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It is believed that normal cells with an unaffected DNA damage response (DDR) and DNA damage repair
machinery, could be less prone to DNA damaging treatment than cancer cells. However, the anticancer
drug, etoposide, which is a topoisomerase II inhibitor, can generate DNA double strand breaks affecting
not only replication but also transcription and therefore can induce DNA damage in non-replicating
cells. Indeed, we showed that etoposide could inﬂuence transcription and was able to activate DDR in
resting human T cells by inducing phosphorylation of ATM and its substrates, H2AX and p53. This led to
activation of PUMA, caspases and to apoptotic cell death. Lymphoblastoid leukemic Jurkat cells, as cycling
cells, were more sensitive to etoposide considering the level of DNA damage, DDR and apoptosis. Next,
we used ATM inhibitor, KU 55933, which has been shown previously to be a radio/chemo-sensitizing
agent. Pretreatment of resting T cells with KU 55933 blocked phosphorylation of ATM, H2AX and p53,
which, in turn, prevented PUMA expression, caspase activation and apoptosis. On the other hand, KU
55933 incremented apoptosis of Jurkat cells. However, etoposide-induced DNA damage in resting T cells
was not inﬂuenced by KU 55933 as revealed by the FADU assay. Altogether our results show that KU
55933 blocks DDR and apoptosis induced by etoposide in normal resting T cells, but increased cytotoxic
effect on proliferating leukemic Jurkat cells. We discuss the possible beneﬁcial and adverse effects of
drugs affecting the DDR in cancer cells that are currently in preclinical anticancer trials.

1. Introduction
The cell cycle of normal somatic cells is regulated with
extremely high precision. This is achieved by a number of signal
transduction pathways, known as checkpoints, which control cell
cycle progression ensuring an interdependency of the S-phase and
mitosis, the integrity of the genome and proper chromosome segregation [1]. The cell cycle checkpoints are critical for protection
from uncontrolled cell division which is the main feature of cancer
development.
DNA damage checkpoints are activated when cells undergo
DNA replication (S-phase) or if DNA (G1 and G2) is damaged by
reactive oxygen species or genotoxic and other insults. The signals of double-strand DNA breaks (DSBs) are transduced by the
so called DNA damage response (DDR) pathway and determine
cell fate as one of the three responses: transient cell cycle arrest
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(repair), stable cell cycle arrest (senescence) or cell death (apoptosis). DDR is mediated by DNA damage protein sensors, such as
the MRN (Mre11–Rad50–Nbs1) complex, which trigger the activation of a signal transduction system which includes the protein
kinases: ATM (ataxia telangiectasia mutated), ATR (ATM and rad3related), Chk1 and Chk2. Ultimately, the DDR activates p53, which
contributes to either an apoptotic or senescence response via
transactivation of pro-apoptotic proteins belonging to the Bcl-2
protein family or cyclin dependent kinase inhibitor p21, respectively (reviewed by [2,3]).
Induction of DSBs triggers phosphorylation of one of the variants of the nucleosome core histone, namely H2AX, on Ser-139. This
phosphorylation is mediated by ATM, which itself is activated by
autophosphorylation on Ser-1981. The presence of phosphorylated
H2AX, named ␥H2AX, can be detected immunocytochemically in
the form of distinct nuclear foci where each focus is assumed to correspond to a single DSB [4]. Co-localized with ␥H2AX are proteins
such as Rad50, Rad51, Brca1 and the p53 binding protein 1 (53BP1),
recruited to the DSB site. Concomitant activation of ATM and H2AX
phosphorylation is considered to be a reliable hallmark of DSBs [4].
Recently also 53BP1 has been recognized as a convenient marker
of DSBs, forming nuclear foci together with ␥H2AX [5].
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There are a number of documented genetic lesions in checkpoint genes, or in cell cycle genes, which result either directly in
cancer development or in a predisposition to certain cancer types
and genomic instability [6]. On the other hand, radio/chemotherapy
induces DNA damage in cancer cells which then switch on DDR that
leads to cell senescence or cell demise via apoptosis or the mitotic
catastrophe [7]. There are many agents inducing DNA damage in
cancer cells and etoposide is one of them.
Etoposide has been used in the treatment of a wide variety of
neoplasms, including small-cell lung cancer, Kaposi’s sarcoma, testicular cancer, acute leukemia and lymphoma [8]. Etoposide is a
poison of topoisomerase type II (Top2) [9], which stabilizes the
cleavage complex leading to Top2 mediated chromosome DNA
breakage [10]. In mammals, there are two isozymes of DNA topoisomerase II, Top2␣ and Top2␤ both of which, seem to be involved
not only in replication but also in transcription [11–13]. Thus, it
could be expected that etoposide can exert adverse effect on slowly
or non-proliferating normal cells by inﬂuencing both Top2␣ and
Top2␤ during transcription.
The major side effect of radio/chemotherapy, including that
elicited with the use of etoposide, is leucopenia caused by drug
cytotoxicity to myeloid cells and mature lymphocytes. The main
mechanism of the cytotoxic effect of etoposide might be apoptosis of the immune cells [14]. Very recently, the induction of
␥H2AX has been observed in peripheral blood lymphocytes irradiated in vitro [15] and the relation between DNA damage foci and
with apoptosis of resting lymphocytes from irradiated patients was
revealed [16]. However, to our knowledge, there are no publications showing a relation between etposide-induced DNA damage,
DDR and apoptosis of resting lymphocytes. We expected that the
DNA damage response and subsequent apoptosis might take place
in primary non-proliferating human T cells treated with etoposide. Indeed, we show in this paper that the treatment of T cells
with etoposide caused DNA damage and induced activation of the
DNA damage signaling pathway followed by p53- and caspasedependent apoptosis. Pretreatment of cells with the ATM inhibitor,
KU 55933, successfully blocked DDR, but did not inﬂuence DNA
damage level measured by the FADU technique. In a seminal
paper describing KU 55933 it was shown that the ATM inhibitor
sensitized HeLa cells to the cytotoxic effects of etoposide as measured by the clonogenicity assay [17]. We show surprisingly, that
KU 55933 protects T cells against apoptosis indicating its opposite action on normal resting cells and on proliferating cancer
ones.

