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Abstract. The present in vitro study aimed to assess the 
effects of combining the mTOR inhibitor RAD001 and 
temozolomide (TMZ) together with irradiation by either 
low-linear energy transfer (LET) radiation (γ-rays) or high-
LET radiation (fast neutrons) on the growth and cell survival 
of the human glioblastoma cell line U-87. We observed a 
strong decrease in cell proliferation along with a concomitant 
increase in cell death as a function of the radiation dose. As 
expected, high-LET radiation was more effective and induced 
more sustained damage to DNA than low-LET radiation. 
While RAD001 in association with TMZ induced autophagic 
cell death, additional combination with either type of radia-
tion did not further increase its occurrence. On the contrary, 
apoptosis remained at a low level in all experimental groups.

Introduction

Glioblastoma multiforms (GBMs) are among the most aggres-
sive types of cancer. They are very invasive, poorly operable 
and highly resistant to both conventional chemotherapy and 
radiotherapy. Hence, their prognosis remains poor and the 
survival rate of patients with GBM is extremely low due to the 
local evolution of the tumor. Resistance to anticancer drugs 
and radiation therapy (RT) results in large part from the inca-
pacity of GBM cells to undergo apoptosis in response to these 
treatments (1).

Regarding RT, the use of high-linear energy transfer (LET) 
radiation instead of the low-LET radiation currently used in 
conventional therapy allows for more efficient anticancer 
treatmens due to ballistic distribution, inductor of hypoxic cell 

death or both (2). On the other hand, standard chemotherapy of 
GBM principally consists in the administration of temozolo-
mide (TMZ), an alkylating agent that is capable of crossing 
the hematoencephalic barrier. Moreover, molecularly targeted 
drugs are currently being evaluated in clinical trials, alone or 
combined with radiation, and the initial preclinical data are 
encouraging (3-7). This is the case of everolimus (RAD001), 
which acts as a potent inhibitor of the mechanistic target of 
rapamycin (mTOR), a key downstream protein kinase in the 
phosphatidylinositol 3-kinase (PI3K/AKT) pathway. The 
rationale for using RAD001 in cancer therapy is that mTOR 
expression is augmented with increasing grade of malignancy 
in a number of tumors including brain cancers (8) and that 
aberrant mTOR activation has been linked to cancer progres-
sion (9). This mTOR pathway can be hyperactivated by 
excessive stimulation via mutated growth factor receptors of 
ras (10). Considering their reciprocal advantages, combining 
high-LET radiation, classical and molecular-targeted drugs 
may thus represent a pleiotropic and potentially effective 
approach for the treatment of GBM.

In the present study, we investigated the effect of combining 
RAD001, TMZ and low-LET or high-LET radiation on the 
growth of U-87, a PTEN-deficient human GBM cell line (10). 
In our experiments, fast neutrons provided high-LET radia-
tion. Although these particles are no longer used in radiation 
therapy in most countries, they still remain appropriate models 
for exploring the biological effects of high-LET radiation (11). 
We report here that a pronounced antiproliferative and cyto-
toxic effect resulted from this triple combination. As expected, 
at the same physical dose of radiation, fast neutrons were more 
efficient than γ-rays at depressing cell growth and at inducing 
cell death. We further sought to determine how cell death 
occurred in U-87 cells submitted to this triple combination.

Materials and methods

Treatments. RAD001 was provided by Novartis (Basel, 
Switzerland). A stock solution was dissolved in dimethylsulf-
oxide (DMSO) at 40 mM, stored at -20˚C and final dilutions 
were prepared in culture medium. TMZ was purchased from 
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Sigma-Aldrich (Saint-Quentin fallavier, france) and was also 
dissolved in DMSO in a 1 mM stock solution. Both treatments, 
alone or together, were added to the cells 24 h before irradia-
tion.

