
ing and confer a survival advantage that is independent of DNA
repair.

Ku70 S155A/D156A mutant cells display decreased activa-
tion of apoptosis. The S155A/D156A mutation did not affect
DNA repair, suggesting that it could interfere with DNA damage
response pathways and prevent the execution of apoptosis. To
determine whether apoptosis was affected in Ku70 S155A/D156A-
expressing cells, we tested the endpoint of apoptosis using a
caspase-3 assay. While wild-type Ku70 MEFs showed a strong
caspase-3 activity at 48 and 72 h after IR treatment, the mutant
cells displayed significantly lower caspase-3 activity and, there-
fore, decreased apoptotic activation (Fig. 4A). We then compared
the ability of wild-type Ku70- and Ku70 S155A/D156A-expressing
cells to form �-H2AX foci, an early marker of the DNA damage
response (33). Ku70 S155A/D156A cells showed no significant
difference in basal focus levels in the absence of IR treatment,
whereas Ku70�/� cells had increased �-H2AX focus levels indic-
ative of unrepaired endogenous DSBs. Early focus formation 1 h

FIG 3 Ku70 S155A/D156A mutation does not affect DNA repair. (A) The S155A/D156A mutation does not interfere with the repair of IR-induced genomic
DNA damage. PFGE analysis was performed on genomic DNA from Ku70�/� MEFs expressing wild-type Ku70 (WT), Ku70 S155A/D156A, or empty pMSCV
either untreated (control) or immediately after IR treatment (0 h) or 2 or 6 h following IR treatment. For all samples, FAR (fraction of activity released) was
averaged from three independent experiments, with error bars representing standard errors of the means. (B) The Ku S155A/D156A mutation does not interfere
with the repair of extrachromosomal DNA breaks. Ku70�/� MEFs expressing wild-type Ku70 (WT), mutant S155A/D156A, or empty vector (pMSCV) were
transfected with a linearized pGL3-Promoter plasmid and control pRL-SV40 plasmid and assayed for luciferase activity 48 h later. Data represent the average
firefly luciferase values normalized to the renilla luciferase values for three separate experiments, with error bars representing SD (�, P � 0.01). (C) Ku70
S155A/D156A mutation rescues the IR sensitivity conferred by the D192A/D195R substitution. Clonogenic survival assay of Ku70�/� MEFs expressing wild-type
Ku70 (WT), Ku70 bearing the substitutions D192A/D195R, or the double mutant D192A/D195R, S155A/D156A. Results are averaged from three experiments,
and the error bars represent the SD. (D) Western blot analysis of Ku70�/� MEFs with empty vector (pMSCV) or Ku70�/� MEFs expressing wild-type Ku70 (WT)
and Ku70 mutants as indicated. The blot was analyzed with antibodies to Ku80, Ku70, and actin. (E) Ku70 S155A/D156A substitutions do not rescue the DNA
repair defect conferred by the Ku70 D192A/D195R mutation. PFGE analysis was done as described for panel A with genomic DNA from Ku70�/� MEFs
expressing wild-type Ku70 (WT), D192A/D195R, the double mutant D192A/D195R, S155A/D156A, or empty pMSCV either untreated (control) or immediately
after (0 h) and 6 h following IR treatment. FAR was averaged from three independent experiments, with error bars representing SEM (�, P � 0.05).
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following IR treatment again was similar in wild-type Ku70- and
S155A/D156A-expressing cells, suggesting that the mutation did
not interfere with the initial phosphorylation events. However,
Ku70 S155A/D156A cells displayed persistent foci 24 h following
IR treatment, whereas Ku70 wild-type cells did not (Fig. 4B), sug-
gesting an abnormally prolonged DNA damage response. Taken
together, these results suggested that the mutation interfered with
the activation of apoptosis and resulted in a persistent DNA dam-
age response.

