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ABSTRACT 

Glioblastomas (GBM) are the most lethal subtype of astrocytomas, with a 

survival rate of 12 months after diagnosis. The gold standard treatment of GBM, which 

comprises surgery followed by the combination of radiotherapy and chemotherapy with 

temozolomide (TMZ), increases the survival rate to 14.6 months. The success of TMZ 

seems to be limited by the occurrence of chemoresistance that allows glioma cells to 

escape from death signaling pathways. The mechanisms of TMZ action and of 

chemoresistance development are not completely understood. When TMZ started to be 

used the chemoresistance was associated to an increased activity of DNA repair 

enzymes, namely MGMT. However, recent studies pointed that the activity of survival 

signaling pathways such as PI3K/AKT, ERK 1/2 MAP kinase and autophagy also 

contributes to chemoresistence, but the interaction between those signaling pathways 

and TMZ has not been fully investigated. Therefore, our aim was to study the TMZ 

mechanism of action in the U-118 human glioma cell line and at the same time to 

investigate the possible mechanisms associated to the development of chemoresistance.   

For that, U-118 cells were incubated with TMZ and the activity of  the survival 

pathways PI3K/AKT, ERK 1/2 MAP kinase and autophagy as well as the proliferation 

and apoptosis ability were studied. Cell proliferation was evaluated by incorporation of 

bromodeoxyuridine. Apoptosis was studied by flow cytometry and also by fluorescence 

confocal microscopy. The expression of LC3, PI3/AKT and ERK1/2 was evaluated by 

western blot.  

In U-118 cells, TMZ induced a significant reduction of the proliferation ability, 

but only a slight increase in the percentage of apoptotic cells.  The evaluation of 

autophagy revealed that TMZ induced an increase in  LC3 expression, the autophagy-

associated protein, suggesting that U-118 cells may use autophagy to escape from  cell 
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death. In addition, TMZ induced a slight reduction in the phosphorylation status of 

PI3K/AKT,  but did not alter the phosphorylation status of ERK1/2 MAP kinase which 

suggests that these signaling pathways may also contribute to chemoresistance.  

In order to confirm the contribution of autophagy, PI3K/AKT and ERK 1/2 

MAP kinase to chemoresistance, U-118 cells were incubated with specific inhibitors of 

the pathways plus TMZ and the occurrence of apoptosis was evaluated by flow 

cytometry.  The results showed that chemoresistance was partially overwhelmed when 

the cells were simultaneously treated with TMZ plus the inhibitors.  

Therefore, our results indicated that the treatment of GBM with alkylating agents 

such as TMZ should be accompanied by the use of inhibitors of the survival pathways.  

 

 

 

Keywords: glioblastoma, temozolamide, signaling pathways, AKT/PI3K,  ERK1/2 
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RESUMO 

Os glioblastomas (GBM) são considerados os astrocitomas mais letais, 

apresentando uma taxa de sobrevivência de 12 meses após o diagnóstico. O tratamento 

dos GBM assenta na cirurgia seguida de radioterapia e quimioterapia com 

temozolamida (TMZ). A TMZ é considerada o padrão de ouro no tratamento destes 

tumores desde que foi demonstrado que a taxa de sobrevivência dos doentes tratados 

com TMZ aumentava em média para 14.6 meses, após o diagnóstico. No entanto, o 

sucesso da TMZ é limitado pela ocorrência de quimioresistência que permite que as 

células activem mecanismos de fuga às alterações induzidas pela TMZ. Os mecanismos 

celulares e moleculares que contribuem para a quimioresistência não são bem 

conhecidos. Nos estudos iniciais pensou-se que a resistência estava associada à 

actividade das enzimas reparadoras do DNA, nomeadamente à MGMT. No entanto, 

estudos mais recentes demonstraram que as vias de sinalização associadas à 

sobrevivência celular como a PI3K/AKT, cinase ERK 1/2 MAP e autofagia pareciam 

também contribuir para a quimioresistência.  

Os mecanismos de interação entre a TMZ e as vias de sinalização não foram 

ainda completamente estudados. Assim, o objectivo deste trabalho foi estudar o 

mecanismo de acção da TMZ na linha celular de glioma U-118 e ao mesmo tempo 

tentar identificar os mecanismos envolvidos na quimioresistência.   

Para tal, incubaram-se células U-118 com TMZ e avaliou-se a actividade das 

vias de sinalização PI3K/AKT, ERK 1/2 MAP cinase e autofagia bem como a taxa de 

proliferação e de apoptose. A proliferação celular foi determinada utilizando a 

bromodeoxiuridina. A percentagem de células apoptóticas foi avaliada por citometria de 

fluxo e por microscopia confocal de fluorescência de modo a determinar a percentagem 

de células em sub G0/G1 e o grau de condensação de cromatina, respectivamente. A 
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expressão de LC3, PI3/AKT e de  ERK1/2 foi avaliada por "western blot".  