2. Materials and methods
2.1. Cell culture
Human T cells were isolated from buffy coats of blood samples
obtained from informed healthy volunteer donors, in accordance
with local ethical regulations, and provided by Domestic Blood Center, Warsaw, Poland. Isolation was performed using the RosetteSep
Human T Cell Isolation Cocktail (StemCell Technologies, Vancouver, Canada), according to the manufacturer’s instruction. The cell
purity was usually more than 95% (estimated by ﬂow cytometry). Cells were seeded at a density of 1 × 106 cells/ml in RPMI
1640 medium supplemented with 10% FBS, 2 mM l-glutamine and
antibiotics and kept in humidiﬁed atmosphere (37 ◦ C and 5% CO2
in the air).
Jurkat E6.1 cells obtained from ECACC (European Collection of
Cell Culture) were cultured in RPMI 1640 medium supplemented
with 10% FBS, 2 mM l-glutamine and antibiotics and kept in humidiﬁed atmosphere (37 ◦ C and 5% CO2 in the air). The cells were seeded
24 h before treatment at a density of 4 × 105 cells/ml.

Etoposide (Sigma–Aldrich, Poznan, Poland) and KU 55933
(Tocris Bioscience, Bristol, UK) were dissolved in DMSO and added
to the medium to a given ﬁnal concentration. KU 55933 was added
to the medium for 2 h before etoposide without medium exchange.
The DMSO concentration in cell culture did not exceed 0.1%, which
did not inﬂuence cell survival.
2.2. Transcription detection
Detection of newly synthesized RNA was estimated using the
Click-iT® RNA HCS Assays (Invitrogen). T cells (1 × 106 ) were
treated with transcription inhibitors either 10 M ␣-amanitin
(Sigma–Aldrich) for 17 h or 40 M 1-␤-d-ribofuranoside (DRB)
(Sigma–Aldrich) for 1 h before the addition of 1 mM 5-ethynyl
uridine (EU) for 1 h at 37 ◦ C. Afterwards cells were ﬁxed with
3.7% formaldehyde in PBS for 15 min and permeabilized with 0.5%
Triton-X 100 in PBS for 15 min. EU incorporation was detected using
the Click-iT® reaction cocktail containing green-ﬂuorescent Alexa
Fluor® 488 azide. After the washing step, mean ﬂuorescence of cells
was measured using FACSCalibur (BD Biosciences, Warsaw, Poland)
and CellQuestPro software (BD Biosciences, Warsaw, Poland).
2.3. Apoptosis detection
Externalization of phosphatidylserine (PS) to the outer layer
of cell membrane was examined by binding of Annexin V in the
presence of 7-AAD, a dye which stained dead cells. The assay was
performed using the PE Annexin V Apoptosis Detection Kit I (BD
Biosciences, Warsaw, Poland). Cells were washed, suspended in
the Annexin V binding buffer and stained with PE (Phycoerythrin)
conjugated with Annexin V and 7-AAD for 15 min at RT. Flow
cytometric analyses were performed using FACSCalibur and the
CellQuestPro analysis software.
2.4. Immunocytochemistry
Cells were washed and ﬁxed with 2% PFA for 20 min, at RT. Cells
were washed twice and attached to the Superfrost® Plus Microscope Slides (Thermo Scientiﬁc, Braunschweig, Germany) using
the cytospin centrifuge. Afterwards they were permeabilized with
70% ethanol overnight at −20 ◦ C. Next, cells were blocked with 5%
bovine serum albumin (BSA) in PBS containing 0.5% Tween-20 and
0.1% Triton X-100 for 30 min. After washing cells were incubated
with primary anti-p-ATM Ser 1981 (Abcam, Cambridge, UK), anti␥H2AX, (Abcam), anti-53BP1 (Novus Biologicals, Cambridge, UK)
and anti-Ki-67 (Dako, Gdynia, Poland) antibodies diluted 1:500 in
1%BSA/PBS (0.5% Tween-20 and 0.1% Triton X-100) for 2 h and then
with the anti-mouse Alexa 488/anti-rabbit Alexa 555 secondary
antibodies (Invitrogen, Warsaw, Poland), 1:500 in 1% BSA/PBS (5%
Tween-20 and 0.1% Triton X-100) for 1 h. DNA was stained with
DRAQ5 (Biostatus Limited, Leicestershire, UK) diluted 1:400 in PBS
for 10 min and the cover slips were mounted. Stainings were visualized with a Leica TCS SP5 laser scanning confocal microscope with
a 63× (1.4 NA) PlanApo objective. For ﬂuorescence intensity evaluation at least 50 cells from each experiment were analyzed using
the LAS AF software (Leica Microsystems).
2.5. DNA content measurement
For DNA content analysis cells were washed in PBS, ﬁxed with
70% ethanol and kept overnight in −20 ◦ C. After washing cells were
stained with PI solution (3.8 mM sodium citrate, 50 g/ml RNAse A,
500 g/ml PI, in PBS) for 30 min. Flow cytometry analysis of 10,000
cells was performed using FACSCalibur and the CellQuestPro software.
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2.6. Western blotting analysis
Whole cell protein extracts were prepared according to Laemmli
[18]. Equal amounts of protein were separated electrophorectically
in 8 or 12% SDS-polyacrylamide gels and transferred onto nitrocellulose membranes. Membranes were blocked with 5% non-fat dry
milk dissolved in TBS containing 0.1% Tween-20 for 1 h at RT and
incubated overnight at 4 ◦ C with one of the primary antibodies:
anti-ATM (1:500) and anti-H2AX (1:500) (Millipore); anti-p-ATM
Ser1981 (1:1000) and anti-␥H2AX Ser139 (1:1000) (Abcam); antip53 (1:500) and anti-p21 (1:250) (Santa Cruz Biotechnology, Santa
Cruz, USA); anti-p-p53 Ser15 (1:500), anti-Puma (1:1000), anticaspase-3 (1:500), anti-caspase-9 (1:500); anti-caspase-8 (1:500)
(Cell Signaling, Boston, USA); anti-Poly(ADP-ribose)polymerase
(PARP) (1:1000) (Enzo Life Sciences, Exeter, UK); anti ␤-actin
(1:50,000) (Sigma–Aldrich). Speciﬁc proteins were detected after
1 h incubation at RT with one of the horseradish peroxidaseconjugated secondary antibodies (1:2000) (Dako), using an ECL
system (GE Helthcare, Buckinghamshire, UK), according to the
manufacturer’s instructions.
2.7. Flow cytometry measurement of caspase-2
Caspase-2 activation was measured 24 h and 48 h after treatment with etoposide and/or KU 55933 by the CaspGLOWTM
Fluorescein Active Caspase-2 Staining Kit (BioVision, Milpitas,
USA). 3 × 105 of cells were suspended in 300 l of medium and 1 l
of FITC–VDVAD–FMK was added. Then cells were incubated for 1 h
at 37 ◦ C with 5% CO2 . After two washes ﬂuorescence was analysed
by FACSCalibur with the CellQuestPro software.
2.8. Fluorimetric detection of alkaline DNA unwinding (FADU)
method
A modiﬁed and automated version of the ‘ﬂuorimetric detection of alkaline DNA unwinding’ method was employed to measure
the level of DNA damage and repair in cells treated with etoposide
and/or KU 55933. The level of DNA strand lesions was analyzed
30 min after cell treatment as described previously [19]. The measurement of DNA strand breaks by FADU is based on the partial
denaturation (“unwinding”) of double-stranded DNA under controlled alkaline and temperature conditions. DNA strand breaks are
sites where the unwinding of DNA can start. Brieﬂy, after inﬂiction
of DNA damage, cell lysis was performed. Unwinding was terminated by adding a neutralizing solution. To quantify the amount of
DNA remaining double-stranded, a commercially available ﬂuorescence dye (SybrGreen® ) was used as a marker for double stranded
DNA.
2.9. Statistical analysis
Data were evaluated using the Mann–Whitney test.
3. Results
3.1. Etoposide induces apoptosis of resting and proliferating T
cells
Previously it was shown by Tanaka et al. [20] that human
lymphoblastoid cells, which are in the G1 phase of the cell cycle,
preferentially underwent apoptosis following treatment with
etoposide (ETO). We were interested whether cells which remain
out of the cell cycle (G0 phase) are also sensitive to ETO treatment. To this end, we performed experiments on human T cells,
which are resting cells and, for comparison, we used proliferating
lymphoblastoid leukemic Jurkat cells. We decided to perform our

