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Abstract. Glioblastoma multiforme (GBM) is the most 
common primary brain tumour and extirpation followed by 
radio- and chemotherapy has had minimal impact on the 
median survival of patients which is still less than one year. 
Hence, a novel therapeutic modality is required if the survival 
of patients with this disease is to be improved. ATM, mutated 
in the human genetic disorder ataxia-telangiectasia (A-T), 
plays a central role in the response to DNA double strand 
breaks and patients with this disorder are characterised by 
extreme sensitivity to radiation, increased risk of cancer and 
neurodegeneration. Thus, ATM represents a potential target 
for radiosensitization of brain tumour cells. A safe, non-repli-
cating lentivirus is used to abrogate ATM in GBM through 
the antisense and RNAi approaches for radiosensitization. 
With either techniques, ATM protein was reduced by >90% 
and there was a 3‑fold sensitization of GBM cells to radiation. 
ATM protein activation as well as ATM pS1981 foci forma-
tion were defective and downstream signalling determined 
by Ser15 phosphorylation on p53 was reduced. Success in the 
approaches provides a novel and exciting strategy for the treat-
ment of GBM and thus improving the survival of patients with 
these tumours.

Introduction

Glioblastoma multiforme (GBM) is the most common intra-
parenchymal brain tumour and remains a neurosurgical 
conundrum whereby patients usually succumb to the disease 

within one year. Surgery followed by radiotherapy and chemo-
therapy have had minimal impact on the prognosis of patients 
over the years, although with this combination, the median 
survival of patients with GBM is increased from 4 months 
(with surgery alone) to 9 months. However, it is not possible to 
increase the current recommended radiation dose of 45-60 Gy 
to achieve greater tumour control as the side effects of radio-
therapy will increase. Hence, novel therapeutic modalities are 
essential to improve the survival of patients diagnosed with 
this oncological enigma.

The ATM (ataxia-telangiectasia mutated) gene spans 
approximately 150 kb of genomic DNA and consists of 66 
exons (1). ATM is critical in the activation of cell cycle check-
points in the presence of DNA double strand breaks induced by 
ionizing radiation (2). Mutations of the ATM gene lead to the 
autosomal recessive disease ataxia-telangiectasia (A-T) with 
cellular phenotypes including sensitivity to ionizing radiation, 
defects at G1/S and G2/M cell-cycle checkpoint, chromosomal 
instability and increased chromosomal breakages (3). These 
features are well-demonstrated in previously-published papers 
and sensitization to ionizing radiation is imposed on cells with 
reduced ATM protein expression (4,5).

The results of gene therapy clinical trials for patients 
with malignant gliomas have been disappointing since only 
a small proportion (5‑15%) of GBM tumour cells are in an 
active growth phase. Poor clinical results are attributed to the 
retrovirus inability to transduce non-dividing cells (6) and the 
strategy of radiosensitizing U87 cells through antisense ATM 
cDNA cloned into a retroviral vector (7) may again produce 
disappointing clinical outcomes. Adenovirus-mediated 
antisense ATM gene transfer had been used to radiosensi-
tize prostate cancer cells (8) but the immunogenic response 
against adenoviruses prevents the safe use of this vector. To 
overcome these concerns, a lentiviral vector was utilized 
here as it could enter the nucleus of quiescent cells by active 
transportation through the nuclear pore import mechanism 
(9) and thus ensured the efficient transduction of non-mitotic 
GBM cells.

Hence, to achieve greater GBM tumour control at the 
current or lower radiation doses, we postulated that GBM 
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tumour cells would be sensitized to radiation treatment by 
reducing the expression of ATM through either antisense or 
RNAi gene therapy delivered by lentiviruses. The reduction in 
expression of ATM using both methodologies led to disruption 
of ATM signalling pathways and the transduced cells were 
sensitized to radiation.

Materials and methods

Construction of the pHRCSCMVatsATM2.3kb (antisense ATM) 
and pHRCSCMV (control) lentiviral vectors. The lentiviral 
plasmids were provided as kind gifts from the Gene Therapy 
Unit, Prince Charles Hospital. Three lentiviruses were packaged: 
pHRCMVGFP, pHRCSCMV and pHRCSCMVatsATM2.3kb. 
A 2.3‑kb fragment containing the 7442-9746 kb region of 
the ATM cDNA from the pEAT1-1 vector was cloned in the 
antisense direction into the XhoI-Bsu36I site of the pHRCS 
(lentiviral transfer) vector. Transient packaging of lentiviruses 
were conducted using 293T cells with the calcium phosphate 
precipitation method. pHRCMVGFP lentiviruses were used 
to titer the lentiviral concentrations and this methodology was 
previously described (10).