Verificou-se que nas células U-118 a TMZ induziu uma redução significativa da 

proliferação mas que apenas induziu um ligeiro aumento na percentagem de células 

apoptóticas. Verificou-se também que a TMZ induziu um aumento significativo na 

expressão de LC3, o que parece indicar que a TMZ induz autofagia e consequentemente 

pode contribuir para que as células U-118 sejam resistentes ao tratamento com TMZ. Os 

resultados obtidos demonstraram também que a TMZ induz uma ligeira redução na 

fosforilação da PI3K/AKT mas que não altera o estado de fosforilação da cinase 

ERK1/2 MAP. A manutenção da actividade destas vias de sinalização pode também 

contribuir para a quimioresistência.  Para confirmar que a autofagia, a PI3K/AKT  e a  

cinase ERK 1/2 MAP podem contribuir para quimioresistência, células U-118  foram 

incubadas com inibidores específicos destas vias de sinalização e a percentagem de 

células apoptóticas foi determinada por citometria de fluxo. Os resultados 

demonstraram que na presença destes inibidores a percentagem de células apoptóticas 

aumentava quando comparada com a percentagem de células apoptóticas obtida apenas 

na presença de TMZ.  

Assim, os resultados obtidos neste trabalho parecem indicar que o tratamento de 

células de glioma deve ser um tratamento combinado envolvendo não só agentes 

alquilantes como a TMZ mas também inibidores específicos das vias de sinalização 

envolvidas na sobrevivência e morte celular.  

 

 

Palavras Chave: glioblastoma, temozolamida, vias de sinalização,  AKT/PI3K,  ERK1/2 
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LIST OF ABBREVIATIONS 

AKT   Serine/threonine kinase, also named protein kinase B 

ATCC    American Tissue Culture Collection 

CBTRUS  Central Brain Tumor Registry of the United States  

JNK   c-jun NH2-terminal kinase 

DMEM  Du b cc ’      f    E g  ’      u  

DMSO   Dimethylsulfoxide 

DNA   Deoxyribonucleic acid 

DTT   Dithiothreitol 

EDTA   Ethylenediamine tetra-acetic acid 

ELISA   Enzyme-linked immunosorbent assay 

ERK 1/2   Extracellular signal regulated kinase 1/2 

GBM   Glioblastoma multiforme 

LC3   Light chain 3 

MAPK    Mitogen-activated protein kinases 

MGMT   O
6
-methylguanine-DNA methyltransferase 

MMR   Mismatch Repair System 

MTT   3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

NP-40   Nonyl phenoxypolyethoxylethanol 

PBS   Phosphate buffered saline 

PI   Propidium iodide 

PI3K   Phosphoinositide 3-kinase 

PVDF   Polyvinylidene difluoride 

PTEN   Phosphatase and tensin homolog 

RIPA   Radioimmunoprecipitation assay buffer 
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SDS   Sodium lauryl sulfate 

TBST   Tris-buffered saline and tween 20 

TMZ   Temozolomide 

WHO   World Health Organization 
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FIGURES INDEX 

 

Figure 1. Evaluation of U-118 cells viability in the presence of TMZ. U-118 cells were 

incubated for 48h with  different concentrations of TMZ (5,10, 20, 80, 100, 300, 500 

and 1000µM) and viability was evaluated by the MTT assay. A. Cell viability in the 

presence of TMZ. B.  Determination of IC50 for TMZ.  The IC50 was 145.2 ± 1.1µM. 

All values are mean ± SE of three independent experiments, each of them performed in 

triplicate .*p<0,01 as compared to control. 

 

Figure 2 – Evaluation of U-118 proliferation in the presence of TMZ. U-118 cells were 

incubated for 48 h in the presence of different concentrations of TMZ. Proliferation rate 

was evaluated by measuring the incorporation of BrdUrd using a flow cytometer. All 

values were mean±SEM of triplicate analysis, each one performed in triplicate. *p<0.05 

as compared to control. 

 

Figure 3 - Cell cycle analysis of U-118 cells treated with TMZ (20µM, 100µM 

and 250µM), for 48h.  A. Histograms of the U-118 cells. B Percentage of cells in 

each cell cycle phase. The results were obtained through the analysis of 

histograms and are representative of three different experiments performed in 

triplicate. A total of 10.000 events were analyzed for each experiment. *p<0.05 as 

compared to control. 

 

Figure 4 – Analysis of nuclear morphology by confocal microscopy.  U-118 cells 

incubated with different concentrations of TMZ for 48h were stained with 
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Hoechst 33258. Magnification: 63x. The images are representatives of the results 

obtained. 

Figure 5 –LC3 expression in the U-118 cells. After the incubation of U-118 cells with 

TMZ, protein extracts were prepared and used for Western blot analysis with anti-LC3 

    b  y.       g c       w      f      w  h        b  y f   β-actin. The image is 

representative of three independent experiments. 

 

Figure 6 - AKT  phosphorylation status. After the incubation of U-118 cells with 

TMZ, protein extracts were prepared and used for Western blot analysis with anti-

p-AKT antibody.  Loading control was performed with an antibody for total-

AKT. The image is representative of three independent experiments.  

 

Figure 7 – ERK1/2 phosphorylation status. After the incubation of U-118 cells 

with TMZ, 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 image is representative of three independent experiments.  

 

Figure 8 - Cell cycle analysis of U-118 cells.  Cells were treated with TMZ 250µM, 

wortmannin (1mM), rapamycin (150nM) and U-0126 (15mM), for 48h. 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 control (250µM). 
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1. INTRODUCTION 

Glioblastoma multiforme (GBM) is the most malignant and the most frequent 

primary brain tumour, comprising approximately 50% of the cerebral gliomas, with an 

incidence of 2-3 new cases per 100.000 adults/year 
1-4

. There are two types of GBM: a) 

the primary or de novo GBM which develops in older patients and the secondary GBM 

that develops from a malignant transformation of a previously diagnosed low-grade 

tumour, in younger patients. Despite their often circumscribed appearance with 

imagiological studies, gliomas typically exhibit extensive infiltration of surrounding 

brain, making ablastic tumour resection impossible 
3-9

.  

