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addiction to DNA-PKcs of ATM-defective tumor 
cells after exposure to ETO. We demonstrated that 
chemical inhibition of DNA-PKcs followed by treat-
ment with ETO resulted in the accumulation of chro-
matid breaks and decreased mitotic index in both 
A-T cells and ATM-knocked-down (ATMkd) tumor 
cells. The HR repair process in DNA-PKcs-inhibited 
ATMkd cells amplified the RAD51 foci number, with 
no correlated increase in sister chromatid exchanges. 
The analysis of post-mitotic DNA lesions presented 
an augmented number of persistent unresolved 
DSB, without alterations in the cell cycle progres-
sion. Long-term examination of chromosome aber-
rations revealed a strikingly high number of chro-
matid and chromosome exchanges. By using genetic 
and pharmacological abrogation of PARP-1, we 
demonstrated that alternative end-joining (alt-EJ) 
repair pathway is responsible for those chromosome 
abnormalities generated by limiting c-NHEJ activi-
ties during directed inhibition of DNA-PKcs in 

Abstract  ATM and DNA-PKcs coordinate the DNA 
damage response at multiple levels following the 
exposure to chemotherapy. The Topoisomerase II poi-
son etoposide (ETO) is an effective chemotherapeutic 
agent that induces DNA double-strand breaks (DSB), 
but it is responsible from the chromosomal rearrange-
ments frequently found in therapy-related secondary 
tumors. Targeted inhibition of DNA-PKcs in ATM-
defective tumors combined with radio- or chemother-
apy has been proposed as relevant therapies. Here, 
we explored the DNA repair mechanisms and the 
genetic consequences of targeting the non-oncogenic 
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ATM-deficient cells. Targeting the non-oncogenic 
addiction to DNA-PKcs of ATM-defective tumors 
stimulates the DSB repair by alt-EJ, which is liable 
for the origin of cells carrying stable chromosome 
aberrations that may eventually restrict the thera-
peutic strategy.

Keywords  DNA and chromosome damages · 
double-strand break repair · cell cycle · etoposide · 
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Abbreviations 
Alt-EJ	� Alternative end-joining
A-T	� Ataxia-telangiectasia
ATM	� Ataxia-telangiectasia mutated
ATMi	� ATM inhibitor
ATR​	� Ataxia-telangiectasia and Rad3-related 

protein kinase
BN	� Binucleated cells
BrdU	� 5-Bromo-2´-deoxyuridine
CENP-F	� Centromere protein F
C-NHEJ	� Classical non-homologous end-joining
DAPI	� 4,6-Diamidino-2-phenylindole
DMSO	� Dimethylsulfoxide
DNA-PKcs	� DNA-dependent protein kinase cata-

lytic subunit
DNA-PKi	� DNA-PKcs inhibitor
DSB	� Double-strand breaks
ETO	� Etoposide
FBS	� Fetal bovine serum
γH2AX	� Histone H2AX phosphorylated on 

serine 139
HR	� Homologous recombination
Kd	� Knockdown
Ku70/80	� Heterodimeric protein
MI	� Mitotic index
MRE11	� Meiotic recombination 11 homolog A
NS	� Non-silencing
PARP-1	� Poly(APD-ribose) polymerse-1
PARP-1i	� PARP-1 inhibitor
PBL	� Peripheral blood lymphocytes
PBS	� Phosphate buffered saline
PCR	� Polymerase chain reaction
PFA	� Paraformaldehyde
pGIPZ	� Lentiviral vector
PI	� Propidium iodide
PIKK	� Phosphatidylinositol kinase-like kinase
qRT-PCR	� Real-time quantitative reverse tran-

scription PCR

RAD51	� DNA repair protein RAD51 homolog 1
SCE	� Sister chromatid exchanges
shRNAmir	� Small-hairpin MicroRNA
Top2	� Topoisomerase II

Introduction

The DNA damage response is a complex network 
designed to protect the cellular genome from dam-
age through the activation of appropriate repair 
mechanisms, cell cycle checkpoints to provide time 
for repair and/or apoptosis for the removal of dam-
aged cells from the population (Jeggo and Lobrich 
2006). Central to this process is the phosphatidylino-
sitol kinase-like kinase (PIKK), ataxia telangiectasia 
mutated (ATM), which phosphorylates different tar-
gets to affect cellular processes in response to DNA 
double-strand breaks (DSB) (Shiloh and Ziv 2013). 
These lesions are the most cytotoxic form of DNA 
damage, since they can lead to genome instability and 
chromosomal rearrangements, which are hallmarks of 
cancer cells (Alhmoud et al. 2020).

The enzyme Topoisomerase II (Top2) is the target 
of many important anti-cancer drugs including etopo-
side (ETO) (Zhang et al. 2021). The normal catalytic 
cycle of Top2 produces a transient enzyme-bridged 
DSB containing a covalent protein-DNA reaction 
intermediate, where Top2 remains attached to DNA 
via a 5´tyrosyl phosphodiester linkage. ETO stabi-
lizes this intermediate resulting in permanent DSB 
that can lead to cell death. Thus, drugs that stabilize 
the Top2-DNA complexes are referred to as Top2 
poisons (Nitiss 2009).

There are two major DSB repair pathways and sev-
eral back-up pathways that promote rejoining at the 
cost of lowered fidelity (Ranjha et al. 2018). The main 
pathways include a potentially error-prone classical 
non-homologous end joining (c-NHEJ) mechanism in 
which two broken ends are able to be joined; and an 
error-free homologous recombination (HR) process 
involving extensive resection and utilizing an intact 
copy of the damaged locus. Alternative end-joining 
(alt-EJ) is a back-up pathway, which utilizes microho-
mology sequences close to strand breaks to carry out 
DSB repair with single strand break repair proteins. 
However, not all alt-EJ events involve microhomol-
ogy sequences (Seol et al. 2018).
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During c-NHEJ, DNA ends are recognized by the 
Ku70/80 heterodimer, which requires the activation 
of the PIKK, DNA-dependent protein kinase catalytic 
subunit (DNA-PKcs) for promoting end processing 
and then ligation by XRCC4/Ligase4 complex. On the 
other hand, poly(ADP-ribose) polymerase-1 (PARP-
1) is a protein implicated in alt-EJ, whose DNA end 
binding affinity allows to exert an inefficient compe-
tition with Ku, to switch end joining pathway from 
c-NHEJ to alt-EJ. Genetic and biochemical studies 
implicate Ligase1 and Ligase3 in the final ligation 
step of alt-EJ (Caracciolo et al. 2021).

In spite of its ability for removing DSB, alt-EJ 
pathway often commits severe DSB processing 
errors, resulting in large alterations at the junctions 
and the formation of chromosomal translocations 
(Iliakis et  al. 2015). These types of structural chro-
mosome aberrations are clinically relevant as they are 
associated with numerous human cancers (Roukos 
and Misteli 2014). In this sense, the use of the Top2 
poison ETO is related to the development of therapy-
related secondary leukemia, especially acute myeloid 
leukemia that shows chromosome rearrangements, 
frequently translocations involving band 11q23 
(Zhang et al. 2021).

