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ABSTRACT

Two DNA repair pathways operate at DNA double
strand breaks (DSBs): non-homologous end-joining
(NHEJ), that requires two adjacent DNA ends for
ligation, and homologous recombination (HR), that
resects one DNA strand for invasion of a homol-
ogous duplex. Faithful repair of replicative single-
ended DSBs (seDSBs) is mediated by HR, due to
the lack of a second DNA end for end-joining. ATM
stimulates resection at such breaks through multiple
mechanisms including CtIP phosphorylation, which
also promotes removal of the DNA-ends sensor and
NHEJ protein Ku. Here, using a new method for imag-
ing the recruitment of the Ku partner DNA-PKcs at
DSBs, we uncover an unanticipated role of ATM in
removing DNA-PKcs from seDSBs in human cells.
Phosphorylation of DNA-PKcs on the ABCDE cluster
is necessary not only for DNA-PKcs clearance but
also for the subsequent MRE11/CtIP-dependent re-
lease of Ku from these breaks. We propose that at
seDSBs, ATM activity is necessary for the release of
both Ku and DNA-PKcs components of the NHEJ ap-
paratus, and thereby prevents subsequent aberrant
interactions between seDSBs accompanied by DNA-
PKcs autophosphorylation and detrimental commit-
ment to Lig4-dependent end-joining.

INTRODUCTION

DNA double strand breaks (DSBs) are the most deleteri-
ous DNA lesions that if non- or misrepaired can lead to cell
death or chromosomal rearrangements (1–4). As part of a
global cellular response to DNA damage (5), two DNA re-
pair pathways can operate at DSBs: non-homologous end-

joining (NHEJ) consists in direct DNA ends ligation follow-
ing limited processing depending on the DNA ends modi-
fications, while homologous recombination (HR) relies on
copy of the missing information from an intact homologous
template DNA.

The number of available DNA ends at the break point
is a key parameter that dictates the way a DSB is repaired.
For two-ended breaks, generated for example through direct
cutting of the two DNA strands by high-energy particles or
rays, NHEJ is the preferred mechanism throughout the cell
cycle (6,7). In contrast, single-ended DSBs (seDSBs) like
those generated by collision between the replication fork
and Topoisomerase I (TOP1) trapped on DNA by its in-
hibitor camptothecin (CPT), lack a second DNA end for
end-joining and thus, cannot be processed by NHEJ (8).
Therefore, seDSBs are repaired instead by HR in the S/G2
phase of the cell cycle since a template sequence present on
the sister chromatid is required (9,10).

The binding of the ring-shaped Ku protein to DNA
ends at two-ended DSBs initiates NHEJ by building a
hub that enrolls the other players in the reaction, includ-
ing a dedicated ligation complex, by protein–protein and
protein–DNA contacts (11,12). HR initiation requires gen-
eration of a 3′-single-stranded DNA tail necessary to in-
vade the homologous duplex, which relies on the nuclease
activities of protein complexes including MRE11–RAD50–
NBS1/CtIP, BLM/DNA2 and EXO1 (10,13–15). DNA
end resection is also necessary for the clearance of protein-
blocked 5′-termini, as first shown for the Spo11–DNA com-
plex during meiosis in fission and budding yeast (16,17).

Despite Ku being a strong obstacle to exonucleases at
DNA ends (18–20), it binds the ends of seDSBs that re-
quire resection (21–25). Therefore, a mechanism must re-
move Ku from these ends to allow resection and HR to pro-
ceed. Based on pioneering experiments in yeast, a model
for Ku release was proposed in which CtIP (Sae2 in bud-
ding yeast) promotes MRE11 endonuclease activity at dis-
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tance from the Ku occluded DNA end; this nick is then pro-
cessed bidirectionally, towards the break end, by MRE11 3′
to 5′ exonuclease activity and away from the break site, by
5′ to 3′ exonucleases EXO1 and DNA2 (16). Ku may then
be released following a second MRE11- or CtIP-mediated
incision on the opposite strand or alternatively, a decreased
binding to the ss DNA tail generated by resection. Indeed,
MRE11-dependent removal of Ku from seDSBs has been
confirmed biochemically (26–28) or with single-molecule
imaging (29).

Recently, we validated the yeast model in human cells
and demonstrated that Ku, after being recruited to seDSBs
generated by CPT during replication, is rapidly removed
from these DNA ends by an MRE11- and CtIP-dependent
mechanism, allowing repair by HR (30). Moreover, ATM
participates in Ku removal through CtIP phosphorylation
that is necessary to promote MRE11-mediated nicking of
one DNA strand (30,31). In mammals, Ku forms a com-
plex with a large protein called the DNA-dependent pro-
tein kinase catalytic subunit (DNA-PKcs). The DNA–Ku–
DNA-PKcs complex forms the active DNA-PK exhibit-
ing a DNA-dependent protein kinase activity (32). DNA-
PKcs is absent in Saccharomyces cerevisiae and Schizosac-
charomyces pombe and is likely to add further complexity
in mammals to mechanisms dealing with Ku at DNA ends.
In NHEJ at two-ended DSBs, DNA-PKcs has a DNA ends
tethering role through contacts in trans with a facing ho-
molog (33–36) and a catalytic function in phosphorylating
various proteins in the vicinity, including itself (reviewed in
(32)). Regarding seDSBs, we and other showed that in re-
sponse to CPT, RPA32 subunit is phosphorylated by DNA-
PK in a replication-dependent manner (30,37,38). This in-
dicates that in addition to Ku, DNA-PKcs is also recruited
and activated on seDSBs. However, whether DNA-PKcs
follows the same dynamics as Ku at seDSBs and is removed
similarly remained to be explored.

Here, we uncover a new role of ATM at seDSBs gen-
erated by CPT in ensuring DNA-PKcs release from these
breaks through a mechanism different from that of Ku re-
moval. DNA-PKcs removal requires phosphorylation at the
so-called ABCDE cluster of phosphosites, precedes and is
necessary for Ku release. In addition, we show that ATM
activation at seDSBs counteracts undesirable end-bridging
and thereby prevents repair commitment to toxic NHEJ.

