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ABSTRACT

Ataxia-telangiectasia mutated (ATM) is needed for the
initiation of the double-strand break (DSB) repair by
homologous recombination (HR). ATM triggers DSB
end resection by stimulating the nucleolytic activity
of CtIP and MRE11 to generate 3′-ssDNA overhangs,
followed by RPA loading and RAD51 nucleofilament
formation. Here we show for the first time that ATM
is also needed for later steps in HR after RAD51 nu-
cleofilament formation. Inhibition of ATM after com-
pletion of end resection did not affect RAD51 nucle-
ofilament formation, but resulted in HR deficiency as
evidenced by (i) an increase in the number of resid-
ual RAD51/�H2AX foci in both S and G2 cells, (ii) the
decrease in HR efficiency as detected by HR repair
substrate (pGC), (iii) a reduced SCE rate and (iv) the
radiosensitization of cells by PARP inhibition. This
newly described role for ATM was found to be dis-
pensable in heterochromatin-associated DSB repair,
as KAP1-depletion did not alleviate the HR-deficiency
when ATM was inhibited after end resection. More-
over, we demonstrated that ATR can partly compen-
sate for the deficiency in early, but not in later, steps
of HR upon ATM inhibition. Taken together, we de-
scribe here for the first time that ATM is needed not
only for the initiation but also for the completion of
HR.

INTRODUCTION

The phosphatidyl inositol 3-kinase-like kinase (PIKK) fam-
ily member ataxia-telangiectasia mutated (ATM) is the
master player of the DNA damage response (DDR), which
coordinates a complex network of signaling cascades in-
cluding cell cycle checkpoints and the repair of DNA
double-strand breaks (DSB) in order to maintain genomic
integrity (1). Upon induction of DSBs, ATM is activated
and phosphorylates several DSB response proteins includ-
ing the histone H2A variant H2AX over a large chromatin
domain flanking the DSBs and initiates a series of down-
stream reactions including protein recruitment and post-
translational protein modifications on this chromatin do-
main (2,3). Cells lacking ATM exhibit a severe DSB repair
defect, checkpoint dysfunction, pronounced genomic insta-
bility and an extremely high radiosensitivity (4).

DSBs are mainly repaired by two repair pathways: non-
homologous end joining (NHEJ) and homologous recom-
bination (HR). NHEJ is a fast process and represents the
major DSB repair pathway in mammalian cells, repairing
DSBs in all cell cycle phases though predominately in G1
(5). HR is a rather slow and multiple repair process, which
is restricted to the S/G2 phase, when an intact sister chro-
matin is available to allow error-free repair (5).

Several lines of evidence support a specific role for ATM
in HR. In addition to H2AX, many HR factors such as
BRCA1, BLM, NBS1, MRE11 and CtIP are ATM sub-
strates (1). Small molecule inhibitors of ATM or siRNA-
mediated ATM depletion reduce the phosphorylation and
hence the activation of such substrates (6,7). Importantly,
cells carrying homozygous ATM kinase-dead mutations
show reduced HR and consequently increased sensitivity
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to Poly(ADP-ribose)-Polymerase (PARP) inhibition (8,9),
mitomycin C (10) and topotecan (11).

Conceptually, HR is divided into three stages: presynap-
sis, synapsis and postsynapsis. In presynapsis, DSB ends are
processed by nucleolytic enzymes to generate long stretches
of single-stranded DNA (ssDNA)––a mechanism generally
described as DNA end resection (12). In mammalian cells,
the end resection step is initiated by the collaborative ac-
tion of MRE11 and CtIP (13,14), with the generated ss-
DNA being subsequently coated with RPA (15). In a fur-
ther step, both BRCA2 and RAD54 promote the exchange
of RPA with RAD51, allowing RAD51 nucleofilament for-
mation (12). In synapsis, the nucleofilament mediates the
homology search and strand invasion to form the D-loop
(16). In postsynapsis, RAD51 is assumed to dissociate from
the ends to allow for further steps such as DNA synthe-
sis (17,18). Thus far, ATM is only known to be engaged in
presynapsis by stimulating DSB end resection through the
phosphorylation and activation of nuclease enzymes such as
CtIP, MRE11, EXO1 and BLM (1). Consequently, ATM-
deficient or inhibited cells exhibit impaired DSB end resec-
tion as indicated by the smaller number of RPA foci ob-
served at DSBs (19,20). Whether or not ATM is involved in
the other two stages of HR is unclear.

Here, we present strong evidences that ATM is also in-
volved in HR after completion of the presynapsis stage. We
show that ATM inhibition after DSB end resection did not
affect RAD51 nucleofilament formation, but did result in a
reduced HR efficiency with an enhanced number of resid-
ual RAD51 and yH2AX foci in both S and G2 cells. This
effect is not related to the role of ATM in DSB repair in
heterochromatin (HC), as the knockdown of KAP1 did not
alleviate the HR deficiency driven by ATM inhibition af-
ter end resection. Moreover, we demonstrate that ATR can
partially reverse the effect of ATM inhibition on HR in the
presynapsis stage, but not after its completion.

