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DNA repair inhibitors as radiosensitizers in human lung cells
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A B S T R A C T

The aim of this study was to compare the effects of DNA repair inhibitors in the context of radio-
sensitization of human lung cells. The radio-sensitizing effects of NU7441 (1 mM), an inhibitor of DNA-
dependent protein kinase (DNA-PK); KU55933 (10 mM), an inhibitor of ataxia-telangiectasia mutated
kinase (ATM); and VE-821 (10 mM), an inhibitor of ATM-related kinase (ATR) were tested by the
xCELLigence system for monitoring proliferation, fluorescence microscopy for DNA damage detection,
flow-cytometry for cell cycle and apoptosis analysis and western blotting and ELISA for determination of
DNA repair proteins. We employed normal human lung fibroblasts (NHLF, p53-wild-type) and non-small
cell lung cancer cells (H1299, p53-negative). DNA-PK inhibition (by NU7441) in combination with
ionizing radiation (IR) increased the number of double strand breaks (DSB), which persisted 72 h after
irradiation in both cell lines. Additionally, NU7441 and KU55933 in combination with IR caused G2-arrest.
ATR inhibitor (VE-821) together with IR markedly inhibited proliferation and induced G2/M arrest
accompanied by apoptosis in H1299, but not in NHLF cells, and thus diminished DNA-repair of tumour
cells but not normal lung fibroblasts. Our findings indicate that ATR inhibition could be a promising
therapeutic strategy in p53-deficient lung tumours.
© 2017 Faculty of Health and Social Sciences, University of South Bohemia in Ceske Budejovice. Published

by Elsevier Sp. z o.o. All rights reserved.
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Introduction

Lung cancer is one of the most commonly diagnosed cancers
and it is responsible for approximately one third of all cancer-
related deaths. Non-small cell lung cancer (NSCLC) represents
around 81% of all cases of lung cancer and it is often fatal (Gérard
and Debruyne, 2009; Schiller et al., 2002). Although ionizing
radiation (IR) is crucial for treatment of inoperable cases
(Christodoulou et al., 2014), the DNA damage caused by
radiotherapy is often insufficient. Specifically, IR treatment of
cancer induces the DNA damage response (DDR), leading to
effective repair of the damage and survival of the cancer cells.
Hence there is an increasing interest in small-molecule inhibitors
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capable of decreasing activation of pivotal DNA repair kinases and
leading to subsequent radio-sensitization of cancer cells.

An attractive approach to enhancing radio-sensitivity could be
by targeting phosphatidylinositol-3-kinase-related kinases (PIKK):
ataxia-telangiectasia mutated kinase (ATM), DNA-dependent
protein kinase (DNA-PK), and ATM-related kinase (ATR) (Andrs
et al., 2015). Since these kinases are key players in DDR and DNA
repair pathways, they could significantly enhance the tumour-
killing effects of existing irradiation and/or chemotherapeutics.

ATM plays a crucial role in DNA repair and cell cycle regulation
via p53 phosphorylation and its stabilization directly or indirectly
by phosphorylation of CHK2 (Chaturvedi et al., 1999; Hirao et al.,
2000). Protein p53 also known as the “genome guardian” is
responsible for cell fate by directing the cell towards either cell-
cycle arrest and survival or cell death (Lane, 1992). DNA-PK is a
pivotal component of the non-homologous end-joining repair
pathway of double strand breaks (DSB) (Baumann and West, 1998).
ATR regulates single-stranded DNA repair which occurs either
during normal replication or abnormal replication caused by DNA-
in Ceske Budejovice. Published by Elsevier Sp. z o.o. All rights reserved.
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damaging agents such as IR (Hurley et al., 2007; Toledo et al., 2013).
ATR prevents cells from entering into S-phase or progression
through S-phase indirectly via CHK1 phosphorylation (Zhao et al.,
2002).

Previously we assessed the radio-sensitizing effect of DNA-PK
inhibitor NU7441 on the model cell line of T-lymphocyte leukemia
(MOLT-4) leading to an increased level of DSB and subsequent
activation of apoptosis (Tichy et al., 2014). We also compared the
effects of the ATM inhibitor KU55933 and the ATR inhibitor VE-821
in promyelocytic leukemia cells (HL-60), concluding that ATR
inhibition induced more pronounced radio-sensitization and
abrogated G2 cell cycle arrest compared to ATM inhibition
(Vávrová et al., 2013).