studies using an isolated pure (more than 95%) population of T
cells, instead of peripheral blood lymphocytes commonly used for
dosimetry, which are the mixture of cells of different functions,
lifespan and propensity to undergo apoptosis in vivo and under
culture condition. Moreover, T cells derived from healthy people
are truly in the G0 phase.
To show this we performed following analyses. First we checked
DNA content in resting T cells and Jurkat cells by ﬂow cytometry. The results presented in Fig. 1A show that the vast majority
of resting T cells were in G0/G1 phase (96%), whilst within the
population of Jurkat cells only about half of them were in the
G0/G1 phase. Previously, we showed that PHA stimulation induced
proliferation of resting T cells [21]. However, DNA content measurement does not discriminate between cells in the G0 and G1
phase. Thus, we performed additional analysis, namely the Ki67
expression was measured by immunocytochemistry in resting and
PHA (0.5 g/ml) stimulated T cells. Ki67 is a common marker of
proliferating cells. As can be seen in Fig. 1B, before stimulation all
cells were Ki67-negative, whilst after PHA stimulation some cells
were Ki67-positive.
We measured the apoptotic index of normal T cells and Jurkat
cells treated for 24 h with etoposide at different concentrations
ranging from 1 to 20 M. Apoptosis was detected by ﬂow cytometry
using the Annexin V/7-AAD assay. The apoptotic index was deﬁned
as the sum of the percentage of cells which were Annexin V- positive and 7-AAD-negative (early apoptosis, membrane integrity is
preserved) and those which were Annexin V- and 7-AAD positive
(end stage of apoptosis and cell death). Fig. 2A shows cumulative
values of the apoptotic index for resting T cells. As expected, the
highest apoptosis level was observed in cells treated with 20 M
ETO, however a 10 M drug has already induced death in a substantial amount of resting T cells (25%). Accordingly, for further
experiments we used 10 M ETO (if not stated otherwise) as it has
been suggested previously that this cell treatment (10 M, 24 h)
mimics one of the therapeutic regimes [22].
When we measured the apoptotic index in Jurkat cells it
appeared that they were much more sensitive to ETO treatment.
Namely, already 5 M ETO induced apoptosis in 40% of cells and
10 M ETO was twice more cytotoxic. The time course of 10 M
ETO cytotoxicity also indicated higher sensitivity of leukemic than
normal non-proliferating T cells to ETO treatment (Fig. 2A and B).
3.2. Etoposide induces DNA damage in resting and proliferating
(Jurkat) T cells
We were interested whether ETO induced apoptosis by
introducing DNA breaks leading to DDR in normal resting human
T cells and proliferating Jurkat cells. First, we checked DNA lesions
by using two different methods, namely “ﬂuorimetric detection of
alkaline DNA unwinding” and immunocytochemical detection of
DNA damage foci.
The FADU method serves to quantify the formation and repair
of both single and double DNA strand breaks. This is a very sensitive and quantitative method [19,23]. Since this method does not
discriminate between primary and apoptotic DNA lesions, we only
analysed cells after treatment with etoposide for a short period of
time (30 min). This method was used just to show whether etoposide was able to induce concentration-dependent DNA damage in
resting T cells and cycling Jurkat cells. Low ﬂuorescence intensities
indicated a large number of DNA strand breaks. Indeed, this method
revealed that ETO affected DNA in both normal and leukemic cells.
However lower ﬂuorescence could be observed in Jurkat cells after
treatment with all of the tested concentrations (Fig. 3). In the case
of 10 M ETO it was about 30% of the initial ﬂuorescence value in
comparison with about 90% in normal resting T cells proving that
resting T cells were less sensitive to the DNA damaging agent than