Ku70 S155A/D156A mutant cells display altered transcrip-
tional regulation in response to DNA damage response. DNA
damage-induced apoptosis is regulated largely at the transcrip-
tional level (51, 60), so we thought to investigate whether Ku
S155A/D156A could interfere with the transcriptional regulation
of genes involved in the IR-induced apoptotic response. To exam-
ine global gene expression differences between S155A/D156A and
wild-type Ku70-expressing MEFs following IR treatment, Af-
fymetrix GeneChip analysis was performed using RNA prepared
from unirradiated control cells and from cells at 8 and 24 h after IR
treatment (unpublished data). We noticed that the change of ex-

pression of several genes induced or repressed by IR was reduced
in Ku70 S155A/D156A-expressing cells. The genes included the
inhibitor of differentiation (Id) genes (Id1, Id2, and Id3), activat-
ing transcription factor 3 (ATF3), and growth arrest and DNA
damage-inducible gene 153 (GADD153), also known as DNA
damage-inducible transcript 3 (Ddit3) and C/EBP-homologous
protein (CHOP), which previously have been characterized as
participating in the regulation of apoptosis (see Table S2 in the
supplemental material) (31, 48, 62, 69). Id1 was shown to be
downregulated by ATF3 during stress (29, 31), whereas
GADD153/CHOP was found to be upregulated by ATF3 to induce
cell death programs in response to stress (28, 73). A change of the
expression of these genes was confirmed using quantitative RT-
PCR analysis. The downregulation of Id1 and Id2 expression in
response to IR was found to be severely inhibited in Ku70 S155A/
D156A cells, while Id3 also showed a decreased inhibition, albeit
less pronounced (Fig. 5A). The induction of GADD153/CHOP
also was affected 24 h after IR in cells expressing Ku70 S155A/
D156A (Fig. 5B). Western blot analysis further confirmed the re-
duction in GADD153/CHOP protein expression in Ku70 S155A/
D156A mutant cells compared to that of the wild type (Fig. 5C).
Since ATF3 activation would be expected to precede that of its
target genes Id1 and GADD153/CHOP, we tested ATF3 protein
levels in Ku70 wild-type and S155A/D156A mutant cells by West-
ern blotting at earlier time points following IR treatment. A
marked decrease in ATF3 induction in cells expressing Ku70
S155A/D156A was detected 2 and 8 h after IR treatment and was
still noticeable at 16 h after IR, confirming that Ku70 S155A/
D156A interferes with and/or delays ATF3 activation (Fig. 5D).
Taken together, these results suggest that the Ku70 S155A/D156A
mutation impairs a signaling pathway that affects ATF3 and its
target genes in response to IR. ATF3 itself is regulated by ATF2, a
transcription factor of the same family (34, 45). Interestingly, we
identified additional genes known to be regulated by ATF2 and
whose expression is altered by stress or DNA damage that were
differentially expressed in Ku wild-type and S155A/D156A cells in
response to IR (see Table S2 in the supplemental material). This
suggested that the Ku70 S155/D156 residues function to modulate
the activation of an ATF2-dependent pathway in response to IR.

Ku70 S155A/D156A inhibits ATF2 phosphorylation and fo-
cus formation. ATF2 expression is not altered in response to IR,
but ATF2 is rapidly recruited to IR-induced foci that colocalize
with �-H2AX (8). Focus formation by ATF2 is dependent on the
phosphorylation of C-terminal residues (490 and 498) (8). In ad-
dition, the activation of ATF2 transcriptional activity in response
to DNA damage and other forms of stress is dependent on the
phosphorylation of two residues in the N-terminal region (Thr69/
71) (45). Thus, to determine whether the Ku70 S155A/D156A
mutation interfered with ATF2 activation in response to IR, we
first analyzed ATF2 focus formation in Ku70�/� pMSCV MEFs
and cells reexpressing wild-type Ku70 and the Ku70 S155A/
D156A mutant. While all three cell lines displayed equivalent
background levels of ATF2 foci in untreated cells, IR-induced
ATF2 focus formation was much stronger in Ku-deficient cells
than in cells reexpressing wild-type Ku70 (Fig. 6A). Focus forma-
tion was reduced in cells expressing Ku70 S155A/D156A com-
pared to that of the wild type at both 1 and 4 h after IR treatment.
To determine whether Ku also modulated ATF2 phosphorylation
at the N-terminal sites (Thr69/71) that activate ATF2 transcrip-
tional function, we then analyzed phospho-ATF2 at the 69/71 res-