MATERIALS AND METHODS

Cell culture

All culture media were from Life Technologies and were
supplemented with 10% fetal calf serum, 2 mM glutamine,
125 U/ml penicillin and 125 �g/ml streptomycin. All cells
were grown at 37◦C in a humidified atmosphere with 5%
CO2. U2OS and derivatives cells, GM00637 (from healthy
individual) and GM05849 (from Ataxia-telangiectasia pa-
tient) SV40-transformed human fibroblasts (Coriell Insti-
tute, Camden, NJ, USA) were grown in Dulbecco’s modified
Eagle’s medium. HCT116 XLF-defective (Horizon Discov-
ery Ltd, Cambridge, UK) and parental HCT116 cell lines
were maintained in RPMI 1640 medium. NALM6, N114P2
and derivatives cells were grown in suspension in RPMI
1640 medium.

Expression vectors

Lentiviral expression vectors were derived from the pLV-
tTR-KRAB-Red plasmid (Addgene plasmid #12250), a
gift from Didier Trono (39), by sequentially inserting the
BHMX and nPNk linkers (i.e. pre-annealed pairs of for-
ward (F) and reverse (R) oligonucleotides; see Table 1)
at BamHI/XmaI and NsiI/Kpn2I restriction sites, respec-
tively. The resulting pLV-Red vector lacks the tTR-KRAB
coding sequence but retains DsRed expression. Lig4-WT
and ligase-dead Lig4-K273R expressing lentiviral vectors
were then obtained by amplifying by PCR the correspond-
ing cDNAs from previously described plasmids (33) us-
ing the L4-Mlu-F and L4-Mlu-R primers. The PCR frag-
ments were digested by MluI/XmaI and inserted into pLV-
Red. Restriction and modifying enzymes (Phusion and T4
DNA Ligase) were from ThermoFisher Scientific (Illkirch,
France). All constructs were validated by DNA sequencing
(Eurofins Genomics, Ebersberg, Germany).

Cell constructions, transfections and transduction

U2OS PRKDC KO (a generous gift of Dr K. Meek) were
generated from a U2OS derivative using CRISPR/Cas9
following a protocol described previously (40). For com-
plementation with untagged DNA-PKcs, U2OS PRKDC
KO were co-transfected with pCMV6 empty (Ctrl cell line)
or coding for human wild-type or 6A mutant DNA-PKcs
(41,42) and pBABE-Puro in 3:1 molar ratio. For expression
of N-terminally tagged GFP-DNA-PKcs, U2OS PRKDC
KO cells were co-transfected with a RMCE plasmid (43)
coding for human wild-type or 6A mutant DNA-PKcs
and pBABE-Puro in 3:1 molar ratio. Individual clones
were isolated after three to four weeks selection with 0.25
ug/ml puromycin (Puromycin resistance is conferred by co-
integration of pBABE-Puro with the DNA-PKcs express-
ing plasmid). DNA-PKcs expressing clones were identified
using immunofluorescence and immunoblotting against
DNA-PKcs immunoblotting to validate nuclear localiza-
tion and confirm expression of a full-length protein, re-
spectively. siRNA transfections were performed with lipo-
fectamine RNAiMAX and a final siRNA concentration
of 50 nM as previously described (30). Target sequences
of siRNA used were: CGUACGCGGAAUACUUCGA
and GCUAAAACAGGAACGAAUC for Ctrl and CtIP
siRNA, respectively. U2OS 53BP1 KO cells and U2OS
ATM KO cells were gifts of Dr A. Orthwein (The Lady
Davis Institute, Canada) and S. Jackson (Gurdon Insti-
tute, University of Cambridge, UK), respectively and de-
scribed previously (44,45). Production of lentiviral particles
expressing Lig4-WT and Lig4-K273R in HEK-293T cells
and transduction of N114P2 cells were performed as previ-
ously described (46).

Chemicals and DNA damaging treatments

Calicheamicin-�1, a gift from P.R. Hamann (Wyeth Re-
search, Pearl River, NY, USA), was dissolved at 4 mM
in ethanol and stored at -80◦C. Camptothecin, etoposide
(Sigma-Aldrich), olaparib and talazoparib (Selleckchem)
were dissolved in DMSO (10, 100, 10 and 20 mM stock so-
lutions, respectively) and stored at –20◦C. NU-7441 (DNA-
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Table 1. Oligonucleotides (from eurofins genomics)

BHMX-F 5′-GATCcaggcctaagctTACGCGTacttcaC-3′
BHMX-R 5′-CCGGGtgaagtACGCGTAagcttaggcctg-3′
nPNk-F 5′-CTCCATCGATCGCCATGGTGA-3′
nPNk-R 5′-CCGGTCACCATGGCGATCGATGGAGTGCA-3′
L4-Mlu-F 5′-CTCTACGCGTGCCACCATGGCTGCCTCACAAACTTC-3′
L4-Xma-R 5′-CTGTGCCCGGGCTAAATCAAATACTGGTTTTCTTCTTG-3′

PKi), KU-55933 (ATMi), VE-821 (ATRi) (Tocris Bio-
science) and AZD-7762 (CHKi) (Selleckchem) were dis-
solved in DMSO (5, 10, 10 and 1 mM stock solutions, re-
spectively) and stored at –80◦C. Small aliquots of stock so-
lutions chemicals were used once. Puromycin (Invivogen)
was diluted in PBS. X-rays were delivered with a Faxitron
RX-650 device (130 kV, 5 mA).