867

Fig. 1. Normal T cells are resting ones.
(A) DNA content of T cells and Jurkat cells were analyzed by ﬂow cytometry. Percentage of cells in different phases of the cell cycle are indicated. (B) Resting T cells after PHA
stimulation entered the cell cycle as was evidenced by Ki67 staining. The results are representative of at least 10 measurements. Bars correspond to 20 M.

Fig. 2. Apoptotic index of ETO-treated T cells and Jurkat cells.
(A) Dose-dependence of apoptotic index measured 24 h after ETO treatment and time course of apoptosis in T cells treated with 10 M ETO. (B) Dose-dependence of apoptotic
index measured 24 h after ETO treatment and time course of apoptosis in leukemic Jurkat cells treated with 10 M ETO. Apoptotic index was estimated by the AnnexinV/7AAD ﬂow cytometry assay. The bars show means ± SD values. Apoptotic index was obtained from four independent experiments in the case of Jurkat cells and from four
different donors in the case of T cells.
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Fig. 3. DNA lesions induced by ETO in T cells and Jurkat cells measured by FADU assay.
T cells and Jurkat cells were treated with ETO at different concentrations. DNA lesions were measured after 30 min. The values are means (±SD obtained from six donors and
six measurements in Jurkat cells).

proliferating Jurkat cells. To conﬁrm these results we used another
method which detects only DNA double strand breaks (DSBs) typical for ETO action, that is phosphorylation of H2AX on Ser-139.Fig. 4
shows ␥H2AX foci observed under a confocal microscope. As it can
be seen ETO induced formation of ␥H2AX foci visible in Jurkat cells
already 1 h after treatment. Contrary to Jurkat, resting T cells had
much less DSBs visualized as ␥H2AX foci induced by ETO. However, 24 h after treatment with ETO many cells stained for ␥H2AX
were intensively green, but no foci were observed. This effect is very
spectacular especially in resting T cells the nuclei of which were not
as fragmented as those of Jurkat cells. As it was reported previously
[24,25], this effect is characteristic for DNA damage in apoptotic
cells, which display much stronger phosphorylation of H2AX and
more intense ﬂuorescence than the one observed in the case of primary lesions. Altogether, our results evidenced that proliferating
Jurkat cells were more sensitive to ETO than normal resting T cells.
Moreover, in both types of cells DNA damage induced by ETO triggered the DDR followed by apoptotic caspases activation (chapter
below and supplementary Figure 1).
3.3. KU 55933 inhibits ATM and DNA damage response in resting
T cells
Upon the occurrence of DSBs ATM is activated by autophosphorylation. Recently, an ATP-competitive inhibitor, KU 55933
(KU), that inhibits ATM was identiﬁed and its speciﬁcity was

demonstrated by the ablation of phosphorylation of a range of ATM
targets, including p53, H2AX and others induced by DNA damage.
[17].
We were interested whether ATM inhibition would affect the
propensity of resting T cells to undergo DNA damage-induced
apoptosis. Accordingly, we pretreated T cells with 10 M KU for
2 h and then 10 M ETO was added to the medium. First, using
the confocal microscopy we checked the presence of phosphorylated ATM in ETO-treated cells, including those pretreated with KU
(KU + ETO). Results presented in Fig. 5 revealed that indeed ETO
induced accumulation of p-ATM Ser 1981 which was prevented by
KU.
Next, we checked by Western blotting the level of ATM and some
other key proteins of the DDR pathway upon ETO and/or KU treatment of resting T cells. As it is shown in Fig. 6A, ETO increased
the level of p-ATM Ser1981 already 1 h after treatment followed
by an increase in its substrates, namely ␥H2AX and p-p53 Ser15.
Induction of total p53 and its phosphorylation in ETO-treated cells
was followed by increased levels of its direct target, namely the
proapoptotic PUMA. As expected the other p53 target, p21, which
is a cell cycle inhibitor was not detected in non-proliferating T
cells. KU effectively prevented the induction of p-ATM Ser1981,
p-p53 Ser15 and PUMA for at least 48 h after ETO treatment.
Also the ␥H2AX level in KU + ETO treated cells was substantially
lower for as long as 12 h after KU + ETO treatment. Collectively,
we can assume that activation of ATM and phosphorylation of

Fig. 4. ␥H2AX staining in normal resting T cells and leukemic Jurkat cells treated with ETO. Cells were treated with DMSO or 10 M ETO and stained for ␥H2AX (green) and
DNA (red). Representative confocal images are shown. Bars correspond to 10 m.
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Fig. 5. KU prevents phosphorylation of ATM induced by ETO in resting T cells.
T cells were treated with 10 M ETO for 6 h. KU was added to the culture for 2 h before ETO. (A) ATM ﬂuorescence revealed by confocal microscopy of cells immunostained by
antibody against p-ATM Ser-1981. DNA was stained with DRAQ 5. The results are representative of 3 independent experiments performed on T cells isolated from 3 donors.
At least 50 cells from each group were analyzed. Bars correspond to 10 m. (B) Quantiﬁcation of ATM ﬂuorescence (means ± SD; ***p < 0.001).

