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Effect of temozolomide on the U-118 glioma cell line
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Abstract. Glioblastomas (GBM) are the most lethal subtype
of astrocytomas, with a mean patient survival rate of
12 months after diagnosis. The gold standard treatment of
GBM, which includes surgery followed by the combination of
radiotherapy and chemotherapy with temozolomide (TMZ),
increases the survival rate to 14.6 months. The success of
TMZ appears to be limited by the occurrence of chemoresis-
tance that allows glioma cells to escape from death signaling
pathways. However, the mechanism of TMZ action is yet to
be clarified although some controversial results have been
reported. Therefore, our aim was to evaluate the occurrence
of apoptosis and autophagy in glioma cells treated with TMZ
and to correlate TMZ action with the survival pathways Pi3K/
Akt and ERK1/2 MAP kinase. Cell proliferation was evalu-
ated by incorporation of bromodeoxyuridine. Apoptosis was
studied by flow cytometry as well as by fluorescence confocal
microscopy in order to evaluate the sub GO/G1 percentage
of cells and chromatin condensation. The expression of
the autophagy-associated protein, LC3, as well as Akt and
ERK1/2 was performed by Western blotting. In TMZ-treated
GBM cells the expression of LC3, the autophagy-associated
protein was increased and only a reduced percentage of cells
underwent apoptosis. In addition, we showed that the phos-
phorylation status of Pi3K/Akt and ERK1/2 MAP kinase was
maintained during the treatment with TMZ, suggesting that
glioma cells escape from TMZ-induced cell death due to these
signaling pathways. The chemoresistance of U-118 cells to
TMZ was partially eradicated when cells were simultaneously
treated with specific inhibitors of Pi3K/Akt and ERK1/2 MAP
kinase signaling pathways and TMZ. Therefore, we hypoth-
esized that in order to induce glioma cell death it is essential to
evaluate the activation of the survival pathways and establish a
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combined therapy using TMZ and inhibitors of those signaling
pathways.

Introduction

Glioblastoma (GBM) is the most frequent type of glioma,
comprising almost 50% of all diagnosed gliomas (1-4).
The median survival of GBM patients remained between
9 and 12 months until 2004 when patients started chemo-
therapy with temozolamide (TMZ). In patients treated with
TMZ, the median survival increased to 14.6 months and the
percentage of patients that had a 2-year survival rate increased
to 17%, as compared to that in patients not treated with
TMZ (5). This improvement in median survival is extremely
significant, but remains modest. The limited success of TMZ
in GBM tumors appears to be related to the occurrence
of chemoresistance and to the inability of TMZ to induce
tumor cell death. TMZ is an alkylating agent that induces
the formation of O%-methylguanine in DNA, which mispairs
with thymine during the following cycle of DNA replication,
leading to activation of the apoptotic pathways. In spite of this
mechanism of action, Hirose et al reported that malignant
glioma cells respond to TMZ by undergoing G2/M arrest and
that few glioma cells treated with TMZ underwent apoptosis
(6). In addition, Kanzawa et al found that TMZ induced
autophagy, but not apoptosis in malignant glioma cells (7).

The mechanisms of TMZ action and the pathways by
which glioma cells escape from death have yet to be adequately
elucidated, and the reduced efficacy of TMZ in GBM treat-
ment has yet to be determined. The reduced efficacy of TMZ
in gliomas was initially attributed to the activity of MGMT
which removes the DNA adducts. However, Hegi et al showed
that even when the MGMT promoter was methylated, the
median survival was 21.7 months (8). These results indicate
that the mechanism of TMZ action may be overlapped by the
survival signaling pathways. Previous studies reported that in
patient tumor tissue samples the ERK1/2 and Pi3K/Akt were
phosphorylated, indicating that these survival pathways were
active in glioma cells (7,9-12). Since these signaling pathways
sustain key features that characterize gliomas, e.g., enhance
proliferation and invasion, protect from proapoptotic stimuli
and activate autophagys, it is likely that they may contribute to
chemoresistance.

The activation status of cell survival pathways Pi3K/Akt,
ERKI1/2 and of autophagy in GBM cells treated with TMZ
is poorly understood. Since TMZ is the first-line treatment
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in patients with GBM and 45% of GBM patients are resistant
to TMZ-treatment, the purpose of this study was to evaluate
whether the activation status of Pi3K/Akt, ERK1/2 and
autophagy interferes with the mechanism of action of TMZ.