Antibodies

Rabbit polyclonal anti-XRCC4 was produced in our labo-
ratory against the full-length recombinant human protein
and rabbit polyclonal anti-Ligase IV (LIG4) was manu-
factured by Biotem (Le Rivier d’Apprieu, France) against
a pool of three peptides from human DNA Ligase IV.
For immunoblotting, were used: mouse monoclonal an-
tibodies anti-CtIP (clone 14-1) (gift from Dr Richard
Baer, Columbia University, New York, USA), anti-beta-
Actin (clone AC-15, Ambion), anti-Ku80 (clone 111), Ku70
(clone N3H10), DNA-PKcs (clone 18.2) (ThermoScientific)
and anti-SAF-A (clone 3G6, Santa-Cruz); rabbit polyclonal
antibodies anti-53BP1 (NB100–304, Novus Biologicals),
anti-DNA-PKcs PhSer-2056 (ab18192), KAP-1 (ab10483)
and H2AX (ab11175) (Abcam), anti-KAP-1 PhSer-824
(IHC-00073) and XLF (A300–730A) (Bethyl Laborato-
ries), anti-LIG4 (home made or GTX100100 from Gene-
Tex); rabbit monoclonal antibody anti- DNA-PKcs PhSer-
2612 (#3641–1) (Epitomics); Peroxidase-conjugated goat
anti-mouse or anti-rabbit secondary antibodies were from
Jackson Immunoresearch Laboratories; IRDye 800CW-
conjugated donkey anti-mouse or anti-rabbit secondary an-
tibodies were from LI-COR Biosciences. For immunoflu-
orescence, were used: mouse monoclonal antibody anti-
DNA-PKcs (clone 25-4, used for DNA-PKcs foci detec-
tion), Ku80 (clone 111, used for Ku foci detection) (Thermo
Fischer Scientific); rabbit polyclonal antibodies against
PCNA (ab18197, lot GR120413-1, abcam), anti-�H2AX
(#2577, Cell Signaling Technologies). AlexaFluor488-or
AlexaFluor594-conjugated goat anti-mouse or anti-rabbit
antibodies (Thermo Fisher Scientific) were used as sec-
ondary antibodies.

Protein extraction after DNA damaging treatment

Cells were rinsed with PBS, lysed by three thawing-snap
freezing cycles in buffer (50 mM HEPES–KOH pH 7.5,
450 mM NaCl, 1 mM EDTA, 1% Triton, 1 mM DTT,
1× protease-phosphatase inhibitors cocktail (Pierce)) and
then sonicated. Protein concentration was measured by
the Bradford assay (Biorad). Protein samples were mixed
with loading sample buffer to 1× final concentration (50
mM Tris–HCl pH 6.8, 10% glycerol, 1% SDS, 300 mM 2-
mercaptoethanol, 0.01% bromophenol blue). Alternatively,

cells in 60 mm dishes were directly scrapped in 75 �l SDS-
lysis buffer (120 mM Tris–HCl pH 6.8, 20% glycerol, 4%
SDS), heated 5 min at 95◦C and passed 10 times through a
25G needle. In that instance, measurement of absorbance at
280 nm with Nanododrop (Thermo Fisher Scientific) was
used to evaluate protein concentration and, after adjust-
ment with SDS-Lysis buffer, extracts were diluted by ad-
dition of equal volume of SDS-Loading Buffer (5 mM Tris
pH 6.8, 0.01% bromophenol blue, 0.2 M DTT).

Western blotting

Protein samples in loading buffer were boiled and 50 �g of
proteins were separated by SDS–PAGE on 4–15% precast
gels (Biorad) and blotted onto Immobilon-P polyvinyli-
dene difluoride (PVDF, Millipore) or onto Protran 0.45
�m nitrocellulose (GE Healthcare) membranes. Ponceau S
staining was used to validate homogeneous protein trans-
fer. Membranes were blocked for 60 min with 5% non-fat
dry milk in PBS, 0.1% Tween-20 (Sigma-Aldrich) (PBS-
T buffer), incubated for 1 h with primary antibody di-
luted in PBS containing 0.02% Tween-20 and 1% bovine
serum albumin (immunoglobulin- and lipid-free fraction
V, Sigma-Aldrich) and washed 3 times with PBS-T; mem-
branes were incubated for 1 h with secondary antibod-
ies in PBS-T and washed three times with PBS-T. Imuno-
blots were visualized either, for HRP-conjugated secondary
antibodies, using autoradiographic films together with
enhanced chemiluminescence (WesternBright ECL, Ad-
vansta) or with CCD imaging (Chemidoc, Biorad) together
with enhanced chemiluminescence (Clarity, Biorad), or, for
IRDye 800CW-conjugated secondary antibodies, with an
infrared imager (Odyssey, LI-COR Biosciences). Nitrocel-
lulose membranes were used in case of signal detection with
the CCD camera or the infrared imager. For blots with anti-
bodies against non- and phosphorylated forms of the same
protein, two loadings of the same protein samples were run,
transferred and blotted in parallel.

Laser microirradiation

U2OS cells expressing WT or 6A mutant GFP-DNA-PKcs
were grown in 35-mm glass-bottom culture dishes (Mat-
Tek). Experiments were carried out with a ZEISS LSM 710
confocal laser scanning microscope equipped with a coher-
ent chameleon Vision II tunable laser (690–1080 nm) and
a 40×/1.3 oil immersion objective. GFP fluorescence was
excited using a 488 nm Ar-laser line. The microscope was
equipped with a heated environmental chamber set at 37◦C
in 5% CO2 atmosphere.

For live-imaging of DNA-PKcs dynamics at sites of
laser induced DNA damage, confocal image series were
recorded with a frame size of 512 × 512 pixels. Nuclei
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micro-irradiation was carried out at 800 nm at 20% of max
power (mean max power was 3400 mW) in rectangle of 15
�m2 area at 4× zoom during 2.3 s. Before and after micro-
irradiation, confocal image series of one mid z-section were
recorded at 1.96 s time interval (typically 10 pre-irradiation
and 50–55 post-irradiation frames). For evaluation of the
recruitment kinetics, fluorescence intensities of the irradi-
ated region were corrected for total nuclear loss of fluo-
rescence over the time course and normalized to the pre-
irradiation value. Data from micro-irradiation of individ-
ual cells obtained in several independent experiments per-
formed on different days were averaged, analyzed and dis-
played using PRISM software.