Fig. 6. Inhibition of ATM by KU leads to attenuation of DDR (A) and protection from apoptosis in resting T cells (B).
T cells were pretreated with KU for 2 h and then cultivated with or without 10 M ETO up to 48 h. The blot is representative of 3 independent experiments performed on T
cells derived from 3 donors.
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the downstream proteins were successfully reduced by KU treatment.
However, KU had no inﬂuence on the DNA damage level
introduced by ETO as measured by FADU assay (Supplementary
Figure 2A).
3.4. KU 55933 diminished apoptosis of resting T cells treated with
etoposide
As PUMA is a mediator of apoptosis we could assume that KU
protects cells also against ETO-induced apoptosis. Thus we veriﬁed this by other markers. Fig. 6B shows that the PARP proteolysis
detected in ETO-treated cells 24 h and 48 h after ETO-treatment
was diminished in KU + ETO-treated cells and hardly visible in KUtreated cells suggesting, at least, a reduced level of apoptosis in
KU + ETO treated cells in comparison with ETO-treated cells. The
same could be concluded from the comparison of the ␥H2AX level.
Phosphorylated H2AX is a marker of DNA damage which appears
within seconds after DNA break [4,26]. However, it can also reﬂect
DNA fragmentation occurring during apoptosis [25,27], which is
ATM-independent [28,29]. Actually, already after 24 h and later,
concomitantly with the increased level of ␥H2AX, we observed a
drop in p-ATM Ser 1981 and typical ATM “ladder” for apoptosis in
ETO-treated cells suggesting that ␥H2AX can be a very sensitive
marker of apoptotic DNA degradation which occurs independently
of early DDR activation. The same suggestion has been made previously by other researchers [29].
Collectively, ETO induced symptoms of apoptosis such as:
increased level of PUMA, cleavage of PARP and ATM, and H2AX
phosphorylation in resting T cells. All these symptoms were almost
completely suppressed by KU when checked 24 h and 48 h after
KU + ETO-treatment.
To further verify whether KU blocks apoptosis we checked the
apoptotic index (Fig. 7A) and key apoptotic caspases upon normal T cell treatment with ETO and KU + ETO (Fig. 7B and C). As it
can be seen (Fig. 7A) the apoptotic index increased about 4 times
48 h after cell-treatment with ETO. In cells pretreated with KU
followed by ETO treatment a substantial reduction of the apoptotic index was observed in comparison with just ETO treated cells
(p < 0.001). We also checked the key caspases involved in apoptosis,
namely caspases-2, 3, 8 and 9. Results obtained by Western blotting revealed that the levels of cleaved caspases-3, 8 and 9 (Fig. 7B)
were higher in ETO- than in KU- or KU + ETO-treated cells. KU also
lowered the number of cells with active caspase-2 as measured by
ﬂow cytometry (Fig. 7C).
Thus, we can summarize that KU attenuates activation of ATM
and DDR signal transduction, which in turn substantially diminishes caspase-dependent apoptosis in ETO-treated resting T cells.
As it has been shown previously that KU did not inhibit apoptosis, but quite to the reverse, it incremented the apoptotic effect
of DNA damaging agents in many cancer cells [17], we pretreated
Jurkat cells with KU and checked the apoptotic index 24 h after
ETO-treatment. Treatment with KU alone induced apoptosis in 40%
of Jurkat cells and the apoptotic index was increased several times
in cells treated with KU + ETO (Supplementary Figure 1).
3.5. Inhibition of transcription attenuates DDR response in T cells
treated with etoposide
It could be expected that ETO exerts its cytotoxic activity in
resting T cells by inﬂuencing transcription. To verify this, in the
following experiments we used transcription inhibitors, namely ␣amanitin and DRB, which do not induce DNA damage by themselves
[30]. Both of them inhibited transcription, although ␣-amanitin
was more effective. Cells pretreated with either ␣-amanitin (17 h)
or DRB (1 h) displayed lower level of DNA damage induced by

ETO (measured as 53BP1 foci) and had substantially decreased
DDR response considered as the levels of p-ATM Ser 1981 and
p-p53 Ser 15, measured after 3 h of ETO treatment (Fig. 8). Accordingly, it can be assumed that ETO activity is associated with
transcription. However, the inhibitors did not protect cells against
ETO-induced apoptosis measured at longer times (24 h after ETOtreatment). Moreover longer incubation with the inhibitors (41 h
for ␣-Amanitin and 25 h for DRB induced apoptosis by themselves
(Supplementary Figure 2B).