ATM-deficient tumors are frequently associated to 
chemotherapy resistance (Austen et  al. 2007; Jiang 
et  al. 2009). Thus, improvements to those therapies 
must be considered. In this regard, a synthetic lethal-
ity effect between ATM and DNA-PKcs has been 
reported (Riabinska et al. 2013), which open the ther-
apeutic strategy for several ATM-defective solid and 
hematologic tumors.

Here, we analyzed the chromosome damage 
induced by the Top2 poison ETO in G2-phase on 
ATM-deficient human cells during the non-onco-
genic addiction to DNA-PKcs in order to determine 
the involvement of DNA repair mechanisms in the 
genesis and progression of chromosome aberrations, 
which may affect the therapeutic strategy outcome.

Materials and Methods

Human cell cultures, gene knockdown and drug 
treatments

The human HeLa cell line was kindly provided by 
Dr. M.C. Carreras, INIGEM-UBA, Hospital de 

Clínicas José de San Martín, Buenos Aires, Argen-
tina. Cells were grown in RPMI 1640 medium 
(Gibco, #22,400–89) supplemented with 10% fetal 
bovine serum (FBS, Biotecnológico, Internegocios 
SA) and antibiotics (Gibco, #15,240–062). Cultures 
were maintained at 37ºC in a humidified atmosphere 
of 5% CO2 in air. HeLa cells were transfected with 
pGIPZ human shATM (Open Biosystems, clone id: 
V2LHS_348), pGIPZ human shPARP-1 (Open Bio-
systems, clone id: V2LHS_201984) or pGIPZ non-
silencing (NS) shRNA control (OpenBiosystems, 
#RHS4346) using Lipofectamine 2000 (Invitrogen, 
#11,668–019) according to manufacturer’s instruc-
tions. After 48  h, the cells were grown in selection 
medium containing puromycin 1  µg/ml (Invivo-
gen, #ant-pr-1) which was renewed every third day. 
The selection process was performed by 3–4  weeks 
and clonal selection of stable transfectants was car-
ried out. The levels of knockdown were monitored 
by qRT-PCR, and HeLa ATMkd cells were also con-
firmed by western blot. The knockdown cell lines 
generated were routinely tested by PCR for myco-
plasma. Additionally, heparinized peripheral blood 
lymphocytes (PBL) were obtained by venipuncture 
from a 21-year-old ataxia-telangiectasia patient (The 
A-T patient provided written consent, Institutional 
Ethics Committee, Hospital J. M. Ramos Mejia, Bue-
nos Aires, Argentina) (Perez Maturo et al. 2020) and 
a 27-year-old healthy non-smoking donor free of any 
known exposure to genotoxic agents. For each cul-
ture, 450 μl of PBL was cultured in 4.5 ml of RPMI 
1640 medium with 15% FBS, antibiotics and 2% 
phytohemagglutinin M (Gibco, #10,576–015). Cul-
tures were incubated at 37 °C for 72 h. ETO (Sigma-
Aldrich, E1383), NU7026 (Calbiochem, #260,961, 
DNA-PKi), BYK204165 (Santa Cruz Biotechnology, 
#sc-214642, PARP-1i) and KU55933 (Calbiochem, 
#118,500, ATMi) were dissolved in DMSO. HeLa 
ATMkd, HeLa PARP-1kd, HeLa NS cells and PBL 
were exposed to DMSO 0.5%, DNA-PKi 10  μM, 
PARP-1i 1 µM or 10 µM or ATMi 10 µM, and ETO 
at different concentrations and by different periods of 
time for respective assays.

γH2AX detection in G2 phase by flow cytometer

HeLa ATMkd and NS cells were treated with DMSO 
for 2  h, DNA-PKi for 3  h, ETO 2  μg/ml for 2  h or 
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a combination of both drugs (pre-treated with 
DNA-PKi for 1  h prior to ETO treatment for 2  h). 
After washing twice in PBS, cells were fixed in 
90% methanol for at least 1 h at -20  °C. Cells were 
immunostained with antiγH2AX antibody (1:200, 
Millipore clone JBW301) followed by Alexa Fluor 
488-conjugated secondary antibody (1:250, Invit-
rogen, #A-11001). RNAse A treatment (200  µg/ml, 
Biodynamics, #B181-1) was performed and then 
counterstaining with propidium iodide (PI, 10  µg/
ml, Becton–Dickinson, BDB-556463). Acquisition 
of 20,000 cells/sample was carried out using a FAC-
SCalibur flow cytometer (Becton–Dickinson) using 
the Cell Quest software. Appropriate isotype con-
trols were added and the percentage of γH2AX + cells 
in G2 phase was determined in four independent 
experiments.

Structural chromosome alterations and mitotic 
index (MI) in HeLa and human lymphocyte cells

HeLa ATMkd and NS cells were treated with DMSO 
for 2  h, DNA-PKi until the end of the experiment, 
ETO 2 μg/ml for 1 h or a combination of both drugs 
DNA-PKi/ETO (pre-treated with DNA-PKi for 1  h 
followed by ETO for 1  h), and incubated for 6  h to 
reach the immediate metaphase. Human PBL were 
treated at 36  h with DMSO, DNA-PKi, and ETO 
0.25, 0.5 or 1.0  μg/ml or a combination of DNA-
PKi/ETO during the last 36 h of cultures. Colcemid 
(Gibco, #15,212–012) 0.1  μg/ml was added 90  min 
before harvesting; cells were exposed to hypotonic 
solution KCl 0.075  M, fixed in methanol: glacial 
acetic acid (3:1) and stained with Giemsa (Merck, 
AR11092041022) 10% for 2.5 min. In HeLa ATMkd 
and NS cells, chromatid breaks and exchanges were 
analyzed in 50 metaphases/treatment in three inde-
pendent experiments. For the MI analysis, cells were 
fixed with 2% paraformaldehyde (PFA) and per-
meabilized with 100% methanol. Cells were immu-
nostained with anti-phosphoSer10-histone H3 anti-
body (1:50, Santa Cruz Biotechnology, sc8656-R) 
followed by DyLight 488-conjugated secondary anti-
body (1:250, Thermo Scientific). RNAse A treatment 
and PI counterstaining was performed, and 30,000 
cells were analyzed in three independent experi-
ments by flow cytometry. In PBL, chromatid breaks 
and exchanges were analyzed, when it was possible, 

in 50 metaphases and the MI was evaluated in 1,000 
interphase nuclei and expressed in percentages. Two 
independent experiments were performed.

RAD51 immunofluorescence and sister chromatid 
exchanges (SCE)

For the evaluation of RAD51 foci formation, HeLa 
ATMkd and NS cells were grown on coverslips, 
treated as previously described and incubated for 
5–6 h. Cells were then fixed with 2% PFA and perme-
abilized with 0.25% Triton X-100 in PBS. Immuno-
fluorescence was performed using primary antibodies 
against CENP-F (1:200; Thermo Scientific, MA1-
3,160,023,185) and RAD51 (1:250, Santa Cruz Bio-
technology, sc-8349) followed by exposure to Alexa 
Fluor 488- anti-mouse (1:250, Invitrogen, #A-11001) 
and Alexa Fluor 594- anti-rabbit conjugated second-
ary antibodies (1:200, Thermo Scientific, A11072), 
respectively. DNA was stained with 4,6-diamidino-
2-phenylindole (DAPI, Vector Laboratories). The 
number of RAD51 foci/nucleus was analyzed by vis-
ual scoring in 100 CENP-F + cells in two independent 
experiments.

