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A new phosphorylated form of Ku70 identified in resistant leukemic 
cells confers fast but unfaithful DNA repair in cancer cell lines
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ABSTRACT
Ku70-dependent canonical nonhomologous end-joining (c-NHEJ) DNA repair 

system is fundamental to the genome maintenance and B-cell lineage. c-NHEJ is 
upregulated and error-prone in incurable forms of chronic lymphocytic leukemia 
which also displays telomere dysfunction, multiple chromosomal aberrations and 
the resistance to DNA damage-induced apoptosis. We identify in these cells a novel 
DNA damage inducible form of phospho-Ku70. In vitro in different cancer cell lines, 
Ku70 phosphorylation occurs in a heterodimer Ku70/Ku80 complex within minutes 
of genotoxic stress, necessitating its interaction with DNA damage-induced kinase 
pS2056-DNA-PKcs and/or pS1981-ATM. The mutagenic effects of phospho-Ku70 are 
documented by a defective S/G2 checkpoint, accelerated disappearance of γ-H2AX 
foci and kinetics of DNA repair resulting in an increased level of genotoxic stress-
induced chromosomal aberrations. Together, these data unveil an involvement of 
phospho-Ku70 in fast but inaccurate DNA repair; a new paradigm linked to both the 
deregulation of c-NHEJ and the resistance of malignant cells.

INTRODUCTION

The widespread heterogeneous clinical course 
of chronic lymphocytic leukemia (CLL) relies on the 
variable extent of the genetic alterations that are related 
to chemorefractoriness and disease progression [1]. 
Historically, the first pathway to be identified as defective in 
CLL was the apoptotic death pathway, and this dysregulation 
still remains a paradigm of CLL maintenance [2, 3]. This 

defective apoptosis dogma has persisted even when the 
homeostatic balance or imbalance in the dynamic interplay 
between proliferation and cell death has been proposed as 
a new hallmark of stable (indolent) or progressive forms 
of CLL, respectively [4]. However, the mechanisms 
responsible for inducing a switch to the aggressive forms 
of this disease remain unclear. Aggressive CLL develops 
in one third of patients who then succumb rapidly due to 
the lack of effective therapies. Front-line treatments using 



Oncotarget27981www.impactjournals.com/oncotarget

alkylating agents or purine nucleoside analogues mediate 
cell death through DNA damages, including double strand 
breaks (DSBs), and p53-dependent apoptosis [5, 6]. The 
loss of the p53 protein, or of the ATM (ataxia telangiectasia 
mutated) gene product which acts upstream of p53, has 
been associated with drug resistance and shortened survival 
times [6, 7]. Recently, Notch signaling was proposed as a 
responsible p53-inducible antiapoptotic mechanism that 
should be considered in future apoptotic targeting [8, 9].

We have previously reported that 20% of CLL cell 
samples are resistant to DNA damage-induced apoptosis 
(R-CLL), irrespective of their p53 status, whilst the 
remaining cases have p53wt-expressing sensitive cells 
(S-CLL) [2]. Accelerated DNA repair and the accumulation 
of chromosomal aberrations have been observed in R-CLL 
[10]. Moreover, the upregulation of nonhomologous end-
joining (NHEJ), in R-CLL was found to be error-prone in 
vitro and thus potentially mutagenic in vivo [11, 12]. These 
findings were concomitant with a telomeric dysfunction 
with increased Ku70 co-localization, increased level of 
DSBs and multiple chromosomal aberrations occurring 
in an R-CLL subset [13, 14]. Based on these results, we 
hypothesized that the resistance of malignant cells to 
genotoxic stress-induced apoptosis is specific to a new 
subset of DNA repair-related disease that is p53-independent 
and that may depend on a delay in the persistence of DNA 
damage signaling. The potential impact of such resistance 
upon the onset of malignancy is likely to be increased by the 
fact that on the resulting block on apoptosis induction may 
contribute to the emergence of additional resistant clones 
from a proliferative pool of mutant cells.

Ionizing irradiation- and cytotoxic drug-induced 
DSBs, including those caused by fludarabine, are 
repaired mainly by NHEJ which is the major cell cycle-
independent repair pathway for this type of DNA damage 
in mammalian cells [15–19]. More recent discoveries have 
proposed the existence of two distinct NHEJ pathways 
acting with fast or slow kinetics, with different efficiencies 
and accuracy of the final repair product, and that are 
dependent on different factors [20–24]. The central player 
in classical NHEJ (c-NHEJ) is certainly the DNA-PK 
trimer containing the Ku70/Ku80 heterodimer that acts as 
a scaffold for the recruitment of core or processing factors, 
DNA-PKcs and Artemis, that further recruit the ligation 
Cernunos(XLF)/XRCC4/LigaseIV complex [25–27]. In 
addition, a phosphorylation cascade may facilitate the 
fine-tuning of the various stages of this repair process 
[28]. However, although DNA-PKcs may potentially 
phosphorylate nearly all members of the NHEJ complex, 
only its auto-phosphorylation regulates NHEJ activity [24, 
25, 29]. As the overactivation of NHEJ activity in R-CLL 
is correlated with enhanced DNA end-binding of Ku70/
Ku80 heterodimer without an increase in its expression 
[11], we next hypothesized that the post-translational 
modifications (PTMs) of Ku may be a critical step in the 
development of aggressive forms of CLL.

In this context, we investigated the presence of 
PTMs on the Ku heterodimer combining high-resolution 
2D-gel electrophoresis (2D-PAGE) and mass spectrometry 
(MS) analysis of CLL proteins. These approaches allowed 
us to identify the phospho-ser27-Ku70 overexpressed in 
the resistant form of CLL. Further, from 2D-PAGE data 
analyses (pI displacements), phosphatase λ and/or irradiation 
treatments, the highly conserved proximal serine residue 
between species, serine-33 was deduced as a second site of 
phosphorylation occurring concomitantly with serine-27. 
Monoclonal antibodies, produced in mouse hybridoma cells, 
revealed that Ku70 phosphorylation occurs within minutes of 
genotoxic stress and involves DNA-PKcs and/or ATM kinase 
activities. By using specific vectors enabling the simultaneous 
shRNA-mediated inhibition of endogenous Ku70 and the 
expression of exogenous Ku70 resistant to shRNA (i.e. S27-
S33-Ku70 and A27-A33-Ku70 expressing cells), we showed 
that phospho-Ku70 contributes to faster but error-prone DNA 
repair resulting in higher levels of chromosomal breaks. The 
persistence of this new form of Ku70 and the convergence of 
its putative functions underline a new paradigm for c-NHEJ 
regulation, which is involved in DNA damage repair and in 
observed instability in cancer cells.

RESULTS

Identification of a phosphorylated form of Ku70 
in chemoresistant leukemia cells

We exploited the high-resolution potential of 
2D-PAGE to compare the PTM of the Ku heterodimer 
between two subgroups of CLL defined by their sensitivity or 
resistance to DNA damage-induced apoptosis and ability to 
upregulate NHEJ (Supplementary Table S1). Ku heterodimer 
was purified by protein immunoprecipitation using Ku70 or 
Ku80 monoclonal antibodies followed by 2D-PAGE (Figure 
1A). The different forms of Ku70 and Ku80 present in S-CLL 
cells were resolved, respectively, as four spots (spots N° 
1, 2, 3 and 4) and at least six spots with similar molecular 
weights but different isoelectric points (pI). In representative 
R-CLL cells, Ku70 isoforms were resolved as six spots, 
three of which were more abundant (N° 2, 5 and 6) and 
had a lower pI. The intensity of spot N°2 was found to be 
markedly increased in R-CLL cells (2- to 2.5-fold) compared 
with S-CLL. Phosphorylation was the principal PTM since 
λ-phosphatase treatment reduced the number of Ku70 spots 
(Figure 1B). These results were confirmed in B cells from one 
healthy, six R-CLL and eight S-CLL donors (Figure 1C). We 
further analyzed Ku70 phosphorylation in cellulo by inducing 
DSBs by ionizing irradiation (IR) or neocarzinostatin (NCS) 
(Figure 2A, 2B and Supplementary Figure S1). Ku70 
phosphorylation was detected at higher levels 30 min after 
exposure to NCS in a dose-dependent manner (Figure 2B 
and Supplementary Figure S1). The number of S-CLL cells 
with characteristic apoptotic morphology reached 85% at 15 
hours after IR whilst the phosphorylation of Ku70 remained 
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Figure 1: Preferential Ku70 phosphorylation in resistant CLL cells. A. Ku heterodimer was immunopurified using Ku80 monoclonal 
antibodies followed by 2D-PAGE separation. The enlarged region of the 2D gel image shown reveals Ku70 protein spots that increased in abundance 
in R-CLL by at least two-fold in comparison with S-CLL (Spots no. 2, 5 and 6). Spot numbers refer to different isoelectric forms of Ku70. 
R-CLL, resistant CLL cells; S-CLL, sensitive CLL cells. B. Dephosphorylation experiments carried out using Ku heterodimer purified from R-CLL 
lymphocyte extracts. RP-P0 (belonging to heterogeneous nuclear ribonucleotide protein family, hnRNP), a phosphorylated protein co-purified with 
Ku heterodimer, was used as a control. C. Whole cell extracts of R-/S-CLL cells and healthy CD19+ B lymphocytes were separated by 2D-PAGE 
and immunoblotted against a Ku70 antibody. The images shown are representative of 6 R-CLL, 8 S-CLL and one healthy CD19+ B cell sample. 
Each bar represents the mean spot volume values (± SD) from S-CLL or R-CLL samples. AU, arbitrary unit. Mann-Whitney U-test, *p < 0.05.
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still strongly induced. This suggests that apoptotic DNA 
fragmentation also induced Ku70 phosphorylation (Figure 
2A). Similar results were observed with immunopurified Ku 
heterodimer (i.e., using an anti-Ku80 antibody) indicating 
that the IR-induced phosphorylation of Ku70 occurs in 
heterodimeric complexes. Notably, Ku70 phosphorylation 
occurred in vivo in patients treated with fludarabine (Figure 
2C), demonstrating that Ku70 is subjected to multiple 
phosphorylation events following genotoxic stress both in 
cellulo and in vivo.