Construction of the pLLRNAiATM and pLLScATM lentivi-
ruses. The Lentilox RNAi lentiviral vector or pLL3.7 was 
provided as a kind gift from the Centre for Cancer Research, 
Massachusetts Institute of Technology (11). Three lentivi-
ruses were packaged: pLL (pLL3.7), pLLRNAiATM and 
pLLScATM. Chemically synthesised oligonucleotides, which 
contained either RNAi ATM (RNAiATM) (Fig.  1A) or 
scrambled ATM (ScATM) (Fig. 1B) sequences, were ordered 
from Sigma Genosys Australia Pty Ltd. The 55 and 59 bp 
oligonucleotides were annealed to generate double-stranded 
DNA with an XhoI overhang and cloned into the HpaI-XhoI site 
of the pLL3.7 lentiviral vector. The methodology for cloning of 
shRNAs into pLL3.7 vector was previously described (10). To 
ensure the correct clones were obtained, the pLLRNAiATM 
and pLLScATM vectors were sequenced in both the forward 
and reverse directions. Sequence of the forward primer was: 
GTTTATTACAGGGACAGCAGAG and sequence of the 
reverse primer was: TGGCGGTAATACGGTTATC. Transient 
packaging of lentiviruses was conducted using 293T cells with 
the Lipofectamine™ 2000 (Invitrogen) reagent and the metho
dology for lentivirus titering was previously described (10).

Cell culture. 293T (human embryonic kidney cells with SV40 
large T antigen), U118 (human glioblastoma multiforme cells), 
AT5BIVA (SV40-transformed fibroblast cell line from a 
patient with A-T), C3ABR and AT25ABR cells were cultured 
with RPMI‑1640 (Gibco) with 7% heat inactivated foetal calf 
serum (FCS) and 1% penicillin/streptomycin (P/S).

Transduction of U118 cells. U118 cells were transduced at MOI 
(multiplicity of infection) 5 for the antisense ATM experiments 
using the pHRCSCMV and pHRCSCMVatsATM2.3kb lenti-
viruses, and MOI 2 for the RNAi ATM experiments using the 
pLL (pLL3.7), pLLRNAiATM and pLLScATM lentiviruses. 
FACS analysis was conducted on these cells and transduced 
cells with high EGFP expression were sorted using a MoFlo 
(DakoCytomation, USA).

Radiation procedure. The cells were irradiated with gamma-
rays using a 137Cs Gammacell® 40 Exactor irradiator (MDS 
Nordion, Ontario, Canada) at 6 or 10 Gy.

Protein extraction and immunoblotting. Nuclear protein was 
extracted from unirradiated, 1 h post-6 Gy and post-10 Gy of 
irradiation of non-transduced and transduced U118 cells. Total 
protein was extracted from the C3ABR and AT25ABR cell 
pellets. The methodology for protein extraction was previously 
described (4). Immunoblotting was performed using the stan-
dard protocol (12). The filters were probed with the ATM-2c1 
monoclonal antibody (GeneTex, USA) for ATM, with the ATM 
Protein Kinase S1981 polyclonal antibody (Rockland, USA) 
for phospho-S1981 ATM, with the Ab-2 monoclonal antibody 
(Calbiochem, USA) for DNA-PK, with the phospho-p53 (Ser 15) 
polyclonal antibody (Cell Signaling Technology, Inc., USA) 
for phospho-S15 p53, with the Pab 1801 monoclonal antibody 
(Santa Cruz Biotechnology, USA) for p53 and with the AC-40 
monoclonal antibody (Sigma, USA) for actin. The immuno
blots were scanned using a laser densitometer and analysis 
of band intensities was conducted using the ImageQuant® 
software with individual band intensities normalised to the 
control band for each sample. Immunoblotting was repeated to 
ensure reproducibility.