In this study, we have compared the response to IR in
combination with three different DNA repair kinase inhibitors in
p53-proficient normal human lung fibroblasts (NHLF) and p53-
deficient non-small cell lung cancer cells (H1299), which are
relevant to radiotherapy. We employed NU7441, a specific inhibitor
of DNA-PK; KU55933, a specific inhibitor of ATM; and VE-821, a
specific inhibitor of ATR. The aim of this study was to compare the
effects on DDR of the inhibitors alone and in combination with IR,
to assess the formation of DSB and progression of the cell cycle or
cell death, and to evaluate their potential for radio-sensitization.

Materials and methods

Cell cultures and culture conditions

NHLF cells (normal human lung fibroblasts) cells were obtained
from the Lonza Group Ltd (Basel, Switzerland). The cells were
cultured in a humidified atmosphere with 5% CO2 at 37 �C in
Dulbecco’s modified Eagle medium (DMEM) with high glucose and
GlutaMAXTM supplement (Life Technologies, NY, USA), and further
supplemented with 10% fetal bovine serum (Gibco, Paisley, UK),
150 UI/ml penicillin and 50 mg/ml streptomycin (Sigma-Aldrich, St.
Louis, MO, USA). H1299 cells (non-small cell lung cancer cells)
were obtained from the American Type Culture Collections
(Manassas, VA, USA). The cells were cultured in a humidified
atmosphere with 5% CO2 at 37 �C in RPMI medium 1640 (Gibco,
Paisley, UK) supplemented with 10% fetal bovine serum, 150 UI/ml
penicillin and 50 mg/ml streptomycin.

The cultures were split twice a week by dilution to a
concentration of 5 �104 cells/ml. The cell counts were conducted
with a hemocytometer by assaying the cell membrane integrity
with trypan blue exclusion. The cell batch obtained from the
company was cultivated in order to obtain aliquots with a
sufficient number of cells. After that, aliquots were frozen and
hence the cells used in this work all came from the same batch. A
cell line with up to 12 passages was used for this study.

Gamma irradiation

The cells were irradiated at room temperature using a 60Co
gamma-ray source with a dose-rate of 0.5 Gy.min�1, at a distance of
1 m from the source. After irradiation the flasks were placed in a
37 �C incubator with 5% CO2 and the cells were removed at various
intervals after irradiation for analysis.

Inhibitor treatment

We employed the most specific inhibitors to date. We added
inhibitors to the final concentration 1 mM NU7441 (Tocris
Bioscience, Bristol, UK), 10 mM KU55933 (Merck Milipore Billerica,
MA, USA) and 1 mM VE-821 (APIs Chemical Co., Ltd, Shanghai,
China) respectively, dissolved in dimethyl sulfoxide (DMSO)
(Sigma-Aldrich, St. Louis, MO, USA) to the cells 30 min prior to
irradiation. The concentration and the incubation time were based
on our previous experiments and other papers (Ciszewski et al.,
2014; �Cmielová et al., 2015; Kmochova et al., 2016; Vávrová et al.,
2013).

Real-time cell viability analysis

The xCELLigence label-free system is based on impedance
readout to quantify cellular status in real-time. The xCELLigence
system was used according to the manufacturer’s instructions
(ACEA Biosciences, Inc.; San Diego, CA, USA). Briefly, after
measuring the background reading, a suitable number of cells
are seeded on to the 96-well plate integrated with gold
microelectrode arrays. After application of low voltage, an electric
field between the electrodes is created, which interacts with the
ionic environment of the growth medium inside the wells and is
modulated by the number of cells covering the electrodes, the
morphology, and the strength of cell attachment. The changes in
impedance are continuously measured and spatially integrated,
and expressed over time by the instrument software as the cell
index (CI). The real-time monitoring of cell viability enables
distinction between different kind of anomalies of cell viability,
such as senescence, cell toxicity, cell death and cell cycle arrest
(represented as reduced proliferation). Moreover, the xCELLigence
can be used to identify the best time interval for measuring
changes, for example cellular or biochemical changes, in end-point
assays, such as the right time point for apoptosis measurement; or
mRNA or protein expression changes in siRNA studies. Last but not
least, it can also be used for assessment of cell barrier function and
cell differentiation, and in hypoxia studies (more applications can
be found on the manufacturer’s website www.aceabio.com). The
higher the measured CI the higher is the number of the cells
covering the electrodes. The cells (8 � 103/well for NHLF and 103/
well for H1299) were allowed to sediment and attach at room
temperature (RT), and then placed on the xCELLigence analyser
unit in the 37 �C incubator with 5% CO2. The data were collected
every hour for 10 days. The presented CI values were counted from
6 replicate values.