Cell culture. The human glioblastoma U-87 MG cell line 
was purchased from the American Type Culture Collection 
(#HBT-14; ATCC; Rockville, MD, USA). Cultures were main-
tained at 37˚C in a humidified atmosphere of 5% CO2. Cells 
were grown in Dulbecco's modified Eagle's medium (DMEM; 
PAN Biotech GmbH, Dominique Dutscher, Brumath, france) 
supplemented with 10% fetal bovine serum (FBS; PAN Biotech 
GmbH), 1 mM sodium pyruvate, 1 mM non-essential amino 
acids and 50 µg penicillin-streptomycin (PAN Biotech GmbH). 
Disaggregation was carried out by a 10-min incubation at 37˚C 
with a solution of trypsin-EDTA (PAN Biotech GmbH).

Irradiation. Cells, in their exponential growth phase, were 
exposed at room temperature to low-LET or high-LET radia-
tion, 24 h after the addition of the treatment to the culture 
medium. Cells were contained in 6-well plates or in 96-well 
flat-bottomed microplates, filled with 4 ml or 0.2 ml culture 
medium, respectively. Low-LET irradiations were carried out 
with a 137Cs γ-irradiator (Biobeam GM8000; GSM GmbH, 
Leipzig, Germany) at the Paul Strauss Center (Strasbourg, 
france). The dose rate was 3.4 Gy/min and doses ranged from 
2 to 8 Gy. for high-LET radiation, cells were exposed to a 
beam of p(65) + Be neutrons produced by a Cyclone cyclotron 
at the Cyclotron Resources Center (CRC) (Louvain-la-Neuve, 
Belgium). The dose rate was usually 0.2 Gy/min and doses 
ranged from 2 to 8 Gy. A series of preliminary experiments 
with neutrons was conducted at iThemba Labs (Somerset West, 
South Africa). Each experiment was carried out at least three 
times. Control flasks were sham treated and/or irradiated.

Cell proliferation assay. The effects of the treatments, alone or 
combined, on the growth of U-87 cells were investigated using 
sulforhodamine B (SRB; Sigma-Aldrich) colorimetric assay. 
Cells were seeded at a density of 5x103 cells/well in 100 µl 
in 96-well flat-bottomed plates (Falcon 3072). Subsequently, 
100 µl of different dilutions of RAD001 with/without TMZ 
were added 24 h later to quintuplicate wells. Cells were then 
irradiated and incubated at 37˚C for 6 days. Then, they were 
fixed with 10% trichloroacetic acid (TCA; Sigma-Aldrich) for 
1 h at 4˚C, washed five times with tap water, air dried and stained 
with 0.4% SRB in 1% acetic acid for 30 min. SRB-stained cells 
were then dissolved in 200 µl 10 mM Tris-base (pH 10.5), and 
the absorbance of each well was measured at 565 nm using 
a Synergy™ HT microplate reader (Biotek, Colmar, france). 
Results are expressed in optical density (OD), after subtraction 
of the value for the blank (no cells).

Clonogenic survival assay. Cells were trypsinized and 
collected 24 h after irradiation in the presence or absence of 
treatment and enumerated using a Countess® Cell Counter 
(Countess; Invitrogen, Carlsbad, CA, USA). Then, they were 
seeded at an appropriate number and plated at two different 
dilutions into 6-well plates. The treatments were performed 
in triplicate and the experiments were repeated three times. 
Fifteen days later, the clones were stained with 0.05% crystal 

violet (Sigma-Adrich) in a 5% ethanol solution, and positive 
colonies (>50 cells) were scored. The plating efficiency was 
calculated by dividing the number of positive colonies that 
grew in the absence of treatment and irradiation by the number 
of cells that were seeded.

Apoptotic detection assay. Apoptotic cells were quanti-
fied 6 days after irradiation according to Riccardi and 
Nicoletti (12). Briefly, cells (5x105) were fixed in cold 70% 
ethanol for at least 1 h, then they were washed in phosphate 
buffered saline [PBS; (pH 7.2)] and resuspended in 100 µl of 
PBS containing 25 µg of RNase A, 2 mM EDTA and 10 µg of 
propidium iodide (PI). After incubation in the dark at 37˚C for 
30 min, the fluorescence of 10,000 cells was analyzed using 
a fACScan flow cytometer and Cell Quest software (both 
from Becton Dickinson, San Jose, CA, USA). Cells with a 
sub-diploid DNA content were recorded as being apoptotic.