Immunostaining of cells. U118 cells transduced by pLL, 
pLLRNAiATM and pLLScATM lentiviruses were grown on 
glass coverslips. They were irradiated with 10 Gy and fixed 
after 15 min post-irradiation. The cells were probed with 
ATM Protein Kinase S1981 polyclonal antibody (Rockland) 
and incubated with anti-rabbit immunoglobulin G antibody 
conjugated to Alexa Fluor® 594 dye (Invitrogen, USA). The 
protocol for immunostaining was previously described (13). At 
least two hundred cells were counted for each group and the 
entire experiment was independently repeated.

Clonogenic assay. Control and ATM knockdown U118 cells 
were plated in triplicates in 10‑cm polystyrene tissue culture 

Figure 1. Sequences of the RNAi ATM (RNAiATM) and scrambled ATM 
(ScATM) oligonucleotides. (Α) Sequences of the RNAiATM oligonucleotides. 
(Β) Sequences of the ScATM oligonucleotides.
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plates (TPP) as following: 2000  cells (for no irradiation 
and irradiation at 1 Gy), 4000 cells (for irradiation at 2 Gy), 
8000 cells (for irradiation at 4 Gy) and 16000 (for irradiation 
at 6 Gy). The protocol for this assay was previously described 
(14). The entire experiment was independently repeated and 
the clonogenic ability of the ATM knockdown U118 cells and 
controls were analysed, survival fractions were calculated and 
normalised to the plating efficiencies.

Results

Attenuation of ATM protein expression and radio-
sensitization using antisense ATM lentiviruses. The 
pHRCSCMVatsATM2.3kb vector was generated using 
the pHRCS plasmid (Fig.  2A). The sense fragment of the 
7442‑9746 kb region of the ATM cDNA was not used as nega-
tive control as it had been demonstrated that a truncated PI-3K 
domain of the ATM protein could have a radioprotective effect 
on target cells (15). Bands, which migrated in the expected size 
for the ATM protein (350 kDa), were revealed in approximately 
equal amounts with nuclear extracts from the U118 cells and 

U118 cells transduced by the pHRCSCMV (control) lentiviruses 
(Fig. 2B). The AT5BIVA cell line was previously generated 
from a homozygous A-T patient and as demonstrated, there 
was no ATM protein expression in this cell line. ATM protein 
expression was demonstrated to be significantly reduced in 
U118 cells transduced by the pHRCSCMVatsATM2.3kb (anti-
sense ATM) lentiviruses (Fig. 2B and C).

The survival curves in Fig.  3A demonstrate that U118 
cells transduced by pHRCSCMVatsATM2.3kb (antisense 
ATM) lentiviruses were sensitized to ionizing radiation and 
transduction by pHRCSCMV (control) lentiviruses did not 
affect the survival of U118 cells after irradiation. The most 
commonly used external beam radiotherapy fractionated daily 
dosage for the glioblastoma multiforme is 2 Gy. The survival 
fractions after 2 Gy irradiation (SF2) of U118 cells transduced 
by the pHRCSCMVatsATM2.3kb lentiviruses (0.37) was 
significantly lower (P=0.0001) than the U118 cells (0.86) 
and U118 cells transduced by the pHRCSCMV lentiviruses 
(0.75) by Student's t-test (Fig. 3B). The survival fraction of 
the AT5BIVA cells was 0.30. This demonstrates a significant 
increase in radiosensitivity of the U118 cells transduced by the 
pHRCSCMVatsATM2.3kb lentiviruses.

Attenuation of ATM protein expression by RNAi methodology. 
Transduction of U118 cells by pLLRNAiATM lentiviruses 
led to down-regulation of ATM protein expression (Fig. 4A). 

Figure 2. Down-regulation of ATM in U118 cells using antisense ATM lenti-
viruses. (Α) Schematic diagram of the pHRCS lentiviral transfer vector. The 
lentiviral vector contains a multiple cloning site (MCS) located downstream 
from the CMV promoter. Other sequences in this vector include 5'  long 
terminal repeat (5'-LTR), splice donor site (SD), HIV packaging signal (Ψ), 
truncated gag, REV response element (RRE), woodchuck post-regulatory 
response element (WPRE) and 3' long terminal repeat with partial U3 dele-
tion (3'-LTR). (Β) Analysis of ATM protein and DNAPK expression by 
immunoblotting of nuclear extracts from U118 cells, AT5BIVA cells, U118 
cells transduced by the pHRCSCMV lentiviruses (U118CS) and U118 cells 
transduced by the pHRCSCMVatsATM2.3kb (U118atsATM) lentiviruses. 
Analysis of DNAPK protein from the same immunoblot verifies that loading 
is equal. (C) The percentage of ATM protein expression of the various cells 
compared to the non-transduced U118 cells is represented by this graph and 
the values are expressed as mean ± SD of three separate experiments.