Epifluorescence microscopy

The cells were seeded on underlying glasses at different time
intervals after irradiation (1, 24, and 72 h). The underlying glasses
were gently washed twice for 2 min each in PBS (Sigma-Aldrich, St.
Louis, MO, USA) at 37 �C, fixed with 4% paraformaldehyde (Sigma-
Aldrich, St. Louis, MO, USA) in PBS for 15 min at RT, rinsed quickly
twice in PBS, then washed in PBS for 5 min, permeabilized in 0.2%
Triton X-100/PBS (Sigma-Aldrich, St. Louis, MO, USA) for 17 min at
RT, rinsed quickly twice in PBS and then washed in PBS for 5 min.
Before incubation with the primary antibody (overnight at 4 �C),
the cells were blocked with 7% inactivated FBS + 2% bovine serum
albumin/PBS for 30 min at RT. The rabbit antibody against H2AX
phosphorylated at serine 139 (gH2AX) was from Merck Millipore
(Billerica, MA, USA). The secondary antibody was affinity-purified
donkey anti-rabbit-FITC-conjugated or anti-rabbit-Cy3-conjugat-
ed obtained from Jackson Laboratory (West Grove, PA, USA). The
secondary antibody was applied to each slide � after their pre-
incubation with 5.5% of donkey serum/PBS (Sigma-Aldrich, St.
Louis, MO, USA) for 30 min at RT � and incubated for 1 h in the dark
at RT. This was followed by washing (quickly twice, then for 5 min)
in PBS. After brief washing in deionized water, the DNA of the cells
was counterstained with 1 mM DAPI (Cell Signalling Technology,
Inc., MA, USA), and Vectashield medium (Vector Laboratories,
Burlingame, CA) was used for the final mounting of the samples.

http://www.aceabio.com


68 K. 9Durišová et al. / J. Appl. Biomed. 16 (2018) 66–74
A Nikon Eclipse Ti epifluorescence microscope (Nikon Corpo-
ration, Amsterdam, NLD) equipped with Nikon Plan Apo VC 60x/
1.40 oil immersion objective was used for examining nuclear foci
(magnification 600). Fluorescence was evaluated in 50 cells per
group and gH2AX foci were determined by ImagePro 5.1 software
(Media Cybernetics, Bethesda, MD, USA).

Enzyme-linked immunosorbent assay

We used PathScan Phospho � CHK1 (S317) and CHK2 (T68)
Sandwich ELISA Kits (Cell Signalling Technology, Inc., MA, USA)
according to the protocol of the manufacturer. After incubation of
the cell lysates with the primary and the HRP-linked secondary
antibody, a substrate and then a stop solution were added and a
positive reaction was quantified by spectrophotometric determi-
nation at 450 nm on SpectraMax PARADIGMTM Microplate Detec-
tion Platform (Beckman Coulter, Brea, CA, USA).

Flow cytometric analysis

Flow cytometry data were acquired and analysed on the CyAn
ADPTM flow cytometric analyser (Beckman Coulter, Prague, CZE)
using Summit 4.3 acquisition/analysis software. For cell cycle
analysis the untreated control and irradiated cells were collected,
washed with cold PBS and fixed with 70% ethanol. Afterwards, the
cells were stained with propidium iodide (PI) in Vindelov’s
Fig. 1. Cytotoxic assessment of DNA repair inhibitors by xCELLigence system.
NHLF cell proliferation was not suppressed by IR and ATR inhibition. NHLF cells were
combination with DNA repair inhibitor (NU7441, KU55933 or VE-821) in the 96-well pla
cultivated either alone or in combination with DNA repair inhibitor (NU7441, KU55933
replicates.
solution at RT in the dark for 10 min. Three independent
experiments were performed.

Apoptosis was monitored by Annexin V-FITC (Dako, Glostrup,
DEN) due to its specific binding to superficially exposed
phosphatidylserine occurring in the cells upon programmed cell
death initiation. The necrotic cells were visualized according to PI
incorporation into DNA through the disrupted cell membranes.
Three independent experiments were performed.

Electrophoresis and western blotting

At various time intervals after irradiation, the cells were washed
with PBS and lysed. The whole-cell extracts were prepared by lysis
in 500 ml of lysis buffer (137 mM NaCl; 10% glycerol; 1% n-octyl-
b-glucopyranoside; 50 mM NaF; 20 mM Tris, pH = 8; 1 mM
Na3VO4; 1 tablet of protein inhibitors CompleteTM Mini, Roche,
Basel, CHN). The lysates containing equal amounts of protein (30
mg) were loaded onto a 12% SDS polyacrylamide gel. After
electrophoresis, the proteins were transferred to a polyvinylidene
difluoride membrane (BioRad, Hercules, CA, USA) and hybridized
with an appropriate antibody: anti-CHK2, anti-CHK1, anti-CHK2
T68, anti-CHK1 S296, anti-CHK1 S329, anti-LC3I/II (all from Cell
Signalling Technology, Inc., MA, USA) and anti-b-actin (Sigma-
Aldrich, St. Louis, MO, USA). After washing, the blots were
incubated with the secondary peroxidase-conjugated antibody
(Dako, Glostrup, DEN) and the signal was developed with the ECL
 left untreated (A) or irradiated by 6 Gy (B) and then cultivated either alone or in
te for 10 days. H1299 cells were left untreated (C) or irradiated by 6 Gy (D) and then

 or VE-821) in the 96-well plate for 10 days. The values represent the mean of six
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detection kit (BM Chemiluminiscence-POD, Roche, Manheim, GER)
by exposure to a film.