The best treatment currently available consists of cytoreductive surgery, 

followed by simultaneous radiation and chemotherapy and then chemotherapy alone 

with alkylating drugs such as  carmustine or temozolomide (TMZ) 
1, 7, 8

. TMZ is  the 

most recent alkylating drug, being considered the gold standard of GBM treatment after 

a randomized study performed by Stupp 
7, 8, 10

.  The Stupp multicenter phase II study 

enrolled 287 patients and demonstrated that the concomitant use of radiotherapy plus 

TMZ in newly diagnosed GBM allowed a median survival of 14.6 months 
7, 8

.  

Unfortunately, part of the patients treated with TMZ are chemoresistant and therefore 

the survival rate for them remains 9 / 12 months 
7, 8, 10, 11

.  

TMZ mediates its cytotoxic effects via the formation of DNA O
6
-methylguanine 

(O
6
-meG) which, during DNA replication, pairs preferentially with tymidine (T). The 

postreplication mismatch repair system (MMR) recognizes the O
6
-meG:T mispairs 

leading to cell death 
11-13

.  However, in addition to MMR cells also present the DNA 

repair protein O
6
-alkylguanine-DNA-alkyltransferase (MGMT), that repairs the O

6
-meG 
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DNA adducts, avoiding the induction of apoptosis. Previous studies reported that in 

several tumours, including brain tumours there is an upregulation of MGMT 
10, 11, 14, 15

. 

In addition, several clinical trials revealed a relationship between low MGMT activity 

and better therapeutic response in patients with malignant gliomas on treatment with 

alkylating drugs, including TMZ 
11, 16, 17

. Therefore, MGMT activity seems to contribute 

to the chemoresistance and also to the fact that several glioma cells lines upon treatment 

with TMZ arrest cell cycle in G2/M phase and very few undergo apoptosis 
14, 15

.  

However, more recent studies performed in gastric cancer, pituitary adenoma 

and  glioma suggested that chemoresistence to TMZ could also be associated with 

mutations in genes that control the expression of protein involved in apoptosis, 

autophagy, proliferation and migration 
18-20

. Among the signaling pathways involved in 

survival and proliferation particular attention was given to the  protein kinase C, 

phosphoinositide 3-kinase PI3K and its main downstream effector the serine-threonine 

kinase (PI3K/AKT) and the mitogen-activated protein kinases such as the extracellular 

signal regulated kinase (ERK 1/2), c-jun NH2-terminal kinase (JNK) and the p38 

mitogen-activated protein kinases (MAPK)  
15, 18, 20-24

. 

The activity of these signaling pathways may explain the controversial results 

obtained in glioma cells treated in vitro with TMZ. In fact, there is no consensus 

regarding the effect of TMZ in glioma cells since some studies indicated that TMZ 

induces apoptosis but others showed that TMZ induces autophagy 
14, 15, 25, 26

.  

 Therefore, since the effect of TMZ in glioma cells and the contribution of the 

survival pathways to chemoresistance is not fully elucidated we incubated human 

glioma cells with TMZ and studied its effect in proliferation and apoptosis. In addition, 

we also investigated whether TMZ may alter the activation satus of autophagy, 

PI3K/AKT, and ERK1/2 signaling pathways. 
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2. MATERIALS AND METHODS  

2.1 Reagents  

DMEM, fetal bovine serum (FBS), propidium iodide (PI) and Hoechst were 

supplied by Invitrogen. The protease and phosphatase inhibitors were from Roche. 

Antibodies for Phospho-AKT, Phospho-ERK1/2 and total ERK1/2 were purchased from 

Cell Signalling Technology (MA, USA), the LC3 antibody was purchased from Affinity 

Bioreagents (Rockford, IL, USA), 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 acquired from GE Healthcare 

(UK). PVDF membrane was purchased to Millipore (MA, USA). TMZ and the others 

chemicals were purchased to Sigma Chemicals (Saint Louis, MO, USA). TMZ was 

prepared according to Sigma instructions. For that, TMZ was dissolved in DMSO in a 

concentration stock of 0.133M. This stock was aliquoted and diluted with culture 

medium according the used concentration.  

 

2.2 Cell line and cell culture conditions 

The U-118 GBM cell line was purchased from ATCC (American Tissue Culture 

     c    )                    Du b cc ’      f    E g       u   u           w  h 

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% of 

air and 5% of CO2. The cells were subcultured every 48h by lifting them up with a cell 

scrapper, centrifuged and resuspended in fresh DMEM. For the experiments, 

unsynchronized cells were treated with different concentrations of TMZ (0, 5, 10, 20, 
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80  100  300  500  700     1000 μ )          w  h 0.75%  f D SO  f   48 h u  . 

After the incubation periods cells were prepared according each experiment. 

 

2.3 Cell viability assay 

 The cytotoxic effect of TMZ on U-118 cells was determined by using the MTT 

assay as described previously 
27

. Briefly, cells were plated in 48 multi-well plates 

according their growth rate, incubated with TMZ for 48h. At the end a solution of MTT 

(5mg/ml) was added to each well and incubated for an additional hour, in the incubator, 

at 37°C. The formazan salts were then di    v      300 μ   f      u      f 4    H      

isopropanol and the absorbance was read in an ELISA plate reader at 570 nm, with a 

reference wavelength of 620 nm. 