Figure 3. Radiosensitization of U118 cells using antisense ATM lentiviruses. 
(A) Clonogenic survival curves of U118 cells, AT5BIVA cells, U118 cells 
transduced by the pHRCSCMV lentiviruses (U118CS) and U118 cells trans-
duced by the pHRCSCMVatsATM2.3kb lentiviruses (U118atsATM). (B) 
The survival fractions after 2 Gy irradiation (SF2) of U118 cells, AT5BIVA 
cells, U118 cells transduced by the pHRCSCMV lentiviruses (U118CS) 
and U118 cells transduced by the pHRCSCMVatsATM2.3kb lentiviruses 
(U118atsATM). This entire experiment was performed in triplicates and 
independently conducted to a total of three times.
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C3ABR and AT25ABR cells, non-transduced U118 cells, U118 
cells transduced by the pLL and pLLScATM lentiviruses were 
used as controls. As demonstrated in Fig. 4, the control (pLL 
and pLLScATM) lentiviruses did not affect ATM protein 
expression in the transduced U118 cells as ATM protein levels 
in these cells were comparable to the non-transduced U118 
and C3ABR cells. For reference, AT25ABR cells were utilized 
to demonstrate that expression of ATM protein was absent in a 
homozygous A-T cell line.

Effect of ATM RNAi on DNA damage signalling
Reduced S1981 ATM autophosphorylation. Exposure of cells 
to ionizing radiation leads to prompt autophosphorylation of 
ATM kinase on S1981 which activates the enzyme by disso-
ciation of the inactive ATM dimer into an active monomer 
(16,17). Since ATM protein was reduced by pLLRNAiATM 
lentiviruses, it was anticipated that its activation would also 
be affected. The results in Fig. 5A demonstrate that whilst 
radiation-induced phosphorylation of S1981 was observed 
in non-transduced U118 cells and U118 cells transduced by 
the pLL and pLLScATM lentiviruses, U118 cells transduced 
by the pLLRNAiATM lentiviruses had no detectable S1981 
phosphorylation.

Reduced S15 p53 phosphorylation. Cell cycle checkpoints are 
defective in A-T cells (18) including p53 activation by ATM 
(19,20). In the absence of ionizing radiation, there was minimal 

detection of pS15 p53 in the unirradiated cells (Fig. 5B). After 
6‑Gy ionizing radiation exposure, p53 phosphorylation on S15 
at 60 min was induced in the U118 cells transduced by pLL 
and pLLScATM lentiviruses similar to the level observed in 
the non-transduced U118 cells. On the contrary, an attenuated 
p53 response to radiation exposure was evident in U118 cells 
transduced by pLLRNAiATM lentiviruses. This demonstrates 
that attenuation of ATM protein expression resulted in reduced 
downstream signalling such as p53 phosphorylation in these 
cells.

Reduced phospho-S1981 ATM foci formation. Exposure to 
ionizing radiation produces rapid recruitment of DNA damage 
recognition proteins as small granular foci to the sites of DNA 
damage (21). It was demonstrated that immunofluorescent 
staining of phospho-S1981 ATM was diffuse across the nucleus 
in fibroblasts at the earliest time‑point after irradiation and 
discrete pS1981 ATM foci were evident after several minutes 
(16). As ATM protein expression was attenuated in U118 cells 
transduced by pLLRNAiATM lentiviruses, the formation 
of discrete pS1981 ATM foci in U118 cells was investigated 
15 min after exposure to 10 Gy irradiation. pS1981 ATM foci 
were detected in the majority of U118 cells transduced by the 

Figure 4. Down-regulation of ATM in U118 cells using pLLRNAiATM lenti
viruses. (A) Immunoblots of ATM and DNAPK with nuclear extracts from 
U118 cells (U118), C3ABR cells, U118 cells transduced by the pLL lentiviruses 
(pLL), U118 cells transduced by the pLLScATM lentiviruses (ScATM), 
U118 cells transduced with pLLRNAiATM lentiviruses (RNAiATM) and 
AT25ABR cells. Analysis of DNAPK protein from the same immunoblot veri-
fies that loading is equal. (B) This graph demonstrates the percentage of ATM 
protein expression of the various cells compared to the non-transduced U118 
cells and the values are expressed as mean ± SD of three separate experiments.