MATERIALS AND METHODS

Cell culture, X-irradiation and inhibitors

The human cervical carcinoma cell lines HeLa, HeLa-pGC
(containing the gene conversion substrate) and the human
lung carcinoma cell line A549 were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Gibco-Invitrogen) sup-
plemented with 10% Fetal Calf Serum (FCS). Irradiation
was performed as previously described (200 keV, 15 mA, ad-
ditional 0.5-mm Cu filter at a dose rate of 0.8 Gy/min) (21).
To inhibit the kinase activity of ATM and ATR, 10-�M
KU55933 and 0.02-�M VE-821 were used, respectively, and
25-�M Mirin was applied to inhibit the nuclease activity of
MRE11. To inhibit PARP activity, we used 1-�M Olaparib.

Colony formation assay

For colony formation, cells were seeded and allowed to ad-
here before drug treatment or irradiation. A specific ATM
inhibitor (10-mM KU55933), MRE11 inhibitor (25-�M
Mirin) or PARP-1 inhibitor (1-�M Olaparib) was added
1 h prior to irradiation or 2 h post-IR and was kept in
the medium for 24 h. Cells were subsequently incubated in
drug-free medium for colony formation for 2–3 weeks and

thereafter stained with crystal violet. Colonies of 50 cells
or more were counted manually and survival curves were
derived from triplicates of at least three independent exper-
iments.

DSB repair reporter assay for HR

To induce DSBs, HeLa cells containing the stably inte-
grated reporter construct for gene conversion pGC were
transfected with the I-SceI expression vector pCMV3xnls-
I-SceI (1 �g) using Fugene HD (Promega) as a transfection
reagent. Forty-eight hours after transfection, the cells were
assessed for green fluorescence by flow cytometry (FAC-
Scan, BD Bioscience).

Immunofluorescence

Cells grown on cover slips were washed once with cold
phosphate buffered saline (PBS) and fixed with 4% para-
formaldehyde/PBS for 10 min. Fixed cells were perme-
abilized with 0.2% Triton X-100/PBS on ice for 5 min.
The cells were incubated overnight with primary anti-
bodies: mouse monoclonal anti-phospho-S139-H2AX an-
tibody (Millipore) at a dilution of 1:300, mouse mono-
clonal anti-RAD51 antibody (Abcam 14B4) at a dilution
of 1:1000, mouse monoclonal anti-RPA antibody (Santa
Cruz Biotechnology) at a dilution of 1:600 and rabbit mon-
oclonal anti-CenpF antibody (Lifespan Biosciences) at a di-
lution of 1:750. After being washed three times with cold
PBS, the cells were incubated for 1 h with secondary anti-
mouse Alexa-fluor594 (Invitrogen) at a dilution of 1:500
or anti-rabbit Alexa-fluor488 (Invitrogen) at a dilution of
1:600. The nuclei were counterstained with 4′-6-diamidino-
2-phenylindole (DAPI, 10 ng/ml). Slides were mounted in
Vectashield mounting medium (Vector Laboratories). Im-
munofluorescence was observed with the Zeiss AxioOb-
server.Z1 microscope (objectives: ECPlnN 40x/0.75 DICII,
resolution 0.44 �m; Pln Apo 63x/1.4Oil DICII, resolution
0.24 �m; EC PlnN 100x/1.3 Oil DICII, resolution 0.26 �m
and filters: Zeiss 43, Zeiss 38, Zeiss 49). Semi-confocal im-
ages were obtained using the Zeiss Apotome, Zeiss Axio-
CamMRm and Zeiss AxioVision Software.

RNA interference

ATM and MRE11 siRNAs employed in this study
were SMARTpools (Thermo Fisher). RNAi transfec-
tions were performed using Lipofectamine RNAiMAX
(Invitrogen) according to the manufacturer’s protocol.
KAP1 siRNA transfection was performed using Lipofec-
tamine 2000 (Invitrogen, Germany) according the man-
ufacturer’s protocol. The KAP1 siRNA oligonucleotide
(5′-CAGTGCTGCACTAGCTGTGAGGATA-3′) was or-
dered from Eurofins Genomics, Germany.

Sister chromatid exchange assay

Analysis of sister chromatid exchange (SCE) was performed
as previously described (22). Briefly, A549 cells were grown
for 48 h (about two replication rounds) in medium contain-
ing 25-�M BrdU before irradiation with 2 Gy. Two hundred
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nanograms per milliliter colcemid were added for 18 h to
collect cells in metaphase. Metaphases were spread on slides
and fixed with 4% para-formaldehyde for 10 min. Slides
were then incubated for 1 h with Anti-rat anti-BrdU (AbD
Serotec, ICR1) at a dilution of 1:1000. After being washed
three times with cold PBS, metaphases were incubated for
1.5 h with anti-rat Alexa Fluor 555 (Molecular Probes) at a
dilution of 1:1000. DAPI was used for counterstaining and
immunofluorescence was observed with the Zeiss AxioOb-
server.Z1 microscope as described above.