Materials and methods

Reagents. DMEM, fetal bovine serum (FBS), propidium
iodide (PI) and Hoechst were supplied by Invitrogen
(Paisley, UK). The protease and phosphatase inhibitors were
supplied by Roche (Indianapolis, IN, USA). Antibodies for
Phospho-Akt, Phospho-ERK1/2 and total ERKI1/2 were
purchased from Cell Signalling Technology (MA, USA),
the LC3 antibody was purchased from Affinity Bioreagents
(Rockford, IL, USA) and mouse anti-actin antibody was
purchased from Boehringer Mannheim (Germany). The
phosphatase linked anti-mouse and anti-rabbit antibodies,
and the substrate for the phosphatase were obtained from
GE Healthcare (UK). PVDF membranes were purchased to
Millipore (MA, USA). TMZ and the other chemicals were
purchased from Sigma Chemicals (St. Louis, MO, USA). TMZ
was dissolved in dimethyl sulfoxide (DMSO) at a concentra-
tion stock of 0.133 M. This stock was aliquoted and diluted
with culture medium according to the used concentration. The
bromodeoxyuridine (BrdUrd) kit to detect cell proliferation
was purchased from Roche.

Cell line and cell culture conditions. The U-118 GBM
cell line was purchased from the American Tissue Culture
Collection, and maintained in Dulbecco's modified Eagle's
medium (DMEM) supplemented with 3.5 mg/ml glucose,
0.1 mg/ml penicillin, 0.14 mg/ml streptomycin and 10%
inactivated FBS. The cultured cells were maintained at 37°C,
in an atmosphere containing 95% air and 5% CO,. Cells
were subcultured every 48 h by lifting them up with a cell
scrapper. The cells were then centrifuged and resuspended in
fresh DMEM. For the experiments, unsynchronized cells were
treated with different concentrations of TMZ (0, 10, 20, 100,
250 and 500 xM) for 24 and 48 h. Assays were previously
performed in the presence of DMSO, which corresponded to
each TMZ concentration.

Cell proliferation assay. Cells were plated in 96 multi-well
plates at different TMZ concentrations, for 24 and 48 h. The
effect of TMZ on the proliferation rate was assayed by a
BrdUrd kit. Briefly, at the end of the incubation period 10 pl
of a BrdUrd solution in culture medium (1:100) was added to
each well, and the cells were incubated for 6 h. The culture
medium was then removed by rapidly flicking it off the multi-
well plate. The cells were fixed, incubated with an anti-BrdU
antibody linked to a peroxidase and then incubated with a
peroxidase substrate. The absorbance of the final solution was
read in an ELISA plate reader at a 450-nm wavelength.

Cell cycle analysis by flow cytometry. Cells were plated in
six multi-well plates and incubated with TMZ, wortmannin,
U-0126 and rapamycin for 24 and 48 h. At the end of the
incubation period, cells were centrifuged at 1,500 rpm for
10 min, the culture medium was discarded and the pellet was
resuspended in a solution of 70% ethanol and maintained
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overnight. The cells were then centrifuged at 1,500 rpm for
10 min, the pellet was resuspended and incubated for 1 h in
the dark, at room temperature, in a solution of PBS containing
10 pl/ml PI and 10 pl/ml RNAse (13). The PI fluorescence was
measured on a FACScan flow cytometer (BD FACSCalibur™)
and the data were gated to exclude cell debris and aggregates.
Data were analyzed on WinMDI for Windows.

Staining of U-118 TMZ-treated cells with Hoescht 33258.
Cells were plated in six multi-well plates and incubated with
TMZ for 24 and 48 h. After that, cells were washed in a PBS
solution, centrifuged at 1,500 rpm for 10 min and incubated
for 15 min with a solution of methanol and acetone (1:1). Cells
were then centrifuged at 1,500 rpm for 10 min, washed with
PBS and incubated with 5 pg/ml Hoescht 33258 solution for
5 min at room temperature. After the incubation time, cells
were washed and resuspended in PBS and mounted with
Vectashield on glass slides. The images were captured under a
Zeiss LSM 510 Meta confocal microscope at a magnification
of x63, and viewed on a Zeiss LSM image browser (Version
4.2.0.121; Carl Zeiss Inc., Germany).