FIG 4 Ku70 S155A/D156A-expressing cells exhibit DNA damage signaling
defects. (A) Analysis of IR-induced apoptosis in Ku70 S155A/D156A-
expressing cells. Irradiated or mock-treated Ku70�/� MEFs expressing wild-
type Ku70 (WT) or Ku70 S155A/D156A were assayed for caspase-3 activity at
the times indicated. The fold activation of caspase-3 activity is shown relative
to that of the unirradiated control and averaged for four experiments, with
error bars representing the SEM (��, P � 0.01; �, P � 0.05). (B) S155A/D156A
Ku70 mutant cells display prolonged H2AX serine 139 phosphorylation (�-
H2AX) 24 h after IR. As described for panel A, cells were irradiated with 4 Gy
of IR or mock treated, fixed at the time points indicated, and subjected to
analysis with a �-H2AX antibody and DAPI. Foci were quantified based on
pixel intensity and averaged for the number of cells present (a.u., arbitrary
units). Data represent averages from four separate experiments, each assessing
approximately 500 cells, and error bars represent SEM (�, P � 0.05).

Regulation of DNA Damage Signaling through Ku70 vWA

January 2012 Volume 32 Number 1 mcb.asm.org 81

http://mcb.asm.org


idues using immunocytochemistry. IR-induced phospho-69/71
ATF2 staining appeared mostly diffuse but exhibited small foci
(Fig. 6B). Similarly to ATF2 focus formation, phospho-69/71 was
enhanced in Ku�/� cells compared to that in Ku70 wild-type
MEFs and was reduced in Ku70 S155A/D156A at both time points
tested. To confirm the difference in phosphorylation at the ATF2
69/71 site between Ku70 wild-type and S155A/D156A mutant
MEFs, we analyzed phospho-ATF2 by Western blotting. Consis-
tently with the immunofluorescence result, a noticeable reduction
in ATF2 phosphorylation was observed at all times points between
1 and 4 h after IR in Ku70 S155A/D156A MEFs compared to levels
for the wild type, suggesting that substitutions at S155/D156 im-
paired ATF2 69/71 phosphorylation (Fig. 6C). Taken together,
these results suggest that Ku functions to repress ATF2 activation
in response to DNA damage and that the S155A/D156A mutation
further enhances this repression.

Increased survival in response to IR is dependent on the mu-
tation of Ku70 S155. The Ku70 S155/D156 residues are present in
a loop region between �-helix 4 and �-helix 5 of the Ku70 vWA
domain (72). The effect of the mutation could be due to the dis-
ruption of a key phosphorylation event on Ser155 or could simply
be disrupting a protein-protein interaction surface. To address the
latter possibility, we produced a Ku70 mutant containing alanine
substitutions across the entire loop (amino acids [aa] 155 to 160),
reasoning that extending the mutated surface could amplify the
effect observed with the S155A/D156A mutation. The analysis of
IR survival curves revealed no significant difference in survival
between MEFs expressing the Ku70 155-160A mutant and those
expressing the S155A/D156A mutant, suggesting that S155A/
D156A alone conferred maximal increased resistance to IR (Fig.

7A). We next tested the effect of the single S155A and D156A
substitutions on cell survival in response to IR. Ku70 D156A ex-
pression resulted in a survival profile not significantly different
from that of wild-type Ku70. The Ku70 S155A mutant, however,
conferred enhanced survival that was similar to that of the 155-
160A mutant and the double S155A/D156A mutation (Fig. 7B).
This suggests that the DNA damage signaling events that modu-
late cell survival in response to IR are solely dependent on Ku70
S155.

