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introduction

genotoxic agents such as ionising radiation (iR), Uv-
light or chemical pollutants trigger activation of a complex 
network of signal transduction pathways collectively 
referred to as the Dna damage response (31). typically, 
double strand breaks (DsB) as one of the most severe 
forms of Dna damage arise and the signal is sensed and 
mediated to the effectors, which cause block of cell prolif-
eration followed by Dna repair, senescence, or elimination 
of unwanted cells by engaging apoptosis.

the chief co-ordinators of the DsB signal are the 
nuclear protein kinases Dna-dependent protein kinase 
(Dna-pK) (2) and ataxia-telangiectasia mutated kinase 
(atM) (20). Dna-pK is a member of the phosphoinositide 
3-kinase-like enzyme family (33). this nuclear serine/
threonine protein kinase is required for repairing DsB and 
for v(D)J recombination. in multi-cellular eukaryotes, the 
predominant pathway for DsB repair involves a distinct 
end-joining pathway that requires little or no sequence 
homology (10). Four gene products required for this activ-
ity have been identified, and three of them correspond to 
the three subunits of Dna-pK, i.e. Dna-pK catalytic 
subunit (Dna-pKcs), Ku70, and Ku80 (reviewed in (2)). 
the fourth component, XRcc4, is a 55–60 kDa nuclear 

phosphoprotein that is ubiquitously expressed and forms 
tight complexes with Dna ligase iv (22).

atM plays no doubt a crucial role in control of cel-
lular responses to DsB, because it regulates all three cell 
cycle checkpoints, Dna repair, and apoptosis (19). after 
induction of DsB, it is rapidly activated by intermolecu-
lar autophosphorylation (3). atM is also a member of 
the phosphoinositide 3-kinase-like enzyme family and 
it integrates the cellular response to DsB by phosphor-
ylating key proteins involved in these processes, such as 
p53, murine-double minute protein (Mdm2), and check-
point kinase-2 (chk-2) managing the g1 checkpoint and 
many others for the transient s-phase arrest and the g2/M 
checkpoint (24, 25).

our understanding of how the irradiated cells sense 
Dna damage is still unclear but it is more than likely that 
Dna-pK and atM are major signal transducers. since 
the crucial Dna repair enzymes play a pivotal role in the 
recent cancer research, the discovery of their inhibitors is 
of a great interest too.

in this work we used a novel specific Dna-pK inhibitor, 
nU7026, which has been reported as a radio-sensitiser in 
vitro (13, 39, 40). nU7026 (2-(morpholin-4-yl)-benzo(H)
chromen-4-one) inhibits both Dna-pK and atM but 
predominantly affects the former one (ic50: 0.23 μM for 
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Dna-pK, 13 μM for phosphoinositide 3-kinase, and more 
than 100 μM for atM) (26).

iR is commonly used in cancer treatment in order to 
eliminate tumour cells by apoptosis. a wide range of kinase 
inhibitors is used intentionally to increase the cytotoxic 
effect of radiation. in our previous work, we showed that 
atM/chk-2/p53 pathway is activated upon irradiation in 
human t-lymphocyte leukaemia cell line Molt-4 (36). in 
this paper we report about the effect of nU7026 inhibitor 
combined with ionising radiation on activation of several 
components of Dna damage response signalling pathway 
(p53, chk-2, and H2a.X) and its influence on induction of 
apoptosis and cell cycle progress. 

Methods

Cell cultures and culture conditions

Molt-4 cells were obtained from the american type 
culture collections (Manassas, va, Usa). the cells were 
cultured in iscove’s modified Dulbecco medium (sigma, 
st. louis, Mo, Usa) supplemented with 20% fetal calf 
serum, 0.05% l-glutamine, 150 Ui/ml penicillin, 50 µg/ml  
streptomycin in a humidified atmosphere with 5% co2 at 
37 °c. the cultures were split every second day by dilu-
tion to a concentration of 2 × 105 cells/ml. the cell counts 
were performed with a hemocytometer; the cell membrane 
integrity was determined by using the trypan blue exclu-
sion technique. cell lines in the maximal range of up to 
20 passages were used for this study.

