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ABSTRACT

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 seg-
regation [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 sig-
nals 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 (apo-
ptosis). DDR is mediated by DNA damage protein sensors, such as
the MRN (Mre11-Rad50-Nbs1) complex, which trigger the acti-
vation of a signal transduction system which includes the protein
kinases: ATM (ataxia telangiectasia mutated), ATR (ATM and rad3-
related), 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, respec-
tively (reviewed by [2,3]).

Induction of DSBs triggers phosphorylation of one of the vari-
ants 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 yH2AX, can be detected immunocytochemically in
the form of distinct nuclear foci where each focus is assumed to cor-
respond to a single DSB [4]. Co-localized with yH2AX are proteins
such as Rad50, Rad51, Brcal 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 yH2AX [5].
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There are a number of documented genetic lesions in check-
point genes, or in cell cycle genes, which result either directly in
cancer development or in a predisposition to certain cancer types
and genomicinstability [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, tes-
ticular 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 topo-
isomerase II, Top2a and Top2[3 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 Top2a and
Top2f 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 apo-
ptosis of the immune cells [14]. Very recently, the induction of
vYH2AX has been observed in peripheral blood lymphocytes irra-
diated 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 publica-
tions 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 etopo-
side. 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 caspase-
dependent 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 mea-
sured by the clonogenicity assay [17]. We show surprisingly, that
KU 55933 protects T cells against apoptosis indicating its oppo-
site 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 Cen-
ter, Warsaw, Poland. Isolation was performed using the RosetteSep
Human T Cell Isolation Cocktail (StemCell Technologies, Vancou-
ver, Canada), according to the manufacturer’s instruction. The cell
purity was usually more than 95% (estimated by flow cytome-
try). Cells were seeded at a density of 1x 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% CO-
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 humid-
ified atmosphere (37 °Cand 5% CO, in the air). The cells were seeded
24 h before treatment at a density of 4 x 10° cells/ml.
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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 x 10%) were
treated with transcription inhibitors either 10 uM «-amanitin
(Sigma-Aldrich) for 17h or 40 wM 1-3-D-ribofuranoside (DRB)
(Sigma-Aldrich) for 1h before the addition of 1mM 5-ethynyl
uridine (EU) for 1h 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 15min 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 Micro-
scope 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-
vYH2AX, (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
DRAQS5 (Biostatus Limited, Leicestershire, UK) diluted 1:400 in PBS
for 10 min and the cover slips were mounted. Stainings were visu-
alized with a Leica TCS SP5 laser scanning confocal microscope with
a 63x (1.4 NA) PlanApo objective. For fluorescence intensity eval-
uation 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 p.g/ml RNAse A,
500 pg/ml P, in PBS) for 30 min. Flow cytometry analysis of 10,000
cells was performed using FACSCalibur and the CellQuestPro soft-
ware.
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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 nitrocel-
lulose membranes. Membranes were blocked with 5% non-fat dry
milk dissolved in TBS containing 0.1% Tween-20 for 1h 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-yH2AX Ser139 (1:1000) (Abcam); anti-
p53(1:500) and anti-p21 (1:250) (Santa Cruz Biotechnology, Santa
Cruz, USA); anti-p-p53 Ser15 (1:500), anti-Puma (1:1000), anti-
caspase-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 3-actin
(1:50,000) (Sigma-Aldrich). Specific proteins were detected after
1h incubation at RT with one of the horseradish peroxidase-
conjugated 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 treat-
ment with etoposide andjor KU 55933 by the CaspGLOW™
Fluorescein Active Caspase-2 Staining Kit (BioVision, Milpitas,
USA). 3 x 10° of cells were suspended in 300 p.l of medium and 1 .l
of FITC-VDVAD-FMK was added. Then cells were incubated for 1h
at 37°C with 5% CO,. 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 detec-
tion 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 mea-
surement of DNA strand breaks by FADU is based on the partial
denaturation (“unwinding”) of double-stranded DNA under con-
trolled 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 termi-
nated by adding a neutralizing solution. To quantify the amount of
DNA remaining double-stranded, a commercially available fluores-
cence 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 (GO phase) are also sensitive to ETO treat-
ment. 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 GO phase.

To show this we performed following analyses. First we checked
DNA content in resting T cells and Jurkat cells by flow cytome-
try. The results presented in Fig. 1A show that the vast majority
of resting T cells were in GO/G1 phase (96%), whilst within the
population of Jurkat cells only about half of them were in the
GO/G1 phase. Previously, we showed that PHA stimulation induced
proliferation of resting T cells [21]. However, DNA content mea-
surement does not discriminate between cells in the GO and G1
phase. Thus, we performed additional analysis, namely the Ki67
expression was measured by immunocytochemistry in resting and
PHA (0.5 pg/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 pM. 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- pos-
itive 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 uM
ETO, however a 10 WM drug has already induced death in a sub-
stantial amount of resting T cells (25%). Accordingly, for further
experiments we used 10 wM ETO (if not stated otherwise) as it has
been suggested previously that this cell treatment (10 uM, 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 uM
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 sensi-
tive 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 etopo-
side 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 wM 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
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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.
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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 wM 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 wM ETO. Apoptotic index was estimated by the AnnexinV/7-
AAD 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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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) typi-
cal for ETO action, that is phosphorylation of H2AX on Ser-139.Fig. 4
shows yH2AX foci observed under a confocal microscope. As it can
be seen ETO induced formation of yH2AX foci visible in Jurkat cells
already 1 h after treatment. Contrary to Jurkat, resting T cells had
much less DSBs visualized as yH2AX foci induced by ETO. How-
ever, 24 h after treatment with ETO many cells stained for yH2AX
were intensively green, but no foci were observed. This effectis 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 pri-
mary 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 trig-
gered 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 autophos-