As this residue is a serine, it suggested the possibility that S155
is targeted for phosphorylation to modulate DNA damage signal-
ing, and that the S-to-A substitution prevented this crucial mod-
ification. To test this possibility, we generated an aspartic acid
mutant, S155D, to assess the effect of a phosphomimetic substitu-
tion on cell survival in response to IR. Cells expressing Ku70
S155D appeared fragile and susceptible to cell death. Also, while
we confirmed the expression of Ku70 S155D (Fig. 7D), the protein
levels appeared to decline quickly in the first few passages follow-
ing drug selection, and only about 65% of MEFs were found to
express this mutant, whereas more than 90% of Ku70 wild-type
and other mutant MEFs were expressed (data not shown; also see
Table S1 in the supplemental material). Clonogenic assays re-
vealed that the Ku70 S155D mutation conferred a pronounced
hypersensitivity to IR, as cells expressing Ku70 S155D displayed
even greater radiosensitivity than the Ku-deficient cells (Fig. 7C).
To determine the effect of the S155D substitution on ATF2 phos-
phorylation, we compared ATF2 69/71 phosphorylation in cells
expressing Ku70 S155D, Ku70 S155A, wild-type Ku70, and
Ku70�/� pMSCV MEFs. In control unirradiated cells, both Ku70-
deficient MEFs and S155D mutant MEFs showed strong back-

FIG 5 S155A/D156A Ku70-expressing cells show the altered expression of ATF3, GADD153/CHOP, and Id1, Id2, and Id3 in response to IR treatment. (A)
RT-PCR analysis of Id family genes Id1, Id2, and Id3. RNA samples from Ku70 S155A/D156A (Mt)-expressing and wild-type Ku70 (WT)-expressing MEFs 24
h after treatment with 6 Gy of irradiation or unirradiated control cells were analyzed by RT-quantitative PCR with primers for the indicated Id genes (Id1, Id2,
and Id3). The fold change of gene expression relative to that of unirradiated control samples is shown with error bars indicating SEM (P � 0.05 between WT and
Mt for all samples). (B) RT-PCR analysis of proapoptotic GADD153/CHOP expression. RNA samples were processed as described for panel A, and RT-qPCR was
performed using primers specific for GADD153/CHOP (P � 0.05). (C) Western blot analysis of GADD153/CHOP protein levels in Ku70 S155A/D156A (Mt) and
Ku70 wild-type (WT) MEFs following IR. Shown is a representative Western blot analysis of cells that were irradiated at 6 Gy or mock treated (control), and the
extracts were taken at the time points indicated. The membrane was hybridized with the indicated antibodies. (D) Western blot analysis of ATF3 expression. Cells
were treated and harvested as described for panel C at the times indicated, and the blot was hybridized with ATF3 and actin antibodies. Both panels are from the
same blot, but a longer exposure is shown for ATF3 in the left panel (no IR, 2 h) due to weaker ATF3 signal intensity.
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ground levels of phospho-ATF2 compared to those of the Ku70
wild type and S155A mutant (Fig. 7E). In response to IR, as ex-
pected, phospho-ATF2 was enhanced in Ku-deficient cells and
reduced in Ku70 S155A compared to that of the Ku70 wild type.
Also, Ku70 S155D-expressing cells displayed increased levels of
phospho-ATF2 compared to that of the Ku70 wild type. Thus,
these results are consistent with a phosphomimetic effect of the
Asp substitution and support the notion that Ku70 S155 phos-
phorylation in response to IR is an important event that activates
apoptotic pathways in response to DNA damage.

DISCUSSION

This study identifies a novel function for Ku in regulating signal-
ing pathways leading to apoptosis in response to DNA damage.

This regulation occurs through a previously uncharacterized re-
gion near �-helix 4 in the Ku70 vWA domain. Amino acid substi-
tutions in this region, while not affecting DNA repair, compro-
mise the activation of apoptosis and alter the transcriptional
profile of genes regulated by an ATF2/ATF3 pathway.