For the SCE analysis, cells were incubated in 
the presence of 10  μg/ml 5-bromo-2´-deoxyuridine 
(BrdU, Sigma-Aldrich, #B-5002) for 44 h (about two 
rounds of replication), treated with ETO 1.5  µg/ml 
and incubated for 6  h. Cells were exposed to colce-
mid, hypotonic solution and fixed. Air-dried chromo-
some preparations were made and a modification of 
the fluorescence-plus-Giemsa method was applied 
to obtain harlequin chromosomes. The average fre-
quency of SCE/chromosome was determined from 
the analysis of 100 metaphases in three independent 
experiments.

γH2AX and MRE11 foci analysis in the main 
nucleus of binucleated (BN) cells

HeLa ATMkd and NS cells were seeded on cover-
slips, treated with DMSO for 2  h, DNA-PKi until 
the end of the experiment, ETO 2 μg/ml for 1 h or a 
combination of both drugs, and incubated for 11 h to 
reach the following cell cycle. Cytochalasin B (Cal-
biochem, cat# 250,233) 3  μg/ml was added during 
the last 4 h before harvesting; cells were exposed to 
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hypotonic solution for 8 min and fixed with 2% PFA 
and permeabilized with 0.25% Triton X-100. Immu-
nofluorescence was carried out using a primary anti-
body against γH2AX (1:500). For MRE11 detection, 
cells were pre-extracted with 0.5% Triton X-100 in 
PBS for 2.5 min before fixation and permeabilization. 
MRE11 foci were detected with a primary antibody 
against MRE11 (1:500, Cell Signaling, #31H4). In 
both cases, appropriate Alexa Fluor 594-conjugated 
secondary antibodies (1:300) were utilized and DNA 
counterstained with DAPI. Five hundred BN cells 
were counted for each treatment and cells contain-
ing γH2AX foci or ≥ 5 foci of MRE11/nucleus were 
scored as positive. The percentage of BN cells was 
scored in 1,000 cells for each treatment. In each case, 
three independent experiments have been performed.

Cell cycle assessment

HeLa ATMkd and NS cells were cultured as 
described above. After 8, 16 and 40  h of incuba-
tion, attached and unattached cells were collected 
and fixed with 90% methanol. RNAse A treatment 
and PI counterstaining was performed. Acquisition 
of 20,000 cells/sample was done using a FACSCali-
bur flow cytometer. The phases of cell cycle were 
analyzed using FCS Express 4 software. Three inde-
pendent experiments have been evaluated.

Dicentric chromosomes in metaphase 
following c‑NHEJ or alt‑EJ inhibition

HeLa ATMkd and NS cells were treated with DMSO 
for 2 h, DNA-PKi or PARP-1i 10 µM or combined 
DNA-PKi/PARP-1i until the end of the experi-
ment and ETO 2  μg/ml for 1  h in the presence or 
absence of the inhibitors, and incubated for 26  h 
adding BrdU during the last 8 h to detect the second 
mitosis. Metaphase chromosomes were obtained 
as described above. Subsequently, slides were 
incubated in blocking solution containing primary 
antibody against BrdU (1:100, Becton–Dickinson, 
B44) for 1 h, followed by exposure to Alexa Fluor 
488- anti-Mouse conjugated secondary antibody 
(1:300), and DNA was stained with DAPI. The fre-
quency of dicentric chromosome was evaluated in 

150 BrdU + cells per treatment in three independent 
experiments.

Structural chromosome aberrations in HeLa 
ATMkd and PARP‑1kd cells

HeLa ATMkd and NS cells were treated as previ-
ously described, and incubated for 6  days (144  h). 
Also, HeLa PARP-1kd and NS cells were treated 
with DMSO for 2  h, ATMi until the end of the 
experiment, ETO 2 μg/ml for 1 h or a combination 
of both drugs ATMi/ETO and incubated for 6 days 
(144 h). For each treatment, at least 150 metaphases 
were analyzed for the induction of chromatid and 
chromosome breaks and exchanges in three inde-
pendent experiments.

Clonogenic survival assay

HeLa ATMkd (6 × 103) and NS (8 × 102) cells were 
seeded and pre-treated or not with DNA-PKi 10 µM 
or PARP-1i 1  µM for 2  h, prior to treatment with 
different concentrations of ETO (0.05, 0.1, 0.5 
and 1.0  µg/ml) for 16  h. The cells were washed 
with PBS and cultured in fresh complete media for 
14  days. Then, cells were rinsed with PBS, fixed 
with 100% methanol, and stained with 1% crystal 
violet. Colonies containing more than 50 cells were 
scored. Survival fraction was estimated as the ratio 
of colonies in treated cultures compared with con-
trol cultures and expressed in percentages in three 
independent experiments.

Statistical analysis

Statistical analysis were performed using Graph-
Pad Prism 8.0 software (GraphPad Software 
Inc., USA). Data were presented as means ± sem 
and they were analyzed with a two-tailed Stu-
dent’s  t  test, except for RAD51 foci, which was 
evaluated with the nonparametric two-tailed 
Mann–Whitney U test. Statistical significance was 
considered at p < 0.05.
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Results

ETO‑induced DNA damage in ATM‑ and 
DNA‑PKcs‑deficient human cells

Following the selection of stably transfected HeLa 
cells with a specific shRNAmir sequence against 
ATM, the expression of ATM in different cellular 
clones was evaluated. The shATM#1 showed the low-
est ATM expression level (Supplementary Fig.  S1a 
and S1b, hereafter referred to as HeLa ATMkd) and 
was used throughout the different experiments.

One of the earliest responses to DNA damage is 
the phosphorylation of a highly conserved histone 
variant, H2AX, yielding a modified form called 
γH2AX (Kopp et al. 2019). ETO and DNA-PKi/ETO 
treatments induced a significant and similar increase 
(p < 0.005) in the percentage of γH2AX-positive cells 
in the G2 phase of HeLa ATMkd and NS cells when 
immediately evaluated by flow cytometry (Fig.  1a). 
Since the Top2α activity increases throughout the cell 
cycle, the different treatments were carried out in G2 
phase, where its maximal activity is almost reached 
(Meyer et  al. 1997). Furthermore, all DSB repair 
mechanisms operate in this phase (Mladenov et  al. 
2016).