Statistical analysis

Data presented are means with standard deviation (SD). The
data obtained by fluorescence microscopy are presented as
median. The data were statistically analysed by t-test using
SigmaStat software (Aspire Software International, Ashburn, VA,
USA). The Mann–Whitney test was used for nonparametric data
sets. The differences were considered significant at the significance
level 2a = 0.05.

Results

NHLF cell proliferation was not suppressed by VE-821 and 6Gy

The xCELLigence assay is based on a measurement of changes in
electrical impedance which monitor cell proliferation, adhesion,
phenotype, and viability (see Material and methods). The
impedance values are presented as Cell Index (CI) (Ke et al.,
2011). The xCELLigence system was used for cytotoxic effect
assessment of the DNA repair inhibitors alone and in combination
with IR. For both cell lines, proliferation was measured continu-
ously every hour for 10 days.

For NHLF cells, VE-821 was the least toxic, since after treatment
with this the NHLF cells reached an even higher value of CI than the
control group after 10 days of continual incubation (Fig. 1A). IR-
induced inhibition of NHLF cells proliferation was slightly
enhanced by NU7441 pre-treatment (Fig. 1B).

For H1299 cells, treatment with either KU55933 or VE-821
inhibitor resulted in a decrease in H1299 cell proliferation in a
similar manner as in the solely irradiated group (Fig. 1C). The
combination of IR with any of the applied inhibitors caused an
obvious decrease in H1299 cell proliferation in all groups (Fig. 1D).

NU7441 caused the most pronounced and persistent DNA damage in
both cell lines after IR

We measured the gH2AX signal in both cell lines 1, 24 and 72 h
after IR (Fig. 2A,B). Since we used a 6 Gy dose the foci began to
merge. Therefore we had to use integral optical density for the
results evaluation.

In NHLF cells, we observed a statistically significant increase in
the amount of gH2AX signal compared to the control group 1, 24
and 72 h after irradiation. However, the IR-induced gH2AX signal
declined rapidly. IR in combination with NU7441 markedly
increased the gH2AX signal 24 h after irradiation, which persisted
even 72 h after the treatment. The combination of IR and KU55933
almost abrogated the gH2AX signal in NHLF cells in all studied
time intervals. The gH2AX signal caused by IR and VE-821
decreased rapidly in a similar manner to the irradiation-only
group.

In H1299 cells, IR induced a pronounced increase in gH2AX
signal 1 h after irradiation compared to the control group.
However, the DNA damage caused by IR declined rapidly. Similarly
to NHLF cells, the DNA damage caused by IR and NU7441 persisted
even 72 h after irradiation. The IR and KU55933 combination
almost abrogated the gH2AX signal in H1299 cells in all studied
time intervals. On the other hand, the gH2AX signal induced by IR
and VE-821 combination was higher compared to the IR and
NU7441 treated group 1 h after irradiation, but it declined rapidly.
The combination of IR with particular inhibitors affects diverse cell
cycle phases

To further determine whether observed DNA damage had an
impact on the particular cell cycle phases, the cell cycle was
analyzed in both cell lines 24 and 72 h after irradiation.

After NHLF cells were exposed to IR, we observed a moderate
increase in G0/G1 phase and a decrease in S phase 24 h after
irradiation (Fig. 3A) as well as 72 h after irradiation (Fig. 3B). The
combination of IR and NU7441 induced G2/M arrest (31%) in NHLF
cells 24 h after irradiation compared to the irradiated group (18%),
which was doubled after 72 h after irradiation. The IR and KU55933
treatment resulted in milder G2/M arrest 72 h after irradiation
(29%). The combination of IR and VE-821 caused transient increase
in G0/G1 phase (89%) compared to the irradiated group (80%) 24 h
after irradiation. The effect was no longer observed 72 h after
irradiation.