Tandem MS/MS and MSn experiments identified a 
major site of Ku70 phosphorylation at position serine-27 
(Supplementary Figure S2A). We compared the 2D gel 
patterns of exogenous His-Ku70 obtained from HeLa cells 
co-transfected with His-wtKu70 or His-Ku70-S27A in which 
serine-27 was replaced by a neutral alanine (Supplementary 
Figure S2C). As expected, the S27A substitution altered 
the number of spots in the gel, confirming that Ku70-spot 
N°2 was indeed the S27-phosphorylated form of Ku70 
(pS27-K70). Of note, the alignment of sequences from 
diverse organisms revealed a second highly conserved 
serine residue at position 33, additionally highlighting that 
even more acidic Ku70 spots should correspond to a double 
phosphorylation of Ku70 (spots N°5 and 6, Figure 1 and 2).

pS27-Ku70 is phosphorylated by PI3-K kinases, 
interacts with pS2056-DNA-PKcs and pS1981-
ATM

To identify the protein kinase involved in the DSB-
induced phosphorylation of Ku70, we treated CLL cells 
(Figure 3A, 3B) and the HeLa DNA-PKcskd cell line [30] 
(Figure 3C, 3D) with NCS in the presence of wortmannin 
(WM), a PI3 kinase and PI3-like kinase inhibitor, or with 
NU7026, which at low concentrations inhibits DNA-
PKcs but not ATM or ATR [31]. Both p53 and XRCC4 
phosphorylation were used as controls [32, 33]. Our 
experimental conditions indicated that the phosphorylation of 
Ku70 is dependent on DNA-PKcs but also showed that other 
DNA DSB-sensing PI3-kinases, such as ATM, could also 
be involved in the regulation of Ku70 phosphorylation. To 
complement these analyses, a monoclonal antibody directed 
against pS27-Ku70 documented an increase of IR-induced 
Ku70 phosphorylation in both S-CLL (Figure 4A) and 
HeLa cells (data not shown). As shown in Figure 4B, pS27-
Ku70 was found to be absent in irradiated protein extracts 
treated by l-phosphatase, as well as in modified cell lines 
expressing an unphosphorylable form of Ku70 (see below). 
Co-immunoprecipitations using anti-pS2056-DNA-PKcs and 
anti-p1981-ATM antibodies demonstrated that pS27-Ku70 
interacts with pS2056-DNA-PKcs following IR (Figure 4C 
and 4D). The experiment with PI-3K kinase deficient cell 
line GM03189 expressing mutated ATM, demonstrated a 
very weak increase in S27-Ku70 phosphorylation (Figure 
4E). DNA-PKcs deficient cell line MO59J treated with ATM 
inhibitor KU55933 which did not exhibited an increase in 

S27-Ku70 phosphorilation following irradiation treatment 
(Figure 4F), further argues a redundant involvement of both 
DNA-PKcs and ATM in S27-Ku70 phosphorylation. Staining 
of untreated R-CLL cells showed both a cytoplasmic and 
nuclear distribution of pS27-Ku70 (Figure 5A), as well as 
a marked increase in the pS27-Ku70 level in R-CLL cells 
compared with S-CLL cells (immunofluorescent staining 
not shown). Interestingly, early after irradiation pS27-Ku70 
localized only in the nuclei of irradiated R-CLL cells and 
appeared to colocalize with pS2056-DNA-PKcs at the sites 
of the DNA DSBs. In contrast, a strict colocalisation of pS27-
Ku70 was not evidenced in large γ-H2AX foci covering 
several megabases of chromatin DNA in irradiated ZR 75.1 
cells (Figure 5B). Indeed, pS27-Ku70 labelling covers nearly 
all chromatin area (excepting nucleoli due to the extraction 
RNase treatment by cytoskeleton buffer).

pS27-S33-Ku70 contributes to faster DNA repair, 
a shorter S phase and greater chromosomal 
damage

We generated stable sublines from the breast cancer 
cell line ZR75.1, which overexpressed either the wild-
type S27-S33-Ku70 protein (wt-Ku70), its mutated A27-
A33-Ku70 form or the phosphomimetic E27-E33-Ku70 
form, using the replicative pEBVsiKu70-CAGKu70(R/

S27-S33), pEBVsiKu70-CAGKu70(R/A27-A33), or pEBVsiKu70-
CAGKu70(R/E27-E33) plasmids, respectively. We chose to 
study the function of Ku70 phosphorylation using breast 
cancer p53wt-expressing cell lines because of the absence 
of an established CLL-derived cell line. A particularly 
notable aspect of the vectors used in our experiments 
was their coding siRNA sequence enabling an inhibition 
of endogenous Ku70 (eKu70) and the expression of 
modified cDNA sequences of Ku70 resistant to siRNA. 
Efficient phosphorylation of Ku70 at serine-27 was thus 
only observed after IR in S27-S33-Ku70-expressing cells, 
demonstrating the effective inhibition of eKu70 expression, 
as well as the expression of mutated forms (Figure 6A).

We further investigated both cell cycle checkpoint 
control and S phase progression following genotoxic 
stress. The fraction of cells arrested in G2 phase was 
higher for A27-A33-Ku70- than for wt-Ku70-expressing 
cells (Figure 6B; E27-E33-Ku70-expressing cell data 
not shown), with a marked difference at 12, 24 and 48 h 
post-irradiation. In contrast, a faster S-phase progression 
was documented in wt-Ku70-expressing cells following 
irradiation (Figure 6C). Intrigued by the fact that A27-A33-
Ku70 cells proliferate more slowly than S27-S33-Ku70 
cells, we performed a real-time integrative assessment 
of cell proliferation, growth and membrane potential, 
commonly designated as a cell index or impedance [34–
36]. Notably, the cell index (Figure 6D) confirmed a slower 
proliferation of A27-A33-Ku70-expressing cells prior to 
IR. Conversely, irradiated A27-A33-Ku70 cells showed 
higher proliferation rate than the two other cell lines tested, 
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suggesting that the phosphorylation of Ku70 may control 
other cellular functions independently of DNA repair.

When the protein level (Figure 6E) or the kinetic 
of disappearance of γ-H2AX foci (Figure 6F) were 
analyzed, then both experiments indicated the higher 
persistence of this marker at 2 to 6 h post-irradaition in 
cells expressing mutated form of Ku70 as compared to 
wt-type or phosphomimetic form expressing cells. This 
was further validated by the Supplementary quantified and 
statistically analyzed assays (Figure 6G). Of note, cells 
expressing phosphomimetic form of Ku70 dysplayed an 
intermediate kinetic of γ-H2AX disappearance. In parallel, 
we probed other DNA damage associated foci dynamics 
in mutated- and wt-Ku70 cells (Supplementary Figure 
S3A and S3B). Interestingly, in these two cell lines up to 
6 hrs following irradiation at 2Gy, the kinetic of p1981S-
ATM foci appeared to be concomitant to these of γ-H2AX 
while the kinetic of 53BP1 foci occurred independently 
of Ku70 mutational status (Supplementary Figure 
S3A and S3B). Concerning pS27-Ku70 localisation, 
the labelling progressively widespreaded all nuclear 
area similarly to the labelling of total Ku70 at 2 h 

postirradiation (Supplementary Figure S4 upper and 
lower panel, respectively). Of note, at this time-point 
the labelling of nuclear pS2056-DNA-PKcs disappeared 
suggesting a putative nuclear role for pS27-Ku70 in 
DNA dynamic independent of DNA damage throught 
NHEJ. This is further supported by the increased protein 
level of phospho-Ku70 lately after genotoxic stress (see 
Supplementary Figure S4A and Figure S4B). Indeed, both 
ZR75.1 (Figure 4A) and Ramos cells resistant to DNA 
damage-induced apoptsis, after repeated exposures to 
lower doses of irradiation at 1Gy (a unique dose which did 
not induced Ku phosphorylation), per week/cell platting/
passaging, exhibited an accumulation of phospho-Ku70. 
Also, different cancer cell lines (Supplementary Figure 
S4C), known to exhibit high level of genomic instability, 
display a variable but high level of phospho-Ku70 even 
in absence of exogenous genotoxic stress. Of note, BL2 
lymphoblasts sensitive to apoptosis initiation by DNA 
damage, expresses a lower level of pS27-Ku70. We 
next performed comet assays to assess the DNA repair 
kinetics in two ZR75.1 sublines. To assess both DNA 
single and double strand break resolution, we used the 

Figure 2: Ku70 phosphorylation after DNA DSB induction is dose- and post-treatment time-dependent in cellulo and 
in vivo following fludarabine treatment. Ku70 was monitored in whole cell extracts of S-CLL cells A. or healthy CD19+ cells  
B. Cells were either untreated (NT), subjected to IR (10 Gy) or treated with NCS and harvested either 30 min or 15 h later for IR-treated cells 
and 30 min later only for NCS-treaterd cells. C. Phosphorylation of Ku70 occurs in vivo following exposure of CLL cells to fludarabine. 
Ku70 was monitored in whole cell extracts from R-CLL cells derived from a patient in the course of a fludarabine therapy.
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extended alkaline lysis method [37, 38]. Notably, as 
estimated by the comet tail lengths, comet tail moment 
and olive tail moment (OTM) (Figure 6H), S27-S33-
Ku70-expressing cells recovered up to 40% of their DNA 
damage within minutes (T0 and 5min post-irradiation, 
p < 0.0001), with nearly all DNA damage found to be 
repaired at 15 minutes after IR. In contrast, A27-A33-
Ku70-expressing cells showed significantly higher 

levels of residual DNA damage and still underwent 
DNA damage repair at 30 min after IR. A significant 
difference in OTM was also observed between control 
cell lines, underlying higher levels of endogenous stress in  
S27-S33-Ku70-expressing cells. To further explore 
whether accuracy of DNA repair was affected in our 
transfected cells, we examined metaphase chromosomes 
after the first cell division following IR. For this purpose, 