For analyzing DNA-PKcs recruitment at sites of laser in-
duced DNA damage by immunofluorescence, cells were mi-
croirradiated at 800 nm at 18% of max power (mean max
power was 3400 mW). Twenty five adjacent fields (at X3
magnification) were scanned by the NIR laser in a pattern
of 1/7 spaced parallel lines.

Immunofluorescence

For immunofluorescence, cells were seeded at low cell den-
sity on ∼160 �m thick coverslips (#1.5) glass coverslips
(VWR) or onto 35-mm glass-bottom dishes n◦1 (MatTek)
1 or 2 days before experiment. For Ku foci detection,
our previously described pre-extraction protocol (47) was
used with some optimization to further reduce background.
Briefly, cells were washed twice with PBS, incubated 3 min
at room temperature (RT) in CSK+R buffer (10 mM PIPES
pH 7, 100 mM NaCl, 300 mM sucrose, 3 mM MgCl2, 0.7%
Triton X-100 and 0.3 mg/ml RNase A), washed three times
with PBS and incubated again for 3 min in CSK+R. For
DNA-PKcs foci detection, cells were washed twice with
PBS and pre-extracted three times for 2 min with CSK+R,
with three washes with PBS between each incubation with
CSK+R. After the pre-extraction procedures, cells were
washed three times with PBS, fixed 15 min in 2% PAF in
PBS, washed three times with PBS, incubated 10 min at RT
in blocking buffer, PBS-T containing 5% BSA for Ku foci or
PBS-T containing 5% BSA and 2% gelatin (from cold fish
skin, Sigma-Aldrich) for DNA-PKcs foci. After blocking,
cells were incubated for 75 min at room temperature with
primary antibodies diluted at 1:100 and at 1:200 in blocking
buffer for Ku80 (clone 111) and DNA-PKcs (clone 25-4),
respectively. After incubation, cells were washed four times
with PBS-T, incubated 45 min with secondary antibodies
diluted 1:1000 in blocking buffer, washed four times with
PBS-T, then twice with PBS, incubated 15 min with 2 �g/ml
DAPI in PB, washed three times with PBS and mounted in
VectaShield on a glass slide or directly in the dish with a
coverslips on top, for cells grown on coverslips and in glass-
bottom dishes, respectively.

High resolution imaging using deconvolution and quantifica-
tions

For high-resolution imaging of Ku and DNA-PKcs foci,
z-stack were acquired at 0.2 �m interval on an Olympus
IX81 microscope using a 100× UPlanSApo/1.40 oil objec-
tive (Olympus) suited with a piezo (P721.LLQ with E-662

amplifier, PI) and a Hamamatsu ORCA-flash 4.0LT CMOS
camera controlled with the Metamorph software (version
7.8.8, Molecular Devices). Deconvolutions were performed
with Huygens (v16.05, Scientific Volume Imaging) using
maximum likelihood estimation, a theoretical PSF and 10
iterations. Foci quantification were performed using the 3D
Object Counter macro (48) in Fiji (49) with a 10–300 voxels
size threshold and an intensity threshold established in each
experiment using a positive control.

Cell survival analysis

Exponentially growing lymphoblastoid cells were trans-
ferred to 12-well plates at 3 × 105 cells/ml in culture
medium, supplemented with ATMi (10 �M), DNA-PKi
(1 �M) or DMSO for 1 h and exposed to various doses
of X-rays or supplemented with various concentrations of
CPT or PARPi as indicated. After 72 h of growth, aliquots
of each sample were counted in a cell-coulter (Coulter Z2,
Beckman) at the mean size of the untreated sample. Cell sur-
vival was calculated at each dose/concentration as the ratio
of the cell number in the treated sample relative to the cell
number in the untreated sample.

Statistical analysis

Statistical difference were evaluated using unpaired two-
tailed Student’s t-test performed using GraphPad Prism
6.01 (GraphPad Software) between pairs of conditions. On
all figures, significant differences between specified pairs
of conditions are highlighted by stars (*P < 0.05; **P <
0.01; ***P < 0.0005; ****P < 0.0001). NS indicates non-
significant difference.

RESULTS

Different regulation of Ku and DNA-PKcs removal from
seDSBs

To directly get access to recruitment of DNA-PKcs at
seDSBs, we adapted a pre-extraction protocol to visual-
ize DNA-PKcs bound to damaged chromatin by high-
resolution fluorescence microscopy, based on our published
method for Ku (47). We used U-2 OS (U2OS) cells in which
invalidation of DNA-PKcs gene copies by CRISPR/Cas9-
mediated knock-out was followed by stable complementa-
tion with wild-type DNA-PKcs or mutated forms for subse-
quent experiments (Supplementary Figure S1A and B). Us-
ing this method, we observed for the first time accumulation
of DNA-PKcs in the form of foci in X-rays irradiated cell
nuclei (Figure 1A) or as stripes at tracks of biphoton laser
micro-irradiation induced DNA damage, revealed using
the DSB marker phosphorylated histone H2AX (�H2AX)
(Figure 1B).

We reported that CtIP depletion allowed accumulation of
Ku foci in replicating cells treated with CPT (30). Thus, we
depleted CtIP (Supplementary Figure S1C) and monitored
Ku and DNA-PKcs foci accumulation after CPT treatment
in replicative cells, identified by PCNA staining. Surpris-
ingly, there was no significant increase of DNA-PKcs foci
number in replicative cells after CPT treatment (Figure 1C
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Figure 1. Ku and DNA-PKcs are differently removed from seDSBs. (A) Representative micrographs of DNA-PKcs foci detected by immunofluorescence in
DNA-PKcs KO U2OS cells complemented with WT DNA-PKcs, untreated or irradiated with 10 Gy and incubated 5 min before being processed. (B) DNA-
PKcs KO U2OS cells complemented or not with WT DNA-PKcs were microirradiaed with laser biphoton 5 min before being processed for DNA-PKcs
and H2AX codetection by immunofluorescence. Representative micrographs are shown. (C, D) Representative micrographs (C) and quantification (D) of
DNA-PKcs foci in replicating (PCNA positive) DNA-PKcs KO U2OS cells complemented with WT DNA-PKcs transfected by control or CtIP siRNA
and treated for 1 h with DMSO or 1 �M CPT. (E, F) Representative micrographs (E) and quantification (F) of Ku foci in replicating U2OS transfected by
control or CtIP siRNA and treated for 1 h with DMSO or 1 �M CPT. Error bars are s.d. NS, non-significant difference, as judged by t-test. White scale
bars represent 10 �m.

and D for quantification), despite Ku accumulated as ex-
pected under conditions of CtIP depletion (Figures 1E and
F for quantification). This unexpected result suggests that,
in contrast to Ku, DNA-PKcs accumulation is prevented
through a CtIP-independent mechanism.