Caspase activity

Detection of caspase activity was performed utilizing the
FAMFLICA TM Poly Caspases Assay Kit (Immunochem-
istry Technologies) according to the manufacturer’s instruc-
tions. Data acquisition was performed on FACS Canto
flow cytometer (BD Biosciences) using FACS Diva software
(Becton Dickinson).

Graphs and statistics

Unless stated otherwise, experiments were independently
repeated at least three times. Data points represent the mean
± SEM of all individual experiments. Statistical analysis,
data fitting and graphics were performed with the Graph-
Pad Prism 5.0 program (GraphPad Software).

RESULTS

Simultaneous inactivation of ATM and MRE11 shows a syn-
ergistic inhibitory effect on HR

ATM is known to be important for HR and––as a
consequence––the down-regulation of ATM strongly re-
duces HR (6,23). To confirm this, we generated stable hu-
man HeLa cells carrying a single integrated copy of the HR
substrate pGC (24) (Figure 1A, upper panel). Cells were
treated with 10-�M ATM inhibitor (Ku55933) immediately
prior to the induction of DSBs via transfection with the
I-SceI-expression vector (pCMV-ISceI-3NLS). After 48 h,
the percent of GFP-positive cells (GFP+ cells) as an indica-
tion for HR events was monitored using FACS. Confirm-
ing the previously published data, we reported a 60% re-
duction in HR efficiency upon ATM inhibition (Figure 1A,
second column). ATM initiates HR by stimulating exten-
sive DSB end resection mediated by MRE11 and CtIP (1).
Correspondingly, the inhibition of MRE11 nuclease activ-
ity using 25-�M Mirin resulted in a reduction in HR (Fig-
ure 1A, third column) with no effect on ATM signaling
(Supplementary Figure S1B). This reduction was not due
to inhibition of ATM signaling upon MRE11 inhibition.
Surprisingly, a synergistic inhibitory effect was observed
when both ATM and MRE11 were inhibited simultane-
ously (Figure 1A, fourth column). This effect was also ob-
served in another cell line (H1299) (Supplementary Figure
S1A) as well as in the previously described ATM-deficient
SKX-cells (25), with an additional reduction in HR effi-
ciency being observed when MRE11 was inhibited by Mirin
(Figure 1C). Moreover, siRNA-mediated knockdown of ei-
ther ATM or MRE11 (Supplementary Figure S1C) reduced
HR efficiency while combined knockdown of both proteins

showed a synergistic inhibitory effect on HR (Figure 1B).
Consistent with this finding, we found that the simultaneous
inhibition of both ATM and MRE11 resulted in a more pro-
nounced sensitivity to MMC (Figure 1D)––which is known
to reflect HR efficiency––when compared to the inhibition
of either of them alone. Overall, these data show that HR is
clearly more affected when ATM and MRE11 are inhibited
simultaneously than when either enzyme is inhibited indi-
vidually.

ATM and MRE11 work epistatically in both DSB end resec-
tion and RAD51 nucleofilament formation

Next, we sought to investigate the mechanism underlying
the stronger inhibitory effect the inactivation of both ATM
and MRE11 has on HR. Firstly, we tested whether this ef-
fect is related to DSB end resection, which is the initial step
of HR. To this end, unsynchronized A549 cells were treated
with either ATM inhibitor and/or MRE11 inhibitor for 1
h prior to irradiation with 2 Gy and the kinetics of end re-
section were monitored in the S/G2 cell population by enu-
merating RPA foci in CenpF-positive (CenpF+; Figure 2A)
cells at different time points (2, 4 and 6 h). As illustrated in
Figure 2B, RPA foci normally reached a peak 2 h post-IR
(29.4 ± 2), then started to decline gradually before reaching
a minimum of five foci at the 6-h time point. In line with its
role in end resection, the inhibition of ATM led to a delay
in RPA focus kinetics, with an almost four times fewer RPA
foci at the 2-h time point (8 ± 1) and with a maximum of
only 12 foci reached 4 h after irradiation. A similar effect on
the kinetics of RPA foci was reported when MRE11 nucle-
ase activity was inhibited by Mirin. More importantly, the
simultaneous inhibition of both ATM and MRE11 showed
no further change in RPA foci kinetics compared to when
either enzyme was inhibited individually (Figure 2B). These
data indicate that ATM and MRE11 work epistatically in
DSB end resection and RPA foci formation and that the
additional inhibition of HR seen after the simultaneous in-
hibition of these two enzymes (Figure 1) is not related to
end resection.