  

2.4 Cell cycle analysis by flow cytometry 

Cells were plated in 6 multi-well plates at different cell concentrations with 

different TMZ concentrations for 48h. At the end of the incubation period cells were 

centrifuged at 1500 rpm for 10 minutes, the culture medium was discarded, and the 

pellet was resuspended in a solution of 70% ethanol and maintained overnight. The cells 

were then centrifuged at 1500 rpm for 10 minutes, the pellet was resuspended and 

incubated for one hour, in the dark, at room temperature, in a solution of PBS 

containing 10 µl/ml PI and 10 µl/ml RNAse. The PI fluorescence was measured on a 

F  Sc   f  w cy        (BD F  S    bu ™)      h       w   g                 

exclude cell debris and aggregates. Data was analyzed on WinMDI for Windows. 

 

2.5 Staining of U-118 TMZ-treated cells with Hoescht 
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The cells were plated in 6 multi-well plates and incubated with TMZ, for  48h. 

After that, cells were washed in a PBS solution, centrifuged at 1500 rpm for 10 minutes 

and incubated for 15 minutes with a solution of methanol and acetone (1:1). Cells were 

then centrifuged at 1500 rpm for 10 minutes, washed with PBS and incubated with 5 

μg/   H   ch  33258    u     f   5    u                    u  .  f     h    cub      

time, cells were washed and resuspended in PBS and mounted with Vectashield on 

glass slides. The pictures were taken under a Zeiss LSM 510 Meta confocal microscope, 

and viewed on Zeiss LSM Image Browser (Version 4.2.0.121, Carl Zeiss Inc., 

Germany). Magnification was 63x.  

 

2.6 Preparation of protein extracts 

The U-118 cells incubated with TMZ for 48h were centrifuged at 1500 rpm for 

10 minutes at 4°C, the supernatant was discarded, cells were treated with RIPA buffer 

(50 mM Tris HCl at pH=8.0, 150 mM NaCl, 1.0% NP-40, 0.5% sodium deoxycholate, 

0.1% SDS, 2 mM EDTA) supplemented with protease, phosphatase inhibitors and DTT, 

cell suspensions were then sonicated. The protein content of each sample was assessed 

through the bicinchoninic acid method. Finally, the denaturing buffer (Tris 0.5mM, pH 

6.8; 50% glicerol, 10% SDS  10% 2β-mercaptoethanol, blue bromophenol) was added 

to the samples in a 1:1 ratio. The protein extracts were then boiled at 96°C for 5 minutes 

and used. 

  

2.7 Study of the effect of TMZ on the expression of LC3 

For Western Blotting analysis of the LC3 expression, 70 µg 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 1h at room temperature and then 
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incubated overnight at 4°C with the primary antibody against LC3 diluted in TBST with 

1% milk supplemented with azide. Bound antibody was detected with an alkaline 

phosphatase conjugated anti-rabbit, using enhanced chemifluorescence Western blotting 

detection reagents. The protein expression was quantitated using the ImageQuant TL for 

W    w  (v       2005       h   B   c   c  ) h v  g  h   x          f β-actin as 

loading control.  

 

2.8 Study of the effect of TMZ on the PI3K/AKT and ERK1/2 activation  

For Western Blotting analysis of the PI3K/AKT and ERK1/2 activation, 70 µg 

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 

1h at room temperature and then incubated overnight at 4°C with a rabbit polyclonal 

primary antibody against phosphor-AKT  (p-AKT) or phospho-ERK1/2 (p-ERK1/2) 

diluted in TBST with 1% milk supplemented with azide. Bound antibody was detected 

with an alkaline phosphatase conjugated anti-rabbit, using enhanced chemifluorescence 

western blotting detection reagents. The protein expression was quantitated using the 

ImageQuant TL for Windows (version 2005, Amersham Biosciences) having the 

expression of total AKT and total ERK1/2 as loading control.  

 

2.9 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. 
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3. RESULTS  

 3.1 Effect of TMZ on U-118 cells viability  

The results showed that TMZ reduced U-118 cells viability and also that this 

effect is dependent on the TMZ concentration. Reduction in viability was statistically 

significant from 10 μ  (p<0.01) (f gu   1 ).     h        c   f 10 μ    h    w     

12% reduction in cells viability as compared to the viability in control cells. The 

percentage of non-viable cells increased with the concentration of TMZ in a non-linear 

way, reaching 84,3%     h        c   f 1000 μ . Th  half maximal inhibitory 

concentration (IC50)  was 145.2 ± 1.1µM, figure 1B. Taking in consideration the value 

of IC50, in the next experiments the maximum TMZ concentration that was used was 

250 µM. 

 

 

Figure 1. Evaluation of U-118 cells viability in the presence of TMZ. U-118 cells were 

incubated for 48h with  different concentrations of TMZ (5,10, 20, 80, 100, 300, 500 

and 1000µM) and viability was evaluated by the MTT assay. A. Cell viability in the 

presence of TMZ. B. Determination of IC50 for TMZ.  The IC50 was 145.2 ± 1.1µM. 