Autophagic detection assay. for autophagy determination 
6 days after irradiation, we used the Cyto-ID™ Autophagy 
detection kit (Enzo Life Sciences, Plymouth Meeting, PA, 
USA) according to the manufacturer's instructions. This test 
measures autophagic vacuoles and monitors autophagic flux 
in live cells using a fluorescent cationic amphiphilic dye that 
selectively labels autophagic vacuoles. Briefly, cells (5x105) 
were washed in PBS (pH 7.2), and resuspended in 500 µl of 
freshly diluted Cyto-ID® Green Detection Reagent to a final 
volume of 2 ml with PBS, according to the manufacturer's 
instructions. The fluorescence of 10,000 cells was analyzed 
using a fACScan flow cytometer and Cell Quest software 
(Beckton Dickinson).

Determination of γ-H2AX foci. Cells were grown on micro-
scopic glass slides placed in 6-well plates. Twenty-four hours 
after irradiation, the culture medium was removed and the 
slides were washed once with PBS. fixation and permeabiliza-
tion were carried out using 4% formaldehyde and 0.5% Triton, 
according to a standard procedure. Labeling was performed 
using a monoclonal mouse anti-γ-H2AX polyclonal antibody 
(clone JBW301; Upstate, Lake Placid, NY, USA). Coverslips 
were mounted in 4'-6-diamidino-2-phenylindole (DAPI)-
stained Vectashield (Abcys, Paris, france). The formation of 
γ-H2AX foci in nuclei were monitored by immunofluorescence 
microscopic imaging using an Olympus BH-2 fluorescence 
microscope equipped with a digital camera. foci were counted 
in 50 cells in each condition.

Statistical analysis. All experiments were repeated at least 
three times independently. Statistical analyses were performed 
using the Prism 5 statistical software. Differences between 
the subgroups in term of cell counts, proportion of apoptotic 
and autophagic cells and foci number were evaluated using 
an ANOVA, together with a Student-Newman-Keuls test 
of all pairwise possible comparisons. Differences between 
subgroups were considered statistically significant at P<0.05.

Results

Proliferation study. We first evaluated the ability of different 
concentrations of TMZ to decrease cell growth either alone, 
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or combined with RAD001 and radiation using SRB assays. 
TMZ was added at increasing concentrations, ranging from 
10 to 50 µM. Based on a previous study (13) RAD001 was 
used at a concentration of 10 nM. Cells were left unirradiated 
or irradiated at 2 Gy with both types of radiation. At this 
dose, γ-rays as well as neutrons alone failed to significantly 
reduce the growth of U-87 cells, consistent with the known 
relative radioresistance of this cell line. As shown in fig. 1, 
in the unirradiated cells, a slight decrease in the viable 
cell number was noted at higher concentrations of TMZ. 
Contrarily, in RAD001/TMZ co-treated unirradiated cells, a 
marked decrease in growth was noted. In γ-irradiated cells, a 
marked reduction in cell growth was obtained in the RAD001 
co-treated cells, as a function of TMZ concentration (fig. 1A), 
confirming previous results (13). Nevertheless, no significant 
differences were observed between both treatments with 
or without irradiation. Similar results were obtained in the 
neutron-irradiated cells (fig. 1B).

In subsequent experiments, a unique TMZ concentra-
tion (30 µM) was retained and cells treated with RAD001, 
TMZ and the combination RAD001/TMZ were irradiated 
at increasing doses of either γ-rays or neutrons. As shown 

in fig. 2A, γ radiation alone had no significant effect on cell 
growth. The identical outcome was obtained with RAD001- 
or TMZ-treated U-87 cells whatever the irradiation dose. In 
contrast, in the RAD001/TMZ co-treated cells, a significant 
reduction in cell growth was obtained compared with the 
control (DMSO), RAD001 or TMZ independently from the 
delivered dose and the radiation type. In neutron-irradiated 
cells (fig. 2B), no decrease in cell growth was observed in the 
treated cells, according to the radiation dose. In the RAD001-
treated cells, a marked decrease in proliferation was recorded 
from 2 to 6 Gy. At the same dose range, in TMZ-treated 
cells, a slight decrease was observed. The most important 
effect in cell proliferation was recorded in the RAD001/TMZ 
co-treated cells without a difference from unirradiated to 
8 Gy as obtained with γ-irradiated cells. To conclude, with or 
without exposure to either type of radiation, the combination 
RAD001/TMZ strongly depressed the proliferation of U-87 
GBM cells.