4. Discussion
The aim of our study was to answer the following questions:
(i) whether the DNA damaging agent, etoposide would be able
to evoke DDR and DDR-dependent apoptosis in non-proliferating
normal human T lymphocytes, and (ii) whether inhibition of ATM
would affect the propensity of normal cells to undergo cell death.
Previously it has been shown that the inhibitor of topoisomerase
I, caphotectin, activates ATM and downstream proteins in normal
human peripheral blood lymphocytes by inhibition of transcription
[30]. We showed that ETO, the well recognized inhibitor of topoisomerase II, also affected transcription, and thus we hypothesized
that it would activate DDR in resting human T cells. Indeed, we show
in this paper the activation of ATM and of p53 in T cells upon treatment with ETO, followed by apoptosis. As expected KU substantially
reduced the level of p-ATM Ser1981 and p-p53 Ser15. Sordet et al.
[30] also reported that blocking ATM autophosphorylation by KU
reduced the level of downstream protein phosphorylation in normal human peripheral blood lymphocytes. However they did not
address the question of the propensity of cells pretreated with the
ATM inhibitor to undergo apoptosis.
Our results revealed that KU protected T cells against ETOinduced caspases activation and apoptosis. To our knowledge this
is the ﬁrst such report. Even though it is rather unlikely that resting T cells can undergo senescence as we showed no p21 induction,
we checked SA-␤-galactosidase activity, which is a well recognized
marker of cellular senescence [31]. The results, as expected, were
negative (not shown). Instead, we showed that KU blocked all crucial caspases, and more importantly, we observed an increased level
of PUMA in ETO-treated cells but not in KU + ETO-treated cells. As it
has been shown previously, “no PUMA no death”, as this protein is
necessary for both p53-dependent and p53-independent cell death
[32]. All these results proved that KU reduced the level of ETOinduced death of resting T cells. This is quite opposite to what is
observed in cancer cells. Indeed, we showed that KU induced apoptosis and incremented the apoptotic index in Jurkat cells treated
with etoposide. There are also other reports showing that KU sensitizes cancer cells to radio- and chemotherapy treatment [33–35]
and to various DDR-inhibitory drugs, including those targeting
ATM, which are in preclinical and clinical development [3]. Moreover, as was suggested by Jackson and Bartek [3] this approach
could selectively target cancer cells. Firstly, different DNA-repair
pathways can overlap in function, and sometimes substitute for
each other. Inhibition of a given pathway should in some cases have
a greater impact on cancer cells than on normal cells, which contrary to cancer cells, have all pathways unaffected. Secondly, cancer
cells are proliferating more rapidly than most normal cells and the
S phase is a particularly vulnerable time for DNA-damage to occur.
Indeed we showed that Jurkat cells were much more sensitive to
ETO-induced DNA damage and the following apoptosis than normal resting T cells. Thus, the antiapoptotic activity of KU in normal
cells with induced DNA damage supports the idea of developing
a branch of ATM inhibitors which could act selectively on cancer
cells. However, it is very well known that ATM deﬁciency leads
to ataxia-telangiectasia (A-T), a genomic instability with hallmarks
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Fig. 7. Inhibition of ATM protects resting T cells against DNA damage-induced apoptosis.
T cells were pretreated with KU for 2 h and then cultivated with or without 10 M ETO for 24 h and 48 h. (A) Apoptotic index estimated by Annexin V/7-AAD ﬂow cytometry
assay. Upper panel shows a representative density plot. Bar graph shows data analyzed from 10 independent experiments on T cells from 10 donors (means ± SD; ***p < 0.001).
(B) Levels of caspase-3,8,9 measured by Western blotting. Representative blots are shown from 3 experiments performed on T cells from 3 donors. Arrows indicate the full
length procaspases and their cleaved forms. Molecular-mass markers are shown on the left. (C) Cells positive for the active form of caspase-2 as measured by ﬂow cytometry.
The results come from 3 independent experiments performed on T cells isolated from 3 donors (means ± SD).

of neurodegeneration, immunodeﬁciency and radiation sensitivity
[36] suggesting higher propensity of A-T cells to undergo apoptosis. Interestingly, others showed that ATM deﬁciency resulted in a
signiﬁcant resistance of lymphoid cells derived from A-T patients

to Fas-induced apoptosis and the same effect could be achieved by
ATM inhibition (KU) in established cell lines [37] advocating that
the propensity to apoptosis of normal cells with ATM deﬁciency is
still awaiting elucidation.
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Fig. 8. Inhibition of transcription reduces DDR in ETO-treated resting T cells.
(A) Transcription level after T cell treatment with inhibitors. T cells were untreated or treated with 1-␤-d-ribofuranoside (DRB; 1 h, 40 M) or ␣-amanitin (17 h, 10 M)
before the addition of 5-ethynyl uridine, the incorporation of which was detected and is expressed as ﬂuorescence intensity. (B) DNA damage in T cells treated with ETO
reduced by transcription inhibitors. Cells were pretreated with the inhibitors as indicated in A and followed by 3 h treatment with ETO. Then, cells were stained for p53BP1.
The 53BP1 foci in at least 60 cells per each treatment were counted under confocal microscope. (C) Inhibition of DDR by transcription inhibitors in T cells treated with ETO.
The level of total and phosphorylated ATM and p53 proteins were measured in cells treated as in (B). Representative results for two independent experiments are shown.

Blocking apoptosis in cells treated with an agent inducing DNA
damage raises the question whether the cells which survived could
have unrepaired DNA damage. Actually, we showed using the
FADU assay, that KU did not inﬂuence DNA primary lesions in T
cells, although this was measured only in a short time, namely
after 30 min of ETO treatment. However, one cannot exclude that
cells which survived the KU + ETO-treatment could have unrepaired
DNA due to attenuation of the DNA repair machinery. Thus the beneﬁcial action of KU in diminishing apoptosis in normal T cells may
be weakened by possible adverse effects such as delayed apoptosis or increased genomic instability due to the persistence of DNA
damage. It was documented that ATM [38] and H2AX [39] are critical for facilitating the assembly of speciﬁc DNA-repair complexes
on damaged DNA. On the other hand, it can be imagined that in an
organism, due to the supportive surveillance, the cells could survive longer and have enough time for DNA repair, especially that
KU competes with ATP and its inhibitory action on ATM should
be reversible [17]. Recently, it has been shown that all proteins
needed for the repair of ␥-irradiation induced DNA-damage, that
can be detected by the alkaline comet assay, are already present in
G0 cells at sufﬁcient amounts and do not need to be induced once
lymphocytes are stimulated to start cycling [40].