All values are mean ± SE of three independent experiments, each of them performed in 

triplicate .*p<0,01 as compared to control. 
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 3.2 Effect of TMZ on U-118 cells proliferation  

In order to determine if the reduction in percentage of viable cells was due to a 

reduction in the proliferation rate, U-118 cells were incubated with TMZ in the presence 

of BrdUrd.  The results showed that TMZ reduced the proliferation rate in a dose 

dependent manner, figure 2.  In fact, in the presence of TMZ 10µM the proliferation 

rate was 86.7% ±4.98, in the presence of 100µM was 63.48% ±7 and in the presence of 

250µM was 56.81% ±9.7, as compared to proliferation rate in control cells.  

 

Figure 2 – Evaluation of U-118 proliferation in the presence of TMZ. U-118 cells were 

incubated for 48 h in the presence of different concentrations of TMZ. Proliferation rate 

was evaluated by measuring the incorporation of BrdUrd using a flow cytometer. All 

values were mean±SEM of triplicate analysis, each one performed in triplicate. *p<0.05 

as compared to control. 

 

 3.3 Effect of TMZ on cell cycle of U-118 cells 

To determine if the reduced proliferation was associated with cell cycle 

alterations, U-118 cells were permeabilized, incubated with PI and cell cycle was 
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analysed using a flow cytometer. Cell cycle of untreated cells was characterized by a 

long and well defined G0/G1 peak, with a slightly prominent G2/M peak and a very low 

sub G0/G1 fraction. When cells were incubated with 20 µM of TMZ there was a slight 

reduction in the percentage of cells in G0/G1 and in the S phases and a slight increase in 

the percentage of cells in the G2/M phase. This tendency was maintained when the 

TMZ concentration increased and was accompanied by an increase in the percentage of 

cells in subG0/G1, considered apoptotic cells. In fact, when cells were incubated with 

100µM of TMZ the percentage of cells in G0/G1 decrease 5.2% and with 250µM of 

TMZ the percentage of cells in G0/G1 decrease 15%. The percentage of cells in the S 

phase only reduced 2% and 3%  in the presence of 100 µM and 250 µM of TMZ, 

respectively. Regarding the G2/M, there was only a slight increase of approximately 

2.5% independently of the TMZ concentration. The percentage of cells  in subG0/G1 

phase showed an increase of 4.6% in the presence of TMZ 100 µM and of 15.36% in 

the presence of TMZ 250 µM, indicating that the percentage of apoptotic cells was 

TMZ-concentration dependent. 

 

Controle 20µM TMZ 100µM TMZ 250µM TMZ

A
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Figure 3 - Cell cycle analysis of U-118 cells treated with TMZ (20µM, 100µM 

and 250µM), for 48h.  A. Histograms of the U-118 cells. B. Percentage of cells in 

each cell cycle phase. The results were obtained through the analysis of 

histograms and are representative of three different experiments performed in 

triplicate. A total of 10.000 events were analyzed for each experiment. *p<0.05 as 

compared to control. 

 

 3.4 Effect of TMZ in nuclei morphology  

 In order to evaluate if TMZ induced morphological alterations compatible with 

the feature of apoptosis, U-118 cells were stained with Hoechst 33258 and analysed 

under a confocal microscope. When cells were incubated with TMZ it was possible to 

detect in some cells chromatin condensation, irregular nuclei contour, and pycnotic 

nuclei confirming the results obtained from cell cycle analysis, figure 4. These 

alterations were TMZ-concentration dependent.  
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Figure 4 – Analysis of nuclear morphology by confocal microscopy.  U-118 cells 

incubated with different concentrations of TMZ, for 48h, were stained with 

Hoechst 33258. Magnification: 63x. The images are representatives of the results 

obtained. 

 

 3.5  Expression of LC3 in the presence of TMZ 

 Since previous studies reported that tumour cells under chemotherapy may 

activate autophagy in order to survive it was investigated the effect of TMZ on the 

expression of LC3, one of the autophagosome-membrane proteins. 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 the 

maximum in the presence of  TMZ 250 µM, figure 5. Therefore, the results seem to 

indicate that TMZ induced autophagy in the U-118 cells. 
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Figure 5 –LC3 expression in the U-118 cells. After the incubation of U-118 cells with 

TMZ, protein extracts were prepared and used for Western blot analysis with anti-LC3 

    b  y.       g c       w      f      w  h        b  y f   β-actin. The image is 

representative of three independent experiments. 

 

 3.6 Expression of p-PI3K/AKT   and of p-ERK1/2 MAP kinase on the U-118 

cells  

Since the induction of apoptosis is dependent on the DNA repair systems and 

also on the activity of several signaling pathways we further evaluate the 

phosphorylation status of PI3K/AKT  and ERK1/2 MAP kinase by Western Blot. 

The results showed that the endogenous AKT was characterized by a basal 

phosphorylation of the Ser473, figure 6.  When U-118 cells were incubated with TMZ 

there was a reduction on the level of p-AKT which was TMZ-concentration dependent. 

This reduction was not statistically significant.  

The activation status of ERK1/2 MAP kinase was evaluated by determining the 

content of the p-ERK1/2 by Western Blotting. The results showed that U-118 cells 

present  a basal activation of ERK 1 and 2, which was not significantly altered by TMZ,  

figure 7.  
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Figure 6 - AKT  phosphorylation status. After the incubation of U-118 cells with 

TMZ, protein extracts were prepared and used for Western blot analysis with anti-

p-AKT antibody.  Loading control was performed with an antibody for total-

AKT. The image is representative of three independent experiments.  

 

 

Figure 7 – ERK1/2 phosphorylation status. After the incubation of U-118 cells 

with TMZ, 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 image is representative of three independent experiments.  