ATM-dependent phosphorylations on DNA-PKcs prevent its
accumulation at seDSBs

We found previously that prevention of Ku accumulation
on seDSBs by CtIP was mediated through direct CtIP phos-
phorylation by ATM (30). Since ATM and DNA-PKcs are
concomitantly activated at seDSBs, we tested the effect of
ATM or DNA-PK inhibitors on DNA-PKcs removal at
CPT-induced breaks in replicative cells. While DNA-PK in-
hibition by NU-7441 (DNA-PKi) (50) had no significant
effect, ATM inhibition by KU-55933 (ATMi) (51) led to
DNA-PKcs accumulation following CPT-treatment, with
no further increase when both inhibitors were combined
(Figure 2A and B for quantification). Following nuclear
DNA breakage, DNA-PKcs is phosphorylated on multi-
ple sites, some of them being localized in several clusters
(Supplementary Figure S1D) (for review, (32)). Phosphory-
lation at Ser-2056 within the PQR cluster is DNA-PK de-

pendent (52–54). In contrast, phosphorylations within the
DNA-PKcs ABCDE cluster comprising six phosphosites
(Thr-2609 (A), Thr-2620/Ser-2624 (B), Thr-2638 (C), Thr-
2647 (D) and Ser-2612 (E)) have been reported to rely on
DNA-PK or ATM in response to IR, depending possibly on
the cell models used (53–56) and the amount of DSBs (un-
published data). We complemented DNA-PKcs KO U2OS
cells with 6A DNA-PKcs mutant gene expressing a protein
bearing a non-phosphorylatable (Ser/Thr to Ala) ABCDE
cluster (Supplementary Figure S1B). After treatment with
the strong DSB inducer calicheamicin-�1 (57), we first es-
tablished that in our cell model Ser-2612 phosphorylation
within the ABCDE cluster is mediated by ATM (prevented
by ATMi), while Ser-2056 is a DNA-PK autophosphoryla-
tion site (prevented by DNA-PKi) (Figure 2C). Upon CPT
treatment, we found similarly that Ser-2612 phosphoryla-
tion is mediated by ATM (Figure 2D).

Early studies showed that DNA-PKcs phosphorylation is
necessary to promote its dissociation from Ku bound DNA
(42,53,58–60). In addition, data obtained in vitro and in cells
suggest that phosphorylation of the ABCDE cluster con-
tributes to DNA-PKcs dissociation from DSBs (32,61–64).
Thus, we complemented DNA-PKcs KO U2OS cells with
WT or 6A DNA-PKcs fused to GFP (Supplementary Fig-
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Figure 2. ATM phosphorylates DNA-PKcs and promotes DNA-PKcs release from seDSBs in response to CPT. (A, B) Representative micrographs (A)
and quantification (B) of DNA-PKcs foci in replicating (PCNA positive) DNA-PKcs KO U2OS cells complemented with WT DNA-PKcs, pretreated or
not with the indicated kinase inhibitors for 1h and treated with DMSO or 1 �M CPT for 1 h. Error bars are s.d. Significant differences between specified
pairs of conditions, as judged by t-test, are highlighted by stars (**P < 0.01; **** P < 0.001). NS, non-significant difference. The white scale bar represents
10 �m. (C, D) Immunoblotting of extracts from DNA-PKcs KO U2OS cells complemented as indicated (C) or with WT DNA-PKcs (D), pre-treated or
not with the indicated kinase inhibitors for 1 h and treated or not with 0.1 nM calicheamicin (Cali) (C) or 1 �M CPT for 1h (D).

ure S1E) and we monitored kinetics of DNA-PKcs recruit-
ment at biphoton laser micro-irradiation sites under NHEJ-
deficient conditions (+DNA-PKi) to prevent interference
with DSB repair kinetics. We found that ATM inhibition or
ABCDE cluster mutation similarly stabilized DNA-PKcs in
the damaged nuclear areas (Figure 3A, B), with no further
effect by combining ATMi and mutation of the ABCDE
cluster (Figure 3C).

Since at CPT-induced seDBSs, ATM and not CtIP pro-
motes DNA-PKcs release, a possibility is that direct phos-
phorylation of DNA-PKcs ABCDE cluster by ATM is re-
quired for this release. Accordingly, while ATMi prevented
Ser-2612 phosphorylation under CPT treatment, this posi-
tion was still phosphorylated when CtIP was depleted (Sup-
plementary Figure S1F). This correlated with the accumula-
tion of DNA-PKcs foci at CPT-induced seDSBs in presence
of ATMi inhibitor but not upon CtIP depletion (see Fig-
ures 1C, D and 2A, B). Using DNA-PKcs KO U2OS cells
complemented with WT or 6A DNA-PKcs, we found that
foci of 6A mutant DNA-PKcs accumulate upon CPT treat-
ment without ATMi in contrast to wild-type protein (Fig-
ure 3D and E for quantification) to the same extent as wild-
type DNA-PKcs accumulates upon ATM inhibition (Fig-
ure 2B). Strikingly, 6A DNA-PKcs persistence at seDSBs

also partially prevented Ku release (Figure 3F and G for
quantification), despite ATM activation being preserved in
DNA-PKcs mutant cells, as shown by monitoring the CPT-
induced ATM-dependent KAP-1 phosphorylation on Ser-
824 (Supplementary Figure S1G). When CtIP was depleted
in these mutant cells, no further increase in Ku foci was ob-
served upon CPT treatment as compared with cells express-
ing wild-type DNA-PKcs (Figure 3H and I for quantifica-
tion). This supports that preventing DNA-PKcs release im-
pairs CtIP-dependent removal of Ku.