5. Conclusions
It is commonly accepted that DNA damage response operates
at the cell cycle checkpoints of proliferating cells and it can be
the target for chemotherapy. On the other hand data concerning
DDR in normal non-proliferating cells are very scarce, although the
harmful effect elicited by radio/chemotherapy on resting T cells has
been reported. Accordingly, the aim of our study was to answer the
following questions: (i) whether the DNA damaging agent, etoposide is able to evoke DDR-dependent apoptosis in non-proliferating
normal human T lymphocytes, and (ii) whether inhibition of ATM,
which is the key enzyme in DDR affects the propensity of normal
cells to undergo cell death.
We show for the ﬁrst time that etoposide, which is a topoisomerase II inhibitor induced DNA damage response via inﬂuencing
transcription and the subsequent apoptosis in normal resting T
cells. Both DDR and apoptosis were blocked by ATM inhibitor,
KU 55933. The result is intriguing in the light of the fact that
this inhibitor sensitizes cancer cells to anticancer drug treatment.
Nonetheless, it could not be excluded that blocking DDR in normal
cells does not protect against DNA damage which may either persist in non-proliferating cells or induce delayed apoptosis. Thus, to

judge whether ATM inhibitors do not cause side effects additional
studies on clinical material are needed.
Acknowledgements
This work was supported by the National Center of Science
(grant 0727/B/P01/2011/40).
Appendix A. Supplementary data
Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.dnarep.
2012.08.006.
References
[1] L.H. Hartwell, T.A. Weinert, Checkpoints: controls that ensure the order of cell
cycle events, Science 246 (1989) 629–634.
[2] F. d’Adda di Fagagna, Living on a break: cellular senescence as a DNA-damage
response, Nat. Rev. Cancer 8 (2008) 512–522.
[3] S.P. Jackson, J. Bartek, The DNA-damage response in human biology and disease,
Nature 461 (2009) 1071–1078.
[4] W.M. Bonner, C.E. Redon, J.S. Dickey, A.J. Nakamura, O.A. Sedelnikova, S. Solier,
Y. Pommier, GammaH2AX and cancer, Nat. Rev. Cancer 8 (2008) 957–967.
[5] L.B. Schultz, N.H. Chehab, A.T.D. Malikzay, Halazonetis, p53 binding protein 1
(53BP1) is an early participant in the cellular response to DNA double-strand
breaks, J. Cell Biol. 151 (2000) 1381–1390.
[6] Z. Storchova, D. Pellman, From polyploidy to aneuploidy, genome instability
and cancer, Nat. Rev. Mol. Cell Biol. 5 (2004) 45–54.
[7] I.B. Roninson, E.V. Broude, B.D. Chang, If not apoptosis, then what? Treatmentinduced senescence and mitotic catastrophe in tumor cells, Drug Resist. Updat.
4 (2001) 303–313.
[8] K. Kobayashi, M.J. Ratain, Pharmacodynamics and long-term toxicity of etoposide, Cancer Chemother. Pharmacol. 34 (Suppl.) (1994) S64–S68.
[9] J.L. Nitiss, Targeting DNA topoisomerase II in cancer chemotherapy, Nat. Rev.
Cancer 9 (2009) 338–350.
[10] C.C. Wu, T.K. Li, L. Farh, L.Y. Lin, T.S. Lin, Y.J. Yu, T.J. Yen, C.W. Chiang, N.L.
Chan, Structural basis of type II topoisomerase inhibition by the anticancer
drug etoposide, Science 333 (2011) 459–462.
[11] N. Mondal, J.D. Parvin, DNA topoisomerase IIalpha is required for RNA polymerase II transcription on chromatin templates, Nature 413 (2001) 435–438.
[12] B.G. Ju, V.V. Lunyak, V. Perissi, I. Garcia-Bassets, D.W. Rose, C.K. Glass, M.G.
Rosenfeld, A topoisomerase IIbeta-mediated dsDNA break required for regulated transcription, Science 312 (2006) 1798–1802.
[13] J.L. Nitiss, DNA topoisomerase II and its growing repertoire of biological functions, Nat. Rev. Cancer 9 (2009) 327–337.
[14] K. Nagami, Y. Kawashima, H. Kuno, M. Kemi, H. Matsumoto, In vitro cytotoxicity
assay to screen compounds for apoptosis-inducing potential on lymphocytes
and neutrophils, J. Toxicol. Sci. 27 (2002) 191–203.
[15] E. Markova, J. Torudd, I. Belyaev, Long time persistence of residual
53BP1/gamma-H2AX foci in human lymphocytes in relationship to apoptosis,
chromatin condensation and biological dosimetry, Int. J. Radiat. Biol. 87 (2011)
736–745.
[16] E.C. Bourton, P.N. Plowman, D. Smith, C.F. Arlett, C.N. Parris, Prolonged expression of the gamma-H2AX DNA repair biomarker correlates with excess acute

873

[17]