Previous studies have shown the involvement of the Ku70
vWA domain in C-NHEJ. A recent study demonstrated that Ku
has a 5= lyase activity that is conferred by specific residues in the
Ku70 vWA, supporting a direct role for Ku in end processing (59).
This activity was found to be dependent on an N-terminal active
site (aa 4 to 34) and on three lysine residues within the Ku70
N-terminal domain. In yeast, Ku70 �-helix 5 was found to convey
crucial C-NHEJ functions (56). We show here that substitutions
in the corresponding human Ku70 �-helix 5 residues (D192A/

FIG 6 Deficient ATF2 activation in response to DNA damage in Ku70 S155/D156-expressing cells. (A) Representative images of ATF2 focus formation in response to
IR in Ku70�/� MEFs expressing wild-type Ku70 (WT), Ku70 S155A/D156A, and empty vector (pMSCV). Fixed cells either untreated (no IR) or 1 h after IR (6 Gy)
treatment were stained with an ATF2 antibody and DAPI. The graphs show the quantification of focus formation done for unirradiated cells (control) or cells processed
1 or 4 h after IR treatment as described in Materials and Methods, and the results were averaged from four experiments (about 250 cells/experiments), with error bars
representing SEM (�, P�0.05). (B) Cells were analyzed as described for panel A with a phospho-ATF2 (69/71) antibody. Representative images are shown at the top, with
the quantification of phospho-ATF2 staining intensity from three separate experiments being shown below (a.u., arbitrary units of signal intensity). (C) Western blot
analysis of phospho-ATF2 (69/71) in Ku70�/� MEFs expressing wild-type Ku70 (WT) and Ku70 S155A/D156A (Mt). Cells were left untreated (no IR) or were subjected
to 10 Gy and collected at the time points indicated to prepare nuclear extracts. Western blot analysis was done with a phospho-ATF2 69/71 antibody (p69/71) or with an
ATF2 antibody to determine total ATF2 protein and actin expression as indicated.
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D195R) caused a survival defect in MEFs that is consistent with a
C-NHEJ defect. �-Helix 5 is an exposed �-helix facing toward the
DNA terminus that is well conserved from yeast to humans (Fig.
1) (56). While the underlying cause of this DNA repair defect still
is unknown, this implies that the function of this Ku region is
evolutionarily conserved. Mutations in �-helices 3 and 4 did not
cause any obvious defects. Our results are consistent with previous
findings in yeast showing that �-helix 4 mutations do not affect
C-NHEJ (56). Additionally, it should be pointed out that �-helix 3
is positioned away from the DNA and therefore may be less likely
to function in the DNA repair process (56, 72).

In contrast to the aforementioned involvement of vWA re-
gions in C-NHEJ, the Ku70 S155A/D156A mutation is fully func-
tional for DNA repair, suggesting that these residues are not in-
volved in the interaction of Ku with C-NHEJ factors. In particular,
it also indicates that these substitutions do not interfere with the
overall DNA-PK kinase activity, which is known to be required for
C-NHEJ and defects in which result in IR sensitivity (14, 47). Since
the DNA-PKcs region of interaction with Ku lies in the Ku80
C-terminal domain, it is unlikely to be affected by a Ku70
N-terminal substitution. However, the possibility remains that
S155A/D156A interferes with the phosphorylation of specific tar-
gets by DNA-PK.

The increased survival of the MEFs expressing Ku70 S155A/
D156A correlated with a marked decrease in apoptosis, as mea-
sured by caspase-3 activation. In contrast to wild-type cells, per-
sistent �-H2AX foci were present 24 h following IR, which is

suggestive of the presence of residual unrepaired DNA breaks.
Since Ku70 S155A/D156A does not confer any repair defects, the
persistence of �-H2AX foci suggests defects in DNA damage sig-
naling. �-H2AX foci present at 24 h may indicate DSBs that were
unable to be repaired and normally would trigger apoptotic path-
way activation to eliminate the damaged cells. We postulate that in
Ku wild-type cells, the activation of apoptotic pathways allows the
return of �-H2AX foci to background levels, whereas defects in
signaling to apoptosis in Ku70 S155A/D156A delays or impedes
focus disappearance in these cells.