Figure 5. S1981 ATM autophosphorylation and S15 p53 phosphorylation in 
U118 cells transduced by pLLRNAiATM lentiviruses after exposure of cells to 
ionizing radiation. (A) Negligible S1981 ATM autophosphorylation in U118 
cells transduced by pLLRNAiATM lentiviruses after exposure of cells to 
ionizing radiation. Immunoblots of ATM-s1981, ATM and DNAPK with 
nuclear extracts from unirradiated (-) and 1 h post-10 Gy irradiated (+) U118 
cells (U118), U118 cells transduced by the pLL lentiviruses (pLL), U118 cells 
transduced by the pLLScATM lentiviruses (ScATM), U118 cells transduced 
with pLLRNAiATM lentiviruses (RNAiATM) and AT25ABR cells. Immuno
blots are a representation of two separate experiments. (B) Reduced S15 p53 
phosphorylation in U118 cells transduced by pLLRNAiATM lentiviruses after 
exposure of cells to ionizing radiation. Immunoblots of pS15 p53, p53 and 
actin with nuclear extracts from unirradiated (-) and 1 h post-6 Gy irradiated 
(+) U118 cells (U118), U118 cells transduced by the pLL lentiviruses (pLL), 
U118 cells transduced by the pLLScATM lentiviruses (ScATM), U118 cells 
transduced with pLLRNAiATM lentiviruses (RNAiATM) and AT25ABR 
cells. Immunoblots are a representation of three separate experiments.
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control lentiviruses pLL (Fig. 6A) and pLLScATM (Fig. 6B) 
after exposure to ionizing radiation. In contrast, the number 
of U118 cells transduced by pLLRNAiATM lentiviruses 

displaying pS1981 ATM foci after irradiation was reduced 
(Fig. 6C). As demonstrated in Fig. 6D, the presence of pS1981 
ATM foci was detected at 15 min after 10 Gy irradiation in 
the majority of U118 cells transduced by pLL (81.6%) and 
pLLScATM lentiviruses (84.6%). In contrast, the proportion 
of U118 cells transduced by pLLRNAiATM lentiviruses 
exhibiting pS1981 ATM foci at 15 min after 10 Gy irradiation 
was considerably diminished (38.4%). This demonstrates that 
the response to DNA damage in U118 cells with reduced ATM 
protein expression is significantly impaired.

Radiosensitivity. As ATM protein expression was reduced in 
U118 cells transduced with pLLRNAiATM lentiviruses, the 
survival of these cells after exposure to ionizing radiation 
was examined by clonogenic assays to determine whether a 
radiosensitive phenotype resulted from the transduction with 
pLLRNAiATM lentiviruses. Clonogenic survival curves of 
U118 cells, AT5BIVA cells, U118 cells transduced by the pLL, 
pLLScATM and pLLRNAiATM lentiviruses were generated 
(Fig. 7A). These data demonstrate that U118 cells transduced 
by pLLRNAiATM lentiviruses have been sensitized to 
ionizing radiation when compared to the non-transduced U118 
cells and U118 cells transduced by the control (pLL and pLLS-
cATM) lentiviruses. Adjuvant radiotherapy for GBM involves 
a total radiation dose of 45‑60  Gy with a maximal daily 
dose of 2 Gy. With this in mind, the survival fraction of non-
transduced and transduced U118 cells after 2 Gy irradiation 

Figure 6. Reduced phospho-S1981 ATM foci formation in U118 cells 
transduced by pLLRNAiATM lentiviruses after exposure to ionizing 
radiation. (A) pS1981 ATM foci formation in U118 cells transduced by pLL 
lentiviruses. (B) pS1981 ATM foci formation in U118 cells transduced by 
pLLScATM lentiviruses. (C) Reduced pS1981 ATM foci formation in U118 
cells transduced by pLLRNAiATM lentiviruses. Hoechst 33342 (Sigma) was 
used as nuclear stain and all transduced U118 cells had EGFP expression. (D) 
This graph demonstrate the percentage of U118 cells transduced by pLL and 
pLLScATM lentiviruses compared to U118 cells transduced by pLLRNA-
iATM lentiviruses that have pS1981 ATM foci 15 min post-10 Gy irradiation. 
At least two hundred cells were counted for each column of the graph and the 
values are expressed as mean ± SD of two separate experiments.