After DSB end resection and RPA loading, RAD51 is re-
cruited to the resected ends to replace RPA and allowing for
the formation of RAD51 nucleofilament, which then medi-
ates homology search and strand invasion (12). Therefore,
the additional reduction of HR upon the simultaneous inhi-
bition of ATM and MRE11 might be related to RAD51 nu-
cleofilament formation. In order to test this possibility, un-
synchronized A549 cells were treated with the two inhibitors
(Ku55933 and Mirin) 1 h prior to 2 Gy either alone or si-
multaneously. RAD51 foci that co-localized with �H2AX
(Figure 2C) were then counted 3 h after IR. Upon inhibi-
tion of either ATM or MRE11, the number of RAD51 foci
was found to decrease 2-fold at this time point. Importantly,
no further reduction in RAD51 foci formation was reported
when both enzymes were inhibited simultaneously, indicat-
ing that ATM and MRE11 work epistatically in RAD51 nu-
cleofilament formation step. Essentially similar results were
obtained after transient knockdown of ATM and MRE11
(Supplementary Figure S2). Altogether, these data demon-
strate that the pronounced inhibitory effect observed on HR
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Figure 1. Simultaneous inactivation of ATM and MRE11 shows a synergistic inhibitory effect on HR. Schematic representation of the GFP-based HR
substrate pGC ((A), upper panel). ATM and/or MRE11 were either inhibited using specific inhibitors (A) or depleted via siRNA (B) in HeLa cells harboring
pGC. Cells were then transfected with I-SceI-expressing vector and the percentage of GFP+ cells (as an indication for HR efficiency) was assessed at 48-h
time point post-transfection. (C) ATM-deficient SKX cells harboring pGC were treated with 25-�M Mirin and HR was measured as in (A); inset: ATM
signal in SKX versus HeLa cells. (D) A549 cells were treated with the indicated concentrations of MMC after inhibition of ATM, MRE11 or both. Survival
fractions were measured using the colony forming assay. Error bars represent the SEM of three independent experiments.
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Figure 2. ATM and MRE11 work epistatically in the DSB end resection and RAD51 nucleofilament formation steps of HR. (A) Representative IF photos
for RPA foci in CenpF+ cells (S/G2) after inhibition of ATM (ATMi pre-IR), MRE11 (MRE11i pre-IR) or both (ATMi/MRE11i pre-IR) prior to
irradiation with 2 Gy. (B) Quantification of RPA foci CenpF+ cells (n = 100) at the indicated time points after 2 Gy. Inhibition of ATM or MRE11 led
to a reduction in the number of RPA foci at the indicated time points compared to cells irradiated alone (IR). (C) Representative IF photos for RAD51
foci in A549 cells after inhibition of ATM (ATMi pre-IR), MRE11 (MRE11 pre-IR) or both (ATMi/MRE11i pre-IR) prior to irradiation with 2 Gy. (D)
Quantification of RAD51 foci co-localized with �H2AX foci in 100 cells. Inhibition of ATM, MRE11 or both led to a reduced number of RAD51 foci
compared to cells irradiated alone (IR) at the 3-h time point. At the 24-h time point, the number of residual RAD51 foci was significantly higher upon
ATM inhibition than after MRE11 inhibition. Simultaneous inhibition of both enzymes led to a slight increase in RAD51 compared to ATM inhibition
alone. In all cases, the number of foci measured in non-irradiated cells was subtracted from that observed in irradiated cells. Error bars represent the SEM
of three independent experiments. P value less than 0.001 was designated with three (***) asterisks.
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following the simultaneous inhibition of ATM and MRE11
is not related to RAD51 nucleofilament formation.

It is worth noting that although RAD51 nucleofilament
formation was deficient upon MRE11 inhibition, most of
the loaded RAD51 foci (measured at 3-h time point) disap-
peared 24 h after IR (Figure 2D). In contrast, the inhibi-
tion of ATM delayed the decline of RAD51 foci until this
time point, which indicates an involvement of ATM, but not
MRE11, in HR after RAD51 nucleofilament formation.

ATM but not MRE11 is involved in HR after RAD51 nucle-
ofilament formation

In order to verify the involvement of ATM in HR after
RAD51 nucleofilament formation, ATM and MRE11 were
inhibited either individually or simultaneously 2 h after IR,
a time point when end resection has initiated (19). We subse-
quently monitored RAD51 foci co-localized with �H2AX
at 3 and 24 h after IR. As anticipated, the kinetics of RPA
foci measured in S/G2 cells (identified as CenpF+) up to 6
h after irradiation with 2 Gy were not affected when ATM
and MRE11 were inhibited either individually or simulta-
neously (Figure 3A and B). Moreover, the inhibition of ei-
ther ATM or MRE11 2 h post-IR did not affect the for-
mation of RAD51 foci measured 3 h after IR (Figure 3C
and D). However, a significantly higher number of residual
RAD51/�H2AX foci were observed 24 h after IR follow-
ing inhibition of ATM, but not of MRE11 (P < 0.001 and
P = 0.56, respectively; Figure 3C and D). Combining both
inhibitors had the same effect of ATMi alone.

Similar effects of ATM and MRE11 inhibition were also
found with respect to cellular radiosensitivity (Supplemen-
tary Figure S3). No change in cellular radiosensitivity was
shown when MRE11 was inhibited either 2 or 4 h after IR,
while the inhibition of ATM applied at the same time inter-
vals after IR clearly enhanced cellular radiosensitivity.