Since Ku70 S155A/D156A resulted in apoptotic defects, we
first investigated whether it could affect p53, since this factor is a
major regulator of apoptotic pathways in response to DNA dam-
age (60). The analysis of p53 response to IR revealed that p53
expression is not induced in either Ku wild-type or Ku70 S155A/
D156A cells (data not shown), suggesting that the immortaliza-
tion of the Ku70�/� MEFs disrupted p53 regulation, an event that
frequently occurs in the process of MEF immortalization (22).
However, p53 was efficiently phosphorylated at Ser 15 (Ser 18 in
mouse) in response to IR, suggesting that the ATM-dependent
signaling which is responsible for p53 phosphorylation at this site
is intact in these cells (35). Importantly, no difference in the effi-
ciency of phosphorylation was observed between wild-type and
Ku70 S155A/D156A cells (data not shown), suggesting that the
effect of Ku on signaling to apoptosis does not affect p53 response,
and it does not appear to be p53 dependent.

The altered expression of several genes involved in an ATF2/

FIG 7 Ku70 S155A substitution is required and sufficient to confer increased survival following IR. (A) Clonogenic assay of Ku70�/� MEFs expressing Ku70 with
alanine substitutions at positions 155 to 160 (155-160A) and S155A/D156A and Ku70�/� expressing wild-type Ku70 (WT). Survival is expressed as the number
of colonies present at each IR dose relative to the unirradiated control, averaged for three experiments, with error bars representing the SD (��, P � 0.01; �, P �
0.05). (B) Clonogenic assay comparing the survival of MEFs expressing wild-type Ku70 (WT) and Ku70 D156A and S155A substitutions. Survival is expressed
as described for panel A (�, P � 0.01). (C) Clonogenic assay of MEFs expressing wild-type Ku70 (WT), Ku70 S155A, and empty pMSCV vector (KO) compared
to Ku70 bearing the phosphomimetic S155D substitution. Survival is expressed as described for panel A. WT, S155A, and pMSCV are significantly different from
each other at all time points (P � 0.05), but asterisks to indicate that significance were omitted for clarity. Significance is indicated for S155D compared to pMSCV
(�, P � 0.001). (D) Western blot analysis of Ku subunit expression in Ku70�/� MEFs expressing empty vector (pMSCV), wild-type Ku70 (WT), or Ku70 mutants
as indicated. (E) Western blot analysis of phospho-ATF2 (69/71) in Ku70�/� MEFs expressing wild-type Ku70 (WT), Ku70 S155A, and Ku70 S155D or empty
vector (pMSCV). Cells were either left untreated (no IR) or subjected to 10 Gy and collected 2 h later. Western blot analysis was done with a phospho-ATF2 69/71
antibody (p69/71), an ATF2 antibody to determine total ATF2 protein expression, and actin as indicated.
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ATF3 signaling pathway in Ku70 S155A/D156A cells led us to
speculate that Ku functions to regulate this signaling pathway in
response to IR. ATF3 is a basic-region leucine zipper (bZIP) tran-
scription factor member of the ATF/CREB superfamily that is
rapidly upregulated by a variety of stress signals, including DNA
damage (23, 34, 69, 70). ATF3 can function both to activate and
repress transcription, depending on its dimerization partner and
the promoter context. Several studies have demonstrated a crucial
role for ATF3 activity in inducing apoptosis and the suppression
of tumorigenesis (38, 46, 69). Furthermore, ATF3 is directly in-
volved in downregulating Id1 expression while also contributing
to GADD153/CHOP transcriptional activation (28, 31). While
Id1 has been shown to be directly regulated by ATF3, Id2 and Id3
expression is not well characterized; however, there is evidence
that they are regulated coordinately (54, 62). Id proteins function
as dominant-negative antagonists of the basic helix-loop-helix
(bHLH) family of transcription factors and play roles in develop-
ment, tumorigenesis, and cell cycle by promoting cell survival and
proliferation (54, 62). The overexpression of Id proteins correlates
with tumorigenesis, and the downregulation of Id1 expression
sensitizes cells to apoptotic agents (50, 54, 62, 76). Finally, previ-
ous studies have shown that Id1 is downregulated in response to
stress and DNA damage in an ATF3-dependent manner (29, 31).
Consistent with these studies, our RT-PCR analyses showed a
strong downregulation of Id1 following IR treatment that was
concurrent with that of Id2 and Id3. In Ku70 S155A/D156A cells,
this repression was substantially lessened, correlating with the re-
duced activation of ATF3. Thus, the combined IR-induced regu-
lation of these transcription factors converge toward the regula-
tion of apoptosis, and their dysregulation in Ku70 S155A/D156A
cells is consistent with the reduced activation of apoptosis ob-
served in response to DNA damage.