In H1299 cells, IR slightly increased the amount of cells in G0/G1
24 h after irradiation (Fig. 3C). On the other hand, we observed
G2/M arrest (30%) in the irradiated group compared to the control
(20%) 72 h after irradiation (Fig. 3D). Both NU7441 and KU55933
treatment with IR resulted in G2/M arrest in H1299 cells 24 h after
irradiation. Surprisingly, the amount of cells in G2/M arrest
decreased to 55% in the IR and NU7441 treated group compared to
the IR and KU55933 group, where the G2/M arrest increased (47%)
72 h after irradiation. A slightly higher G2/M arrest (35%) was
observed after IR and VE-821 treatment compared to the irradiated
group (30%) 72 h after irradiation.

DNA repair inhibitors modulate phosphorylations of DNA damage-
signaling proteins

To assess the impact of inhibitors on DNA damage-signaling
proteins, alterations of CHK1 and CHK2 proteins were examined by
western blotting in both cell lines.

CHK1 and CHK2 proteins play pivotal roles in cell cycle
regulation within DDR. The IR exposure increased phosphorylation
of CHK1 and CHK2 proteins (Fig. 4A,B). The ATM-mediated
phosphorylation of CHK2 T68 was decreased in both cell lines
2 h after irradiation of KU55933-treated cells compared to the
irradiated-only group. In contrast, the phosphorylation increased
after the IR and VE-821 treatment in both cell lines. The IR-induced
phosphorylation of CHK1 S296 2 h after irradiation of VE-821-
treated cells was decreased compared to the irradiated-only group
in H1299 cells (Fig. 4B). Since we were unable to detect CHK1 S317
or CHK1 S296 phosphorylated forms in NHLF and the CHK1 S317
phosphorylated form in H1299 cells by western blotting, we
therefore used ELISA assay to assess CHK1 S317 and CHK2 T68.

By ELISA assay, a minor increase in CHK1 S317 level was
measured in H1299 cells after irradiation (Fig. 4C). The CHK1 S317
was more phosphorylated in the IR and KU55933 group compared
to the solely-irradiated group in H1299 cells. The up-regulation
declined slightly after IR and VE-821 treatment. We did not observe
any changes in phosphorylation of CHK1 in NHLF cells.

IR increased the level of CHK2 T68 protein in both cell lines 2 h
after irradiation (Fig. 4D). We observed an increase in the level of
the protein in IR and NU7441 or VE-821 combinations compared to
the solely-irradiated group in H1299 cells. After the IR and
KU55933 treatment, a decrease in phosphorylation of CHK2 was
observed in both cell lines. These observations corresponded to
results obtained by western blotting.
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More than one cell death mechanism is triggered in H1299 cells after
IR

To assess the impact of inhibitors on proteins involved in cell
death in both cell lines, alterations of proteins involved in
autophagy (LC3 I and II) and apoptosis (PARP-1) were examined
in both cell lines by western blotting 12, 24 and 48 h after
irradiation (Fig. 5A,B).

The LC3I/LC3II ratio increased after IR in combination with
either KU55933 or VE-821 treatment compared to the irradiated-
only group in NHLF cells. The cleavage of LC3 protein was most
pronounced in the IR and VE-821 treated group 24 h after
irradiation in NHLF cells. Similarly as with NHLF cells, we observed
Fig. 2. Accumulation of DNA damage in the form of phosphorylation of histone H2AX.
DNA-PK inhibition induced the greatest DNA damage in both cell lines after IR. NHLF cells 

of different DNA repair inhibitors (NU7441, KU55933 and VE-821) and the integral optica
and 72 h post-irradiation; The results are presented as median of gH2AX IOD per 50 cells. 

marked by *, significant differences (P < 0.05) in the gH2AX IOD between IR and IR + inhib
cells; (D) representative photographs of gH2AX IOD in H1299 cells.
the greatest increase in LC3I/LC3II ratio in the IR and VE-821
treated group 24 and 48 h after irradiation of H1299 cells.

We did not observe any PARP-1 cleavage in NHLF cells. On the
other hand, we detected elevated PARP-1 cleavage in H1299 cells
24 and 48 h after IR and NU7441 treatment compared to the group
treated solely with IR or in combination with other inhibitors.

Using flow cytometry, we assessed the number of apoptotic
cells (Annexin V-positive/PI-negative) in both cell lines.

None of the inhibitors had a statistically significant impact on
apoptosis induction in NHLF cells (Fig. 5C).