Figure 7. Radiosensitization of U118 cells using pLLRNAiATM lentiviruses. 
(A) Clonogenic survival curves and (B) survival fractions after 2 Gy irradi
ation (SF2) of U118 cells (U118), U118 cells transduced by the pLL lentiviruses 
(pLL), U118 cells transduced by the pLLScATM lentiviruses (ScATM), U118 
cells transduced with pLLRNAiATM lentiviruses (RNAiATM) and AT5BIVA 
cells. The entire experiment was conducted in triplicates and independently 
repeated.
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(SF2) was examined. The SF2 of U118 cells transduced by the 
pLLRNAiATM lentiviruses (0.54) was reduced compared to 
non-transduced U118 cells (0.85) and U118 cells transduced by 
the pLL (0.75) and pLLScATM (0.83) lentiviruses (P<0.0001; 
Student's t-test) (Fig. 7B).

Discussion

Malignant glioma is one of the most intractable diseases in 
humans (22) with a median survival of less than one year (23). 
It is well known that a combination of surgery and radiotherapy 
doubles the median survival of patients to about 9 months. 
The approach of increasing the current dose of radiotherapy 
from 45‑60 Gy to higher dosages may eradicate more tumour 
cells but is likely to result in radiation-induced destruction 
of adjacent neuronal tissues. There are currently more than 
40 clinical gene therapy trials on malignant gliomas which 
generally involve the direct injection of suicide, cytokine or 
tumour suppressor gene transfer vectors into the margin of the 
surgical cavity or tumour bulk intraoperatively (6). Although 
these novel therapeutic modalities have been demonstrated to 
be safe and well-tolerated, clinical efficacy has been unsatis-
factory due to poor transduction of target malignant cells.

Both the antisense and RNAi ATM lentiviruses target 
the ATM signal transduction pathway of the radioresis-
tant GBM cells to increase the efficacy of radiotherapy. In 
contrast to previous trials to improve radiation treatment by 
pharmacological radiosensitizers, the proposed method of 
radiosensitization intends to radiosensitize all tumour cells 
sharing a common genetic feature. In 2000, a similar strategy 
to this research work was published whereby antisense ATM 
cDNA was cloned into a retroviral vector and transfected into 
U87 cells which was selected in the presence of genticin (7). As 
neurons are generally quiescent, retroviral vectors were used 
in many gene therapy trials of GBM based on their property 
of transducing dividing cells only (6). However, the usefulness 
of retroviruses is limited by low production titers, instability 
of the virion and the inability to transduce non-dividing cells 
(24). Furthermore, tumour kinetics of the GBM demonstrated 
that only a small proportion (5-15%) of tumour cells are in 
active growth phase and hence, the efficacy of cell cycle-
specific therapeutic agents will be reduced. To target quiescent 
tumour cells, adenoviruses can be used and radiosensitization 
of prostate cancer cells using adenovirus-mediated antisense 
ATM gene transfer was published in 2000 (8). However, the 
host's immune response against the adenovirus is a major 
obstacle to the safe and effective use of this vector (9) and 
it has been shown that potent cellular immune response to 
adenovirus-infected cells does not require de novo viral gene 
expression (25). To overcome these concerns, lentiviruses were 
used in this study for ATM knockdown gene transfer as they 
are able to transduce quiescent cells (9) and have low immu-
nogenicity (26).