Figure 3: DNA DSB-induced phosphorylation of Ku70 requires DNA-PKcs activity in CLL cells. A. S-CLL cells were 
either untreated (NT), treated with NCS (35 nM), pretreated for 1 h with 10 μM WM and treated with NCS, or pretreated for 1 h with 
5 μM NU7026 (NU) and treated with NCS. Spot numbers refer to different isoelectric forms of Ku70. B. Western blot analysis showing 
the specificities of WM and NU treatments for the phosphorylation of p53 (pS15-p53) and XRCC4 (phosphorylated forms are labeled by 
asterisks). C. Control HeLa cells were either untreated (NT), treated with NCS alone or simultaneously treated with NCS and WM. In 
parallel, DNA-PKcsKd HeLa cells expressing siRNAs specific to DNA-PKcs were treated with NCS alone. Spot numbers refer to different 
isoelectric forms of Ku70. D. Western blot analysis indicating the efficiency of DNA-PKcs silencing by siRNA. The endogenous levels of 
DNA-PKcs and the effects of DNA-PKcs depletion, NCS and WM treatments on phosphorylation of XRCC4 were monitored.
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colcemide-blocked metaphase chromosomes were 
hybridized with centromeric and PNA-telomeric probes 
and stained with DAPI at 48 hours after DNA damage. 
Dicentric chromosomes reflective of misrepaired or 
unrepaired DNA DSBs were counted across 50 metaphase 
spreads. As shown in Figure 6I, significantly higher levels 
of dicentric chromosomes were observed in wt-Ku70-
expressing cells.

To verify whether the observed acceleration of the 
kinetic of DNA damage repair may relay on an altered 
binding of Ku heterodimer to free DNA-ends, we next 
performed an in vitro assay as described elsewere [11]. 
Even if a weak increase in Ku DNA-end binding following 
irradiation was observed only in cells expressing S27-
S33-Ku70 as compared to cells expressing A27-A33-
Ku70 or E27-E33-Ku70 (Figure 7A), overall, there was 

Figure 4: pS27-Ku70 upregulation occurs in CLL cells after IR and involves interaction with pS2056-DNA-PKcs and/
or ATM. A. HeLa cells were either left untreated (NT) or treated with 10, 20 or 40 Gy of IR and harvested 30 min later. Levels of pS27-
Ku70, endogenous Ku70, phospho-XRCC4 (labeled by an asterisk) and pS15-p53 are shown. B. Dephosphorylation experiments were 
carried out using irradiated CLL proteins. C. pS2056-DNA-PKcs or pS1981-ATM D. were immunoprecipitated by anti-pS276Ku70 from 
CLL proteins using cells left untreated or treated with 10Gy of IR. Western blot analysis was performed with anti-pS2056-DNA-PKcs or 
anti-pS1981-ATM (upper panels) or anti-pS27-Ku70 (lower panels) antibodies. E. MO59J cell line (deficient in DNA-PKcs) were treated 
or not with KU55933 (10 μM) 18 h prior to 10Gy irradiation. Cells were harvested 2 h post-irradiation and Western blots probed for total 
endogeneous Ku70 and p-S27-Ku70. F. AHN (wild-type) and GM0 (GM03189 cell line expressing mutated ATM) cells were either left 
untreated (NT) or γ-irradiated at 10Gy and harvested 30 min later. Levels of pS27-Ku70 and endogenous total Ku70 (as control) are shown. 
pS15-p53 level is shown as control of a kinase deficiency in GM01389 cell line.
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no significant alteration in Ku DNA-end binding between 
proten extracts from three cell lines (Figure 7B).

DISCUSSION

The CLL classification based on the resistance 
vs. sensitivity of the leukemic cells to DNA damage-
induced apoptosis highlights a specific subgroup of this 
cancer which displays a DNA repair defect. This defect 
is strikingly correlated to the clinical features and may 
be further related to the appearance of new genetic and 
chromosomal alterations. The underlying molecular 
anomaly in circulating malignant cells may be the result 
of inefficient front-line therapy. Notably, among a large 
previously evaluated cohort of patients (over 300 cases 
[39], 15 leukemic donors treated with alkylating agents/
base analogues, including fludarabine, had evolved from 

an indolent to more aggressive form of disease and their 
malignant cells had progressed from an initial apoptotic 
sensitivity to a tolerance of DNA damage. Here, we 
provide evidence that these cells overexpress a new form 
phospho-Ku70. Two phosphorylable serine residues on 
Ku70 at positions 27 and 33 were experimentally found 
to be important for the function of this protein in response 
to DNA damage. In randomly screened 14 patient CLL 
samples (8 S-CLL and 6 R-CLL) for which we previously 
established global NHEJ activity, we observed altered 
phospho-Ku70 expression (Figure 1C and Supplementary 
Table S1). Because of the current lack of CLL-derived 
cell lines, we mainly validated the functions of phospho-
Ku70 in the breast cancer cell line ZR75.1 (expressing 
TP53wt) which expresses a basal level of phospho-
Ku70 that is further upregulated by genotoxic stress. 
This further emphasizes that this new deregulation of 

Figure 5: Nuclear delocalization of pS27-Ku70 following irradiation stress. A. In situ immunofluorescence monitoring of pS27-
Ku70 and pS2056-DNA-PKcs in resistant CLL cells left untreated (NT) or at 30min after a 10 Gy dose of IR. Nuclei were counterstained 
with Hoechst 33342. B. Simultaneous immunofluorescence labeling was proceeded following prextraction/RNase treatment procedure 
described in Method section. ZR75.1 cell line was irradiated at 4 Gy and following 30min of post-irradiation culture, simulataneusly 
labelled with anti-pS27-Ku70 (red) and anti-γ-H2AX (green). Hoechst H33342 was used for chromosomal DNA staining.
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Figure 6: Function of the phosphorylated form of Ku70 in cell cycle checkpoint control, DNA repair and genomic 
stability. ZR75.1 breast cancer cells express either wt-Ku70 (S27-S33-Ku70) or mutated Ku70 (A27-A33-K70 or E27-E33-Ku70). 
A. pS27-Ku70 expression was monitored using a pS27-Ku70 antibody. B. The cell cycle was assayed at different timepoints after IR (4Gy) 
in S27-S33-Ku70- (blue) and A27-A33-Ku70- (red) expressing cells E27-E33-Ku70 expressing cells shown cell cycle profile similar to 
S27-S33-Ku70 (not shown). The cell cycle profiles shown are of untreated cells (a), and of post-irradiated cells at 12 h (b), 24 h (c) and 48 h 
(d). C. Cell incorporation of ethynyl deoxyuridine (EdU) in S phase. Untreated (NT) or 12 h post-irradiated (4Gy) cells are shown. Cells 
expressed S27-S33-Ku70 (a, b) or A27-A33-Ku70 (c, d). (Continued)
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Figure 6:  (Continued) Function of the phosphorylated form of Ku70 in cell cycle checkpoint control, DNA repair and genomic 
stability.  D. Role of phospho-Ku70 in cell growth and proliferation following irradiation stress.The cell index (i.e. cell growth, proliferation and 
membrane potential) following IR (4 Gy) was defined using an xCELLigence® living cells’ real-time follow-up system (see Methods section). Full 
lines represent untreated cells and dashed lines indicate irradiated cells.A27-A33-Ku70- (red), S27-S33-Ku70- (blue) and E27-E33-Ku70- (green) 
expressing cells were evaluated. The cell index is given in arbitrary units (AU). E. Western blot analysis of γ-H2AX protein level following 2Gy 
irradiation. Cells expressing S27-S33-Ku70, A27-A33-Ku70 were untreated (NT) or harvested after indicated time post-irradiation. After PAGE of 
total protein extracts and transfer, the membranes were probed with anti-phospho-S139-H2AX and anti-β-actin antibodies. (Continued)
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Figure 6: (Continued) Function of the phosphorylated form of Ku70 in cell cycle checkpoint control, DNA repair and 
genomic stability. F. Kinetic of DNA damage-induced γ-H2AX, foci formation in untreated (NT) or irradiated (2Gy) cells expressing 
wild-type S27-S33-Ku70, mutated A27-A33-Ku70 or E27-E33-Ku70 at indicated time post-irradiation. (Continued)
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Figure 6: (Continued) Function of the phosphorylated form of Ku70 in cell cycle checkpoint control, DNA repair and 
genomic stability. G. γ-H2AX immunostaining results were analyzed in untreated and post-irradiated cells at the indicated timepoints 
in A27-A33-Ku70- (red), S27-S33-Ku70- (blue) and E27-E33-Ku70- (green) expressing cells. Cells exhibiting at least 5 foci per nuclei 
were included in this analysis. Counts were performed on at least 200 cells per condition and results are depicted as box plot distribution 
values [minimum (min), maximum (max), median, 25th and 75th percentiles (25th and 75th perc.)] of the number of foci obtained for each 
tested condition. Statistical analysis: a Wilcoxon rank test was performed. ***p < 0.0001; **p < 0.01; NS, non significant. H. Comet assay 
performed at the indicated times in S27-S33-Ku70- (blue) and A27-A33-Ku70- (red) expressing cells. An ANOVA one-way non-parametric 
unpaired (Kruskal-Wallis) test was applied as the statistical method for global analysis of olive tail moments (OTM); median values were 
calculated and presented with matched Wilcoxon values. ***p < 0.0001; **p < 0.01. Upper graph shows the median values for two cell 
lines with the interquantile range (∆ 75th and 25th percentiles). (Continued)
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DNA repair may be a common molecular alteration in 
chemoresistant cancer cells, as supported by the higher 
basal level of phospho-Ku70 in cancer cell lines resistant 
to DNA damage such as human glioma, osteosarcoma, 
hepatocellular carcinoma cell lines or cells derived from 
cancer of pancreas with a deficiency in homologous 
recombination repair (Supplementary Figure S4C). 
Although an induction of phospho-Ku70 occurs in vitro 
with high doses of photon irradiation, a single perfusion 
of fludarabine produced the same level of phospho-Ku70 
induction in vivo (Figure 2C). Moreover, we repetitively 
irradiated ZR75.1 cells or Ramos lymphoblasts in culture 
at lower doses (single dose 1Gy) over 5 days or 7 weeks, 
respectively and observed that this fractionated exposure 
also induced Ku70 phosphorylation (Supplementary 
Figure S4A and S4B). This finding may be relevant in 
explaining why certain patients treated with low doses of 
alkylating and/or base analogues agents (i.e. chlorambucil, 
fludarabine) evolved to a more aggressive disease 
expressing phospho-Ku70.