DSB are considered the critical primary lesion in 
the formation of chromosomal aberrations (Obe and 
Durante 2010). Chromosome analysis at the first met-
aphase following G2 phase treatments revealed that 
ETO led to an important increase in chromatid type 
aberrations, breaks and exchanges, relative to lev-
els found in untreated control and DMSO- or DNA-
PKi-treated cells in both HeLa cell lines (Fig. 1b-c). 
In the presence of DNA-PKi/ETO, an increased fre-
quency of chromatid breaks and exchanges was also 
observed, although this increase was statistically sig-
nificant in the case of chromatid breaks in ATMkd 
cells compared to NS cells (6.8 ± 0.7 vs. 4.3 ± 0.07, 
p = 0.0195). In addition, mitotic cells were scored as 
phosphoH3-positive cells by flow cytometry in both 
cell lines. At 6  h after treatments, we noted a pro-
nounced decline in MI of DNA-PKi/ETO treatment 
with respect to ETO alone, being this reduction larger 
in ATM-deficient cells (Fig.  1d). ATM-deficient 
cells usually show an impaired S-phase and early G2 
checkpoints [Xu et al. 2002]. Strikingly, ETO-treated 
ATMkd cells showed a low MI compared to NS cells. 
Thus, we performed a checkpoint assay at short times 

(Supplementary Fig.  S2). We determined that in 
response to ETO, NS cells rapidly activated early G2 
checkpoint, which was absent in ATMkd cells. How-
ever, ETO-treated ATMkd cells showed a decreased 
mitotic ratio compared to NS at 3  h post-treatment, 
resulting in an ATM-independent accumulation of 
cells in G2.

To confirm the chromosomal damage obtained in 
HeLa ATMkd cells on non-tumoral cells, we exam-
ined human lymphocytes from an A-T patient and a 
normal donor (Fig. 1e-g). Overall, A-T PBL exhibited 
an important increase in the frequency of chromatid 
breaks and exchanges respect to normal PBL, being 
statistically significant (p < 0.0001) in the case of 
chromatid breaks treated with ETO 0.5  µg/m in the 
presence or not of DNA-PKcs inhibitor (Fig. 1e and 
Supplementary Fig. S3). Only a few metaphases were 
obtained with this concentration of ETO in the pres-
ence or not of the DNA-PKi. In parallel, a marked 
decrease in the MI was also observed in A-T patient 
(Fig. 1g, p < 0.0002).

These results suggest that lack of ATM together 
with the chemical inhibition of DNA-PKcs caused 
an accumulation of ETO-induced DSB, an increase 
of chromatid breaks and a reduction of mitosis cells, 
consistent with the role of ATM and c-NHEJ in the 
maintenance of genome integrity.

DNA‑PKcs and ATM regulate the initial steps 
of ETO‑induced HR repair of DSB

To assess the effect of DNA-PKcs and ATM on HR, we 
analyzed RAD51 foci formation and SCE at 6 h post-
treatment (Fig. 2). The number of RAD51 foci/nucleus 
was similarly increased after ETO treatment in NS cells 
pretreated with DNA-PKi (9.6 ± 0.6) and in ATMkd 
(9.9 ± 0.7) cells (Fig. 2a). In addition, RAD51 foci sig-
nals were significantly enhanced by the DNA-PKi in 
ATMkd (12.9 ± 0.8, p < 0.0001). Then, RAD51 is disso-
ciated from the ends of DNA to allow DNA synthesis 
and resolution. HR is the principal mechanisms respon-
sible for SCE in vertebrate cells (Sonoda et al. 1999). 
For SCE analysis in ATMkd cells, the BrdU incorpora-
tion during two rounds of replication and the treatment 
with ETO 2 µg/ml resulted in an important reduction 
of assessable metaphase. Thus, both cell lines were 
exposed to a lower concentration of ETO (1.5 µg/ml). 
We found that values of SCE/chromosome in DMSO, 
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Fig. 1   Increased ETO-induced DNA damage following DNA-
PKcs inhibition in ATM-defective human cells. a. γH2AX pos-
itive HeLa NS and HeLa ATMkd cells were treated in G2 phase 
and analyzed immediately by flow cytometry. Left panel: 
Bar graph showing the percentage of G2 γH2AX + cells, 
*p < 0.005. Middle panel: Representative density plot showing 
the G2 population (R1) selected for the analysis. PI-A = pro-
pidium iodide area (FL3-A), PI-W = propidium iodide weight 
(FL3-W). Right panel: Representative histogram plots show-
ing the R1 population analyzed for γH2AX intensity of fluo-
rescence (γH2AX IF). M1 = marker (γH2AX + cells). b and c. 
Structural chromosome aberrations evaluated in HeLa NS and 
ATMkd cells at 6 h post-treatment (PT) with ETO 2 µg/ml for 
1 h and pre-treated or not with the DNA-PKcs inhibitor (DNA-

PKi, NU7026) 10 µM by 1 h. b. Upper panel: Schematic rep-
resentation of treatments (b-d) over the time until the analy-
sis. Lower panel: Chromatid break frequencies, *p < 0.021. c. 
Chromatid exchange frequencies, *p < 0.0001. d. Mitotic index 
analysis in cells immunostained with anti-pSer10-H3 antibody 
assessed by flow cytometry, *p = 0.0002. e and f. Structural 
chromosome aberrations in human peripheral blood lympho-
cytes (PBL) of normal donor and A-T patient. PBL were pre-
treated or not with DNA-PKcs inhibitor NU7026 10  µM for 
1 h and treated with different concentrations of ETO during the 
last 36 h of cultures. e. Chromatid breaks per cell evaluated in 
the first metaphase, *p < 0.0001. f. Chromatid exchanges per 
cell evaluated at first metaphase. g. Mitotic index analysis in 
1,000 interphase nuclei per treatment, *p < 0.0002
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DNA-PKi and ETO-treated ATMkd cells were signifi-
cantly lower than that observed in NS. Although DNA-
PKi/ETO treatment induced an increase in both cell 
lines, it was higher in HeLa ATMkd (Fig. 2b), making 
the statistical differences between both cell lines disap-
pear. These findings indicate that a combined depletion 
of ATM and DNA-PKcs activities amplified notori-
ously the HR-mediated RAD51 foci formation of cells 
exposed to ETO, which was not reflected in the SCE 
levels, suggesting that the formation of long patches 
exchanges was not substantially affected.

ETO‑induced DSB progress to post‑mitotic G1 
cells in a DNA‑PKcs and ATM deficient context

The role of DNA-PKcs and ATM in the progres-
sion of DNA damage was assessed by the presence 

of γH2AX foci in the main nuclei of post-mitotic G1 
phase cells (Fig. 3c). Figures 3a and 3b show the per-
centage of BN cells in different categories based on 
the number of γH2AX signals in the main nuclei of 
NS and ATMkd cells, respectively. It was observed 
in ATMkd cells an increased basal DNA damage in 
DMSO- or DNA-PKi-treated cells, compared to NS 
cells. Deckbar et  al. (Deckbar et  al. 2007) reported 
that immortalized human fibroblasts were released 
from the G2/M checkpoint with ~ 20 γH2AX foci after 
X-irradiation. Therefore, we estimated the percentage 
of BN cells with ≥ 21 γH2AX foci in ETO- and DNA-
PKi/ETO-treated cells. These results revealed that 
the percentage of BN cells with ≥ 21 γH2AX foci in 
the main nuclei was 21.7 ± 2.7% in NS cells treated 
with DNA-PKi/ETO, while in ATMkd cells treated 
with ETO alone, this percentage was 26.8 ± 1.5%. 
Lastly, in ATMkd treated with the combination, this 