Study of protein expression. Cells incubated with TMZ for
24 and 48 h were centrifuged at 1,500 rpm for 10 min at 4°C.
The supernatant was discarded, cells were treated with RIPA
buffer (50 mM Tris HCI at pH 8.0, 150 mM NaCl, 1.0%
NP-40, 0.5% sodium deoxycholate, 0.1% SDS and 2 mM
EDTA) supplemented with protease, phosphatase inhibitors
and DTT, and cell suspensions were sonicated. The protein
content of each sample was assessed and then proteins were
denatured. Following that, the buffer (Tris 0.5 mM, pH 6.8;
50% glycerol, 10% SDS, 10% 2p-mercaptoethanol and blue
bromophenol) was added to the samples at a 1:1 ratio (14).
Protein extracts were then boiled at 95°C for 5 min and used.

For Western blotting, 70 ug of protein was separated on a
12% SDS-PAGE and then transferred to a PVDF membrane.
The PVDF membrane was blocked with a solution of 5% milk
in TBST for 1 h at room temperature and incubated overnight
at 4°C with the primary antibody against LC3, p-Pi3K/Akt
or p-ERK1/2 diluted in TBST with 1% milk supplemented
with azide. Bound antibody was detected with an alkaline
phosphatase conjugated anti-rabbit antibody, using enhanced
chemifluorescence detection reagents. The protein expres-
sion was quantitated using the ImageQuant TL for Windows
(version 2005; Amersham Biosciences, Piscataway, NJ, USA)
with the expression of (3-actin as a loading control for LC3, as
well as total Pi3K/Akt and total ERK1/2 as a loading control
for p-Pi3K/Akt and p-ERK1/2, respectively.

Statistical analysis. Statistical analysis was performed on
GraphPad Prism 5 for Windows (version 5.00; GraphPad
Software, Inc., San Diego, CA, USA). Statistical significance
within groups was assessed by a t-test and between groups by
a two-way ANOVA, with a significance threshold of p<0.05.

Results
TMZ reduced U-118 proliferation. The effect of TMZ in

U-118 cell proliferation was evaluated by quantification of the
incorporated BrdUrd. TMZ treatment induced a significant
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Figure 1. TMZ reduces glioma cell proliferation. U-118 cells were incubated
for 24 and 48 h in the presence of different concentrations of TMZ. The
proliferation rate was evaluated by measuring the incorporation of BrdUrd.
Values are the means + SEM of triplicate analysis, each one performed in
triplicate. “p<0.05.

inhibition of the BrdUrd incorporation in glioma cells, which
occurred in a dose- and time-dependent manner (Fig. 1). The
effect of TMZ was particularly evident when U-118 cells were
incubated with TMZ concentrations of >100 M. When U-118
cells were incubated with TMZ (250 uM) the proliferation
rate was inhibited by 43.2%, as compared to that observed in
the control cells.

Effect of TMZ on the cell cycle. To determine whether the
reduced proliferation was related to an increase in apoptosis,
the effect of TMZ in the cell cycle was also evaluated. The
cell cycle of untreated cells was characterized by a long and
well-defined GO/G1 peak, with a slightly prominent G2/M
peak and a relatively low apoptotic fraction. When cells were
incubated with TMZ, the percentage of cells in GO/G1 was
reduced, the percentage of cells in sub GO/GI1, which were
considered as apoptotic cells, significantly increased and
the percentage of cells in S and G2/M was not significantly
altered (Fig. 2). These alterations were more evident when
cells were incubated for 48 h with TMZ. In the presence of
TMZ (250 uM), the percentage of cells in the sub GO/GI
phase increased 15.4% and the percentage of cells in GO/GI
decreased 14.6%, as compared to the control. These results
indicated that TMZ had a reduced ability to induce apoptosis
and also did not induce cell-cycle arrest in G1/S or in G2/M.

TMZ induced chromatin condensation. To evaluate whether
TMZ induced morphological alterations compatible with
apoptosis, U-118 cells were stained with Hoechst 33258 dye.
When cells were incubated with TMZ, it was possible to
detect chromatin condensation, irregular nuclei contour and
pycnotic nuclei in certain cells confirming the results obtained
from cell cycle analysis (Fig. 3). These observations were
more evident when the TMZ concentration was >100 yM, and
also when cells were incubated with TMZ for 48 h.