We find that the higher level of pKu70 protein in 
malignant cells induced by genotoxic agents in vivo 
contributes to a higher rate of DNA repair, a lower 
susceptibility to apoptosis and is likely to be the source 
of resistance to therapeutic treatments based on DNA 
damaging drugs. In agreement with this, the inhibition 
of NHEJ DNA repair can activate the apoptotic death 
pathway and block cancer progression [40]. Thus, 
systematic screening of the constitutive levels of phospho-
Ku70 in CLL patients who have never been treated could 
potentially be a very useful marker for clinicians to 
determine if front-line therapy should be replaced by other 
treatments (such as immunotherapy). Varible but high 
constitutive levels of pS27-Ku70 in cell lines derived from 
different type of clinically resistant and instable cancers, 
further support above hypothesis.

Resistant CLL has been shown to exhibit upregulated 
and potentially mutagenic NHEJ [10–12]. In our current 
study, we show that the phosphorylation of Ku70 on two 
new sites alters the kinetics and accuracy of DNA repair. 
Data presented here indicate that the phosphorylation of 
serine-27 and serine-33 residues on Ku70 depends on the 
PI-3K kinase family (DNA-PKcs and ATM), resulting in a 
faster rate of DNA repair without affecting in vitro DNA-
end binding activity of heterodimer Ku (Figure 7). Only 
the sites of autophosphorylation of DNA-PKcs have been 
used thus far to document the altered kinetics of NHEJ 
[25, 29]. That factors other than kinases may regulate the 
efficiency of NHEJ repair is supported by a recent study 
which reported the involvement of phosphatase PP4 in this 
type of DNA repair [41]. Fractionated irradiation in vitro 
and the persistence of phospho-Ku70 levels several 
months after in vivo administration of fludarabine, suggest 
an implication of responsive phosphatase deficiency in 
resistant cells.

The mammalian NHEJ DNA repair system, active 
in all phases of the cell cycle, is promoted by 53BP1, a 
signaling factor that impairs homologous recombination 
[17–19, 42, 43]. In parallel, more than 85% of irradiation-
induced DSBs in the G1 and G2 phases of the cell cycle 
are repaired rapidly by this system [44]. Effectively, the 
slow component of DSB repair, which represents ~15% 
of irradiation-induced DSBs, includes homologous 
recombination but also NHEJ [45]. This slow component 
of DSB repair has been reported to be dependent on ATM 
whilst fast DNA repair appears to be ATM-independent. 
Our current data indicating the involvement of ATM in 
Ku70 phosphorylation implicate ATM also in the fast 
component of DSB repair. Taking into account these 
findings and the accurate assessment of the DSB repair 
dynamics relevant to NHEJ activity, we have here applied 
three complementary methodologies (i.e. alkaline comet 

Figure 6: (Continued) Function of the phosphorylated form of Ku70 in cell cycle checkpoint control, DNA repair and 
genomic stability. I. Genotoxic stress-induced chromosomal aberrations (karyotype) in S27-S33-Ku70- (blue), A27-A33-Ku70- (red), 
or E27-E33-Ku70- (green) expressing cells. Dicentric chromosomes due to misrepaired or unrepaired DNA DSBs were counted in at least 
50 metaphases of untreated (0) or 48 h post IR (4 Gy) cells in three independent assays. Results were recalculated on 100 metaphases wirh 
median values and standard deviation.
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assay, measurement of γ-H2AX foci and assessment of 
chromosomal structural aberrations after the first cell 
division), in unsynchronized cells in culture irradiated 
at physiological doses. Phospho-S27-Ku70 may matche 
with phospho-S2056-DNA-PKcs localization at sites of 
DNA damage only transitory and early after genotoxic 
stress in primary R-CLL cells (Figure 5A) while the 
colocalisation with γ-H2AX was not evident in wholly 
irradiated cells since pS27-Ku70 progressively increased 
in nuclear area without clear large foci formation (Figure 
5B and Supplementary Figure S3, upper panel). Even if 
each γ-H2AX focus may theoretically correspond to one 
DSBs [46], it covers the megabases of chromatin domain. 
Only the high-resolution microscopy coupled with laser 
microirradiation and specific cell treatments may allow 
an evidencing of Ku80 smaler foci colocalisation with 
some but not with all of γ-H2AX nuclear foci [47]. 
Experimental procedure according to this last study 
(i.e. the prextraction cell treatment with cytoskeleton 
buffer and RNase), allowed an evidencing of some 
chromatin regions with enriched phospho-Ku70 that may 
overlap with large γ-H2AX foci 30min post-irradiation 
(Figure 5B), that may suggest the existence of chromatine 
(active?) domains with “preferential” repair that may 
deserve further characterizations. Of note, phospho-
Ku70 partner phospho-S2056-DNA-PKcs did not 
localized into γ-H2AX or ATM foci at 2 h postirradiation 
(Supplementary Figure S3A and S3B), further suggesting 
an involvement of phospho-Ku70 and pS2056-DNA-
PKcs in fast c-NHEJ further documented here by commet 
assay (Figure 6H). In parallel, both γ-H2AX (Figure 6F) 
and pS1981-ATM (Supplementary Figure S3A and S3B) 
foci disappeared more rapidly in pS27-S33-Ku70 than in 
A27-A33-Ku70 expressing cells while the 53BP1 nuclear 
labelling still persisted; data which are consistent with the 
NHEJ promotion and the HR inhibition [43]. The data 

we obtained clearly converge towards an upregulation of 
DSB repair in cells expressing phospho-Ku70 resulting in 
a higher level of chromosomal breaks. This upregulation 
is further supported by the cell cycle checkpoint activation 
and the S phase progression observed in these cells. 
Concerning phosphomimetic form of Ku70, inermediate 
cell responses were observed in both kinetic of γ-H2AX 
foci and the number of dicentric chromosomes. For this 
reason we focused other analyses on alanine- and serine-
form of Ku70 only. Current data indicate effectively that 
phosphomimetic form of Ku70 may alter interaction of 
Ku70 with specific nuclear partners (data not shown).

In light of the threshold of DSBs necessary to 
trigger G2/M arrest in mammalian cells [48], our current 
data indicate that mutant A27-A33-Ku70 protein may 
brake DNA repair resulting in a persistence of DSBs 
when compared to cells expressing phospho-Ku70. 
Increased levels of dicentric chromosomes that are 
the result of chromosome breaks due to misrepaired 
DSBs [49], indicate that cells expressing phospho-
Ku70 commit more final errors in DNA repair than cells 
expressing the unphosphorylatable form of Ku70. This 
cytogenetic approach appears to be the most appropriate 
methodology to assess the accuracy of DSB repair in 
living cells compared to other techniques such as pulse-
field gel electrophoresis which have limited sensitivity 
at physiological doses of irradiation [50]. Cytogenetic 
analysis enables the effective detection of one dicentric 
chromosome that has resulted from a chromosome break 
due to two DSBs after G2 release [49]. This further 
emphasizes a putative role for wild type S27-S33-Ku70 in 
the temporal control of DNA repair following genotoxic 
stress. Accordingly, a constitutively higher level of 
phospho-Ku70 protein induced by genotoxic agents 
in vivo would contribute to a higher rate of DNA repair, 
lower susceptibility to apoptosis and may be the source 

Figure 7: In vitro assay of Ku70/Ku80 heterodimer DNA-end binding activity. A. Heterodimer Ku70/Ku80 DNA-end binding 
activity in protein extracts (1 μg/lane) from cells expressing S27-S33-Ku70, A27-A33-Ku70 or E27-E33-Ku70 at indicated time post-
irradiation (2Gy). The results are representative of at least four independent experiments. B. Overall Ku70/Ku80 DNA-end binding activity 
in whole cell extracts of cells presented in A; AUC: air under the curve with calculated standard deviation.
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of the resistance of aggressive CLL forms to therapeutic 
treatments based on DNA damaging drugs.