ATM activation at seDSBs counteracts DNA-ends synapsis
and toxic NHEJ repair

As shown above, ATM activation is necessary to remove
the Ku/DNA-PKcs complex from seDSBs. Since DNA-
PK assembly at double-ended DSBs initiates repair by
NHEJ (6,7), we anticipated that ATM inhibition would
promote NHEJ at seDSBs as a result of stabilizing DNA-
PK at seDSBs. NHEJ-mediated end-joining requires DNA
ends juxtaposition, a process called synapsis (6). Synap-
sis of DSBs ends is associated with autophosphorylation
of DNA-PKcs at various sites including Ser-2056 (60),
which is phosphorylated in trans at two-ended DSBs (53).
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Figure 3. Phosphorylation of DNA-PKcs on the ABCDE cluster is necessary for its clearance from seDSBs. (A–C) Dynamics of wild-type and 6A mutant
DNA-PKcs fused to GFP at laser-induced damage sites in U2OS cells pretreated for 1 h with 3 �M DNA-PKi, combined or not with 10 �M ATMi as
indicated. Mean values of relative fluorescence with s.e.m. were calculated from data obtained in several individual cells: n = 20 cells for both minus or plus
ATMi conditions (A), n = 20 and 21 cells for WT and mutant DNA-PKcs, respectively (B) and n = 21 and 22 cells for conditions minus or plus ATMi
respectively (C). (D, E) Representative micrographs (D) and quantification (C) of DNA-PKcs foci in replicating (PCNA positive) DNA-PKcs KO U2OS
cells complemented with WT DNA-PKcs and treated or not with 1 �M CPT for 1 h. (F–I) Representative micrographs (F, H) and quantification (G, I) of
Ku foci in replicating (PCNA positive) DNA-PKcs KO U2OS cells complemented with WT or 6A mutant DNA-PKcs, transfected with siCtIP (H,I), and
treated or not with 1 �M CPT for 1h. Error bars are s.d. Significant differences between specified pairs of conditions, as judged by t-test, are highlighted
by stars (***P < 0.005; ****P < 0.001). NS, non-significant difference. White scale bars represent 10 �m.
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Indeed, Ser-2056 phosphorylation is associated with end-
bridging during NHEJ (33,65). Strikingly, ATM inhibi-
tion in CPT-treated NALM-6 lymphoblastoid cells pro-
motes DNA-PKcs phosphorylation at Ser-2056 that is sen-
sitive to DNA-PKi, as expected for an autophosphorylation
site (Figure 4A). Similar data were obtained in HCT116
colorectal carcinoma cells, U2OS osteosarcoma cells or
GM00637 SV40-immortalized human fibroblasts treated
with CPT and ATMi (Figures 2D and 4B-E). The boost
of DNA-PKcs Ser-2056 phosphorylation upon ATM inhi-
bition was not limited to CPT-induced replicative breaks
since it was also observed after cell treatment with the topoi-
somerase 2 inhibitor etoposide, that at such low concen-
trations is reported to induce mainly replication-associated
DSBs (66) (Supplementary Figure S2A) and following repli-
cation stress by co-treatment with a fork-stalling agent (hy-
droxyurea) and a CHK1 inhibitor (67) (CHK1i, Supple-
mentary Figure S2B). Similarly, ATM inhibition combined
with a brief treatment with the potent PARP inhibitor tala-
zoparib (BMN673), reported to promote the accumulation
of PARP-DNA complexes (68), also enhanced DNA-PKcs
Ser-2056 phosphorylation (Supplementary Figure S2C).
Importantly, an enhanced Ser-2056 phosphorylation was
observed in CPT-treated ATM KO U2OS cells or ATM-
deficient patient fibroblasts as compared to the ATM-
proficient respective control cells, and this effect was not
further enhanced upon ATMi addition (Figure 4D, E), sup-
porting the selectivity of the ATM inhibitor at the concen-
tration used. Of note, Ser-2056 phosphorylation was still
dependent on DNA-PK in ATM-deficient cells since it was
abolished by DNA-PKi but not ATRi (Supplementary Fig-
ure S2D). Unexpectedly, the CPT-induced Ser-2612 phos-
phorylation that is mediated by ATM in control U2OS
cells could still be detected in ATM-deficient cells (Figure
4D). This CPT-induced DNA-PKcs Ser-2612 phosphory-
lation became insensitive to ATMi in ATM deficient cells
(Figure 4D) but sensitive to DNA-PKi (Supplementary
Figure S2E), supporting that DNA-PK is able to partly
compensate for some of ATM functions, for example the
phosphorylation of H2AX (69). Finally, we observed that
the enhanced phosphorylation of DNA-PKcs Ser-2056 at
seDSBs in the presence of ATMi required LIG4 (Figure
4A, Supplementary Figure S2A) and XLF (Figure 4C),
while LIG4 catalytic activity was dispensable (Supplemen-
tary Figure S3B; see Supplementary Figure S3A for LIG4
expression in Lig4–/– N114P2 cells, (70) and in derivative
cells complemented with WT or catalytic dead LIG4 ex-
pressing constructs (33)). Given that optimal end-bridging
at two-ended DSBs and associated DNA-PKcs phosphory-
lation at Ser-2056 require the NHEJ ligation complex in-
cluding XRCC4, LIG4 and XLF, but not LIG4 catalytic
activity (33), these data strongly argue for a DNA-PK me-
diated aberrant end-bridging at seDSBs under ATM defect.
Of note, we found that the seDSBs synapsis promoted by
ATMi was not 53BP1-dependent (Supplementary Figure
S3C).