ATF3 activation is mediated by several factors and pathways de-
pending on the activating stimulus (69, 73). DNA damage activation
of ATF3 has been suggested to depend on an ATM-NBS1 pathway
and on ATF2 (34). Recent studies have implicated ATF2 in the DDR
(8, 40). In response to DNA damage, ATF2 transcriptional activity is
activated by phosphorylation at N-terminal residues T69/71 by p38
and Jun-N-terminal kinase (JNK) in an ATM-dependent manner (7,
34, 75). In addition, ATF2 is phosphorylated at the C-terminal S490/
498 residues by ATM, resulting in its accumulation at IR-induced foci
that colocalize with �-H2AX and the MRN complex (8). The muta-
tion of these residues results in the loss of ATF2 focus formation and
defective DNA damage response, and it confers increased sensitivity
to IR and tumor susceptibility in mice (8, 40).

The analysis of ATF2 IR-induced focus formation and T69/71
phosphorylation showed that both were affected by Ku expression
and Ku70 S155A/D156A mutation. Previously, it was determined
that while the mutation of ATF2 S490/498 prevented focus forma-
tion, T69/71 phosphorylation was dispensable for ATF2 localiza-
tion into foci, and phosphorylations at both sites were suggested
to be independent events (7, 8). The relationship between these
two phosphorylation events still is unclear, as ATM is required for
ATF2 T69/71 phosphorylation (34), but whether T69/71 phos-
phorylation is an independent event or is contingent on S490/498
modification has not been determined. We found that phospho-
T69/71-ATF2 is localized into IR-induced foci. This infers the
existence of an ATF2 population that is phosphorylated at both
N-terminal and C-terminal motifs, suggesting that phosphoryla-
tion at both sites is not exclusive and that transcriptionally active

ATF2 is present at DNA breaks. Thus, our results suggest that Ku
functions to modulate both events whether or not they are inde-
pendent of one another.

The dysregulation of several genes directly or indirectly depen-
dent on ATF2 transcriptional activity in Ku70 S155A/D156A cells
suggests that this mutation can interfere with the transcriptional
activity of ATF2 mediated by T69/71 phosphorylation. The phos-
phorylation of T69/71 is induced in Ku70�/� cells but not in wild-
type cells, suggesting that Ku plays an inhibitory role in ATF2
transcriptional activation in response to IR. Since ATF2 T69/71
phosphorylation initiates signaling cascades, leading to the activa-
tion of apoptosis, one explanation is that the Ku-mediated inhi-
bition of ATF2 activation is linked to Ku’s ability to activate DNA
repair. The Ku-mediated assembly of a functional C-NHEJ com-
plex and/or completion of DNA repair could prevent ATF2 acti-
vation. In the case of overwhelming DSBs, Ku may be present at
the break; however, it may not be able to assemble a functional
repair complex because of the limiting availability of other
C-NHEJ factors, thus allowing ATF2 phosphorylation and the es-
tablishment of a signaling pathway leading to the activation of
apoptosis. The increased repression of ATF2 phosphorylation by
Ku70 S155A suggests that this mutation disrupts an event that
normally allows ATF2 activation when DNA repair is not com-
pleted. As ATF2 phosphorylation and activation in response to
DNA damage is ATM dependent (8, 34), the Ku70 vWA region
may function to link Ku to ATM signaling and modulate an ATM-
dependent pathway.