This form of Ku70 appears causative for the 
inaccuracy of NHEJ-mediated DNA repair that warrants 
further investigations. Current collaborative study through 
label-free protein identification/quantification by applying 
the orbital based mass spectrometry indicates a significant 
difference between protein partners interacting with 
Ku70 or phospho-Ku70. These partners, involved or not 
(directly) in DNA repair have been immunopurified with 
anti-pS27-Ku70 or anti-Ku70 clone N3H10 specific for aa 
506–541 (data not shown). Interestingly, among known 
non-significantly different partners we have identified 
Ku80 and Ku70 it self. This may be one of explanations 
why in vitro Ku heterodimer DNA-end binding does not 
differ between cell sublines expressing or not phospho-
Ku70 (Figure 7). Thus, further identification of factors that 
interact with phospho-Ku70 (and/or DNA-PK complex), 
should help us to better understand the fine balance that 
exists between fast and slow DNA repair that is critical 
to cancer cell fates. The existence of the phospho-Ku70 
specific factors is supported by the fact that 5 hours after 
irradiation, A27-A33-Ku70-expressing cells exhibited a 
higher proliferation rate than S27-S33-Ku70-expressing 
cells. A cytoplasmic membrane association of Ku70 has 
been reported for TCF [51] and for the detoxification 
enzyme metalloproteinase MMP9 [52] whose expression 
is under β-catenin control. Ku70 may also directly control 
cell death inhibition by blocking Bax [53, 54] or Hdm2 
[55]. In addition, several studies have implicated Ku70 in 
DNA structural dynamics and repair through interactions 
with the mismatch-repair proteins MSH6 [56], c-Myc 
[57], CAF-1 [58, 59], Recq1 [60] and Werner syndrome 
protein helicases [61] or heterochromatin protein HP1γ 
[62]. Our identification of new site of phosphorylation 
of Ku70 involving PI-3K kinase ATM opens a possible 
link between the fast and slow components of DSB 
DNA repair. In agreement with this, NBS1, which forms 
the MRN complex necessary for ATM activation, has 
already been reported as a protein interacting with Ku70 
[63]. This interaction is dependent on Ku70 acetylation 
and subsequent release of proapoptotic Bax from Ku70-
Bax complex. Thus, besides the ubiquitination, targeting 
Ku70 for proteasomal degradation [55], the acetylation 
was the only known post-transcriptional modification 
of Ku70 affecting its biological functions. Determining 
whether phospho-Ku70 is involved in these interactions 
would provide new insights into the link between DNA 
repair (both, HR and c-NHEJ) and apoptosis and their 
pathological deregulation.

Overall presented data suggest that pKu70 could 
be a critical biomarker for cancer cell sensitivity to 
DNA damage response whilst it obviously may convey 
genomic instability as a hallmark of cancer cells. In 
agreement with this, the involvement of c-NHEJ in 
chromosomal translocations associated with tumorigenesis 

has been shown to be strikingly restricted to human cells 
[64]. Depicting the molecular partners involved in fine 
tuning of phospho-Ku70 dynamic, would help a further 
understanding of the dysregulation of c-NHEJ pathway in 
cancer cells.

MATERIALS AND METHODS

Malignant B cell isolation and the assessment of 
cell sensitivity to DNA damage-induced apoptosis

The patients enrolled in the study were diagnosed 
with CLL following cytological and immunological 
analyses. These patients had a Matutes score of between 
4 and 5, corresponding to the immunophenotyping 
of B cells with a low or absent expression of FMC7, 
CD79b, monotypic kappa or lambda light chain and 
expression of CD5 and CD23. CLL cell sampling was 
performed at least three months after chemotherapy (if 
any), excepting for one patient’s sample obtained before 
and 2 h after fludarabine treatment. Patient follow-ups 
were performed at the Pitié-Salpêtrière Hospital (Paris, 
France) between 1998 and 2012. The clinical data are 
presented in Supplementary Table S1. In accordance 
with the direction of the Pitié-Salpêtrière Hospital 
Ethics Committee (CCPPRB), all patients participating 
in this study gave written informed consent. B cells 
were negatively selected from fresh blood samples 
using the Rosettesep B-cell enrichment cocktail 
(Stemcell Biotechnologies, France) and isolated using a 
ficoll density gradient. B-cells were grown at 37°C/5% 
CO2 in RPMI 1640 medium supplemented with hepes, 
glutamine, and non-essential amino acids (Invitrogen, 
France). Apoptosis resulting from DNA damage 
induction and the according classification of CLL cells 
were assessed as previously described [11].

Chemicals and DNA damage induction

Neocarzinostatin (NCS was a generous gift of 
V. Favaudon (Institut Curie, Orsay, France). NU7026 and 
KU55933 (Calbiochem, France) and wortmannin (WM, 
Sigma, France) were prepared in dry dimethyl sulfoxide 
and stored at –20°C. Cells were pre-treated with kinase 
inhibitors for 18 hours and either γ-irradiated at 10 Gy or 
treated with NCS.

Cell lines, pEBV-CMVKu70 vector cloning and 
transfection

BL2 and Ramos (Burkitt lymphoma) EBV-

 lymphoblasts were provided by J. Wiels (Instutute 
Gystave Roussy, Villejuif, France); GM03189 (Ataxia 
Telangiectasia, (EBV+) lymphoblasts were from Coriel 
Institute for Medical Research (NJ, USA); AHH-1 
fibroblasts from healthy individual derive from W. G. 
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Thilly lab (MIT, Cambridge, MA, USA); all other cell 
lines used in this study were from American Type Culture 
Collection (ATCC, VA, USA). BL2 and Ramos cells were 
grown in RPMI Glutamax medium (Life Technology, 
France) supplemented with 10% (vol/vol) fetal calf 
serum (Life Technology); Capan1 cells were grown in 
same medium supplemented with 20% fetal calf serum. 
ZR75.1 cell lines, U20S, HT29, A549, HepG2, MO59J 
and U373 cells were grown in DMEM Glutamax (Life 
Technology) medium supplemented with 10% fetal calf 
serum. Control and DNA-PKcskd HeLa cell lines [30] were 
grown at 37°C/5% CO2 in Dulbecco’s modified Eagle’s 
medium F12 (DMEM F12; Life Technologies, France) 
supplemented with 10% fetal calf serum (Sigma). To 
introduce exogenously expressed Ku70 cDNA into cells, 
the coding region of the human KU70 gene (pBS-6His-
Ku70) was cloned into the pcDNA 3.1 vector (pcDNA-
HisKu70-S27A-S33A; S27E-S33E) (Life Technologies) 
and point mutations at the S27 and S33 residues were 
introduced using the QuickChangeTM site-directed 
mutagenesis kit (Agilent Technologies, France) to create 
the A27-A33 and E27-E33 mutants. These mutants were 
further used to construct the replica tive pEBVsiKu70-
CAGKu70(R/S27-S33), pEBVsiKu70-CAGKu70(R/A27-A33), or 
pEBVsiKu70-CAGKu70(R/E27-E33), plasmids, respectively. 
pEBV-CAGKu70 constructs (wild-type or mutant 
forms) were transfected into ZR75.1 cells using Amaxa 
Nucleofector according to the manufacturer’s instructions 
(Lonza, France). Stable populations of cells expressing 
either an exogenous wild type or mutant Ku70 were 
established under hygromycin selection (250 μg/mL, PAA 
Laboratories GmbH, Austria). ZR75.1 transfected cells 
were then maintained in culture in DMEM GlutaMAX 
medium (Life Technologies) supplemented with 10% of 
heat-inactivated fetal calf serum and non-essential amino 
acids in the presence of 125 μg/mL hygromycin B.

Analysis of the cell cycle by flow cytometry

Cells were resuspended at a density of 106/ml in PBS 
with 5% FCS, fixed in 3 volumes of 70% ethanol (50% 
final concentration) and then incubated for 30 min at 4°C. 
The cells were subsequently centrifuged at 1200 rpm for 5 
min at 4°C and resuspended in buffer containing 0.294 g 
citric acid, 0.716 g disodium sulfate, 10 ml distilled water 
and 30 ml HBSS ph 7.8 for 15 min at room temperature. 
After the addition of 1ml PBS/5% FCS, the cells were 
centrifuged at 1200 rpm for 5 min and washed 3 times 
in HBSS. The cells were treated with RNase A (DNase 
free) at a final concentration of 0.3 mg/ml in HBSS and 
PI was added to a final concentration of 20 μg/ml. PI 
fluorescence was acquired on a SORP LSR-II analyzer 
(BD Biosciences, San Jose, CA, ) with log acquisition 
(filter B685_35-A). Data were analyzed using FlowJo 
software (Treestar, Ashland, OR). S phase progression 
was assessed using “Click-it” assay (Invitrogen) according 

to the supplier’s instructions. DNA-intercalating analog 
ethynyl deoxyuridine (EdU) was detected in untreated 
or irradiated cells at different timepoints post-irradiation 
(10Gy) using the SORP LSR-II analyzer (BD Biosciences) 
with filters B530-30A for Alexafluor 488 or U450-50A 
for DAPI acquisition and subsequent analysis by FlowJo 
software.

Cytogenetic analysis

Metaphase chromosomes were prepared as 
described previously [65]. Briefly, unexposed or 48 h 
postirradiated (4Gy) cells were treated with colcemide 
(60ng/ml, 90min) followed by 25 min of hypotonic 
treatment (75mM KCl). The cells were gradually fixed 
in methanol/acetic acid (3/1, vol/vol). Metaphase 
chromosome spreads were hybridized with a cyanine3-
telomeric PNA probe (DAKO, France) followed by 
hybridization with FITC-Pan centromeric DNA probe 
(Cambio, Cambridge, UK). After chromosomal DNA 
staining with DAPI, fluorescence microscope (Nikon 
FXA, Kingston, UK) image acquisition and analysis 
was achieved using QUIPS CGH Software (Vysis, 
France). To asses chromosomal break counts, the 
following chromosomal structural aberrations were 
scored: dicentrics (dic), centric and acentric rings (r), and 
chromosome breaks (csb). Dic and r were assumed to be 
the result of two breaks and csb of one break.