Fig. 2   HR repair of ETO-
induced DSB in an ATM- 
and DNA-PKcs-deficient 
context. a. Rad51 foci per 
nucleus in CENP-F + HeLa 
NS and HeLa ATMkd cells. 
Cells were pre-treated or 
not with DNA-PKcs inhibi-
tor (DNA-PKi, NU7026) for 
1 h and treated with ETO 
2 µg/ml by 1 h, *p < 0.0001. 
b. Upper panel: Schematic 
representation of treat-
ments over the time until 
the analysis. Lower panel: 
Sister chromatid exchanges 
(SCE) per chromosome 
were analyzed in HeLa 
NS and HeLa ATMkd 
cells at 6 h post-treatment 
(PT). *p < 0.0025. Inside 
image: Harlequin-like 
chromosomes. Red arrows: 
chromosomes with sister 
chromatid exchanges
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percentage raised to 48.2 ± 2% (p = 0.0002 vs. NS 
cells treated with DNA-PKi/ETO and p = 0.0004 vs. 
ATMkd cells treated with ETO). Therefore, the lack 
of both ATM and DNA-PKcs caused an additive 
increase in the percentage of BN cells with DSB, rel-
ative to the defect in each individual factor. In addi-
tion, we evaluated the percentage of BN cells after the 
different treatments (Fig. 3d). In HeLa NS cells, the 

combined treatment significantly reduced the percent-
age of BN cells, in relation to ETO treatment alone 
(7.0 ± 0.2% vs. 9.4 ± 0.5%, p = 0.0049). Regarding 
ATMkd cells, no differences between both treatments 
were observed, being 8.6 ± 1.9% in ETO-treated cells 
and 8.5 ± 1.3% in DNA-PKi/ETO-treated cells.

Further, we scored the MRE11 (meiotic recom-
bination 11) and γH2AX foci formation on parallel 

Fig. 3   Progression of DNA DSB induced by ETO in G2 
after DNA-PKcs inhibition in HeLa NS and HeLa ATMkd 
cells. γH2AX foci were analyzed in post-mitotic G1 binucle-
ated (BN) cells at 11 h post-treatment (PT). a. Distribution of 
γH2AX foci number in the main nuclei of HeLa NS BN cells. 
b. Distribution of γH2AX foci number in the main nuclei of 

HeLa ATMkd BN cells. c. Upper panel: Schematic representa-
tion of treatments over the time for the analysis of BN cells. 
Lower panel: Representative images of a BN cell harboring 
γH2AX foci. Scale bar = 8 µm. DIC = differential interference 
contrast. d. Percentage of BN cells. *p = 0.0049
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samples in post-mitotic G1 cells (Supplementary 
Fig.  S4). MRN (MRE11, RAD50 and NBS1) com-
plex is a sensor of DSB that controls the DNA dam-
age response by ATM and regulates DSB repair. 
MRE11 activity initiates DNA end resection, which 
was reported to be required to remove Top2-DNA 
complexes from DSB ends (Lee et al. 2012). A good 
correlation between the increased percentages of 
MRE11-positive BN cells and those γH2AX-positive 
BN cells during different treatments in both cell 
lines was found (NS cells, r = 0.945 and p = 0.015; 
ATMkd cells, r = 0.958 and p = 0.010). Neverthe-
less, ATM-deficient cells combined with the DNA-
PKi/ETO treatment, showed an increase in the per-
centage of γH2AX-positive BN cells (83.6 ± 2.4%, 
p = 0.0002) compared to those MRE11-positive 
ones (63.0 ± 6.6%; Supplementary Fig. S4b). On the 
other hand, ATM cells displayed a higher fraction 
of γH2AX and MRE11-labeled cells than NS. Our 
data support a direct association between DSB and 
the Mre11-mediated DNA-end resection in G1 phase 
BN cells. Taken together, the chemical inhibition of 
DNA-PKcs in ATM-deficient cells led to persistent 
unresolved DSB in post-mitotic BN cells.

DNA‑PK inhibition does not affect the cell 
cycle progression of ATM deficient cells treated 
with ETO.

DNA damage triggers the activation of checkpoint 
pathways that transiently delay or arrest cell cycle 
progression to facilitate repair. The cell cycle dis-
tribution of HeLa NS and ATMkd cells in the pres-
ence of ETO and DNA-PKi at 8, 16 and 40 h post-
treatment was evaluated. It was established that HeLa 
cells express defects in p53 signaling (Del Nagro 
et  al. 2014) with a lack of a G1 arrest after DNA 
damage.

As shown in Figs. 4a and 4c, there were increased 
proportions of NS cells at G2/M phase at 8  h, as 
demonstrated by a 4.2–4.5-fold increase of the per-
centage of G2/M cells in ETO- and DNA-PKi/ETO-
treated cells, respectively, relative to their respective 
controls. However, as depicted in Figs.  4b  and 4d, 
there was a lower proportion of G2/M ATMkd cells at 
8 h, where the percentage of cells were increased by 
2.3–2.5-fold in ETO and DNA-PKi/ETO respect to 
the percentage found in DMSO- or DNA-PKi-treated 

cells, respectively. At 16 h the G2/M fraction of ETO- 
and DNA-PKi/ETO treated NS cells dropped down 
to 2.3–2.1-fold relative to their controls, respectively 
(Fig. 4c). No further differences were found for ETO 
and DNA-PKi/ETO treatments in NS cells at 40  h 
with G2/M levels being from 1.7–1.4-fold, respec-
tively, to their controls. Conversely, ETO- and DNA-
PKi/ETO treatments in ATMkd cells showed at 16 h 
G2/M fractions that were similar to those found at 
8 h (Fig. 4d), with levels relative to controls that were 
2.2–2.3-fold increased. By 40 h, ETO- and DNA-PKi/
ETO treated ATMkd cells showed G2/M fractions that 
were 1.5–1.8-fold their respective controls.

In conclusion, DNA-PKi did not alter significantly 
the progression of the cell cycle of ETO-treated 
ATMkd cells harboring unrepaired DNA damage.

Long‑term chromosome rearrangements induced 
by ETO in ATM and DNA‑PKcs deficient cells are 
mediated by an alt‑EJ repair process

The disruption of ATM (Bennardo and Stark 2010) 
or DNA-PKcs (Gunn et  al. 2011) led to a higher 
usage of incorrect DNA ends, favoring chromosome 
rearrangements. At 26  h post-treatment, we evalu-
ated dicentric chromosomes at second metaphase in 
HeLa NS and ATMkd cells pre-treated with DNA-PK, 
PARP-1 or DNA-PK/PARP-1 inhibitors in combi-
nation with ETO. To detect the second metaphases, 
BrdU was incorporated for 8 h prior to preparation of 
chromosome spreads (Fig.  5a). In these metaphases 
in the absence of ATM and DNA-PKcs, the values 
of dicentric chromosomes in BrdU-positive cells 
were similar in HeLa NS treated with DNA-PKi/ETO 
(0.31 ± 0.09) and HeLa ATMkd treated with ETO 
alone (0.29 ± 0.05). Likewise, the combined treat-
ment caused a synergistic increase in the frequency of 
dicentric chromosomes in ATMkd cells (0.89 ± 0.08, 
p < 0.0001) compared to NS cells. Thus, we consid-
ered that such increment in dicentric chromosomes in 
ATM and DNA-PKcs-deficient cells could reflect the 
contribution of alt-EJ pathway in the DSB repair. To 
test this hypothesis, we treated NS and ATMkd cells 
with BYK204165, a chemical inhibitor of PARP-1 
(PARP-1i), since this protein has a fundamental role 
in alt-EJ. The results denoted an important reduc-
tion in dicentric chromosomes in HeLa ATMkd 
cells treated with PARP-1i/ETO (0.13 ± 0.04) or 
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DNA-PKi/PARP-1i/ETO (0.19 ± 0.04) compared to 
DNA-PKi/ETO. In NS cells, it was observed an insig-
nificant decrease in the values of dicentric chromo-
somes when treated with PARP-1i/ETO (0.21 ± 0.05) 
or DNA-PKi/PARP-1i/ETO (0.25 ± 0.05) in relation 
with DNA-PKi/ETO.