 

 3.7 Induction of apoptosis in U-118 cells 

Considering that, TMZ did not altered significantly the active amount of 

PI3K/AKT and of ERK1/2 MAP kinase and also that these signaling pathways 

stimulate cellular proliferation, we incubated U-118 cells with wortmannin the inhibitor 

of PI3K/AKT, and with U-0126 the inhibitor of ERK1/2 MAP in order to determine if 

the percentage of apoptotic cells increased as compared to that obtained in control cells 

and in cells incubated with TMZ. In addition, we also incubated cells with  rapamycin 

the inhibitor of mTOR and activator of autophagy.  Cell cycle was evaluated 48h after 
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the addition of the inhibitors and of the autophagy activator by flow cytometer, and the 

percentage of cells in the sub G0/G1 phase was quantified, figure 8. 

The results demonstrated that the percentage of apoptotic cells in the presence of 

wortmannin was 18.24% ±1.45 which was similar to that observed in the presence of 

TMZ (16.37%±0.97). However, when wortmannin was used in combination with TMZ, 

the percentage of apoptotic cells was 43.09% ±1.89, figure 8 .   

When cells were incubated with rapamycin the inhibitor of mTOR and activator 

of autophagy, the percentage of apoptotic cells increased 26.5%±1.01 as compared to 

that observed in control cells and was 11.13% higher than the percentage of apoptosis 

detected in the presence of TMZ alone. When cells were simultaneously incubated with 

rapamycin and TMZ the percentage of apoptotic cells was 37.44%±1.45, figure 8.  

Since mTOR is a downstream effector of AKT, we further incubated U-118 cells 

with wortmannin, rapamycin and TMZ. As shown in figure 8 when cells were incubated 

with wortmannin plus rapamycin  the percentage of apoptotic cells  was 49.00%±1.6 

and when cells were incubated with wortmannin plus rapamycin and TMZ the 

percentage of apoptotic cells  was 63.01%± 2.1, figure 8.  

The contribution of ERK1/2 MAP kinase to glioma cells survival was evaluated 

in the presence of the U-0126. As shown in figure 8, the percentage of apoptotic cells 

was 33.3%±1.72 in the presence of U-0126. When U-0126 was combined with TMZ the 

percentage of apoptotic cells was 51.6%±2.1, which represented an increase of 35.25% 

as compared to the percentage of apoptotic cells detected in the presence of TMZ alone, 

figure 8. 

U-118 cells were then incubated with rapamycin, U-0126 and TMZ and the cell 

cycle was evaluated. The percentage of apoptotic cells determined in this condition was 
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71.0%±2.15 indicating that the survival of glioma cells depends on the activity of 

mTOR and ERK1/2 MAP kinase, figure 8.  

 

Figure 8 - Cell cycle analysis of U-118 cells.  Cells were treated with TMZ 250µM, 

wortmannin (1mM), rapamycin (150nM) and U-0126 (15mM), for 48h. 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 control (250µM). 

 

4. DISCUSSION  

The EORTC 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 TMZ-treated patients 
26, 28, 29

. As a consequence of these results, TMZ is considered 

the gold standard in GBM treatment 
8
. However, the increment in survival is still 
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reduced and therefore the study of the mechanism of TMZ action and the mechanisms 

associated to the chemoresistance  are fundamental issues. 

Regarding the mechanism of TMZ action, the results from previous studies were 

contradictory. Kanzawa et al. showed that TMZ induced autophagy, but not apoptosis in 

malignant glioma cells 
14

. However, Roos et al. referred that the cell death induced by 

TMZ was due apoptosis 
30

.  In addition, Hirose et al. referred that in glioma cells TMZ 

induced a low level of apoptosis as compared to that observed in lymphoid cells and 

also that TMZ induced a cell cycle arrest in G2/M 
15

.  

 The ability of alkylating agents to induce apoptosis is dependent on the activity 

of the DNA repair enzymes such as the MGMT
31

. Some GBM tumours are 

characterized by an increased expression and activity of MGMT that repairs the O
6
-

meG DNA adducts before the next cell cycle contributing to cell survival and 

chemoresistance. In others GBM tumours, the expression of MGMT is reduced due to 

the hypermethylation of the MGMT promoter 
16, 18, 20, 30

 which contribute to increase the 

sensitivity of high-grade glioma to alkylating agents 
11, 18, 32

. However,  recent studies 

reported that several tumours with low levels of MGMT are also chemoresistant 

indicating that other mechanisms than the MGMT, contribute to chemoresistance 
18, 31

. 

In fact, it was reported in several tumours, including GBM, that the expression and 

activity of the survival pathways such as PI3K/AKT, ERK1/2 and autophagy is altered 

due to the occurrence of gene mutations 
25, 28, 33, 34

. However, the contribution of these 

signaling pathways to the TMZ chemoresistance was not fully investigated.  

 In this study, we investigated the effect of TMZ in the glioma cell line U-118. 

This cell line was previously described as having MGMT promoter hypermethylated 
35, 

36
. However, the study of the percentage of apoptotic cells in the presence of TMZ 

250µM showed that only 15.36% of cells were apoptotic. These results were in 
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agreement with those previously reported by Hirose et al and seem to indicate that U-

118 present other survival mechanisms that allow cells to circumvent the effect of TMZ. 

Since the results also showed that TMZ induced a significant reduction in the 

proliferation ability it was hypothesized that the U-118 cells may induce autophagy in 

order to survive to the aggressive microenvironment.  