Gamma irradiation

exponentially growing Molt-4 cells were suspend-
ed at a concentration of 2 × 105/ml and divided into four 
groups: control (intact cells), only nU7026 exposed cells, 
only irradiated cells and combined exposure. aliquots of 
10 ml of cell suspension were plated into 25 cm2 flasks 
(nunc, wiesbaden, geR) and irradiated at room temper-
ature using 60co gamma-ray source with a dose-rate of 
0.4 gy/min, at a distance of 1 m from the source. after the 
irradiation by the dose of 1 gy the flasks were placed in 
a 37 °c incubator with 5% co2 and aliquots of the cells 
were taken at 2 or 24 hours after irradiation for analysis. 
the cells were counted and cell viability was determined 
with the trypan blue exclusion assay. 

NU7026 inhibitor exposure

we added 10 µM nU7026 (Millipore, Billerica, Ma 
Usa) to the cells half an hour prior irradiation. 

Flow-cytometric analysis

the cells were collected and washed with cold pBs 
(phosphate-buffered saline) and fixed in 70% ethanol. For 

the fixation of low molecular fragments of Dna the cells 
were incubated for 5 min at room temperature in a phosphate 
buffer and then stained with propidium iodide in the vin-
delov’s solution for 30 min at 37 °c. the fluorescence (Dna 
content) was measured with a coulter electronic (Hialeah, 
Fl, Usa) apparatus. a minimum of 10,000 cells analyzed 
in each sample served to determine the percentages of cells 
in each phase of the cell cycle, using the Multicycle av soft-
ware. three independent experiments were performed.

Electrophoresis and Western blotting

at various times after irradiation, the Molt-4 cells 
were washed with pBs and lysed. whole cell extracts were 
prepared by lysis in 500 µl of lysis buffer (137 mM nacl; 
10% glycerol; 1% n-octyl-β-glucopyranoside; 50 mM 
naF; 20 mM tris, pH=8; 1 mM na3vo4; 1 tablet of pro-
tein inhibitors completetM Mini, Roche). the lysates 
containing equal amount of protein (30 µg) were loaded 
onto a 12% sDs polyacrylamide gel. after electrophore-
sis, proteins were transferred to a polyvinylidene difluoride 
membrane (BioRad, Hercules, ca, Usa), and hybridized 
with an appropriate antibody: anti-γH2a.X (ser139) and 
anti-chk-2 (thr68) from cell signaling, chicago, il, Usa; 
anti-p53 and anti-p53 (ser392) from exbio, prague, cZe; 
anti-p53 (ser15) from calbiochem, san Diego, ca, Usa. 
after washing, the blots were incubated with secondary 
peroxidase-conjugated antibody (Dako, High wycombe, 
UK) and the signal was developed with ecl detection kit 
(BM chemiluminescence – poD, Roche, Manheim, geR) 
by exposure to a film. the films were scanned and inte-
grated optical density (ioD) was measured by imagepro 
1.0 software (Microsoft, seattle, wa, Usa).

Statistical analysis

the data were statistically analyzed by t-test using sig-
mastat software (aspire software international, ashburn, 
va, Usa). the significance level alpha was 0.025.

results

Determination of proliferative activity

initially, we performed the cell count (cell membrane 
integrity was determined by using the trypan blue exclusion 
technique). the number of living intact cells was analyzed 
20, 70, and 140 hours after irradiation. the cell were pre-
treated with 5 or 10 µM nU7026 solely or followed by 
exposure to 0.5 or 1 gy. after 140 hours a partial growth 
inhibition was observed in the groups exposed to 1 gy and 
those combining 5 µM nU7026 with 1 gy dose and 10 µM 
nU7026 with 0.5 gy. the complete growth inhibition (with 
statistical significance p ≤ 0.001) was observed after combi-
nation of 10µM nU7026 and the dose of 1 gy (Fig. 1). this 
combination was chosen for further experiments.
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DNA-repair signalling

we evaluated expression of several proteins involved in 
Dna repair pathways 2 hours after irradiation. the first one 
was protein p53. its basal amount was detected in the con-
trol cells. amount of p53 decreased in the nU7026-treated 
cells and it increased after irradiation by the dose of 1 gy. 
pre-treatment of irradiated cells with nU7026 caused par-
tial decrease in p53, though its level was higher compared 
to the control group (Fig. 2).

we also studied two post-translational modifications 
of p53 on ser15 and ser392. these modifications were not 
detected in control and nU7026-treated cells, but both 
serines were phosphorylated after irradiation by 1 gy and 
combination of iR with nU7026 caused their decrease.

we observed the same pattern in phosphorylation of 
chk-2 on thr68, which was also detected only in the cells 
exposed to 1 gy. pre-treatment with nU7026 caused slight 
decrease in phosphorylated chk-2.

similar results were obtained when we checked for 
phosphorylated histone H2a.X (on ser139). it was detect-
ed only in 1 gy irradiated cells and pre-treatment with 
nU7026 caused its decrease.