Clonogenic survival study. In order to extend these results, 
colony-formation assays were carried out. With photons 
alone, we obtained a typical shoulder of the survival curve 

figure 1. Effect of TMZ and the combination with RAD001 (10 nM) on the growth of U-87 cells. TMZ was used at concentrations ranging from 10 to 50 µM. 
Cells were irradiated with (A) γ-rays or (B) fast neutrons at 2 Gy. Sulforhodamine B (SRB) tests were performed 6 days after irradiation, according to the protocol 
described in Materials and methods. Cell numbers are expressed as a percentage of proliferating cells to non-irradiated non-treated control cells. Error bars repre-
sent the standard deviation of the mean of quintuplicate determinations. Student-Newman-Keuls statistical tests were performed on four independent experiments. 
With γ irradiation and neutron irradiation, the unirradiated association RAD001/TMZ was significantly different from TMZ with NI and 2 Gy (**P<0.001). At 
2 Gy, the association was also significantly different (** P<0.001) from TMZ with NI and 2 Gy whatever the irradiation type (γ and neutron irradiation).

figure 2. Effect of irradiation in the presence of RAD001 (10 nM) and/or TMZ (30 µM) on the growth of U-87 cells. Cells were irradiated by (A) γ-rays or 
(B) fast neutrons from 0 to 8 Gy. Sulforhodamine B (SRB) tests were performed 6 days after irradiation, according to the protocol described in Materials and 
methods. Cell numbers are expressed as a percentage of proliferating cells. DMSO represents the non-irradiated non-treated control. Error bars, standard devia-
tion of the mean of five independent determinations. Student-Newman-Keuls statistical tests were performed on four independent experiments. The association 
RAD001+TMZ was significantly different (**P<0.001) from the control (DMSO), TMZ and RAD001 whatever the irradiation dose (γ and neutron irradiation). 
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(fig. 3A) although with neutrons alone, a sharp decrease in 
the number of colonies was observed (fig. 3B) reaching a 
more efficient decrease in cell survival than with photons. 
Once combined with RAD001, no significant changes of this 
effect could be measured with both types of radiation. In 
contrast, in the TMZ-treated cells, a drastic decrease in the 
clonogenic survival was obtained as a function of the radia-
tion dose whatever the radiation type. In irradiations with 
neutrons, the combination RAD001/TMZ was found to be 
much more efficient at reducing the clonogenic survival than 
with γ-rays.

Cell death induction. We next sought to determine what type 
of cell death was caused by treatment with TMZ, RAD001 
and radiation, applied separately or in association. Percentages 
of cells undergoing apoptotic and autophagic cell death were 
determined at day 6 after irradiation. As shown in fig. 4A 
and B, apoptosis levels were very low in all groups of treated 
cells, independently of the radiation type and dose. The highest 
values of apoptosis were recorded in the TMZ-treated cells, 
but apoptosis never exceeded 8%. In cells submitted to the 

treatment RAD001/TMZ, these values were in fact decreased 
compared to those treated with TMZ alone.

Comparatively with apoptosis, autophagy levels were found 
to be higher in TMZ and RAD001/TMZ co-treated cells but 
again, irradiation failed to significantly increase the numbers 
of autophagic cells (fig. 5A and B). It must be noted that in the 
neutron experiments, autophagy was always found to be higher 
in the TMZ unirradiated cells than in the γ-irradiated ones. 
Consequently, neither apoptosis nor autophagy could entirely 
account for the loss of survival in cells submitted to the triple 
combination.