Expression of LC3 in the presence of TMZ. Since there was
a significant decrease in U-118 cell proliferation and the
percentage of apoptotic cells was reduced, the expression
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Figure 2. Cell cycle analysis of U-118 cells treated with TMZ (20, 100, 250
and 500 M) for 48 h. The results were obtained through the analysis of his-
tograms and are representative of three experiments performed in triplicate.
A total of 10,000 events were analyzed for each experiment. p<0.01.
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Figure 3. Confocal microscopy analysis of nuclear morphology by Hoechst
33258 staining of U-118 cells incubated with different concentrations of
TMZ for a period of 48 h. Magnification, x63.

of LC3, one of the autophagosome-membrane proteins, was
analyzed. The results showed that U-118 cells constitutively
expressed the LC3 protein. However, in U-118 cells incubated
with TMZ there was an increase in the LC3 expression, which
reached a maximum in the presence of 500 yM of TMZ. This
increase in LC3 expression was statistically significant when
cells were incubated with TMZ for 48 h in the presence of 250
and 500 uM (Fig. 4). These results may justify the reduction
of proliferation in U-118 glioma cells incubated with TMZ, as
well as the development of chemoresistance.
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Figure 4. LC3 expression. Following the incubation of U-118 cells with TMZ
for 48 h, the protein extracts were prepared and used for Western blot analysis
with anti-LC3 antibody. Loading control was performed with an antibody for
p-actin. The results are representative of three independent experiments.
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Figure 5. Akt phosphorylation status. Following the incubation of U-118
cells with TMZ for 24 and 48 h, the protein extracts were prepared and used
for Western blot analysis with anti-p-Akt antibody. Loading control was per-
formed with an antibody for total-Akt. The results are representative of three
independent experiments.

Role of Pi3K/Akt and ERKI/2 MAP kinase on U-118 cell
survival. Since the induction of apoptosis is dependent on
the DNA repair systems, as well as on the activity of various
signaling pathways, the phosphorylation status of Pi3K/Akt
and ERK1/2 MAP kinase was further evaluated by Western
blotting. The results showed that the endogenous Akt was
characterized by a basal phosphorylation of the Ser473
(Fig. 5). The basal level of p-Akt was maintained when cells
were incubated for 24 h, and it was slightly reduced when
cells were incubated for 48 h with 250 and 500 uM of TMZ.
This reduction was not statistically significant and was prob-
ably associated with the increased apoptosis rate observed in
the presence of TMZ (250 and 500 M) for 48 h.

The activation status of ERK1/2 MAP kinase was evalu-
ated by determining the content of the p-ERK1/2 by Western
blotting. The results showed that there was a basal activation of
ERKI1 and 2 in the U-118 glioma cells (Fig. 6). In the presence
of TMZ, the amount of p-ERK1/2 was not significantly altered.

Induction of apoptosis in U-118 cells. Considering that the
Pi3K/Akt and ERK1/2 MAP kinase were maintained in the
phosphorylated forms in the presence of TMZ (250 uM), and
that these signaling pathways stimulate cellular proliferation,
U-118 cells were incubated with wortmannin, the inhibitor
of Pi3K/Akt; U-0126, the inhibitor of ERK1/2 MAP kinase
and rapamycin, the inhibitor of mTOR. Cell cycle was then
studied by flow cytometry, 48 h after the addition of the
inhibitors, and the percentage of cells in the sub GO/G1 phase
was quantified (Fig. 7).
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Figure 6. ERK1/2 phosphorylation status. Following the incubation of U-118
cells with TMZ for 24 and 48 h, the protein extracts were prepared and used
for Western blot analysis with anti-p-ERK1/2 antibody. Loading control was
performed with an antibody for total ERK1/2. The results are representative
of three independent experiments.

The results showed that the percentage of apoptotic
cells in the presence of wortmannin was 18.24%, which is
similar to that observed in the presence of TMZ. However,
when wortmannin was used in combination with TMZ, the
percentage of apoptotic cells was 43.09%, indicating that the
inhibition of Pi3K/Akt contributes to the chemoresistance of
glioma cells to TMZ.

When cells were incubated with rapamycin, the percentage
of apoptotic cells increased to 26.5% as compared to that
observed in the control cells, and was 11.13% higher than the
percentage of apoptosis detected in the presence of TMZ.
When cells were simultaneously incubated with rapamycin
and TMZ, the percentage of apoptotic cells was 37.44%, indi-
cating that mTOR also contributes to U-118 cell survival.

Since mTOR is a downstream effector of Akt, U-118 cells
were further incubated with wortmannin, rapamycin and
TMZ. As shown in Fig. 7A, the percentage of apoptotic cells
was found to be 63.01%, indicating that the Pi3K/Akt/mTOR
signaling pathways contribute to the chemoresistance of these
glioma cells.