Then we asked whether seDSBs synapsis promoted toxic
NHEJ repair upon ATM inhibition using LIG4−/− N114
cells and derivatives as above. First, we confirmed that cells
deficient for LIG4 activity (ctrl or expressing catalytic dead
LIG4 mutant) were more sensitive to X-rays but not to

CPT (Supplementary Figure S4A, B) in agreement with the
types of DSB ends generated. Then, we found that ATM
inhibition sensitized WT LIG4 expressing cells to CPT and
that this sensitization was abrogated by NHEJ inhibition ei-
ther by absence of LIG4 protein or complementation with a
catalytic-dead mutant (Figure 4F), in agreement with toxic
NHEJ being responsible for the ATMi-induced sensitiza-
tion. Of note, ATM inhibition did not modify the sensitivity
to X-rays of Lig4-/- and complemented cells (Supplemen-
tary Figure S4C) and these cells were equally sensitive to
ATMi itself (Supplementary Figure S4D). This was not lim-
ited to CPT since ATM inhibition also sensitized WT LIG4
complemented lymphoblastoid cells to two PARPi (tala-
zoparib and olaparib), but not LIG4−/− cells or cells ex-
pressing catalytic dead LIG4 (Supplementary Figure S5A–
F), and this sensitization was rescued by inhibiting NHEJ
with DNA-PKi (Supplementary Figure S5G).

Altogether, our data support that inhibiting ATM pro-
motes DNA-PK stabilization at seDSBs which results into
toxic NHEJ-dependent DNA repair events.

DISCUSSION

Altogether, our data support that ATM mediates DNA-
PKcs and Ku release at seDSBs through distinct but inter-
connected mechanisms (Figure 5). We show here that DNA-
PKcs removal requires its ATM-dependent phosphoryla-
tion at the ABCDE cluster. Notably, expression of mutant
DNA-PKcs bearing a non-phosphorylatable ABCDE clus-
ter in CHO cells is reported to sensitize, among other agents,
to CPT (71,72). DNA-PKcs autophosphorylation cannot
replace ATM in that instance since DNA-PKcs inhibition
does not phenocopy ATM inhibition for DNA-PKcs ac-
cumulation at seDSBs. Moreover, despite DNA-PK phos-
phorylating the ABCDE cluster in absence of ATM (Fig-
ure 4D and Supplementary Figure S2E and (72)), this is
not sufficient to prevent aberrant synapsis and toxic NHEJ
(Figure 4D, E and (45)). In addition to the phosphory-
lated ABCDE cluster, it is most likely that several other non
DNA-PK-dependent phosphosites on DNA-PKcs partici-
pate to its full release from seDSBs (59,64). The full land-
scape of ATM and DNA-PK-dependent phosphosites after
CPT treatment and of their interactions remains to be es-
tablished. Also, how phosphorylation of the ABCDE clus-
ter of DNA-PKcs mediates its release from seDSBs is not
completely clear. Phosphorylation of DNA-PKcs has been
demonstrated to promote its conformational change (73),
that could non exclusively limit its affinity for the Ku–DNA
complex, trigger association with a DNA-PKcs releasing
factor or antagonize its interaction with a stabilizing factor.

Ku is removed by endonucleolytic attack on its flank by
the CtIP/MRE11 machinery, which is activated through
ATM-dependent CtIP phosphorylation (30) (Figure 5). We
show here that ATM-dependent removal of DNA-PKcs is
a prerequisite for the CtIP/MRE11 dependent Ku eviction
from seDSBs. Experiments using purified human proteins
have shown that DNA-PKcs mutated on the ABCDE clus-
ter impairs stimulation of EXO1 by the MRN complex,
comprising MRE11 (63) Recently, it was found that despite
DNA-PKcs blocked with Ku at DNA ends greatly stimu-
lates human MRE11-mediated inner incision on one strand
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Figure 4. At seDSBs, ATM prevents DNA ends merging and repair engagement to toxic NHEJ. (A–E) Immunoblotting of extracts from NALM6
(LIG4+/+) and N114 (LIG4−/−) cells (A), NALM6 cells (B), HCT116 (XLF+/+) or (XLF−/−) cells (C), U2OS cells (D), or GM00637 (control) or GM05849
(ATM-defective) human fibroblasts (E), pre-treated or not with the indicated kinase inhibitors for 1 h (10 �M ATMi, 3 �M DNA-PKi) and treated or not
with 1 �M CPT for 1 h. (F) Survival to CPT of N114 LIG4 KO cells and derivatives expressing WT or ligase-dead LIG4, in the presence of 10 �M ATMi.
y axis is log scale. Error bars represent s.d., Significant P-values were calculated using t-test (** P < 0.01; *** P < 0.005; **** P <0.001).

in vitro, the yield of the second strand incision was much
lower under these conditions (74). Together with our data,
this suggests that DNA-PKcs release may be essential to
permit the second incision on the other strand that is nec-
essary for Ku release. Medium-resolution structures of the
DNA–PK complex on DNA revealed several interaction in-
terfaces between Ku and DNA-PKcs and a large conforma-
tion change of DNA-PKcs upon binding to the Ku–DNA
complex (reviewed in (75)). It is conceivable that the large
DNA-PKcs protein on the DNA end blocks correct posi-
tioning of CtIP/MRN at the Ku vicinity to achieve double
strand incision and Ku release. Alternatively, it may prevent
specific interactions between Ku and CtIP/MRN complex.
Interestingly, components of the MRN complex have been
identified as Ku partners by BioID under unstressed con-

ditions (76) and purified CtIP interacts with both Ku and
DNA-PKcs (74). Indeed, it has been shown that a bacte-
rial Ku cannot be removed from S-phase DNA breaks in
mammalian cells (77), possibly due, among other causes, to
missing specific interactions between the bacterial Ku and
the mammalian endonuclease complex.