The greater number of residual RAD51/�H2AX foci re-
ported after ATM inhibition post-IR might alternatively
have resulted from secondary DSBs arising from perturbed
replication forks (26). To exclude this possibility, the poly-
merase inhibitor aphidicolin (APH) was added to inhibit
replication and hence the formation of secondary DSBs
(27). RAD51 foci were then counted at different time points
after exposure to 2 Gy in S/G2 cells (CenpF+ cells; Supple-
mentary Figure S4A). After irradiation alone, there was a
steep increase in RAD51 foci, with a peak being reached
at the 4-h time point (22.1 ± 1.2 foci per cell), followed by
a continuous decline down to seven foci per cell at the 8-h
time point after IR (Supplementary Figure S4B). Adding
ATMi prior to IR clearly affected these kinetics, with the
foci showing only a moderate increase at the 2-h time point
(5.6 ± 0.45) without decline up to 8 h (5.5 ± 0.57). Impor-
tantly, and in agreement with the above data (Figure 3D),
the inhibition of ATM 2 h post-IR did not alter the induc-
tion of RAD51 foci at the 4-h time point, but did clearly af-
fect its decline, as shown by the significantly larger number
of RAD51 foci remaining at 8 h (11.78 ± 0.69 compared to
7 ± 0.56; P < 0.001). Since replication was blocked by APH,
this higher number of RAD51 foci cannot be attributed to
stalled replication forks and secondary DSBs, but rather in-
dicates a compromised HR.

ATM is involved in HR after end resection and RAD51 nu-
cleofilament formation in both S and G2 phases

Next, we examined the effects of ATM inhibition on
HR––before and after IR specifically in S and G2 phase.
Unsynchronized A549 cells were pulse-labeled with EdU
before being irradiated with 2 Gy. RAD51 foci kinetics were
subsequently monitored in either S-phase (EdU+/CenpF+)
or G2-phase cells (EdU−/CenpF+) as previously described
(6,23) (Supplementary Figure S5A and B). In G2-phase
cells, the kinetics of RAD51 foci measured after 2 Gy (Fig-
ure 4A) were similar to those shown above (Supplemen-
tary Figure S4B), with a maximum being reached at 4 h
and continuous decline thereafter. Adding ATMi pre-IR
strongly affected these kinetics, with only a small increase
in RAD51 foci followed by a plateau up to 8 h after IR
(Figure 4A). In contrast, when ATMi was applied 2 h post-
IR, no change was observed in the induction of RAD51
foci, with a maximum level identical to that of control cells
(i.e. at 4-h time point). Importantly, however, the decline
in RAD51 was clearly impaired, with a significantly larger
number of RAD51 foci remaining at 6-, 8- and 10-h time
points (P = 0.003, P = 0.002 and P = 0.002, respectively)
after IR. This increase in the number of remaining RAD51
foci was associated with a substantial increase in the number
of residual �H2AX foci at the 10-h time point (P = 0.003)
(Figure 4B).

In S-phase cells, RAD51 foci increased rapidly in number,
with a peak at 2 h after IR (18.9 ± 1.5). The foci then start
to decline in number and reaching a minimum at the 10-h
time point (2.0 ± 0.13). The fact that the maximum number
of RAD51 foci was reached 2 h earlier than in G2-phase
cells (Figure 4A) suggests that either end resection is faster
in S-phase or that a sub-fraction of DSBs in S-phase might
not require end resection before RAD51 loading. Notably,
the effect of ATM inhibition on RAD51 foci kinetics in S-
phase prior to IR was less pronounced than that observed in
the G2 phase (Figure 4A and C), probably because through
initiation of HR by ATR in S-phase (7). However, the num-
ber of RAD51 foci remaining 10 h after IR was higher than
that observed for control cells (P = 0.001). Importantly, the
inhibition of ATM 2 h post-IR resulted in a comparable
number of RAD51 foci at 2-h time point compared to un-
inhibited cells (P = 0.699), but evoked significantly higher
number of foci remaining at the 6-, 8- and 10-h time points
(P = 0.002, P < 0.0001 and P = 0.0001, respectively) (Fig-
ure 4C). The increased number of residual RAD51 foci was
associated with a substantial increase in residual �H2AX
foci at the 10-h time point (P = 0.001) (Figure 4D). Alto-
gether, these data suggest not only that the residual RAD51
foci observed in Supplementary Figure S4 are not an indi-
rect effect of cell synchronization (i.e. by APH), but more
importantly suggest the requirement of ATM for the later
steps in HR in both S and G2 phases.

Role of ATM in HC DSB repair is functions independently
of its role on HR after RAD51 nucleofilament formation

Previously, it was demonstrated that heterochromatic DSBs
are generally repaired more slowly than euchromatic DSBs
and that ATM is specifically required for DSB repair within
HC through the phosphorylation and removing of KAP1
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Figure 3. ATM but not MRE11 functions in HR after end resection and RAD51 nucleofilament formation. (A) Representative IF photos for RPA foci
in CenpF+ cells (S/G2) after inhibition of ATM (ATMi post-IR), MRE11 (MRE11i post-IR) or both (ATMi/MRE11i post-IR) 2 h after irradiation
with 2 Gy. (B) Quantification of RPA foci in CenpF+ cells (n = 100) at the indicated time points after 2 Gy. Inhibition of ATM or MRE11 post-IR did
not affect the number of RPA foci at the indicated time points compared to the control cells (CTR). (C) Representative IF photos for RAD51 foci in
A549 cells after inhibition of ATM (ATMi post-IR), MRE11 (MRE11i post-IR) or both (ATMi/MRE11i post-IR) 2 h after irradiation with 2 Gy. (D)
Quantification of RAD51 foci co-localized with �H2AX foci in 100 cells. Inhibition of ATM, MRE11 or both post-IR had no effect on the number of
RAD51 foci compared at 3-h time point to solely irradiated cells (IR). At the 24-h time point post-IR, a significantly higher number of residual RAD51
foci remained upon inhibition of ATM but not MRE11 compared to the control. In all cases, the number of foci measured in non-irradiated cells was
subtracted from that observed in irradiated cells. Error bars represent the SEM of three independent experiments. P value less than 0.01 was designated
with two (**) asterisks.