Cell cycle analysis

we determined the percentage of cells in g1, s, and g2 
phase using flow-cytometric analysis of Dna content. we 
measured cell cycle distribution 24 and 72 hours after irra-
diation. cells in the early phase of apoptosis were detected 
as subg1 peak (i.e. cells with lower amount of Dna than 

Fig. 1: proliferation of Molt-4 cells. proliferation was measured by trypan blue exclusion technique 20, 70, and 
140 hours after irradiation. the maximal growth-inhibition effect was observed after combination of pre-treatment with 
10µM nU7026 and the dose of 1 gy. Results are the mean of three independent experiments (* p ≤ 0.025; † p ≤ 0.001).

Fig. 2: western blotting of proteins involved in Dna damage 
response signalling. Molt-4 cells were pre-incubated with 
Dna-pK inhibitor (10 µM nU7026) and exposed to 1 gy. 
whole-cell lysates were analysed 2 h post-irradiation. com-
bination of inhibitor and gamma-radiation caused substantial 
decrease of activated forms of all studied proteins. β-actin 
was used as a gel-loading control. a representative blot from 
at least three independent experiments is shown.
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cells in g1 phase of cell cycle) due to fragmentation and 
loss of Dna during apoptosis. the percentage of apop-
totic cells was unchanged in all experimental groups after 
24 hours (3.74% in control, 2.96% in nU7026-treated, 
3.89% in irradiated, and 3.33% in the group with combi-
nation). we observed only modest change in the cell cycle 
distribution in control and nU7026 treated cells (Fig. 3) 
but the amount of cells in g2-phase arrest increased when 

they were exposed solely to the dose of 1 gy. on the 
other hand, the combination of inhibitor and iR returned 
the amount of the cells in g2-phase arrest to the control 
level. while the cell cycle distribution remained more or 
less unchanged 72 hours after irradiation, the amount of 
sub-g1 (i.e. apoptotic) cells increased dramatically in the 
group with combination of ionising radiation and inhibi-
tor (Fig. 4).

Fig. 3: Flow-cytometric determination of ratio of apoptotic cells and analysis of cell-cycle distribution 24 h after 
irradiation. cells in early phase of apoptosis are detected as subg1 peak (i.e. cells with lower amount of Dna than 
cells in g1 phase of cell cycle) due to fragmentation and loss of Dna during apoptosis. the percentage of subg1 cells 
is calculated from the total cell count, distribution of the cells in cell cycle (the percentage of cells in g1, s, g2) is 
calculated only from the cells in the cycle (excluding subg1). Representative results of one out of three independent 
experiments are shown.
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discussion

signalling pathways monitoring Dna damage play an 
important role in maintaining genomic integrity and their 
malfunctions often result in neoplasia. nowadays, many 
anti-tumour drugs are developed to cause deactivation or 
inhibition of components of these pathways in the cancer 
cells. although the biochemical mechanisms for repairing 
DsB in mammalian cells are still not completely under-
stood, substantial progress has been made in the last few 
years. Undoubtedly, two members the phosphoinositide 
3-kinase-like enzyme family, Dna-pK and atM, play an 
irreplaceable role in Dna damage repair.

Bakkenist and Kastan (3) in their work on fibroblasts 
suggested that raise of DsB causes a rapid change of 

higher-order chromatin structure resulting in atM activa-
tion. Bekker-Jensen et al. (4) reported that atM is spatially 
redistributed to DsB-flanking chromatin. in our previous 
work on human t-lymphocyte leukaemic Molt-4 cells we 
have shown atM/chk-2/p53 signalling pathway to be fully 
functional upon gamma-irradiation (36). 

active atM subsequently affects plenty of different tar-
gets via phosphorylation and some participate in the cell cycle 
arrest and apoptosis induction. one of them is chk-2, which 
is activated by atM on thr68. this relatively stable protein 
responds to ionising radiation throughout the cell cycle and 
according to lukas et al. (23) it appears to be inactive in 
the absence of Dna damage. we also did not find activated 
chk-2 in nU7026-treated cells and its phosphorylated form 
was presented only in irradiated cells. on the other hand, 