While promoting Ku and DNA-PKcs removal from
seDSBs by distinct mechanisms, ATM activation prevents
repair commitment to toxic NHEJ. The initial step is likely
end-synapsis that, as in classical NHEJ at two-ended DSBs,
may rely on contacts in trans between two adjacent DNA-
PK-occluded seDNA ends, allowing DNA-PKcs trans-
autophosphorylation (Figure 5). An enhanced DNA-PKcs
phosphorylation on Ser-2056 induced by CPT and ATM
inhibition was already reported in HeLa cells (78). Here,
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Figure 5. Proposed model for Ku and DNA-PKcs eviction from a single-ended DSB. At a seDSB, Ku loads at the DNA end and MRN associates concomi-
tantly on the break side (i). When efficient, ATM is activated upon binding to MRN; ATM-mediated CtIP phosphorylation activates one DNA-strand
nicking by MRE11 (ii), followed by bidirectional resection and RPA loading on the ssDNA gap (iii). DNA-PK is activated upon DNA-PKcs binding
to the Ku/DNA end complex and phosphorylates RPA32 (iii). ATM-dependent phosphorylation of DNA-PKcs is necessary for DNA-PKcs release (iv)
and for the subsequent eviction of Ku by the combined action of MRE11 exonuclease and CtIP endonuclease activities (v). The precise order of these
events remains to be established. Upon ATM inhibition, DNA-PK remains on the breaks ends and together with the XXL (XRCC4-XLF-LIG4) complex,
promotes synapsis of two seDSBs concomitantly with DNA-PKcs trans-autophosphoryation (vi) followed by aberrant ligation (vii).

we document a boost of seDSBs-induced DNA-PKcs au-
tophosphorylation upon ATM inhibition or deficiency in
several cell models and show that it fulfills the properties
that we and others have demonstrated previously for bona
fide end-synapsis at two-ended DSBs - namely dependency
on the integrity of the XRCC4–XLF–LIG4 complex, but
not on the efficiency of Lig4 ligation activity (33,35). Af-
ter CPT treatment or other replication stresses, the aber-
rant juxtaposition of seDSBs under ATM defect likely ben-
efits from nuclear organization in replication factories per-

mitting spatial confinement of several replication forks (re-
viewed in (79)). Interestingly, despite 53BP1 being pro-
posed to mediate long range merging of break ends (80),
we found that 53BP1 is not involved in seDSBs synapsis
mediated by ATMi. These data corroborate that of Bal-
mus et al. who found that unlike loss of NHEJ compo-
nents, 53BP1 inactivation did not rescue the hypersensitiv-
ity of ATM-deficient cells to TOP1 inhibitors (45). On the
other hand, the cohesin complex has been shown to inhibit
joining of long-distant endonucleases-mediated breaks in
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S/G2 phases (81). Thus, factors controlling detrimental
ends merging at seDSBs together with the NHEJ complex
await to be characterized.

The engagement in aberrant NHEJ requires, in addition
to DNA-PK, further assembly of the whole NHEJ complex
including proteins of the ligation complex (Figure 5). In-
deed, we show here that XLF and Lig4 are involved in end-
synapsis following CPT-induced breaks under ATM defi-
ciency. Moreover, ATM inhibition enhances XRCC4 foci
formation following CPT treatment ((45) and unpublished
results). It is likely that, in addition to phosphorylating CtIP
and DNA-PKcs, ATM prevents engagement of seDSBS re-
pair into NHEJ through phosphorylation of other proteins.
Interestingly, DNA-PK/ATM dependent phosphorylation
of XRCC4 and XLF C-terminal tails have been proposed
to inhibit DNA bridging by facilitating XRCC4/XLF dis-
sociation from DNA (82,83). Since Nej1, the XLF yeast or-
tholog has been recently shown to inhibit long-range resec-
tion (84), XLF release may also be required for optimal re-
section associated with HR.

Removal of the NHEJ ends sensors from seDSBs is
highly conserved from yeast to humans so that MRE11 in-
activation in yeast or inactivation of the ATM/CtIP axis
in mammalian cells lead to a sensitization to CPT that is
reversed, in yeast upon Ku depletion or mutation lower-
ing its affinity for DNA ends (21,22) or in mammals upon
Ku depletion or DNA-PK inhibition (Supplementary Fig-
ure S5G and (30,47,78)) or depletion of components of
the NHEJ ligation complex (Figure 4F and Supplementary
Figure S5A–F and (45,85)). Given the potential deleterious
consequences of NHEJ at seDSBs, why is the transient asso-
ciation of NHEJ proteins to these breaks evolutionary con-
served? Several data support that NHEJ ends sensors regu-
late resection at seDSBs, independently from their function
in end-joining. First, the role of Ku at seDSBs is likely to
protect DNA-ends. It is well established that Ku prevents
undesirable exonucleolytic attack of free DNA ends (18–
20). Also, separation of function Ku mutants have been iso-
lated in yeast that are NHEJ proficient but show defective
telomeres protection and reduced block of EXO1 resection
in vitro (21). Second, reconstitution systems with purified
proteins have shown that the Sae2 (budding yeast ortholog
of CtIP) or CtIP-dependent endonucleolytic cleavage medi-
ated by MRE11 of one DNA strand is stimulated near Ku-
or Ku/DNA-PKcs-blocked DNA ends (26,27,74), provid-
ing an entry site for exonucleases responsible for long-range
resection (28). Third, DNA-PKcs activated at seDSBs phos-
phorylates RPA2 (30,37,38). Since RPA phosphorylation
inhibits resection (86), DNA-PK binding and activation at
seDSBS may be another way to limit downstream resection.
This could also be achieved by DNA-PK-mediated phos-
phorylation of ATM, shown to limit ATM activity (87).
Fourth, DNA-PK-mediated phosphorylation of TOP1 may
regulate its degradation post-CPT treatment (88,89). Fifth,
DNA-PKcs activity at seDSBs could also promote chro-
matin decondensation as described at conventional two-
ended DSBs (90). Finally, according to the current model of
seDSBs processing, the choice of the DNA strand cleaved
by MRE11 dictates the correct generation of a 3′ ssDNA
tail necessary for strand invasion. The molecular basis for
the correct strand orientation of MRE11 cleavage is still

unresolved. Since Ku binding is precisely oriented regard-
ing positioning of each Ku subunit towards the DNA end
(91–93), an hypothesis that deserves further exploration is
that DNA-PK bound at seDSBs could guide MRE11 in
the choice for the correct strand to cleave through protein-
protein interactions with CtIP and/or the MRN complex.
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