 The study of autophagy confirmed that in U-118 cells, TMZ induced an increase 

in the LC3 expression, the protein associated to autophagossomes. Therefore, it is 

possible that the reduced percentage of apoptotic cells obtained in the presence of TMZ 

250µM is associated to autophagy.  

 The activation of autophagy may also justify the discrepancy between the IC50 

concentration (145.2±1.1µM) determined by the MTT assay and the reduced percentage 

of apoptotic cells in the presence of TMZ 250µM. The MTT assay is  based on the 

mithocondria activity, if TMZ induce an increase in the LC3 expression and autophagy 

is activated there will be a reduction in cell size and also in the number of mithocondria 

which consequently will reduce the production of formazan salts and the value of IC50. 

   Taking in consideration the fact that continuous activation of autophagy can 

lead to an excessive depletion of cellular organelles and essential proteins and 

consequently to caspase-independent autophagic cell death 
37

, U-118 cells were 

incubated with rapamycin an activator of autophagy. The results showed that in the 

presence of rapamycin the percentage of apoptotic cells was higher than that obtained 

with TMZ alone and suggested that autophagy may play a very important role in the 

treatment of GBM. In order to investigate the existence of a synergistic effect between 

these two drugs U-118 cells were simultaneously incubated with TMZ and rapamycin. 

However, the percentage of apoptotic cells obtained in the presence of the two drugs 

was the sum of the effect of each one, pointing for an additive effect rather than a 
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synergistic effect. These results seem to indicate that the percentage of apoptotic cells 

obtained in the presence of TMZ and rapamycin was achieved through different 

pathways and forces a question that has been subject of great controversy: whether or 

not apoptosis and autophagy represent two independent processes.  

 Another important subject raised by the activation of autophagy is whether it 

may contribute for the reduction of proliferation that was observed in U-118 incubated 

with TMZ. Several studies reported that autophagy may induce cell cycle arrest and in a 

later stage may contribute to cellular senescence 
38-40

 . In fact, the analysis of cell cycle 

in U-118 cells treated with TMZ revealed that there was a reduction in the percentage of 

cells in G0/G1 and a slight increase in the percentage of cells in G2/M. Previous studies 

also reported that autophagy may induce cell cycle arrest in G0/G1 due to the fact that it 

reduces cellular levels of p53,  which is a repressor of autophagy and leads to an 

accumulation of cells in the G1 phase 
41

. On In addition, other studies also reported that 

treatments used to activate autophagy may also inhibit the Pi3K/AKT pathway and 

consequently  may induce an accumulation of inactive phospho-Cdc2 and phospho-

Cdc25C and consequently induce cell cycle arrest in G2/M 
42

. In fact, U-118 cells were 

characterized by constitutive activation of the PI3K/AKT which was slightly reduced 

when cells were incubated with TMZ. Since, TMZ slightly reduced the amount of the 

phosphorylated PI3K/AKT, and simultaneously induced the expression of LC3 it is 

possible that both events contribute to the accumulation of cells in G2/M observed in 

this study.  

Since TMZ only induced a slight reduction in the phosphorylation status of the 

U-118 cells it is possible that the remained phosphorylated PI3K/AKT contribute to 

glioma cells survival. To investigate this hypothesis cells were incubated with 

wortmannin a specific inhibitor of PI3K/AKT  and the percentage of apoptotic cells  
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was measured. In the presence of wortmannin the percentage of apoptotic cells 

increased 17.24% as compared to control cells, confirming that PI3K/AKT should also 

be considered a therapeutic target in the GBM treatment. The incubation of U-118 cells 

with wortmannin plus TMZ showed that the association of these two drugs has a 

synergistic effect since the percentage of apoptotic cells obtained with the drug 

combination was higher than the sum of the percentage of each one.   As previously 

showed by other studies, activated PI3K/AKT is involved in the regulation of proteins 

involved in cell cycle, proliferation, apoptosis and invasion, therefore once deregulated 

AKT may contribute to tumorigenesis 
9, 21, 43

. In fact, activated AKT induces the 

stabilization of cyclin D and the promotion of the nuclear entry of MDM2, leading to 

the degradation of p53  and consequently to the deregulation of cell growth 
15, 43

. On the 

other hand, activated AKT induces the phosphorylation and inactivation of pro-

apoptotic signaling proteins, such as BAD and caspase-9 exerting anti-apoptotic activity  

and contributing to chemoresistance 
44

. Taking in consideration these studies, U-188 

cells were incubated with wortmannin and the percentage of apoptotic cells evaluated. 

The  results obtained in the presence of wortmannin and TMZ confirmed that 

PI3K/AKT contributed to the survival and to the TMZ-chemoresistance of U-118 cells 

and emphasized the need to develop a combined treatment for GBM that activates 

autophagy and reduces the activity of  the PI3K/AKT. 

In addition to autophagy and to the activity of PI3K/AKT it is also important to 

study the contribution of ERK1/2 MAP kinase which controls cell proliferation, 

survival, migration and  differentiation in several cell types including astrocytes  
45, 46

. 