Comet assay

To assess the kinetics of global chromosomal 
(single- and double-strand) DNA repair in living cells, 
comet assays were performed under alkaline conditions 
as previously described [66]. Briefly, 1–2 × 104 
untreated or irradiated (4Gy) cells, after an indicated 
period postirradiation, were embedded in low melting 
point agarose (0.7% w/vol) and deposited on prepared 
slides precoated with two layers of agarose (1%, w/
vol), and coverslipped. After 10 min incubation on 
ice, the coverslips were removed and the slides were 
placed in lysis solution (NaCl 2.5M, sodium lauryl 
sarcosine 0.1% (w/vol), EDTA 0.1M ph 8.0, Tris 10 
mM; pH 10), overnight at 4°C. After lysis, the slides 
were neutralized in Tris-HCl buffer (0.4M, ph7.4) over 
three 10 min incubations. Prior to electrophoresis and 
to achieve chromosomal DNA unwinding, slides were 
placed in alkaline electrophoresis buffer (EDTA 1mM, 
NaOH 300 mM, pH13.0) for 30 min. Electrophoresis 
was performed at a constant 300 mA for 30 min. 
After neutralization (Tris 0.4 M, pH 7.4) and ethidium 
bromide staining, comets were assessed using an 
automatized Zeiss Axio (Jena, Germany) fluorescent 
microscope and acquisition Metasystems following 
analysis by Metafer4 software (MetaSystems Gmbh, 
Altlussheim, Germany).
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xCELLigence® living cell real-time follow-up

xCELLigence® instrument Real-Time Cell 
Analyzer (RTCA) (ACEA Biosciences, San Diego, CA), 
offers a means to monitor cellular responses in real time, 
without exogenous labellings, through impedance-based 
technology. The E-plates (specific 96 well microplates 
covered with micro-electrodes, ACEA Biosciences), 
allow the measures of electrical impedance that are 
relevant of dynamic monitoring of cell viability and 
cytotoxicity as well as cell proliferation. The usefulness 
of this system in cell biology and compatibility with 
ionizing irradiation were reported elsewhere [67]. The 
background of the E-plates was determined in 50 μl of 
cell culture medium and subsequently 150 μl of each 
cell suspension was added (3x103 cells/well). Cells 
were incubated for 30 min at 37°C and E-plates were 
placed in a RTCA instrument. Cells were grown for at 
least 24 h, with impedance measurements performed 
every 5 min for 6 h (adhesion phase), then every 15 
min (proliferation phase). After at least 24 h, cells were 
irradiated at 4 Gy and were monitored again every 5 min 
for 6 h (early effects), and then every 10 min for at least 
24 h (late effects). Cell index (CI) raw data values were 
calculated by Zi-Z0 [Ohm]/15[Ohm]; where Z0 is the 
background resistance and Zi is the individual time point 
of resistance. A normalized cell index was also calculated 
by the software at the selected normalization timepoint, 
chosen as the time just before irradiation.

Antibodies, western blotting analysis and 
immunofluorescence

Western blotting and fluorescent immunostaining 
were performed as previously described [11, 62]. Anti-
Ku70 (N3H10), anti-Ku80 (111), anti-DNA-PKcs (18–
2 + 25–4 + 42-psc) antibodies were purchased from 
Neomarkers (Thermo Scientific, France). Antibodies 
against phosphorylated pS15-p53 and, pS2056-DNA-
PKcs (ab18192) were obtained from Cell Signaling 
Technology (Ozyme, France) and Abcam (Cambridge, 
UK), respectively. XRCC4 antibody (ab 145) was 
also obtained from Abcam. The Ku7390 peptide with 
the sequence CENLEA-pS-GDYKY was synthesized 
by Biosyntan GmbH (Berlin, Germany) and used 
for BALB/c mouse immunization and production of 
monoclonal antibodies against phosphorylated pS27-
Ku70. Hybridoma cells were generated by fusing spleen 
cells from immunized BALB/c mice with the myeloma 
cell line SP2/0 (BioGenes GmbH, Berlin, Germany). Anti-
mouse or anti-rabbit secondary antibodies were obtained 
from Jackson Immunoresearch Laboratories (West Grove, 
PA). For γ-HA2X foci assessment, cells were plated 48 h 
prior to treatment on Lab-Tek slides, irradiated at 2 or 4 
Gy and stained at indicated times. Monoclonal anti-S139-
γ-H2AX (clone JBW103) antibody was from Upstate 

(Merck-Millipore, France). For γ-H2AX, pS1981-ATM, 
53BP1 and pS2056-DNA-PKcs foci colocalizations, 
antibodies used were from Upstate (Merck-Millipore), 
Temecula, CA (Millipore), Cell Signaling (#4937, Ozyme, 
France) and Abcam, respectivelly. For p27-Ku70 and 
γ-H2AX colocalization monoclonal rabbit anti-γ-H2AX 
antibody (#9718, Cell Signaling) was used according to 
slightly modified experimental procedure [47]. Briefly, 
previously described cytoskeleton buffer (CSK) contained 
0.25% Tition X-100 (instead of 0.7%) and pre-extraction 
time was adapted to 5 min. After cell fixation (2% 
paraformaldehyde in PBS), cells have been incubated 
for 1 h at room temperature in PBS buffer containing 
0.01% Triton X-100 and 10% goat serum and rabbit anti-
γ-H2AX and mouse anti-phospho-S27-Ku70 antibodies. 
Anti-rabbit-AlexaFluor 488 and anti-mouse-Alexafluor 
594 (purchased from Life Technologies) were used as 
secondary antibodies.

Immunoprecipitation

For immunoprecipitation assays, anti-Ku70, 
anti-Ku80, anti-pS27-Ku70, anti-S1981-ATM or anti-
S2056-DNA-PKcsantibodies were coupled to magnetic 
anti-mouse IgG Dynabeads (Life Technologies) or Bio-
Estapor microspheres anti-mouse IgG (Merck Millipore), 
according to the manufacturer’s protocol. Protein extracts 
were incubated at 4°C for 2 h under gentle agitation of 
these beads in 20 mM Hepes (pH 7.5), 150 mM NaCl, 
5% glycerol, 2, 5 mM EDTA, 0.5 mM dithiothreitol, 
0.5% nonidet P-40, protease inhibitor mixture tablets 
(Complete Mini, Roche Diagnostics), trypsin-like 
protease inhibitor (Sigma) and phosphatase inhibitor 
cocktails (Sigma). The supernatant was removed over 
a Dynal MPC magnet (Life Technologies). After three 
washes in the same buffer, proteins were eluted using 
a 2D-gel rehydration buffer (see below) and stored at 
−80°C until use.

Phosphatase treatment

Phosphatase treatments were performed on 
immunoprecipitated proteins by using λ phosphatase 
(New England Biolabs, Ipswich, MA) according to the 
manufacturer’s instructions. The control and phosphatase-
treated samples were then concentrated using Microcon 
YM-30 centrifugal filter units (Merck-Millipore, France), 
analyzed by gel electrophoresis.

2D-gel electrophoresis

For 2D-PAGE separations, whole-cell extracts 
(50–75 μg proteins) or immunoprecipitated Ku proteins 
were resuspended in a rehydration solution containing 
8M urea, 1M thiourea, 4% CHAPS, 0.012% HED 
solution, 0.5% IPG buffer, non linear pH 3–10, 0.25% 
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IPG buffer, non linear pH 3–11, and 0.0001% Coomassie 
brilliant blue G. This solution was applied to Immobiline 
non linear pH 3–10NL (18 or 24 cm) DryStrip gels 
and separated by isoelectric focusing using the Ettan 
IPGphor system (GE/Amersham Biosciences, France). 
Isoelectric focusing was performed for a total of 37000 
V to 54000 V, starting at 200 V and gradually raising 
the voltage to 10000 V. The strips were equilibrated in 
urea-containing buffer (reduction and alkylation) before 
loading onto SDS-polyacrylamide gels (8% acrylamide). 
The immunoprecipitated proteins were stained with 
silver nitrate, Sypro Ruby (Bio-Rad, France) or the Ku 
proteins were immunodetected after transfer onto PVDF 
membranes (Merck-Millipore).

Mass spectrometry

Immunoprecipitated Ku70 protein from R-CLL 
lymphocytes was separated by 2D-PAGE and individual 
Ku70 spots (n°1, 2, 3 and 4) were excised from 2D-gels 
stained with Sypro Ruby (Life Technology), processed by 
tryptic in-gel digestion and analyzed by mass spectrometry 
(MS). Peptide samples were spun at 18000g, desalted 
using a C18 ZipTip (Merck-Millipore), according to the 
supplier’s instructions and analyzed by MALDI-TOF 
MS in a positive polarity mode (AB Sciex, France). The 
presence of one phosphopeptide was clearly evidenced 
from spot n°2. MS/MS and MSn spectra from the 
phosphopeptide were obtained using an LTQ linear ion 
trap (Thermo Scientific, France).

ACKNOWLEDGMENTS

We thank the volunteer leukemic blood donors and 
the technical support at Pitié-Salpêtrière Hospital. We also 
thank V. Favaudon for providing the neocarzinostatin, 
J. Bernardino-Sgherri and F. Hoffschir for help with the 
comet assay and Metasystems’ handling, and F. Leteurtre for 
critical reading of the manuscript. This work was supported 
by Société Française d’Hématologie, Société Française du 
Cancer, Association pour la Recherche sur le Cancer (ARC), 
Electricité de France (EDF) and Fondation de France.

Author contributions

J.B. and J.D. designed the project and research plan, 
conducted the experiments and co-wrote the manuscript. L.S. 
conducted and performed the functional studies of phospho-
Ku70. R.G. designed and performed the xCELLigence® 
experiments and participated in manus cript redaction. A.S. 
performed co-immunoprecipitation experiments/analyses. 
B.D. generated the DNA-PKcskd cell line, and designed and 
constructed the pEBVCAGshKu70-A27-A33, -S27-S33 
and -E27-E33 vectors. V.P. performed immunostaining 
experiments/analyses and participated in manuscript revision. 
S.M.A. performed analyses of chromosomal structural 

aberrations. C.C. performed the MALDI-TOF MS and tandem 
MS/MS analyses. O. < G. conducted some of the bidimensional 
gel experiments. B. S. generated His-Ku70, designed the 
corresponding mutants and corrected the manuscript. K. 
M. provided CLL samples and information on the clinical 
behaviors of the corresponding patients. H. M-B. co-designed 
the research plan for the CLL samples and coordinated the 
clinical phenotyping of the CLL patients. S.C. co-designed 
the project and assisted in the writing and correction of 
the manuscript.