from the HC (28). Thus, we tested whether the impairment
in HR reported upon ATM inactivation after end resec-
tion is related to ATM’s role in the repair of HC-DSBs.
To address this point, KAP1 was depleted in A549 cells us-
ing siRNA (Supplementary Figure S6A) as previously de-
scribed (19) and RAD51 foci were monitored 4 and 8 h after
IR and upon inhibition of ATM either––before or after IR.
The siRNA-mediated KAP1 knockdown did not alter the

number of RAD51 foci at either the 4- or 8-h time point
after IR (Supplementary Figure S6B). In KAP1-depleted
cells, the inhibition of ATM pre-IR led to a decrease in
the number of RAD51 foci at the 4-h time point compared
to uninhibited cells (Supplementary Figure S6B). Interest-
ingly, however, this number was higher when compared to
ATM inhibition alone (12.7 ± 0.88 versus 5.6 ± 0.44, re-
spectively). This finding confirms previous data showing
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Figure 4. ATM inhibition after end resection results in higher numbers of residual RAD51/�H2AX foci in both S and G2 cells. (A) A549 cells were
EdU pulse labeled, irradiated with 2 Gy and the kinetics of RAD51 foci numbers were monitored in CenpF+/EdU− G2-cells at the indicated time points.
(B) �H2AX foci were evaluated at the indicated time points in CenpF+/EdU− G2-cells. (C) The kinetics of RAD51 foci numbers were monitored in
CenpF+/EdU+ S-cells at the indicated time points. (D) �H2AX foci were evaluated in CenpF+/EdU+ S-cells at the indicated time points. In all cases, the
number of foci measured in non-irradiated cells was subtracted from that observed in irradiated cells. Error bars represent the SEM of three independent
experiments.
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that the negative effect of ATM inhibition on HR can be
partly rescued when KAP1 is depleted (19). No decline in
the number of RAD51 foci up to 8-h time point was ob-
served when ATM was inhibited prior to exposure to IR
in KAP1-depleted cells. Upon inhibition of ATM post-end
resection, there was no difference between KAP1 normal
and depleted cells. In both cases, the loading of RAD51
foci (measured at 4 h) was not affected, but importantly, a
greater number of residual RAD51 foci remained at the 8-h
time point (P = 0.01). Altogether, these data reveal that the
role of ATM in HR after the presynapsis stage is not related
to its function on HC via KAP1.

Inhibition of ATM following end resection leads to HR defi-
ciency

To further confirm that the inhibition of ATM following
end resection results in HR deficiency, we made use of the
pDSRed-I-SceI-GR plasmid (29) (Figure 5A, upper panel),
which expresses an I-SceI endonuclease fused to a DSRed
domain. I-SceI is also fused to a glucocorticoid receptor
(GR) ligand-binding domain, which allows for the nuclear
localization of the plasmid upon addition of triamcinolone
acetonide (TA). Having established that MRE11 is involved
exclusively in the end resection step, we first sought to deter-
mine the exact length of time that MRE11 is actually needed
for HR, a time point which indicates the completion of end
resection. To this end, HeLa cells carrying pGC were trans-
fected with pDSRed-ISceI-GR and 24 h later, MRE11 nu-
clease activity was inhibited either 1 h prior to or 2, 6 and 12
h after TA treatment. As shown in Figure 5A, HR was sig-
nificantly suppressed upon inhibition of MRE11 prior to
TA treatment (0.05 ± 0.009 compared to 0.218 ± 0.01; P
= 0.001). The inhibitory effect on HR was partly relieved
when MRE11 was inhibited 2 and 6 h post-TA treatment,
and was completely abrogated when MRE11 was inhibited
12 h after exposure to TA. These data indicate that DSB end
resection by MRE11 is fully completed 12 h after the addi-
tion of TA. Importantly, when ATM was inhibited at the
12-h time point following treatment with TA, HR was still
found to be reduced by more than 50% (Figure 5A, black
columns). In line with the data in Figure 1, ATM inhibi-
tion prior to DSB induction strongly reduced HR. Overall,
these data clearly confirm that in contrast to MRE11, ATM
continues to be involved in HR after DSB end resection.