Any combination of IR and inhibitor led to increased induction
of apoptosis compared to the solely-irradiated group in H1299 cells
(Fig. 5D). The most pronounced effect was detected after IR and
NU7441 treatment (Table 1).
(A) and H1299 cells (B) were irradiated by the dose of 6 Gy in the absence or presence
l density of gH2AX (IOD) was determined by immunofluorescence microscopy 1, 24
Significant differences (P < 0.05) in the gH2AX IOD in comparison to control cells are
itor groups are marked by #; (C) representative photographs of gH2AX IOD in NHLF



Fig. 3. Impact of DNA repair inhibitors on cell cycle phases.
The DNA repair inhibitors in combination with IR affect different cell cycle phases. NHLF cells were irradiated by 6 Gy in the absence or presence of DNA repair inhibitors
(NU7441, KU55933 or VE-821), and the cell cycle was measured 24 h (A) and 72 h (B) after irradiation. H1299 cells were irradiated by 6 Gy in the absence or presence of DNA
repair inhibitors (NU7441, KU55933 or VE-821), and the cell cycle was measured 24 h (C) and 72 h (D) after irradiation. Results are the means and SD of three independent
experiments. Significant differences (P < 0.05) compared to control cells are marked by *, significant differences (P < 0.05) between IR and IR + inhibitor groups are marked by
#.
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Discussion

In this study, we investigated the radio-sensitizing potential of
DNA-PK inhibitor NU7441, ATM inhibitor KU55933, and ATR
inhibitor VE-821. Since many cancers possess a mutation in the p53
protein, we employed non-small cell lung cancer cells (H1299,
p53-deficient). H1299 cells are considered a model relevant to
radiotherapy, because non-small cell lung cancer cells are regularly
treated by IR. To find out whether the effect of inhibitor is
delimited only to the cancer cells, we compared our results with
normal human lung fibroblast cells (NHLF, p53-wt). Both cell lines
are considered as comparable, but it should be noted that
fibroblasts are more resistant to apoptosis and in the case of cell
damage they tend to inhibit cell growth by cell cycle arrest and
senescence. In contrast to NHLF cells, H1299 cells representing
endothelial cells are more predisposed to apoptosis induction after
severe cell damage (An et al., 1998; Fuks et al., 1994; Gorbunova
et al., 2002).

After exposure to IR, so-called ionizing radiation-induced foci
(IRIF) are formed (Giunta et al., 2010). The gH2AX protein is formed
at the site of IRIF to promote DNA damage-signalling and
subsequent repair. In order to assess DSB repair we employed
gH2AX signal measurement. Our results confirmed that phos-
phorylation of H2AX is mostly ATM-dependent, evidenced by
almost completely abrogated DDR after ATM inhibition in
combination with IR in both cells. DNA-PK and ATR inhibition in
combination with IR had only a partial and transient effect on
H2AX phosphorylation, since the gH2AX signal decreased in both
cell lines. After the combination of IR and VE-821 we observed a
partial decrease in gH2AX signal in comparison with solely-
irradiated H1299 cells. We can argue that ATM-mediated
phosphorylation of gH2AX is ATR-dependent. For instance,
Kmochova et al. (2016) reported that VE-821 caused mild but
significant decrease in gH2AX in irradiated human peripheral
lymphocytes. Although the exact mechanism remains unclear, we
might speculate that H2AX phosphorylation is regulated by ATR via
minor lesions activating nucleotide excision repair-dependent and
�independent pathways similarly to confluent G0/G1 fibroblasts
exposed to UV radiation.

The most pronounced effect (delayed DSB repair) was observed
in both cell lines after irradiation and DNA-PK inhibition. There is a
hypothesis that inhibited DNA-PK kinase activity presumably
prevents dissociation of DNA-PK from the DNA ends, and thus
blocks two main repair pathways NHEJ and HR (Allen et al., 2003).
It has been also reported that due to the failure of DNA-PK to
disassociate from the DNA ends, the cells showed a decrease in
processing oxidatively-induced non-DSB clustered DNA lesions
(Peddi et al., 2010). Both of these theories could explain persistence
of the DNA damage caused by IR and NU7441 in both cell lines even
72 h after irradiation.

We focused on signalling pathways and the cell cycle
checkpoints which are regulated, in part, by CHK1 and CHK2.
After DNA damage, CHK1 is phosphorylated at S317 and S345,
which promotes autophosphorylation at S296 (Parsels et al., 2011).



Fig. 4. DNA repair inhibitors modulate phosphorylations of CHK1 and CHK2.
Up-regulation of CHK1 phosphorylated at S317 and CHK2 phosphorylated at T68. DNA repair inhibitors modulate phosphorylations of CHK1 and CHK2 proteins. NHLF cells (A)
and H1299 cells (B) were pre-incubated with DNA repair inhibitors (NU7441, KU55933 or VE-821) and exposed to 6 Gy. Whole-cell lysates were analysed 2 h after irradiation.
NHLF cells and H1299 cells were pre-incubated with DNA repair inhibitors (NU7441, KU55933 or VE-821) and exposed to 6 Gy. Whole-cell lysates were analysed 2 h post-
irradiation. The amount of CHK1 S317 (C) and CHK2 T68 (D) was detected. The values represent the mean of six replicates. Significant differences (P < 0.05) compared to
control cells are marked by *, significant differences (P < 0.05) between IR and IR + inhibitor groups are marked by #.