The contribution of ERK1/2 MAP kinase to glioma cell
survival was evaluated in the presence of the U-0126. As
shown in Fig. 7B, the percentage of apoptotic cells was 33.3%
in the presence of U-0126. When U-0126 was combined with
TMZ the percentage of apoptotic cells was 51.6%, an increase
of 35.25% as compared to the percentage of apoptotic cells
detected in the presence of TMZ (Fig. 7).

U-118 cells were then incubated with wortmannin,
rapamycin, U-0126 and TMZ, and the cell cycle was evalu-
ated. The percentage of apoptotic cells determined in this
condition was 71.0%, indicating that the survival of glioma
cells depends on the activity of Akt/mTOR and ERK1/2 MAP
kinase, and also that the blockage of the two signaling path-
ways contributes to an increase in the efficacy of TMZ.

Discussion

The EORTC/NCIC trial demonstrated an improvement in
overall median survival of GBM patients from 12.1 months
in patients submitted to radiotherapy, to 14.6 months in the
TMZ-treated patients (15-18). This survival increment was
extended by 6.4 months when the promoter of the MGMT was
methylated (8,11). As a consequence of these results, TMZ is



ONCOLOGY LETTERS 2: 1165-1170, 2011

80

70 4
60
w 501 T
_540- s
£
EH:O *
&
w20 -
R
10
0 =3
T § £ £ 5 Ecicet
£ 02 g ZEEfiiis
S & T ST L ZggogTI
s £ E% =z sScCECER
S § 55 % EoEfsis
= £ EE g ip‘“g "‘EE
§ 5T F FTIEAC
5T 22 FzgE

1169

20

60 -
50
40 -
30 A

20 A

% of apoptotic cells

10

TMZ (250 pM) -

5 w EZ E=E%
o 2 28 =8¢
§ g5 ggt
- N ===
=] - =i
] = ]
= IE 55‘%
= -+
2

Figure 7. Cell cycle analysis of U-118 cells. (A) Cells treated with TMZ (250 uM), wortmannin (1 mM) and rapamycin (150 nM) for 48 h. (B) Cells treated with
TMZ (250 uM), rapamycin (150 nM) and U-0126 (15 mM) for 48 h. The results were obtained through the analysis of histograms and are representative of three
experiments performed in triplicate. A total of 10,000 events were analyzed for each experiment. ‘p<0.01 as compared to cells incubated with TMZ (250 uM).

considered the gold standard in GBM treatment. However, the
increment in survival remains reduced and therefore the study
of the mechanism of action of TMZ is a fundamental issue.

The ability of alkylating agents to induce apoptosis is depen-
dent not only on the MGMT activity, but also on the activity of
various survival pathways. Thus, analysis of the TMZ effect on
apoptosis, as well as the study of the interactions between TMZ
and the survival pathways (Pi3K/Akt, ERK1/2 and autophagy),
may contribute to improving the survival of GBM patients.

Regarding the mechanism of TMZ action, the results from
previous studies were contradictory. Kanzawa er al showed
that TMZ induced autophagy, but not apoptosis in malignant
glioma cells (7). On the other hand, Hirose er al reported
that in glioma cells TMZ induced a low level of apoptosis as
compared to that observed in lymphoid cells, and that TMZ
induced a cell cycle arrest in G2/M (19). In addition, Roos
et al showed that cell death induced by TMZ in gliomas was
due to apoptosis (20).

In our study, TMZ induced a significant increase in the
expression of LC3, the protein associated with autophago-
somes. The activation of autophagy may explain the reduction
in U-118 proliferation observed in the presence of TMZ and
may also constitute a survival mechanism of glioma cells.
The signaling pathway of autophagy remains to be elucidated,
since it may allow for the adaptation of tumor cells to adverse
conditions induced by cancer therapy, contributing to tumor
cell survival and consequently to chemoresistance (21-24).
However, when irreversibly activated, autophagy triggers
cell death, contributing to an increase in therapeutic efficacy
(21-25). Therefore, understanding the mechanism involved
in the activation of irreversibe autophagy may contribute to
reducing the survival of glioma.

Our study also demonstrated that TMZ induced a low
level of apoptosis that was not accompanied by cell cycle
arrest. The reduced level of apoptosis may be associated with
the activity of MGMT, Pi3K/Akt and/or ERK1/2 MAP kinase.
Since the U-118 glioma cells are characterized by hypermeth-
ylation of the MGMT promoter (26), the reduced ability of

TMZ to induce apoptosis does not appear to be associated
with the activity of this DNA repair enzyme. Therefore, we
analyzed the phosphorylation of the signaling pathways Pi3K/
Akt and ERK1/2 MAP kinase.