HR in G2 leads to SCEs (22). Indeed, SCE is significantly
reduced upon inhibition of ATM at 2-h time point after 2
Gy (Supplementary Figure S7A and B). HR-deficient cells
can be selectively radiosensitized by inhibition of PARP
(30). To further validate the HR deficiency mediated by
ATM inhibition post-DSB induction, ATM and PARP
were inhibited either individually or simultaneously 1 h
prior to or 2 h after exposure to IR, with the effects on
cell survival subsequently being monitored by colony assay.
As illustrated in Figure 5B, the inhibition of ATM pre-IR
enhanced the radiosensitivity of A549 cells. The inhibition
of PARP alone by 1-�M Olaparib did not affect the ra-
diosensitivity of A649 cells, as previously described (27), but
did clearly enhance cellular radiosensitivity when combined
with ATM inhibitor prior to IR. A similar but less pro-
nounced effect on cellular radiosensitivity was found when

both ATM and PARP were inhibited (Figure 5B) post-IR.
The Olaparib-mediated radiosensitization effect was not as-
sociated by any increase in apoptosis level (Supplementary
Figure S8). This observation confirms that the inhibition of
ATM after exposure to IR leads to HR deficiency and, as a
consequence, cells can be radiosensitized by PARPi.

ATR can partly compensate for the role of ATM in HR prior
to, but not after, RAD51 nucleofilament formation

Both ATM and ATR are members of PI3K kinase family
and can function redundantly in the DDR after DSB in-
duction by IR (7). Although a strong reduction in HR ef-
ficiency has been reported upon ATM inhibition prior to
the induction of DSBs, cells are still able to perform HR to
some extent (Figure 1). Therefore, we asked whether ATR
can even partly alleviate the deficiency in HR resulting from
ATM inhibition. In line with our previous data (6), ATR in-
activation by a specific inhibitor (0.02-�M VE-821) led to
an inhibition of HR in HeLa-pGC cells, though to a lesser
extent than after ATM inactivation (0.81 ± 0.09 and 0.29
± 0.006, respectively). The combined inactivation of both
kinases showed a more pronounced suppressive effect on
HR (0.07 ± 0.02), indicating that both ATM and ATR can
partly compensate for the other’s absence, with the absence
of both resulting in a more severe inhibitory effect on HR
(Figure 6A).

Next, we asked whether ATR compensates for the ab-
sence of ATM in the early or later steps of HR. To this
end, RAD51 foci kinetics were measured in the S/G2 phase
upon ATR inhibition either before or after the irradiation
of A549 cells with 2 Gy. ATR inhibition 2 h prior to IR
did not alter the number of RAD51 foci seen during the
first 2 h after IR, but clearly led to a reduction in the num-
ber of RAD51 foci at 4-h time point (2-fold). RAD51 foci
then declined to reach similar numbers of uninhibited cells
at the 8-h time point (P = 0.56). This indicates that ATR
is required for the early steps of HR, i.e. for RAD51 nucle-
ofilament formation. In order to investigate whether ATR
is also involved in later steps of HR after RAD51 nucle-
ofilament formation, ATR inhibitor (ATRi) was added 4 h
post-IR, a time point at which the number of RAD51 foci
normally reaches its peak, indicating that RAD51 nucleofil-
ament formation is almost complete. Our data revealed no
change in the declining number of RAD51 foci at 6 and 8 h
upon ATR inhibition post-IR as compared to uninhibited
cells (P = 0.11 and P = 0.09, respectively), indicating that
ATR is not required for later steps of HR. Altogether, these
data demonstrate that ATR may partially compensate for
the absence of ATM in early but not in later steps of HR.

DISCUSSION

The current work reports for the first time that ATM is in-
volved in HR not only in presynapsis through the stimula-
tion of DSB end resection, but importantly also in the later
steps of HR after end resection and RAD51 nucleofilament
formation (Figure 7).

ATM is critical for the HR pathway during the presy-
napsis stage to (i) prepare the chromatin structure by open-
ing the HC area, thus facilitating the recruitment of HR
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Figure 5. ATM inhibition after end resection leads to HR deficiency and increases radiosensitization after PARP inhibition. (A) Upper panel: Schematic
representation of the inducible I-SceI-expressing vector pDSRed-I-SceI-GR. Addition of triamcinolone (TA) leads to the nuclear localization of the I-
SceI enzyme. Lower panel: HeLa cells harboring the pGC reporter were transfected with pDSRed-I-SceI-GR. Twenty-four hours later, MRE11 or ATM
was inhibited either 2 h prior to TA treatment (pre) or 2 , 6 or 12 h after TA (post). GFP+ cells were evaluated 48 h after I-SceI-transfection as an
indication of HR efficiency. (B) Radiosensitivity of exponentially growing A549 cells was measured by colony forming assay after inhibition of ATM
(10-�M KU55933) and/or PARP (1-�M Olaparib) either prior to (-pre) or after (-post) the indicated X-ray doses. Error bars represent the SEM of three
independent experiments.