γ-H2AX activation and persistence. Since severe and irrepa-
rable damages to DNA, such as double-strand breaks (DSBs), 
are generally at the origin of cell death, foci corresponding 
to the persistent activation of γ-H2AX in control and treated 
cells were recorded 24 h after the exposure to both types of 
radiation. As shown in fig. 6A, in γ-irradiated cells, the foci 
number remained at a low level in all groups. Rather surpris-
ingly, the radiation dose did not significantly increase their 
number. In contrast, foci numbers were slightly increased in 

figure 3. Clonogenic survival: surviving fraction of U-87 cells treated with RAD001 (10 nM), TMZ (30 µM) or with the combination and irradiated by (A) γ-rays 
or (B) fast neutrons. Radiation doses ranged from 0 to 8 Gy. fifteen days after irradiation, colonies were stained with crystal violet and colonies containing more 
than 50 cells were scored. Error bars, standard deviation of the mean of three independent determinations. P<0.05.

figure 4. Percentage of apoptosis in U-87 cells, treated with RAD001 (10 nM) and/or TMZ (30 µM) and irradiated by (A) γ-rays or (B) fast neutrons. Radiation 
dose ranged from 0 to 8 Gy. Cells were labeled 6 days after irradiation with propidium iodide and the number of hypodiploid DNA-containing cells (expressed 
in percentage) were determined by flow cytometry. Error bars, standard deviation. Student-Newman-Keuls statistical tests were performed in three indepen-
dent experiments. The association RAD001/TMZ was significantly different from TMZ (***P<0.0001 with γ-rays and *P<0.05 with neutrons). 
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the neutron-irradiated cells according to dose (fig. 6B). TMZ 
alone or combined with RAD001 did not significantly affect 
their occurrence.

Discussion

We report the ability of a triple treatment associating RAD001, 
TMZ and irradiation with low-LET or high-LET radiation 
to reduce the growth and the survival of glioblastoma cells 
in vitro. Our results indicate that cell death occurred partly 
by autophagy, independently of the irradiation, and that apop-
tosis was not involved in cell destruction, consistent with our 
previous findings in the hepatocellular carcinoma cell line, 
SK-Hep-1 (14). These data suggest that other modes of cell 
death may contribute to the effectiveness of the combined treat-
ment with RAD001, TMZ and irradiation. In addition, they 
showed that the radiation LET does not influence the outcome 
of this triple association treatment, since γ-radiation as well as 
fast neutrons gave similar results. Together, the present find-
ings clearly emphasize the interest of this trimodal therapeutic 
approach to circumvent the resistance of glioblastoma cells to 
conventional treatments. Molecular mechanisms underlying 
the efficacy of such a combination remain to be analyzed.

An important feature of our investigations is the compara-
tive effect resulting from the combination of RAD001 with 
high-LET particles or low-LET radiations. In radiation 

therapy, the former offers two main advantages over the latter 
for the treatment of some types of cancers (15). first, high-LET 
particles can be delivered with a high accuracy for normal 
tissue volume, due to the Braggs distribution in depth of the 
radiation dose. Second, unlike sparsely ionizing low-LET 
radiation, high-LET particles provoke clustered severe and 
irreparable damage in DNA (16,17). As a consequence, they 
kill or inactivate malignant cells more effectively than conven-
tional, photon-based RT.

Another aspect of the present study concerns the mode 
of cell death triggered by the triple combined treatment. It is 
known that in glioblastoma cells, several forms of cell death, 
including apoptosis (18), autophagy (19), necroptosis (20) 
and senescence (10) could underlie the cytotoxic response 
to radiation. In the present case, our results clearly indicate 
that apoptosis participates very little in the efficacy of the 
co-treatment. In contrast, in RAD001/TMZ co-treated cells, 
autophagy was significantly increased, but the irradiation did 
not reinforce its occurrence. In fact, in a previous study (13), 
we reported that the combination TMZ with RAD001 was 
able to synergize for reducing U-87 cell growth and to induce 
autophagy of these cells. The importance of autophagy, 
an important catabolic process of degradation of cellular 
components for eukaryotic cells in physiological as well as in 
pathological situations (21,22) still remains debated. In radia-
tion therapy, it is not yet established whether autophagy plays 