We demonstrated that S155 is the essential residue implicated
in this regulation of cell survival. As serine/threonine kinases are
an integral part of the DNA damage response signaling pathway,
the S155A mutation could be preventing an important posttrans-
lational signaling event in the regulation of apoptosis. However,
S155 has not been previously identified as a DNA-PK phosphor-
ylation site on Ku70 (10), and it is not located in any canonical
kinase phosphorylation motif (as determined using NetworKIN)
(44). Interestingly, a recent proteomic study analyzing site-
specific phosphorylation after IR treatment identified a new DNA
damage-related phosphorylation motif, SXXQ, which was over-
represented among phosphorylation sites regulated within 1 h fol-
lowing IR treatment (5). Peptides with this motif were found to
follow a profile of phosphorylation similar to that of SQ motifs,
suggesting that this site could be targeted by ATM or DNA-PK.
S155 is located in an SXXQ motif (SDVQ in Fig. 1), thus making
these two kinases prime candidates for a phosphorylation event at
this site. Future experiments will have to determine whether ATM
or DNA-PK can phosphorylate this site and whether the phos-
phorylation of S155 is indeed responsible for the modulation of
cell survival through the regulation of an ATF2-dependent path-
way.

The idea that S155 is a phosphorylation site is supported by our
experimental results showing that the survival advantage con-
ferred by the S155A substitution is completely overturned by the
S155D mutation. This suggests that this phosphomimetic substi-
tution provides for a constitutive activation of apoptosis irrespec-
tive of DNA repair. Somewhat surprisingly, cells expressing Ku70
S155D displayed an even more pronounced hypersensitivity to IR
than cells lacking Ku. ATF2 phosphorylation appeared similar in
Ku-deficient and S155D mutant cells within the limit of sensitivity
of the Western blot analysis. Thus, it is possible that Ku70 phos-
phorylation at S155 not only potentiates ATF2 phosphorylation
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but also has additional effects that contribute to the further acti-
vation of downstream apoptotic pathways.

The apoptotic pathway regulated by Ku identified in this study
seems independent from the control of Bax by Ku70 described in
previous studies (55). First, the Bax-Ku70 interaction that has
been described relies on the acetylation of several residues in the
Ku70 C-terminal domain, thus in a region that is quite distinct
from S155 in the N-terminal domain (11). Second, Bax regulation
by Ku70 hinges on the modulation of an interaction between Bax
and Ku that has been suggested to occur in the cytoplasm (19),
while the regulation that we have uncovered here involves the
interplay between proteins that form DNA-induced foci at DNA
breaks. However, further investigations will be needed to deter-
mine whether Ku70 S155 modulates the activation of apoptosis
through other pathways, and in particular whether Ku-Bax inter-
action is affected by this regulation.

Finally, it is interesting to consider the positioning of the
�-helix 5 residues D192 and D195, the mutation of which confers
a DNA repair defect in yeast and that we have confirmed here to
severely impair viability, and the loop region adjacent to �-helix 4
where S155 is located. Both are facing outwards toward the DNA
break (Fig. 1B) and are in proximity to one another, suggesting the
potential for interactions or cross-talk between the two regions.
Because of its presence at the DNA break and its primary function
in C-NHEJ, Ku is well positioned to act as a sensor of DNA repair.
Therefore, the proximity of �-helix 5, which appears essential for
DNA repair, to the S155 residues suggests that Ku functions to
relay signals from the repair machinery to nearby regulators of
signaling pathways that control apoptosis.
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