To assess persistent chromosome damage, the 
occurrence of chromatid- and chromosome-type aber-
rations was analyzed at 6 days (144 h) post-treatment. 

As shown in Figs. 5b and 5d, a significant increase in 
the formation of chromatid and chromosome breaks 
and exchanges was detected in NS cells following 
treatment with DNA-PKi/ETO compared to ETO 
alone. In addition, the increments were higher in 
HeLa ATMkd cells. We observed substantially raised 
levels of acentric fragments (8.8-fold, Fig.  5b) and 
mainly, telomeric associations (16.4-fold, Fig.  5d) 
in ATM-deficient cells treated with DNA-PKi/ETO 

Fig. 4   Alterations of the cell cycle distributions after DNA-
PKcs inhibition in ATM-proficient and -deficient cells treated 
with ETO. Pie graphs representation of the mean values for 
G1, S and G2 phases of the cell cycle in (a) HeLa NS and (b) 

HeLa ATMkd cells at different time points. The G2/M fraction 
from treated versus control samples in (c) HeLa NS and (d) 
HeLa ATMkd cells at 8, 16 and 40 h after treatment with ETO 
is represented
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Fig. 5   Long-term structural chromosome aberrations induced 
by ETO in ATM-defective cells with impaired c-NHEJ or alt-
EJ repair pathways. a. Left panel: Bar graph showing dicen-
tric chromosomes in BrdU positive HeLa NS and ATMkd cells 
at 26  h post-treatment (PT). *p < 0.0001. Right upper panel: 
Immunofluorescence images showing a metaphase spread with 
BrdU-incorporated chromosomes. Right upper panel: Immu-
nofluorescence images showing metaphase chromosomes with 
BrdU incorporated. White arrow indicates dicentric chromo-
some. Right lower panel: Schematic representation of treat-
ments over the time until the analysis. b and d. Chromatid- and 
chromosome-type aberrations in HeLa NS and ATMkd cells 
following pre-treatment with DNA-PKi (NU7026 10  µM) or 
PARP-1i (BYK204165 10  µM) or both inhibitors and ETO 
treatment at 6 days (144 h) PT. b. Upper panel: Schematic rep-
resentation of treatments (for b and d) over the time until anal-
ysis. Chromatid and chromosome breaks (b) and exchanges 

(d) were increased in HeLa ATMkd cells following treatment 
with DNA-PKi/ETO vs. ETO (*p < 0.047; *p < 0.034, respec-
tively). Reduction of chromatid and chromosome breaks (b) 
and exchanges (d) frequencies in HeLa ATMkd cells following 
PARP-1i/ETO or PARP-1i/DNA-PKi/ETO compared to DNA-
PKi/ETO treatments was observed (*p < 0.0001). b. Upper 
photograph inside graph: chromatid break; lower photograph 
inside graph: acentric fragment. d. upper photograph inside 
graph: dicentric chromosome; lower photograph inside graph: 
telomeric association. c and e. Chromatid- and chromosome-
type aberrations in HeLa NS and PARP-1kd cells following 
pre-treatment with ATM inhibitor (KU55933 10 µM) and ETO 
at 6  days (144  h) PT. c. Upper panel: Schematic representa-
tion of treatments (c and e) over the time until analysis. Lower 
panel: Chromatid and chromosome breaks/cells, *p < 0.025. e. 
Chromatid and chromosome exchange/cells, *p < 0.035.
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respect to NS. Again, to corroborate the involvement 
of alt-EJ in the formation of these chromosomal rear-
rangements, both cells were treated with ETO in com-
bination with PARP-1i or DNA-PKi/PARPR-1i. The 
results denoted an important reduction in chromatid 
and chromosome exchanges in HeLa ATMkd cells 
treated with PARP-1i/ETO (0.11 ± 0.03) or DNA-
PKi/PARP-1i/ETO (0.41 ± 0.08) compared to DNA-
PKi/ETO (1.80 ± 0.19, Fig.  5d). A basal increase in 
both chromatid breaks and exchanges in the pres-
ence of the combination DNA-PKi/PARP-1i was also 
observed.

The data obtained with ATM-deficiency and 
the PARP-1 inhibition were also supported by 
the analysis of PARP-1kd cells, which retained a 
residual PARP-1 mRNA expression of 6.2 ± 3.6% 
(shPARP-1#2, in Supplementary Fig. S1c) compared 
to NS. HeLa PARP-1kd cells pre-treated with the 
ATMi, KU55933, showed significantly (p = 0.003) 
increased levels of ETO-induced chromatid and chro-
mosome breaks (Fig. 5c) as compared to those PARP-
1kd cells with fully active ATM. Interestingly, a low 
frequency of chromatid and chromosome exchanges 
was also detected on PARP-1kd cells pre-treated with 
ATMi (Fig. 5e). Therefore, the chemical inhibition or 
the genetic down regulation of PARP-1, suppressed 
ETO-induced chromosomal rearrangement formation 
in an ATM-deficient environment.

Together, ETO-induced exchange-type aberrations, 
such as dicentric chromosomes and telomeric fusions, 

highlight the involvement of the alt-EJ pathway in the 
joining of incorrect DSB ends in an ATM- and DNA-
PKcs-deficient context.

Abolishment of c‑NHEJ, more than alt‑EJ, 
in ATM deficient cells results in hypersensitivity 
to ETO

To test the sensitivity of HeLa cells to increasing 
doses of ETO in a combined scenario of ATM and 
DNA-PKcs deficiency, clonogenic survival assay was 
performed (Fig.  6). Both ATM-proficient and -defi-
cient cells were pre-treated or not with DNA-PKi 
and treated with different concentrations of ETO. 
As shown in Fig. 6a, the sensitivity to ETO was not 
altered in NS cells by the DNA-PKi. However, the 
lack of ATM activity led to an increased sensitivity to 
ETO, which was greatly augmented by the DNA-PKi. 
On the other hand, we assessed whether inhibition 
of alt-EJ can affect similarly the sensitivity to ETO 
in an ATM-deficient context. Thus, NS and ATMkd 
cells were pre-treated or not with a PARP-1i before 
treatment with increasing doses of ETO. The results 
shown in Fig. 6b indicate a similar sensitivity to ETO 
of NS cells in the presence or absence of PARP-1i. 
As depicted in Fig. 6b, the alt-EJ inhibition in ATMkd 
cells resulted in a slight increase in the sensitivity to 
ETO, but just at the higher dose.