[18]
[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

and chronic toxicity from radiotherapy treatment, Int. J. Cancer 129 (12) (2011)
2928–2934.
I. Hickson, Y. Zhao, C.J. Richardson, S.J. Green, N.M. Martin, A.I. Orr, P.M. Reaper,
S.P. Jackson, N.J. Curtin, G.C. Smith, Identiﬁcation and characterization of a novel
and speciﬁc inhibitor of the ataxia-telangiectasia mutated kinase ATM, Cancer
Res. 64 (2004) 9152–9159.
U.K. Laemmli, Cleavage of structural proteins during the assembly of the head
of bacteriophage T4, Nature 227 (1970) 680–685.
M. Moreno-Villanueva, R. Pfeiffer, T. Sindlinger, A. Leake, M. Muller, T.B.
Kirkwood, A. Burkle, A modiﬁed and automated version of the ‘Fluorimetric
Detection of Alkaline DNA Unwinding’ method to quantify formation and repair
of DNA strand breaks, BMC Biotechnol. 9 (2009) 39.
T. Tanaka, H.D. Halicka, F. Traganos, K. Seiter, Z. Darzynkiewicz, Induction of
ATM activation, histone H2AX phosphorylation and apoptosis by etoposide:
relation to cell cycle phase, Cell Cycle 6 (2007) 371–376.
A. Brzezinska, A. Magalska, E. Sikora, Proliferation of CD8+ in culture of human T
cells derived from peripheral blood of adult donors and cord blood of newborns,
Mech. Ageing Dev. 124 (2003) 379–387.
I Schonn, J Hennesen, D.C. Dartsch, Cellular responses to etoposide: cell death
despite cell cycle arrest and repair of DNA damage, Apoptosis 15 (2) (2010)
162–172.
M. Moreno-Villanueva, T. Eltze, D. Dressler, J. Bernhardt, C. Hirsch, P. Wick, G.
von Scheven, K. Lex, A. Burkle, The automated FADU-assay, a potential highthroughput in vitro method for early screening of DNA breakage, Altex 28 (4)
(2011) 295–303.
H.D. Halicka, X. Huang, F. Traganos, M.A. King, W. Dai, Z. Darzynkiewicz, Histone H2AX phosphorylation after cell irradiation with UV-B: relationship to
cell cycle phase and induction of apoptosis, Cell Cycle 4 (2005) 339–345.
T. Tanaka, A. Kurose, X. Huang, W. Dai, Z. Darzynkiewicz, ATM activation and
histone H2AX phosphorylation as indicators of DNA damage by DNA topoisomerase I inhibitor topotecan and during apoptosis, Cell Prolif. 39 (2006)
49–60.
T. Tanaka, D. Halicka, F. Traganos, Z. Darzynkiewicz, Cytometric analysis of DNA
damage: phosphorylation of histone H2AX as a marker of DNA double-strand
breaks (DSBs), Methods Mol. Biol. 523 (2009) 161–168.
G. Mosieniak, M. Sliwinska, K. Piwocka, E. Sikora, Curcumin abolishes apoptosis resistance of calcitriol-differentiated HL-60 cells, FEBS Lett. 580 (2006)
4653–4660.
C. Lu, F. Zhu, Y.Y. Cho, F. Tang, T. Zykova, W.Y. Ma, A.M. Bode, Z. Dong, Cell apoptosis: requirement of H2AX in DNA ladder formation, but not for the activation
of caspase-3, Mol. Cell 23 (2006) 121–132.

[29] B. Mukherjee, C. Kessinger, J. Kobayashi, B.P. Chen, D.J. Chen, A. Chatterjee, S.
Burma, DNA-PK phosphorylates histone H2AX during apoptotic DNA fragmentation in mammalian cells, DNA Repair (Amst.) 5 (2006) 575–590.
[30] O. Sordet, C.E. Redon, J. Guirouilh-Barbat, S. Smith, S. Solier, C. Douarre, C.
Conti, A.J. Nakamura, B.B. Das, E. Nicolas, K.W. Kohn, W.M. Bonner, Y. Pommier,
Ataxia telangiectasia mutated activation by transcription- and topoisomerase
I-induced DNA double-strand breaks, EMBO Rep. 10 (2009) 887–893.
[31] E. Sikora, T. Arendt, M. Bennett, M. Narita, Impact of cellular senescence signature on ageing research, Ageing Res. Rev. 10 (2010) 146–152.
[32] J. Yu, L. Zhang, PUMA, a potent killer with or without p53, Oncogene 27 (Suppl.
1) (2008) S71–S83.
[33] I.G. Cowell, B.W. Durkacz, M.J. Tilby, Sensitization of breast carcinoma cells
to ionizing radiation by small molecule inhibitors of DNA-dependent protein kinase and ataxia telangiectsia mutated, Biochem. Pharmacol. 71 (2005)
13–20.
[34] S.E. Golding, E. Rosenberg, N. Valerie, I. Hussaini, M. Frigerio, X.F. Cockcroft,
W.Y. Chong, M. Hummersone, L. Rigoreau, K.A. Menear, M.J. O’Connor, L.F.
Povirk, T. van Meter, K. Valerie, Improved ATM kinase inhibitor KU-60019
radiosensitizes glioma cells, compromises insulin, AKT and ERK prosurvival
signaling, and inhibits migration and invasion, Mol. Cancer Ther. 8 (2009)
2894–2902.
[35] F.S. Shaheen, P. Znojek, A. Fisher, M. Webster, R. Plummer, L. Gaughan, G.C.
Smith, H.Y. Leung, N.J. Curtin, C.N. Robson, Targeting the DNA double strand
break repair machinery in prostate cancer, PLoS ONE 6 (2011) e20311.
[36] Y. Shiloh, ATM and related protein kinases: safeguarding genome integrity, Nat.
Rev. Cancer 3 (2003) 155–168.
[37] V. Stagni, M.G. di Bari, S. Cursi, I. Condo, M.T. Cencioni, R. Testi, Y. Lerenthal, E.
Cundari, D. Barila, ATM kinase activity modulates Fas sensitivity through the
regulation of FLIP in lymphoid cells, Blood 111 (2008) 829–837.
[38] A.A. Goodarzi, A.T. Noon, D. Deckbar, Y. Ziv, Y. Shiloh, M. Lobrich, P.A. Jeggo,
ATM signaling facilitates repair of DNA double-strand breaks associated with
heterochromatin, Mol. Cell 31 (2008) 167–177.
[39] A. Celeste, S. Petersen, P.J. Romanienko, O. Fernandez-Capetillo, H.T. Chen, O.A.
Sedelnikova, B. Reina-San-Martin, V. Coppola, E. Meffre, M.J. Diﬁlippantonio,
C. Redon, D.R. Pilch, A. Olaru, M. Eckhaus, R.D. Camerini-Otero, L. Tessarollo, F.
Livak, K. Manova, W.M. Bonner, M.C. Nussenzweig, A. Nussenzweig, Genomic
instability in mice lacking histone H2AX, Science 296 (2002) 922–927.
[40] C. Mayer, O. Popanda, O. Zelezny, M.C. von Brevern, A. Bach, H. Bartsch, P.
Schmezer, DNA repair capacity after gamma-irradiation and expression proﬁles of DNA repair genes in resting and proliferating human peripheral blood
lymphocytes, DNA Repair (Amst.) 1 (2002) 237–250.