72 K. 9Durišová et al. / J. Appl. Biomed. 16 (2018) 66–74
It was believed that CHK1 phosphorylation is performed by ATR.
However, Gatei et al. (2003) showed that this phosphorylation is
also executed by ATM. Since we were unable to detect any CHK1
phosphorylation in NHLF cells or CHK1 phosphorylation at S317 in
H1299 cells by western blotting (which seems to be a general
issue) as, for instance, Gatei et al. (2003), we employed ELISA for
assessment of CHK1 S317 phosphorylation. In any case, we did not
observe any changes in CHK1 phosphorylation after IR or inhibitor
treatment in the NHLF cells. Moreover, the measured absorbance of
CHK1 S317 was very low in NHLF cells, which could explain the
failure to detect the phosphorylations by western blotting in NHLF
cells. Contrary to NHLF cells, we observed decreased CHK1
phosphorylation at S317 following a decrease in CHK1 autophos-
phorylation at S296 after irradiation and ATR inhibition in H1299
cells.

CHK2 is an ATM downstream target (Chaturvedi et al., 1999;
Jazayeri et al., 2006). The protein is activated by phosphorylation at
T68 after IR. ATM is the main kinase responsible for this
phosphorylation, although ATR participation has also been
reported (Wang et al., 2006). We detected decreased phosphory-
lation of CHK2 at T68 after ATM inhibition treatment in both cell
lines. On the contrary, an increase in phosphorylation of CHK2 at
T68 was observed in both cell lines after IR and ATR inhibition
treatment. Such finding suggests that ATR inhibition could
indirectly activate the ATM/CHK2 pathway, which might
compensate for a defective ATR/CHK1 pathway in order to induce
G2/M arrest. This was proved by higher CHK2 T68 phosphorylation
compared to the solely-irradiated group.

DNA repair inhibitors also proved to have an impact on cell
cycle distribution. Pronounced G2/M arrest was detected in both
cell lines after DNA-PK inhibition. These findings are supported by
the study of Zhuang et al. (2011) who assessed that DNA-PK was
pivotal for G2 progression, and inhibition of its activity abrogated
progression of mitosis and led to further cell accumulation in the
G2/M phase. Whereas G2/M arrest increased in NHLF cells, it
declined in H1299 cells 72 h after irradiation and DNA-PK
inhibition. In the case of H1299 cells, we can speculate that
decrease in G2/M arrest 72 h after irradiation and DNA-PK
inhibition was caused by i) p53 protein absence supported by
the theory of Taylor and Stark (2001) that p53 is essential for
maintenance of G2/M arrest; and/or ii) general decrease in the
number of the cells because of the induction of apoptosis
(indicated by PARP-1 cleavage and flow cytometry data) 48 h after
irradiation. This is also consistent with complete proliferation
inhibition. The aforementioned findings correspond to the Nikitaki
et al. (2015) hypothesis that the targeting of repair protein
implicated in more than two entirely distinct DNA repair pathways
can lead to synthetic lethality. In our case, this could be inactive
DNA-PK and the absence of p53 protein in H1299 cells.



Fig. 5. DNA repair inhibitors induced more than one cell death in H1299 cells.
The highest number of apoptic H1299 cells was found after a combination of IR and NU7441 in H1299 cells. NHLF cells (A) and H1299 cells (B) were irradiated by 6 Gy in the
absence or presence of DNA repair inhibitors (NU7441, KU55933 or VE-821). Whole-cell lysates were prepared 12, 24 and 48 h post-irradiation. Autophagy and apoptosis-
associated proteins were detected. b-ACTIN was used as a gel loading control. NHLF cells (C) and H1299 cells (D) were pre-incubated with DNA repair inhibitors (NU7441,
KU55933 or VE-821) and exposed to 6 Gy. The apoptosis was determined by flow cytometry 48 h after irradiation. Results are the means and SD of three independent
experiments. Significant differences (P < 0.05) compared to control cells are marked by *, significant differences (P < 0.05) between IR and IR + inhibitor groups are marked by
#.