figure 5. Induction of autophagy in U-87 cells, treated with RAD001 (10 nM) and/or TMZ (30 µM) and irradiated by (A) γ-rays or (B) fast neutrons. Radiation dose 
ranged from 0 to 8 Gy. The percentage of cells in autophagy was determined by flow cytometry 6 days after irradiation, using the Cyto-ID™ autophagy detection 
kit according to the procedure described in Materials and methods. Student-Newman-Keuls statistical test was performed on three independent experiments. The 
association RAD001/TMZ was significantly different (**P<0.001) from the control (DMSO), TMZ and RAD001 (γ and neutron irradiation).

Figure 6. Effect of irradiation in the presence of RAD001 (10 nM) and/or TMZ (30 µM) on the amount of γ-H2AX foci in U-87 cells. The number of foci of 
γ-H2AX/nucleus was the function of the dose and the radiation type: (A) γ-rays, (B) neutrons. Radiation dose ranged from 0 to 8 Gy. foci were scored 24 h 
after irradiation. Error bars, standard deviation. Student-Newman-Keuls statistical tests were performed in three independent experiments. 
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a protective role toward radiation or a cell death inductor func-
tion (23). The induction of autophagy has also been suggested 
to influence the response of glioma cells to radiation by 
promoting their differentiation and their radiosensitivity (24). 
On the other hand, whether the mechanisms underlying radio-
sensitization by RAD001 or more recent mechanistic target 
of rapamycin (mTOR) inhibitors are linked to the induction 
of autophagy remains questionable. In fact, many pathways 
involved in mTORC1 and mTORC2, could be potentially 
affected by radiation (25). Actually, in a number of tumor cell 
lines, the inhibition of mTORC1 has been reported to decrease 
rather than increase the radiosensitivity of tumor cells in vitro. 
This was shown in HeLa, a cervical adenocarcinoma cell 
line following pretreatment with rapamycin followed by 
irradiation. However, the increased radioresistance was 
observed only when rapamycin was added to the cells before 
irradiation, indicating that mTOR inhibition may sometimes 
promote radioprotection (26). The balance between various 
factors involved in cell death, in the activation of cell survival 
pathways and in DNA damage repair processes could account 
for these differences. The latter point appears to be the most 
critical for determining the cell fate. Interestingly, rapamycin 
has been reported to suppress DSB repair (27). Thus, one may 
assume that when combined together, RAD001, TMZ and 
radiation could mutually reinforce their reciprocal action by 
converging towards the induction of irreversible DNA damage.

In conclusion, our results highlight the potential thera-
peutic value of associating a conventional chemotherapeutic 
agent, a molecular-targeted drug and radiation, to substan-
tially suppress GBM cell growth. They also indicate that in 
the context of this triple combination, low-LET radiations are 
almost as efficient as high-LET radiations in producing such a 
growth-suppressing effect. Thus, the benefit of using high-LET 
radiation rather than conventional low-LET radiations may be 
questioned, all the more so since linear accelerators of the 
latest generation that are now increasingly used in anticancer 
centers allow for much higher precision in focusing on the 
tumor mass than earlier systems. Therefore, high doses of 
low-LET radiation, such as 6 Gy or higher, could be allocated 
in one fraction along with TMZ and RAD001 without severely 
affecting healthy surrounding tissues. Nevertheless, it would be 
hazardous to conclude from the present results that high-LET 
radiation has no role to play in the treatment of GBM. Indeed, 
when administered alone or associated with TMZ, high-LET 
radiation is more capable of suppressing malignant cell growth 
than low-LET radiation. Moreover, apart from their targeting 
advantage, they differ from low-LET radiation in their capacity 
to produce much more lethal damage in the critical structure 
of cells. Given this unique specificity, one may assume that 
molecular-targeted drugs other than mTOR inhibitors could be 
more efficiently combined with high-LET radiation. Finally, 
determining the types of cell death and particularly the role 
of autophagy induced by this trimodal treatment represents 
another challenge for researchers. We are currently further 
exploring these points.
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