Abbreviations

2D, two-dimensional; ATM, Ataxia telangiectasia 
mutated; CLL, chronic lymphocytic leukemia; DSBs, 
double-strand breaks; eKu70, endogenous Ku70; IR, 
Ionizing irradiation; MALDI, matrix-assisted laser desorption 
ionization; MS, mass spectrometry; MS/MS, tandem MS; 
MW, molecular weight; NCS, neocarzinostatin; NHEJ, 
non homologous end-joining; OTM, olive tail moment; pI, 
isoelectric point; pS27-Ku70, S27-phosphorylated form of 
Ku70; PTM, post-translational modification; S, sensitive; 
SDS-PAGE, sodium dodecyl sulphate-polyacrylamide gel 
electrophoresis; TOF, time-of-flight; R, resistant; WM, 
wortmannin.

REFERENCES

1. Gaidano G, Foa R, Dalla-Favera R. Molecular pathogen-
esis of chronic lymphocytic leukemia. J Clin Invest. 2013; 
122:3432–3438.

2. Guipaud O, Deriano L, Salin H, Vallat L, Sabatier L, Merle-
Beral H, Delic J. B-cell chronic lymphocytic leukaemia: a 
polymorphic family unified by genomic features. Lancet 
Oncol. 2003; 4:505–514.

3. Chiorazzi N, Rai KR, Ferrarini M. Chronic lymphocytic 
leukemia. N Engl J Med. 2005; 352:804–815.

4. Chiorazzi N. Cell proliferation and death: forgotten features 
of chronic lymphocytic leukemia B cells. Best Pract Res 
Clin Haematol. 2007; 20:399–413.

5. Rosenwald A, Chuang EY, Davis RE, Wiestner A, Alizadeh AA, 
Arthur DC, Mitchell JB, Marti GE, Fowler DH, 
Wilson WH, Staudt LM. Fludarabine treatment of patients 
with chronic lymphocytic leukemia induces a p53-dependent 
gene expression response. Blood. 2004; 104:1428–1434.

6. Austen B, Skowronska A, Baker C, Powell JE, Gardiner A, 
Oscier D, Majid A, Dyer M, Siebert R, Taylor AM, 
Moss PA, Stankovic T. Mutation status of the residual ATM 
allele is an important determinant of the cellular response 
to chemotherapy and survival in patients with chronic lym-
phocytic leukemia containing an 11q deletion. J Clin Oncol. 
2007; 25:5448–5457.

7. Dohner H, Fischer K, Bentz M, Hansen K, Benner A, Cabot G, 
Diehl D, Schlenk R, Coy J, Stilgenbauer S, et al. p53 gene 
deletion predicts for poor survival and non-response to 



Oncotarget27998www.impactjournals.com/oncotarget

therapy with purine analogs in chronic B-cell leukemias. 
Blood. 1995; 85:1580–1589.

8. Wickremasinghe RG, Prentice AG, Steele AJ. p53 and Notch 
signaling in chronic lymphocytic leukemia: clues to identifying 
novel therapeutic strategies. Leukemia. 2011; 25:1400–1407.

9. Martin-Subero JI, Lopez-Otin C, Campo E. Genetic and 
epigenetic basis of chronic lymphocytic leukemia. Curr 
Opin Hematol. 2013; 20:362–368.

10. Blaise R, Alapetite C, Masdehors P, Merle-Beral H, Roulin C, 
Delic J, Sabatier L. High levels of chromosome aberrations 
correlate with impaired in vitro radiation-induced apoptosis 
and DNA repair in human B-chronic lymphocytic leukae-
mia cells. Int J Radiat Biol. 2002; 78:671–679.

11. Deriano L, Guipaud O, Merle-Beral H, Binet JL, Ricoul M, 
Potocki-Veronese G, Favaudon V, Maciorowski Z, Muller C, 
Salles B, Sabatier L, Delic J. Human chronic lymphocytic 
leukemia B cells can escape DNA damage-induced apop-
tosis through the nonhomologous end-joining DNA repair 
pathway. Blood. 2005; 105:4776–4783.

12. Deriano L, Merle-Beral H, Guipaud O, Sabatier L, Delic J. 
Mutagenicity of non-homologous end joining DNA repair 
in a resistant subset of human chronic lymphocytic leukae-
mia B cells. Br J Haematol. 2006; 133:520–525.

13. Brugat T, Gault N, Baccelli I, Maes J, Roborel de Climens A, 
Nguyen-Khac F, Davi F, Merle-Beral H, Gilson E, 
Goodhardt M, Delic J. Aberrant telomere structure is char-
acteristic of resistant chronic lymphocytic leukaemia cells. 
Leukemia. 2010; 24:246–251.

14. Brugat T, Nguyen-Khac F, Grelier A, Merle-Beral H, Delic J. 
Telomere dysfunction-induced foci arise with the onset of 
telomeric deletions and complex chromosomal aberrations 
in resistant chronic lymphocytic leukemia cells. Blood. 
2010; 116:239–249.

15. de Campos-Nebel M, Larripa I, Gonzalez-Cid M. Non-
homologous end joining is the responsible pathway for the 
repair of fludarabine-induced DNA double strand breaks in 
mammalian cells. Mutat Res. 2008; 646:8–16.

16. O’Driscoll M, Jeggo PA. CsA can induce DNA double-
strand breaks: implications for BMT regimens particularly 
for individuals with defective DNA repair. Bone Marrow 
Transplant. 2008; 41:983–989.

17. Brandsma I, Gent DC. Pathway choice in DNA double strand 
break repair: observations of a balancing act. Genome Integr. 
2012; 3:9.

18. Mladenov E, Magin S, Soni A, Iliakis G. DNA double-
strand break repair as determinant of cellular radiosensitiv-
ity to killing and target in radiation therapy. Front Oncol. 
2013; 3:113.

19. Wang C SP. Detection and repair of ionizing radiation-
induced DNA double strand breaks: new developments in 
nonhomologous end joining. Int J Radiat Oncol Biol Phys. 
2013; 86:440–449.

20. Audebert M, Salles B, Calsou P. Involvement of poly(ADP-
ribose) polymerase-1 and XRCC1/DNA ligase III in an 

alternative route for DNA double-strand breaks rejoining. 
J Biol Chem. 2004; 279:55117–55126.

21. Wang H, Rosidi B, Perrault R, Wang M, Zhang L, 
Windhofer F, Iliakis G. DNA ligase III as a candidate com-
ponent of backup pathways of nonhomologous end joining. 
Cancer Res. 2005; 65:4020–4030.

22. Nussenzweig A, Nussenzweig MC. A backup DNA repair 
pathway moves to the forefront. Cell. 2007; 131:223–225.

23. Neal JA, Meek K. Choosing the right path: does DNA-PK 
help make the decision?. Mutat Res. 2011; 711:73–86.

24. Davis AJ, Chen DJ. DNA double strand break repair via non-
homologous end-joining. Transl Cancer Res. 2013; 2:130–143.

25. Chen BP, Chan DW, Kobayashi J, Burma S, Asaithamby A, 
Morotomi-Yano K, Botvinick E, Qin J, Chen DJ. Cell cycle 
dependence of DNA-dependent protein kinase phosphoryla-
tion in response to DNA double strand breaks. J Biol Chem. 
2005; 280:14709–14715.

26. Mari PO, Florea BI, Persengiev SP, Verkaik NS, 
Bruggenwirth HT, Modesti M, Giglia-Mari G, Bezstarosti K, 
Demmers JA, Luider TM, Houtsmuller AB, van Gent DC. 
Dynamic assembly of end-joining complexes requires inter-
action between Ku70/80 and XRCC4. Proc Natl Acad Sci 
U S A. 2006; 103:18597–18602.

27. Yano K, Morotomi-Yano K, Wang SY, Uematsu N, Lee KJ, 
Asaithamby A, Weterings E, Chen DJ. Ku recruits XLF to 
DNA double-strand breaks. EMBO Rep. 2008; 9:91–96.

28. Abraham RT. PI -kinase related kinases: ‘big’ players in 
stress-induced signaling pathways. DNA Repair (Amst).  
2004; 3:883–887.

29. Uematsu N, Weterings E, Yano K, Morotomi-Yano K, 
Jakob B, Taucher-Scholz G, Mari PO, van Gent DC, Chen BP, 
Chen DJ. Autophosphorylation of DNA-PKCS regulates its 
dynamics at DNA double-strand breaks. J Cell Biol. 2007; 
177:219–229.

30. Biard DS. Untangling the relationships between DNA 
repair pathways by silencing more than 20 DNA repair 
genes in human stable clones. Nucleic Acids Res. 2007; 
35:3535–3550.

31. Amrein L, Loignon M, Goulet AC, Dunn M, Jean-Claude B, 
Aloyz R, Panasci L. Chlorambucil cytotoxicity in malignant 
B lymphocytes is synergistically increased by 2-(morpholin-
4-yl)-benzo[h]chomen-4-one (NU7026)-mediated inhibition 
of DNA double-strand break repair via inhibition of DNA-
dependent protein kinase. J Pharmacol Exp Ther. 2007; 
321:848–855.

32. Nakagawa K, Taya Y, Tamai K, Yamaizumi M. 
Requirement of ATM in phosphorylation of the human p53 
protein at serine 15 following DNA double-strand breaks. 
Mol Cell Biol. 1999; 19:2828–2834.