Fig. 6   Deficiency of ATM confers hypersensitivity to ETO 
in the presence of DNA-PKi or PARP-1i. a. Clonogenic sur-
vival assay of HeLa NS and ATMkd cells in the presence or not 
of DNA-PKi (NU7026) for 2  h and different concentrations 

of ETO for 16 h. *p < 0.015. b. Clonogenic survival assay of 
HeLa NS and ATMkd cells in the presence or not of PARP-1i 
(BYK204165) for 2 h and different concentrations of ETO for 
16 h. *p = 0.0076
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Together, our data demonstrate that lack of func-
tional c-NHEJ in an ATM-deficient context results in 
hypersensitivity to ETO.

Discussion

ETO proved to be useful in the treatment of various 
human malignancies, including leukemia, lymphoma 
and solid tumors, but it is associated with the serious 
side effect of secondary leukemia resulting from the 
induction of chromosome translocations. This study 
was conducted to analyze the DNA-DSB repair mech-
anisms and the cellular progression of ETO-induced 
chromosomal damage in ATM-defective tumor cells 
with a non-oncogenic addiction to DNA-PKcs.

Both ATM and DNA-PKcs coordinate the DDR by 
phosphorylating hundreds of substrates to maintain 
the genome integrity (Blackford and Jackson 2017). 
ATM is central to the signal transduction process 
initiated by DSB. Defects in ATM underlie the auto-
somal recessive disorder A-T and cells from affected 
individuals are highly sensitive to radiation and 
radiomimetic drugs and present imperfect cell cycle 
checkpoint activation after exposure (Ambrose and 
Gatti 2013). In addition, mutation frequency analy-
sis revealed that ATM is mutated in 5% of all cancers 
(Jette et al. 2020).

DNA-PKcs is also recruited to DSB by Ku, pro-
moting c-NHEJ. C-NHEJ-deficient cells show profi-
cient checkpoint activation, but fail to repair a large 
fraction of DSB. In human cells, c-NHEJ appears 
to repair nearly all DSB outside of S and G2 cell 
cycle phases, and even about 80% of DSB within S 
and G2, which are not proximal to a replication fork 
(Pannunzio et al. 2018).

Our results showed high percentages of γH2AX-
positive cells following ETO and DNA-PKi/ETO 
treatments in G2 stage in both HeLa cell lines. 
This is in agreement with our previous findings in 
human normal and tumor cells (de Campos-Nebel, 
Larripa, and Gonzalez-Cid 2010; Palmitelli et  al. 
2015). In ATMkd cells with DNA-PKcs inhibited, 
the phosphorylation of H2AX is likely to be medi-
ated by the kinase activity of ATR [Blackford and 
Jackson, 2017].

It is widely accepted that unrepaired or misrepaired 
DSB lead to the formation of chromosome aberra-
tions. Although the DSB induction was similar in 

both ATM-proficient and -deficient cells after DNA-
PKi/ETO treatment, an excess of chromatid breaks 
was observed in the first metaphase of HeLa ATMkd 
cells. This increase was also obtained in lymphocytes 
derived from the A-T patient compared to normal 
PBL.

Likewise, an increased frequency of unrepaired 
chromosome breaks in A-T human fibroblasts (Mar-
tin et al. 2003) and lymphoblastoid cells (Martin et al. 
2009) was observed at the first metaphase after irradi-
ation. Moreover, the large fraction of unrepaired DSB 
post-irradiation in A-T cells is thought to be the main 
responsible for radiosensitivity (Martin et al. 2009).

It was demonstrated that 10–20% of DSB, depend-
ing on the DNA damaging agent, requires the ATM 
activity for being repaired. These DSB correspond 
to damage occurring inside the heterochromatin, 
where ATM kinase activity is a prerequisite to open 
the chromatin structure, which allows the access of 
the repair machinery (Goodarzi et al. 2010). In addi-
tion, ATM was required for the efficient and accurate 
repair of Top2-blocked DSB induced by ETO in mice 
(Alvarez-Quilon et al. 2014).

The chromosome damage induced by ETO and 
DNA-PKcs inhibition in HeLa ATMkd and A-T PBL 
was associated with a marked reduction in the num-
ber of analyzable metaphases. Hence, although most 
cells die in mitosis, a small number of them contain-
ing chromosomal alterations survive and continue to 
the following cell divisions.

To investigate the roles of ATM and DNA-PKcs 
in the regulation of HR, we monitored the RAD51 
foci formation and the appearance of SCE following 
ETO treatment in G2 phase. Our findings support 
that ATM deficiency increases the RAD51 foci for-
mation induced by ETO. Prior studies have shown 
an increased percentage of cells with RAD51 foci 
in human and mouse AT fibroblast cells exposed to 
ETO or irradiation, respectively (Yuan et  al. 2003; 
Sun et al. 2010). In straight contrast, Beucher et al. 
(Beucher et  al. 2009) and Bakr et  al. (Bakr et  al. 
2015) reported that in response to irradiation, ATM 
deficiency compromised RAD51 foci formation and 
altered the efficiency of the HR process. It has been 
suggested that ATM could contribute to RAD51 
turnover required for completion of HR (Shrivastav 
et  al. 2009). Moreover, both RAD51 and RPA are 
polyubiquitinated by RFWD3 E3 ubiquitin ligase, 
favoring their degradation (Inano et al. 2017). This 
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degradation is regulated through phosphorylation of 
RFWD3 by ATR and ATM kinases. It is notewor-
thy that ATM knockdown might not be sufficient to 
inhibit the phosphorylation of RFWD3; and thus, 
favoring RAD51 accumulation.

We also found that ATM deficiency affected the 
SCE formation, showing lower levels than NS cells. 
Similarly, Bakr et al. (Bakr et al. 2015) reported that 
ATM was needed for the last steps in HR mecha-
nism revealed by a reduced SCE rate in human cells 
treated with an ATMi before irradiation.

Since DNA-PKcs was reported to be a key reg-
ulator of both c-NHEJ and HR (Shrivastav et  al. 
2009), we also measured the HR repair of ETO-
induced DSB in DNA-PKcs-inhibited cells. We 
observed a light increase of SCE frequencies respect 
to ETO alone in both cell lines. The reports referred 
to the effect of DNA-PKcs deficiency on HR repair 
events are controversial (Allen et  al. 2002; Neal 
et al. 2011; Allen et al. 2003; Convery et al. 2005).

The focal accumulation of γH2AX in repair foci 
is a cytological manifestation of DSB formation, 
whose number associates linearly with the number 
of DNA breaks (Rothkamm and Lobrich 2003). The 
involvement of ATM and DNA-PKcs in the pro-
gression of DSB was assessed by counting γH2AX 
foci in the main nuclei of post-mitotic G1 phase 
cells. γH2AX foci were the result of persistent 
unrepaired or misrepaired events or recent DNA 
lesions generated during the previous mitosis. We 
detected that the lack of both activities caused an 
additive increase in the percentage of BN cells con-
taining DSB, relative to either single factor. Both 
protein kinase activities were critical to guarantee 
genome integrity, whereas ATM deficiency led to 
an incomplete repair, DNA-PKcs inhibition resulted 
in an inaccurate repair, which in order stimulated 
the accumulation of chromosome breaks and rear-
rangements. Previous evidence showed that ATM 
and DNA-PKcs play complementary roles to allow 
a complete and legitimate DSB repair process (Mar-
tin et al. 2012).