Fig. 4: Flow-cytometric determination of ratio of apoptotic cells and analysis of cell-cycle distribution 72 h after irradiation. 
cells in early phase of apoptosis are detected as subg1 peak (i.e. cells with lower amount of Dna than cells in g1 phase of 
cell cycle) due to fragmentation and loss of Dna during apoptosis. the percentage of subg1 cells is calculated from the total 
cell count, distribution of the cells in cell cycle (the percentage of cells in g1, s, g2) is calculated only among the cells in the 
cycle (excluding subg1). Representative results of one out of three independent experiments are shown.
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nU7026 pre-incubation markedly prevented chk-2 phospho-
rylation after irradiation. it is likely that in spite of the fact 
that nU7026 affects predominantly Dna-pK than atM – 
430 times more (26), it is still capable of chk-2 inhibition, or 
another (Dna-pK-dependent) mechanism of chk-2 activa-
tion exists, however, it has not been reported yet.

Both atM and chk-2 contribute to an appropriate con-
trol of the central mediator of the Dna damage response, 
protein p53, which in turn induces cell cycle arrest by 
up-regulation of p21cip/waF and 14-3-3 protein, activates 
Dna damage repair pathways, and induces apoptosis (8)
(11). commonly, iR induces apoptosis by activating p53, 
members of Bcl-2 protein family, and caspases, although 
p53-independent apoptosis has also been reported (38). 
we have previously described activation of caspases and 
pro-apoptotic Bid after gamma-irradiation of Molt-4 cells 
(37). also in the recent study, p53 was activated since we 
detected two of its phosphorylations (ser15 and ser392) at 
the n- and c- terminus of p53, respectively, which enable 
allosteric regulation.

phosphorylation on ser15 is crucial for managing Dna 
repair post-irradiation. protein p53 is typically a short-lived 
protein and its degradation is tightly regulated by Mdm2, 
p53 negative regulator, which is an e3 ubiquitin ligase (7). 
phosphorylation on ser15 abrogates the ability of Mdm2 to 
inhibit p53-dependent transactivation (30). Many studies 
indicate that atM is indispensable for prolonged half-life 
of p53 since it is responsible for this phosphorylation (15, 
21, 27). in contrast, we observed pronounced decrease 
in ser15 phosphorylation after irradiation via inhibition 
of Dna-pK by nU7026 in this study. it is supported by 
the findings of Boehme et al. (6), who reported signalling 
cascade for the regulation of p53 on ser15 in response to 
iR that involves activation of Dna-pK and subsequently 
akt/pKB and inactivation of Mdm2 and gsK-3. addition-
ally, Broehme reported that down-regulation of Dna-pK 
prevented phosphorylation of akt/pKB and gsK-3 after 
exposure to iR and strongly reduced the accumulation of 
p53, which was apparently atM-independent since this 
work has been done on lymphoblasts from patients with 
the absence of functional atM. 

phosphorylation on ser392 localized within carboxyl 
terminus of p53 is no less important for radiation response, 
because it enhances its sequence-specific Dna bind-
ing (12). this site on wild-type p53 is phosphorylated by 
complexes containing casein kinase 2 (17, 18). Keller and 
colleagues (17) stated that ser392 phosphorylation occurs 
after Uv- but not gamma-irradiation. our results proved 
that gamma-radiation induces ser392 phosphorylation, 
since we detected this phosphorylation in irradiated cells 
and pre-treatment with nU7026 caused its decrease. taken 
together, nU7026 inhibited accumulation and activation 
of p53 via decreased phosphorylation on ser15 and ser392, 
which possibly leads to abrogation of cell cycle arrest, and 
subsequent propagation of unrepaired Dna might be one 
of reasons of increased apoptosis observed.