K. 9Durišová et al. / J. Appl. Biomed. 16 (2018) 66–74 73
As in the case of DNA-PK inhibition, G2/M arrest was detected in
both cell lines after irradiation and ATM inhibition. Since NHLF
cells are p53-wt we hypothesize that G2/M arrest after irradiation
and ATM inhibition was initiated by p53 and presumably regulated
by ATR. Such a conclusion is consistent with the work of Tibbetts
et al. (1999) who reported that p53 was also a target for ATR in
response to IR. On the other hand, H1299 cells are p53-deficient. It
has been shown that G2/M arrest can be induced by ATR (p53-
independently) under certain conditions (Liu et al., 2012; Taylor
and Stark, 2001). Therefore, we suggest that G2/M arrest after
irradiation and ATM inhibition was mediated by ATR in both cell
lines but via different mechanisms. Comparing G2/M arrest caused
by irradiation and DNA-PK and ATM inhibition we can hypothesize
that irradiation and DNA-PK inhibition led to greater DNA damage;
hence higher G2/M arrest was induced compared to ATM
inhibition in both cell lines. After irradiation and DNA-PK
Table 1
Summary of the results.

NHLF 

Parameter 6 Gy + NU7441 6 Gy + KU55933 6 Gy + V

Cell viability equal " " 

gH2AX signal " equal equal 

Cell cycle G2 arrest G2 arrest equal 

CHK1 S317 equal 

CHK2 T68 equal # equal 

LC3I/II cleavage equal " " 

PARP-I cleavage no cleavage observed 

Apoptosis equal equal equal 

Note: The presented symbols show the differences between the 6 Gy + DMSO group and
statistically significant increase compared to 6 Gy+ DMSO in the parameter; # represents 

is noted, there was no statistically significant change compared to the 6 Gy + DMSO gr
inhibition, we also observed higher induction of apoptosis in
H1299 cells.

The G2/M phase was relatively stable in NHLF cells, while G2/M
arrest was induced in H1299 cells 72 h after irradiation and ATR
inhibition. We can hypothesize that higher DNA damage caused in
H1299 cells after irradiation and ATR inhibition, was responsible
for G2/M arrest induction in H1299 cells compared to NHLF cells.
This is evidenced by i) almost complete inhibition of cell
proliferation; and ii) PARP-1 cleavage and induction of apoptosis,
compared to NHLF cells where no such effect on proliferation,
PARP-1 cleavage or apoptosis was observed after irradiation and
ATR inhibition. Since we did not observe either a radio-sensitizing
effect on NHLF proliferation or a markedly impaired cell cycle
compared to the solely-irradiated group in NHLF cells after
irradiation and ATR inhibition, we can hypothesize that NHLF
cells were able to repair the DNA damage. Our results support the
H1299

E-821 6 Gy + NU7441 6 Gy + KU55933 6 Gy + VE-821

# # #
" equal "
G2 arrest G2 arrest G2 arrest
equal " equal
" # "
equal equal "
" equal #
" " "

 the other particular groups after irradiation and inhibitor application. " represents
statistically significant decrease compared to 6 Gy + DMSO in the paramater; if equal
oup in the parameter.
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findings of Pires et al. (2012) who reported a pronounced and cell
type-independent radio-sensitizing effect of ATR inhibition (by VE-
821 inhibitor) in different kinds of cancer cell lines. Such effect
could be caused by a defective ATM-p53 pathway (Reaper et al.,
2011).

Conclusion

Taken together, our data showed that DNA-PK, ATM, and ATR
kinases play an important role in radiation-induced DDR in normal
human lung fibroblasts (NHLF) and non-small cell lung cancer cells
(H1299). Phosphorylation of histone H2AX was mainly dependent
on ATM presence/function. After either DNA-PK or ATR inhibition,
the gH2AX signal was increased due to abrogation of DNA repair
mechanisms. ATM was responsible for CHK2 phosphorylation,
whereas ATR phosphorylated CHK1 after IR.

In NHLF cells, DNA-PK inhibition (NU7441) combined with IR
induced the gravest DNA damage (evidenced by DSB), which
persisted 72 h after irradiation. Moreover, NU7441 and ATM
inhibition (KU55933) increased G2-arrest. On the other hand,
ATR inhibition (VE-821) had a minimal impact on proliferation and
cell cycle in NHLF cells.

VE-821 combined with IR caused pronounced inhibition of cell
proliferation, induced G2/M-arrest, and triggered apoptosis, and
thus diminished DNA-repair of H1299 cells, although not NHLF
cells. In conclusion, our results suggest that ATR inhibition could be
a promising therapeutic strategy in p53-deficient lung tumours.
Importantly, VE-821 displayed minimal cytotoxicity towards the
normal cells, which remains a key question of clinical trials aimed
to increase the efficacy of radiotherapy. Undoubtedly further work
is needed in order to demonstrate the benefits of this approach in
vivo, but this study contributes to the concept of ATR inhibition and
underlines the recent effort to develop novel, highly-selective and
non-toxic ATR inhibitors, which are being sought intensively.
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