This paper demonstrates that the expression of the ATM 
gene in the radioresistant glioblastoma multiforme cells can 
be effectively down-regulated by lentiviruses expressing anti
sense ATM or shRNAs to the ATM gene as substantiated 
by the reduction in the ATM protein level in these cells. In 
contrast, ATM protein expression in U118 cells infected by 
control lentiviruses remained unchanged. Radiation-induced 

phosphorylation on S1981 was absent in U118 cells transduced 
by the pLLRNAiATM lentiviruses and discrete pS1981 
ATM foci formation was absent in the majority of these 
cells. Defective activation of ATM with abrogation of down-
stream signalling is well-characterised (4,5). After exposure 
to ionizing radiation, Mre11-Rad50-NBS1 (MRN) complex 
is recruited to the site of double-strand break and ATM is 
recruited to the flanking regions of the break whereby it is 
partially activated (27,28). MRN complex then recruits ATM 
to the site of double-strand break (29) and the inactive ATM 
dimer is dissociated into an activated monomer (16) and 
autophosphorylated on S367, S1893 and S1981 (17). ATM 
activation leads to MRN complex phosphorylation (29) and 
cell-cycle checkpoints activation (30,31). The immunobloting 
and immunostaining results for phospho-S1981 ATM support 
the fact that the response to DNA damage in U118 cells with 
reduced ATM protein expression is significantly impaired and 
the migration of the activated ATM protein to the sites of DNA 
damage is abated.

p53 is critical for the protection of genome integrity and 
with a variety of stimuli, this tumour suppressor gene is rapidly 
stabilised and activated. When activated, p53 induces cell 
cycle arrest by p21 transactivation or induction of apoptosis 
by both transcription-dependent and independent pathways 
(32,33). One of the significant characteristics in cells with 
down-regulation of the ATM gene expression is the failure of 
p53 stabilisation (4). Defective S15 p53 phosphorylation and 
p53 stabilisation in the presence of DNA double-strand breaks 
is a prominent attribute of the disease ataxia-telangiectasia 
(34). The results in this study demonstrated that p53 response 
to radiation exposure was attenuated in U118 cells transduced 
by pLLRNAiATM lentiviruses in contrast to U118 cells trans-
duced by control lentiviruses. These results support the fact that 
reduced ATM protein expression and activation in the U118 
cells results in impaired p53 signalling. The intrinsic radio
sensitivity of human tumours can be quantitatively expressed 
as the survival fraction after treatment with a clinically relevant 
radiation dose of 2 Gy (SF2) (8). The results of the clonogenic 
assays demonstrate that the SF2 of U118 cells transduced by 
the pHRCSCMVatsATM2.3kb or pLLRNAiATM lentiviruses 
was reduced compared to non-transduced U118 cells and 
U118 cells transduced by control lentiviruses. The reduction 
in the survival fraction of the glioblastoma multiforme cells 
transduced by pHRCSCMVatsATM2.3kb or pLLRNAiATM 
lentiviruses after treatment with 2 Gy radiation dose demon-
strates radiosensitization of these transduced cells.

The use of lentiviral vectors will improve transduction 
efficiencies and immunological side effects caused by adeno-
viruses can be avoided. The advantages of the lentiviral vector 
include vector insert capacities up to 10 kb, long-term trans-
gene expression in transduced cells, high titre viral production 
and low immunogenicity (26). Furthermore, as only 5-15% of 
GBM tumour cells are in active growth, the lentiviral vector 
will ensure efficient transduction of these cells due to its ability 
to enter the nucleus of quiescent cells by active transportation 
through the nuclear pore import mechanism (9). Alternative 
approaches have been used to target ATM to sensitize cells 
to radiation (35,36). However, the concentration of KU-55933 
used for effective inhibition (10 µM) is too high to be useful in 
a therapeutic setting and clearly it is desirable to generate addi-
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tional specific inhibitors of ATM with greater efficacy. ATM 
knockdown lentiviruses can be administered intraoperatively 
to residual GBM tumour cells followed by conventional post-
operative external beam radiation therapy. With this strategy, 
localised eradication of remaining GBM tumour cells can be 
achieved with minimal damage to the surrounding healthy 
brain and tumour control can be effectively accomplished at 
lower radiation doses. Moreover, if the current radiation dose 
is utilized in the treatment of GBM with reduced ATM gene 
expression, more tumour cells can be eradicated. Sustained 
effort in the development of new strategies for the treatment 
of glioblastoma multiforme, such as the one proposed in this 
paper, may one day allow significant improvement in the 
survival of patients with this cancer and perhaps even a cure 
for this disease.
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