In HeLa NS cells, the combined treatment DNA-
PKi/ETO diminished the percentage of BN cells 
compared to ETO alone; however, in ATMkd cells no 
difference between both treatments was detected. In 
this sense, the analyses of the cell cycle distribution 
showed that the G2/M fraction was not altered by the 
inhibition of DNA-PKcs in ETO-treated ATMkd cells, 

in spite of the increased DNA damage found in BN 
cells.

Together with the evaluation of γH2AX, MRE11 
foci formation was examined on matching samples 
in post-mitotic G1 cells. MRE11 is recruited to the 
DSB after damage, where it participates in DSB rec-
ognition, end-resection and repair (Lee et al. 2012). A 
direct relationship between cells containing γH2AX 
foci and cells with MRE11 labeling was found in 
ATM-deficient and -proficient HeLa cells during the 
different treatments.

The MRE11 foci formation in G1 phase suggests a 
contribution of the slow back-up and error prone alt-
EJ repair pathway. When c-NHEJ is unable to repair 
DSB by the presence of a DNA-PKcs inhibitor, alt-EJ 
becomes the dominant pathway (Lobrich and Jeggo 
2017). The increment of γH2AX-positive BN cells 
also suggested that an important subset of long-lived 
DSB in ATM-deficient cells might persist during sev-
eral cell divisions.

The presence of rearrangements within the well-
characterized breakpoint cluster region of the mixed 
lineage leukemia (MLL) gene on 11q23 is a hallmark 
of therapy-related leukemias following treatment with 
Top2 poisons (Zhang et  al. 2021). The alt-EJ repair 
pathway operates with a speed and fidelity markedly 
lower than c-NHEJ and HR, causing elevated forma-
tion of chromosome translocations. Hence, although 
responsible for removing highly cytotoxic DNA ends 
from the genome, alt-EJ offers this function at the 
cost of increased translocation formation (Iliakis et al. 
2015).

Furthermore, deficiencies in ATM and DNA-
PKcs have been associated with elevated chromo-
some rearrangements and cancer predisposition 
(Bennardo and Stark 2010; Gunn et al. 2011). Tak-
ing together, we examined the possibility that alt-EJ 
might be involved in the repair of persistent DSB 
through the formation of dicentric chromosomes at 
second metaphase when ATM and DNA-PKcs were 
functionally compromised. Dicentric chromosomes 
and translocations occur with equal frequency and 
by identical mechanism (Yamauchi et  al. 2011). 
The frequencies of dicentric chromosome were 
similar in NS treated with DNA-PKi/ETO and 
ATMkd treated with ETO. However, ETO treat-
ment in ATM-deficient cells with targeted inhibited 
DNA-PKcs caused a synergistic increase in the fre-
quency of dicentric chromosomes compared to the 
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deficiency of individual activities. This is consistent 
with a previous report showing that ATM and DNA-
PKcs can function in a common pathway to sup-
press ionizing radiation-induced dicentric chromo-
somes in normal human fibroblasts (Yamauchi et al. 
2011). Thus, we considered that such increased 
frequency of dicentric chromosomes in ATM- and 
DNA-PKcs-deficient cells could reflect the contri-
bution of alt-EJ pathway in the DSB repair.

To further examine the participation of alt-EJ in 
the repair of unresolved DSB, the occurrence of chro-
matid- and chromosome-type aberrations was ana-
lyzed at 6 days post-treatment. HeLa NS cells showed 
increased chromatid and chromosome breaks and 
exchanges after DNA-PKi/ETO treatment relative to 
ETO alone. However, ATMkd cells showed a higher 
increase, and the chromosome aberrations after the 
combined treatment often included acentric frag-
ments but mostly telomeric associations. Our results 
support a role of alt-EJ in the generation of genome 
instability in the absence of ATM and DNA-PKcs 
activities.

To gain more insight, NS and ATMkd cells were 
treated with the PARP-1i. PARP-1 is an abundant 
nuclear enzyme of higher eukaryotes that recognizes 
DNA breaks and activates a MRE11-mediated DNA 
end resection of DSB to promote an alt-EJ repair 
mechanism (Caracciolo et  al. 2021). PARP-1 also 
participates in multiple processes including chroma-
tin remodeling, DNA replication fork progress, sin-
gle- and double-strand break repair [Chaudhuri and 
Nussenzweig, 2017].

The results denoted a vast reduction in dicentric 
chromosomes and in chromatid and chromosome 
exchanges in ATMkd cells treated with the combi-
nation PARP-1i/ETO or DNA-PKi/PARP-1i/ETO 
compared to DNA-PKi/ETO. These results were 
also corroborated with PARP-1kd cells pre-treated 
with the ATMi, where the chromatid and chromo-
some exchange frequency induced by ETO was low. 
Indeed, either PARP-1 chemical inhibition or genetic 
knockdown decreased chromosomal rearrangement 
formation.

Regarding the exchange-type aberrations induced 
by ETO, we established that dicentric chromosomes 
and telomeric association in an ATM- and DNA-
PKcs-deficient context emphasized the participation 
of alt-EJ pathway in the incorrect joining of DNA 
ends.

Bhargava  et al. (Bhargava et  al. 2020) described 
that the recognition of uncapped telomeres by ATM 
activates the end joining pathway responsible for end-
to-end fusions between non-homologous chromo-
somes or sister chromatids that give rise to dicentric 
chromosomes. Dicentric chromosomes are highly 
unstable during mitosis, since they contain two cen-
tromeres attached to both spindle poles, being pulled 
in opposing directions during anaphase (Gascoigne 
and Cheeseman 2013). Therefore, both dicentric 
chromosomes and telomeric associations amplify 
genome instability by promoting the formation of 
chromosomal rearrangements through breakage-
fusion-bridge cycles.

Next, we analyzed the sensitivity of HeLa cells to 
ETO in a combined scenario of ATM and DNA-PKcs 
or PARP-1 deficiencies. The sensitivity of NS cells to 
ETO was not altered by the presence of DNA-PKi or 
PARP-1i. In contrast, Willmore et al. (2004) reported 
an increased sensitivity of K562 cell line to ETO 
when combined with the DNA-PKi NU7026.

However, ATMkd cells showed an important sen-
sitivity to ETO, which was substantially increased 
by DNA-PKi, and to a lower extent, PARP-1i. The 
diminished clonogenic survival was related to the 
synergy between the lacks of functional c-NHEJ with 
the ATM deficiency.

Therefore, our results confirm a synthetic lethal-
ity phenotype between ATM and DNA-PKcs, and 
establish that both proteins are required for efficient 
and accurate repair of ETO-induced DSB in order to 
avoid genome instability. However, the findings of 
long-term alt-EJ mediated stable chromosome aberra-
tions calls into question about the therapeutic strategy 
of targeting the non-oncogenic addiction to DNA-
PKcs of ATM-defective tumors. In order to avoid 
cancer relapse, more complex combined therapies 
should be considered.
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