33. Nick McElhinny SA, Snowden CM, McCarville J, 
Ramsden DA. Ku recruits the XRCC4-ligase IV complex to 
DNA ends. Mol Cell Biol. 2000; 20:2996–3003.

34. Snippert HJ, Schepers AG, Delconte G, Siersema PD, 
Clevers H. Slide preparation for single-cell-resolution 



Oncotarget27999www.impactjournals.com/oncotarget

imaging of fluorescent proteins in their three-dimensional 
near-native environment. Nat Protoc. 2011; 6:1221–1228.

35. Stallaert W, Dorn JF, van der Westhuizen E, Audet M, 
Bouvier M. Impedance responses reveal beta(2)-adrenergic 
receptor signaling pluridimensionality and allow classifica-
tion of ligands with distinct signaling profiles. PLoS One. 
2012; 7:e29420.

36. Dreesen O, Chojnowski A, Ong PF, Zhao TY, Common JE, 
Lunny D, Lane EB, Lee SJ, Vardy LA, Stewart CL, Colman A. 
Lamin B1 fluctuations have differential effects on cellular 
proliferation and senescence. J Cell Biol. 2013; 200:605–617.

37. Banath JP, Kim A, Olive PL. Overnight lysis improves 
the efficiency of detection of DNA damage in the alkaline 
comet assay. Radiat Res. 2001; 155:564–571.

38. Banath JP, Macphail SH, Olive PL. Radiation sensitivity, 
H2AX phosphorylation, and kinetics of repair of DNA 
strand breaks in irradiated cervical cancer cell lines. Cancer 
Res. 2004; 64:7144–7149.

39. Delic J, Marteau J-B, Maloum K, Nguyen-Khac F, Davi F, 
Azgui Z, Leblond V, Binet J-L, Chevillard S, Merle-
Béral H. DNA Damage Response/Signaling and Genome 
(In)Stability as the New Reliable Biological Parameters 
Defining Clinical Feature of CLL. Chronic Lymphocytic 
Leukemia. 2012; :63–94.

40. Srivastava M, Nambiar M, Sharma S, Karki SS, Goldsmith G, 
Hegde M, Kumar S, Pandey M, Singh RK, Ray P, Natarajan R, 
Kelkar M, De A, Choudhary B, Raghavan SC. An inhibi-
tor of nonhomologous end-joining abrogates double-strand 
break repair and impedes cancer progression. Cell. 2012; 
151:1474–1487.

41. Liu J, Xu L, Zhong J, Liao J, Li J, Xu X. Protein phos-
phatase PP4 is involved in NHEJ-mediated repair of DNA 
double-strand breaks. Cell Cycle. 2012; 11:2643–2649.

42. Rothkamm K, Kruger I, Thompson LH, Lobrich M. 
Pathways of DNA double-strand break repair during the 
mammalian cell cycle. Mol Cell Biol. 2003; 23:5706–5715.

43. Panier S, Boulton SJ. Double-strand break repair: 53BP1 
comes into focus. Nat Rev Mol Cell Biol. 2014; 15:7–18.

44. Beucher A, Birraux J, Tchouandong L, Barton O, Shibata A, 
Conrad S, Goodarzi AA, Krempler A, Jeggo PA, Lobrich M. 
ATM and Artemis promote homologous recombination of 
radiation-induced DNA double-strand breaks in G2. EMBO 
J. 2009; 28:3413–3427.

45. Riballo E, Kuhne M, Rief N, Doherty A, Smith GC, Recio MJ, 
Reis C, Dahm K, Fricke A, Krempler A, Parker AR, 
Jackson SP, Gennery A, Jeggo PA, Lobrich M. A pathway 
of double-strand break rejoining dependent upon ATM, 
Artemis, and proteins locating to gamma-H2AX foci. Mol 
Cell. 2004; 16:715–724.

46. Rogakou EP, Boon C, Redon C, Bonner WM. Megabase 
chromatin domains involved in DNA double-strand breaks 
in vivo. J Cell Biol. 1999; 146:905–916.

47. Britton S, Coates J, Jackson SP. A new method for high- 
resolution imaging of Ku foci to decipher mechanisms 

of DNA double-strand break repair. J Cell Biol. 2013; 
202:579–595.

48. Lobrich M, Jeggo PA. The impact of a negligent G2/M 
checkpoint on genomic instability and cancer induction. 
Nat Rev Cancer. 2007; 7:861–869.

49. Deckbar D, Birraux J, Krempler A, Tchouandong L, 
Beucher A, Walker S, Stiff T, Jeggo P, Lobrich M. 
Chromosome breakage after G2 checkpoint release. J Cell 
Biol. 2007; 176:749–755.

50. Ricoul M, Lebeau J, Sabatier L, Dutrillaux B. Increased 
radiation-induced chromosome breakage after progester-
one addition at the G1/S-phase transition. Mutat Res. 1998; 
403:177–183.

51. Idogawa M, Masutani M, Shitashige M, Honda K, Tokino T, 
Shinomura Y, Imai K, Hirohashi S, Yamada T. Ku70 and 
poly(ADP-ribose) polymerase-1 competitively regulate 
beta-catenin and T-cell factor-4-mediated gene transactiva-
tion: possible linkage of DNA damage recognition and Wnt 
signaling. Cancer Res. 2007; 67:911–918.

52. Monferran S, Paupert J, Dauvillier S, Salles B, Muller C. 
The membrane form of the DNA repair protein Ku interacts 
at the cell surface with metalloproteinase 9. EMBO J. 2004; 
23:3758–3768.

53. Cohen HY, Lavu S, Bitterman KJ, Hekking B, Imahi-
yerobo TA, Miller C, Frye R, Ploegh H, Kessler BM, 
Sinclair DA. Acetylation of the C terminus of Ku70 by 
CBP and PCAF controls Bax-mediated apoptosis. Mol Cell. 
2004; 13:627–638.

54. Pucci S, Mazzarelli P, Sesti F, Boothman DA, Spagnoli LG. 
Interleukin-6 affects cell death escaping mechanisms acting 
on Bax-Ku70-Clusterin interactions in human colon cancer 
progression. Cell Cycle. 2009; 8:473–481.

55. Gama V, Gomez JA, Mayo LD, Jackson MW, Danielpour D, 
Song K, Haas AL, Laughlin MJ, Matsuyama S. Hdm2 is 
a ubiquitin ligase of Ku70-Akt promotes cell survival by 
inhibiting Hdm2-dependent Ku70 destabilization. Cell 
death and differentiation. 2009; 16:758–769.

56. Shahi A, Lee JH, Kang Y, Lee SH, Hyun JW, Chang IY, 
Jun JY, You HJ. Mismatch-repair protein MSH6 is asso-
ciated with Ku70 and regulates DNA double-strand break 
repair. Nucleic Acids Res. 2011; 39:2130–2143.

57. Li Z, Owonikoko TK, Sun SY, Ramalingam SS, Doetsch 
PW, Xiao ZQ, Khuri FR, Curran WJ, Deng X. c-Myc sup-
pression of DNA double-strand break repair. Neoplasia. 
2012; 14:1190–1202.

58. Lan L, Ui A, Nakajima S, Hatakeyama K, Hoshi M, 
Watanabe R, Janicki SM, Ogiwara H, Kohno T, Kanno S, 
Yasui A. The ACF1 complex is required for DNA dou-
ble-strand break repair in human cells. Mol Cell. 2010; 
40:976–987.

59. Hoek M, Myers MP, Stillman B. An analysis of CAF-1-
interacting proteins reveals dynamic and direct interactions 
with the KU complex and 14-3-3 proteins. J Biol Chem. 
2011; 286:10876–10887.



Oncotarget28000www.impactjournals.com/oncotarget

60. Parvathaneni S, Stortchevoi A, Sommers JA, Brosh RM Jr., 
Sharma S. Human RECQ1 interacts with Ku70/0 and modu-
lates DNA end-joining of double-strand breaks. PLoS One. 
2013; 8:e62481.

61. Karmakar P, Snowden CM, Ramsden DA, Bohr VA. Ku 
heterodimer binds to both ends of the Werner protein and 
functional interaction occurs at the Werner N-terminus. 
Nucleic Acids Res. 2002; 30:3583–3591.

62. Lomberk G, Bensi D, Fernandez-Zapico ME, Urrutia R. 
Evidence for the existence of an HP1-mediated subcode 
within the histone code. Nat Cell Biol. 2006; 8:407–415.

63. Iijima K, Muranaka C, Kobayashi J, Sakamoto S, Komatsu K, 
Matsuura S, Kubota N, Tauchi H. NBS1 regulates a novel 
apoptotic pathway through Bax activation. DNA Repair 
(Amst). 2008; 7:1705–1716.

64. Ghezraoui H, Piganeau M, Renouf B, Renaud JB, 
Sallmyr A, Ruis B, Oh S, Tomkinson AE, Hendri ckson EA, 

Giovannangeli C, Jasin M, Brunet E. Chromosomal trans-
locations in human cells are generated by canonical nonho-
mologous end-joining. Mol Cell. 2014; 55:829–842.

65. Bensimon J, Altmeyer-Morel S, Benjelloun H, Chevillard S, 
Lebeau J. CD24(-/low) stem-like breast cancer marker 
defines the radiation-resistant cells involved in memoriza-
tion and transmission of radiation-induced genomic instabil-
ity. Oncogene. 2013; 32:251–258.

66. Tice RR, Agurell E, Anderson D, Burlinson B, Hartmann A, 
Kobayashi H, Miyamae Y, Rojas E, Ryu JC, Sasaki YF. 
Single cell gel/comet assay: guidelines for in vitro and 
in vivo genetic toxicology testing. Environ Mol Mutagen. 
2000; 35:206–221.

67. Ke N, Wang X, Xu X, Abassi YA. The xCELLigence sys-
tem for real-time and label-free monitoring of cell viability. 
Methods Mol Biol. 2011; 740:33–43.