very early step in Dna damage response is phos-
phorylation of histone subtype H2a, class H2a.X (28). 
phosphorylated H2a.X on ser139 (γH2a.X) can be visu-
alized by suitable antibody via immunofluorescence as 
a discrete focus and it is localized in the range of 2 × 106 
bases from DsB (29). we recently reported flow-cytomet-
ric determination of γH2a.X as a perspective biodosimetric 
indicator in peripheral lymphocytes of whole-body-irradi-
ated rats by the dose 1–10 gy (14). DsB induce histone 
H2a.X phosphorylation, which is associated with the 
recruitment of repair factors and γH2a.X is critical for 
facilitating the assembly of specific Dna-repair complex-
es on damaged Dna (9). stiff et al. (34) concluded that 
under most normal growth conditions, iR-induced H2aX 
phosphorylation can be carried out by atM and Dna-pK 
in a redundant, overlapping manner. in contrast, Dna-pK 
cannot phosphorylate other proteins involved in the check-
point response. However, by phosphorylating H2a.X, 
Dna-pK can contribute to the presence of the damage 
response proteins MDc1 and 53Bp1 at the site of the DsB. 
our results are in consistence with these findings since 
nU7026 inhibited Dna-pK and we observed decreased 
radiation-induced H2a.X phosphorylation when compared 
to solely irradiated cells.

Dna-pK is a crucial component of non-homologous 
end-joining and key determinant of radio- and chemo-
resistance (40). lack of Dna-pK causes defective DsB 
repair and radio-sensitisation. in addition to its role in Dna 
repair, Dna-pK is also involved in apoptosis. once gam-
ma-radiation induces DsB, the Dna-pK complex senses 
and repairs them; on the other hand, when Dna damage is 

excessive, Dna-pK induces apoptosis (5).
when apoptotic stimuli are released, the key regula-

tors of cell death process are members of Bcl-2 protein 
family (35). Myeloid cell leukemia 1 protein, Mcl-1, 
functions among the proteins, which maintain mitochon-
drial integrity via interaction with pro-apoptotic partners 
after gamma-irradiation (32). interestingly, Mcl-1 could 
act as an adaptor protein essential in atR-mediated 
checkpoint kinase-1 phosphorylation (16). in our previ-
ous work on Molt-4 cells (37) we found the amount of 
Mcl-1 initially increased after irradiation by sublethal but 
not by lethal dose and later (when apoptosis occurred) 
its dose-dependent decrease was associated with apop-
tosis induction. surprisingly, in the recent experiments, 
24 hours after irradiation we expected decrease in Mcl-1 
caused by the combination of iR and nU7026, but we did 
not observe any substantial decrease (data not shown), 
suggesting that Mcl-1 regulation occurs in Dna-pK-inde-
pendent manner or that the effect is delayed. therefore 
we evaluated apoptosis by flow-cytometric analysis of 
Dna content. twenty four hours after irradiation the 
rate of apoptotic cells was similar (around 3%) in all of 
the groups but 72 hours after irradiation there was a pro-
nounced and significant effect of combination of inhibitor 
and radiation and increased apoptosis was measured 
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(24%). willmore and colleagues (41) reported that 10 µM 
nU7026 potentiated the growth inhibition of topoisomer-
ase ii poisons and that nU7026 alone had no effect on 
cell cycle distribution, but etoposide-induced accumula-
tion in g2/M was increased by nU7026. By contrast, in 
our experiments the radiation-induced accumulation in 
g2/M was decreased by nU7026. on the other hand, Zhu 
and gooderham (42) observed in human lung adenocar-
cinoma a549 cells using cryptolepine, a Dna-damaging 
agent, that 10 µM nU7026 showed neither induction of 
cell cycle arrest and apoptosis nor the expression of p53 
and p21, while amrein et al. (1) reported that nU7026 
increases chlorambucil-induced g2/M arrest and number 
of DsBs in chronic lymphocytic leukaemia. apparently, 
it is expected that the effect of nU7026 depends on the 
type Dna-damaging agent and the type of cells used in 
a particular study.

conclusion

Radiation and chemotherapy are two important strate-
gies for cancer treatment. we used Dna repair inhibitor 
nU7026 in the concentration targeting preferably Dna-
pK, to prevent ionizing radiation-induced DsB repair. 
post-translational modifications of some Dna-pK and/
or atM downstream effectors (p53, chk-2, and H2a.X) 
showed substantial decrease, i.e. they were less activat-
ed. this led to subdued Dna repair and consequently to 
increased apoptosis induction.

taken together, our results indicate that Dna-pK/atM 
inhibition by nU7026 concurrent with ionising radiation 
may be an effective therapeutic modality for radio-sensiti-
sation of leukaemic cells.
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