The results indicated that Pi3K/Akt was constitutively active
in the U-118 cells and that the active state was maintained in
glioma cells treated with TMZ. Since a permanent phosphory-
lation of Pi3K/Akt may suppress the G2 checkpoint by altering
activation of the DNA damage signal transducer Chk?2 and the
downstream effectors of the G2 checkpoint (12), we suggest
that the active state of Pi3K/Akt contributed to the ability of
U-118 cells to overcome the G2 checkpoint, thereby avoiding
the effect of TMZ. Confirming the suppression of G2/M check-
point is the fact that we did not observe any accumulation of
cells in G2/M when cells were incubated with TMZ. To confirm
the contribution of Pi3K/Akt to chemoresistance, we incubated
U-118 cells with wortmannin, a specific inhibitor of Pi3K/Akt,
and measured apoptosis. In the presence of wortmannin the
percentage of apoptotic cells increased 17.24% as compared to
the control cells, indicating that wortmanin induced a similar
percentage of apoptosis as TMZ. However, in the presence of
wortmannin and TMZ the percentage of apoptotic cells was
43.01%, an increase of 26.7% as compared to cells treated with
TMZ, confirming that Pi3K/Akt contributed to the survival
and chemoresistance of U-118 cells to TMZ. Since wortmannin
inhibits the activity of mTOR and previous results showed that
proliferation associated with the activity of Pi3K/Akt signaling
pathway is mediated by mTOR (27,28), we evaluated the effect
of rapamycin, the inhibitor of mTOR, on U-118 cell survival.

The results show that mTOR plays a crucial role in
glioma cell survival, since the percentage of apoptosis was
26.5% in the presence of rapamycin. We also showed that
the percentage of apoptotic cells increased to 37.44% when
rapamycin was combined with TMZ, indicating the existence
of a synergistic effect. In addition, we reported that the dual
inhibition of Pi3K/mTOR in the presence of TMZ renders
cells more susceptible to apoptosis and therefore may consti-
tute a therapeutic target.
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Regarding the study of ERK1/2 MAP kinase activation,
our results indicated that U-118 cells were characterized by
a constitutive activation of this signaling pathway which
was maintained in the presence of TMZ. To evaluate the
contribution of ERK1/2 MAP kinase to U-118 survival, cells
were incubated with the inhibitor U-0126 in the absence and
presence of TMZ. The results showed that in the presence of
the ERK1/2 MAP kinase inhibitor, the percentage of apop-
totic cells was 33.3%. When cells were treated with U-0126
combined with TMZ, the percentage of apoptotic cells was
51.6%, indicating that this signaling pathway also contributes
to the survival of U-118 cells.

Previous studies reported that the sustained activation of
ERKI1/ERK2 contributed to Gl- to S-phase progression and
protected cells from apoptotic signaling (29,30). Taking into
consideration that the activation of Pi3K/Akt inhibits the
G2-M arrest (6,12) and that ERK1/2 MAP kinase inhibits
the arrest in GO/G1 (18,19), we hypothesized that in order to
induce GBM cell death the two signaling pathways should be
blocked. In the presence of wortmannin, rapamycin, U-0126
and TMZ the percentage of apoptosis increased to 71.01%,
which evidences the existence of a synergistic effect between
the survival pathways and TMZ. Our results emphasize the
plasticity of glioma cells and their ability to override difficul-
ties associated with the blocking of signaling pathways. This
plasticity may justify the resistance of glioma cells to TMZ as
well as the differences in GBM cell sensitivity to this alkyl-
ating agent. These results also suggest the need to combine
traditional chemotherapy with molecular-based therapy, in
particular therapy associated with signaling pathways.

In conclusion, our results indicate that TMZ by itself is
not effective in inducing cell death, even in the U-118 cell
line, which is hypermethylated. To overcome the resistance of
U-118 cells to TMZ it appears essential to evaluate i) the acti-
vation status of the Pi3K/Akt, mTOR, ERK1/2 MAP kinase
and autophagy, and ii) the synergistic effect between TMZ
and the inhibitors of these signaling pathways. Therefore, we
hypothesize that before glioma patients initiate TMZ therapy,
it is necessary to evaluate the phosphorylation of the Pi3K/
Akt and ERK1/2 MAP kinase and prevent the activation of
autophagy by TMZ.
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