Figure 6. ATR can partially compensate for ATM before but not after RAD51 nucleofilament formation. (A) HR efficiency was measured as in Figure 1A
in HeLa cells after the inhibition of ATM (10-�M KU55933), ATR (0.02-�M VE-821) or both. (B) The kinetics of RAD51 foci numbers were monitored
in CenpF+ cells after inhibition of ATR and 1 h prior to (ATRi pre-IR) or 4 h after (ATRi post-IR) irradiation. Five-micromolar aphidicolin (APH) was
added to block the transition of S-phase cells into G2. In all cases, the number of foci measured in non-irradiated cells was subtracted from that observed
in irradiated samples. Error bars represent the SEM of three independent experiments.
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Figure 7. Proposed model for the role of ATM in HR. ATM is indeed re-
quired for the presynapsis stage of HR: (i) to phosphorylate and remove
KAP1, facilitating the recruitment of HR proteins; (ii) to regulate the end
resection step by stimulating the nucleolytic activity of MRE11/CtIP to
generate 3′-ssDNA overhangs and facilitate RAD51 nucleofilament for-
mation; (iii) in addition, we describe here for the first time that ATM is also
required for HR after RAD51 nucleofilament formation. In the absence of
ATM, ATR can only participate in the early steps of HR, possibly through
the stimulation of end resection and RAD51 nucleofilament formation.

proteins, and (ii) to directly regulate the end resection step
through the stimulation of enzymatic activity and recruit-
ment of nucleases such as MRE11 and CtIP to generate 3′-
ssDNA overhangs and hence facilitate RAD51 nucleofila-
ment formation (14,18,31). We report here that ATM is ad-
ditionally involved in the later steps of HR after end resec-
tion and RAD51 loading (i.e. after presynapsis). This is ev-
idenced by the findings that RAD51 loading is not affected
upon inhibition of ATM after end resection has been initi-
ated. Instead, cells exhibited (i) a greater number of residual
RAD51 foci co-localized with �H2AX foci after 2 Gy (Fig-
ure 3D), (ii) a clear impairment in RAD51 displacement
from the DSB sites in both the S and G2 phases (Supple-
mentary Figure S2 and Figure 4), (iii) a substantial reduc-
tion in HR efficiency as measured by the specific HR re-
pair pGC substrate (Figure 5B), (iv) a reduced SCE (Sup-
plementary Figure S7) and (v) a radiosensitization mediated
by PARP inhibition (Figure 5B).

It has been previously reported that ATM is specifically
required for HR taking place within HC via the phospho-
rylation and hence transient removal of KAP1 from the
HC, thus facilitating the recruitment of CtIP/MRE11 and
in turn initiating HR (28). In line with this, knockdown
of KAP1 partially rescued the deficiency in RAD51 load-
ing in ATM-deficient cells ((28) and Supplementary Figure
S6). Here we show that ATM’s role in HC-associated HR

is dispensable for the later function of ATM in HR, as the
siRNA-mediated depletion of KAP-1 did not alleviate the
need for ATM in later steps of HR after RAD51 nucleofil-
ament formation (Supplementary Figure S6).

There are at least two possibilities to explain the function
of ATM in the later steps of HR. ATM might be involved in
the phosphorylation of RAD51 via c-Abl, which has been
shown to be associated with and activated by ATM (32–35).
So far, the biological effects of this phosphorylation are not
yet clear, as c-Abl-mediated phosphorylation negatively af-
fected RAD51′s activity in one set of experiments reported
(35), but enhanced its association with RAD52 (a puta-
tive modulator of RAD51) in another (34). Alternatively,
ATM might directly or indirectly regulate RAD51 displace-
ment from break ends to allow for further steps in HR (i.e.
postsynapsis). One promising candidate for this function is
RAD54, which is known to stabilize the RAD51 nucleofila-
ment in an early step of HR (36) and later to remove RAD51
from DNA ends (37,38). The later function was described
to specifically depend on its ATPase activity (39), which is
also required for its own displacement from the ends (40).
Interestingly, it has been demonstrated that RAD54 accu-
mulates significantly in ATM-deficient cells (39), indicating
a role for ATM in regulating the ATPase activity of RAD54.
Consequently, upon inactivation of ATM, RAD51 cannot
be efficiently displaced from the break ends due to impaired
RAD54 function. In line with this assumption, Kirshner
et al. (10) reported that RAD54 knockout can rescue the
survival of ATM-deficient cells after IR.

In addition, we demonstrate here that after ATM inhi-
bition, ATR can partly alleviate the deficiency in end re-
section and RAD51 loading, supporting a previously de-
scribed model in which ATM and ATR collaborate together
to maintain the activity of CtIP for efficient end resection
during HR (41). Indeed, ATR was shown to promote a
robust DSB end resection through the phosphorylation of
CtIP at T818, even in ATM-deficient cells (41). Consistent
with this, the simultaneous down-regulation of ATM and
ATR completely abolished HR efficiency as measured by a
plasmid assay and RAD51 foci after IR (Figure 6 and (6)).
In contrast, we found that ATR was not involved in the later
steps of HR, as evidenced by normal clearance of RAD51
after ATR was inhibited following completion of RAD51
nucleofilament formation (Figure 6B).

In summary, these data place ATM in two stages in HR.
In addition to its known function in the initiation of HR
through the activation of the end resection step, ATM also
plays a role in HR in the later steps (i.e. after end resec-
tion and RAD51 nucleofilament formation), probably dur-
ing RAD51 removal.
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Supplementary Data are available at NAR Online.
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