phorylation. Recently, an ATP-competitive inhibitor, KU 55933
(KU), that inhibits ATM was identified and its specificity was

DMSO

T cells

YH2AX ( ) DNA (red)

Jurkat cells

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 wuM KU for
2h and then 10 uM ETO was added to the medium. First, using
the confocal microscopy we checked the presence of phosphory-
lated 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 treat-
ment 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 YH2AX 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 48h after ETO treatment.
Also the yH2AX level in KU+ETO treated cells was substantially
lower for as long as 12h after KU+ETO treatment. Collectively,
we can assume that activation of ATM and phosphorylation of

24h

Fig. 4. yYH2AX 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 yYH2AX (green) and

DNA (red). Representative confocal images are shown. Bars correspond to 10 wm.
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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 pwm. (B) Quantification of ATM fluorescence (means + SD; ***p <0.001).
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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 uM 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 treat-
ment.

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 veri-
fied 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 KU-
treated 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 YH2AX 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 YH2AX, we observed a
drop in p-ATM Ser 1981 and typical ATM “ladder” for apoptosis in
ETO-treated cells suggesting that yH2AX can be a very sensitive
marker of apoptotic DNA degradation which occurs independently
of early DDR activation. The same suggestion has been made pre-
viously 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 nor-
mal 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 apop-
totic 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 blot-
ting 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 dimin-
ishes caspase-dependent apoptosis in ETO-treated resting T cells.

As it has been shown previously that KU did not inhibit apo-
ptosis, 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 notinduce DNA damage by themselves
[30]. Both of them inhibited transcription, although a-amanitin
was more effective. Cells pretreated with either a-amanitin (17 h)
or DRB (1h) 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). Accord-
ingly, 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 ETO-
treatment). Moreover longer incubation with the inhibitors (41 h
for a-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 topo-
isomerase II, also affected transcription, and thus we hypothesized
thatitwould activate DDRin resting human T cells. Indeed, we show
in this paper the activation of ATM and of p53 in T cells upon treat-
ment 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 nor-
mal 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 ETO-
induced caspases activation and apoptosis. To our knowledge this
is the first such report. Even though it is rather unlikely that res-
ting T cells can undergo senescence as we showed no p21 induction,
we checked SA-[3-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 cru-
cial 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 ETO-
induced death of resting T cells. This is quite opposite to what is
observed in cancer cells. Indeed, we showed that KU induced apo-
ptosis and incremented the apoptotic index in Jurkat cells treated
with etoposide. There are also other reports showing that KU sen-
sitizes 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]. More-
over, 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 con-
trary 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 nor-
mal 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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of neurodegeneration, immunodeficiency and radiation sensitivity
[36] suggesting higher propensity of A-T cells to undergo apopto-
sis. Interestingly, others showed that ATM deficiency resulted in a
significant resistance of lymphoid cells derived from A-T patients

still awaiting elucidation.

871

24h

48h

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



872

C 1234

A3~1.2 B“_ 4
‘@ | o5
g 5 S,
£ 08 1 £3
S 06 1 232+
804— %v—'
2 S0 q-
o 4 o
5 02 28
T 0 0 -
O R & o 0
& & & & ¢
¥
&

Fig. 8. Inhibition of transcription reduces DDR in ETO-treated resting T cells.

&
L
.

& e e D-ATM Ser 1981
S - e ATV

- p-p53 ser 15
-— p53
——e——a——a A Ctin
O O 1-DMSO
& ) &é 2 - Etoposide
$ 3 - DRB + Etoposide

4 - a-Amanitin + Etoposide

(A) Transcription level after T cell treatment with inhibitors. T cells were untreated or treated with 1-B-p-ribofuranoside (DRB; 1h, 40 uM) or a-amanitin (17 h, 10 wM)
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 ben-
eficial action of KU in diminishing apoptosis in normal T cells may
be weakened by possible adverse effects such as delayed apopto-
sis or increased genomic instability due to the persistence of DNA
damage. It was documented that ATM [38] and H2AX [39] are crit-
ical 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 sur-
vive 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 y-irradiation induced DNA-damage, that
can be detected by the alkaline comet assay, are already present in
GO 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, etopo-
side 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 topoiso-
merase Il 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 per-
sist 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.
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