In tumour cells the role of ERK is contradictory. Some studies reported that, in tumour 

cells, including GBM cells, ERK may induce cell death by apoptosis and by autophagy 

47-49
. But in another studies it was reported that  activated ERK contributed to G1- to S-
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phase progression and protected cells from apoptotic signaling 
24, 46

 contributing to 

chemoresistance 
50

. In the U-118 cells ERK1/2 was constitutively active and the 

incubation of cells with TMZ did not changed the activation status of this signaling 

pathway. However, when U-118 cells were incubated with U-0126 the percentage of 

apoptotic cells was 33.3% indicating that this signaling pathway contributed in a very 

significative way to the survival of U-118 cells. When cells were treated with U-0126 

plus TMZ the percentage of apoptotic cells was 51.6%, approximately the sum of the 

percentage of each one indicating the absence of a synergistic effect between these two 

drugs. This same observation was observed when U-0126 was combined with the 

inhibitors of PI3K/AKT or of autophagy. These results showed once more how complex 

is the understanding of chemoresistance and how difficult is to circunvent it. It is 

possible to hypothesize that glioma cells could have the ability to switch from one 

signaling pathway to another in order to bypass the difficulties imposed by drugs. In 

fact, one of the signaling pathway that was not evaluated in this study but could also 

contribute to glioma cell survival is the protein kinase C. Future studies will be 

necessary to clarify the role of these signaling pathways to the survival and proliferation 

of glioma cells.  

  

 

5.CONCLUSIONS 

 Altogether, our results indicated that TMZ by itself is not very effective in 

inducing cell death even in the U-118 cell line which has the MGMT promoter 

hypermethylated. In addition, our results also emphasize that TMZ-chemoresistance of 

GBM cells is a complex question  that depends on the activity of several signaling 

pathways such as autophagy, PI3K/AKT and ERK1/2.  Furthermore, we showed that 
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each signaling pathway could be considered a therapeutic target since the inhibition of 

each one significantly  reduced the survival of the U-118 cells. Our results also 

indicated that there is a synergistic effect between wortmannin and TMZ which could 

be a very important therapeutic advantage. 

 Therefore, in order to achieve a more efficient therapy of GBM it is 

important to combine traditional chemotherapy with molecular-based therapy, in 

particular the therapy associated with signaling pathways. Further studies are needed to 

clarify the role of each signaling pathway and the molecular interconnections of those 

signaling pathways.  

 

 

6. ACKNOWLEDGEMENT 

I would like to express my special thanks of gratitude to Professor Catarina de 

Oliveira and to Professor Maria Celeste Lopes for the opportunity to do this project and 

also for the encouragement and advise. 

I also thank Helena Carvalheiro and Inês Crespo for the collaboration in the 

experiments and for the suggestions and support. 

Finally I thank António, Maria, João Pedro and Matilde whose love, patience 

and encouragement allowed me to finish this journey.  

 

 

7. REFERENCES 

1. Shapiro WR: Current therapy for brain tumors: back to the future, Arch Neurol 1999, 

56:429-432 



Effect of temozolamide in the U-118 glioma cell line 

31 
 

2. Chandana SR, Movva S, Arora M, Singh T: Primary brain tumors in adults, 

American family physician 2008, 77:1423-1430 

3. Pedeboscq S, L'Azou B, Liguoro D, Pometan JP, Cambar J: Interindividual 

differences in anticancer drug cytotoxicity in primary human glioblastoma cells, 

Experimental and toxicologic pathology : official journal of the Gesellschaft fur 

Toxikologische Pathologie 2007, 58:247-253 

4. Huse JT, Holland E, DeAngelis LM: Glioblastoma: molecular analysis and clinical 

implications, Annual review of medicine 2013, 64:59-70 

5. Hildebrand J, Sahmoud T, Mignolet F, Brucher JM, Afra D: Adjuvant therapy with 

dibromodulcitol and BCNU increases survival of adults with malignant gliomas. 

EORTC Brain Tumor Group, Neurology 1994, 44:1479-1483 

6. Iwadate Y, Fujimoto S, Yamaura A: Differential chemosensitivity in human 

intracerebral gliomas measured by flow cytometric DNA analysis, International 

journal of molecular medicine 2002, 10:187-192 

7. Stupp R, Hegi ME: Treatment of brain tumors - Reply, New England Journal of 

Medicine 2005, 352:2352-2353 

8. Stupp R, Hegi ME, Gilbert MR, Chakravarti A: Chemoradiotherapy in malignant 

glioma: standard of care and future directions, J Clin Oncol 2007, 25:4127-4136 

9. Furnari FB, Fenton T, Bachoo RM, Mukasa A, Stommel JM, Stegh A, Hahn WC, 

Ligon KL, Louis DN, Brennan C, Chin L, DePinho RA, Cavenee WK: Malignant 

astrocytic glioma: genetics, biology, and paths to treatment, Genes & Development 

2007, 21:2683-2710 

10. Stupp R, van den Bent MJ, Cairncross JG, Hegi ME: Biological predictors for 

chemotherapy response, Ejc Supplements 2005, 3:25-25 



Effect of temozolamide in the U-118 glioma cell line 

32 
 

11. Hegi ME, Diserens A, Gorlia T, Hamou M, de Tribolet N, Weller M, Kros JM, 

Hainfellner JA, Mason W, Mariani L, Bromberg JEC, Hau P, Mirimanoff RO, 

Cairncross JG, Janzer RC, Stupp R: MGMT gene silencing and benefit from 

temozolomide in glioblastoma, New England Journal of Medicine 2005, 352:997-

1003 

12. Barvaux VA, Ranson M, Brown R, McElhinney RS, McMurry TB, Margison GP: 

Dual repair modulation reverses Temozolomide resistance in vitro, Molecular cancer 

therapeutics 2004, 3:123-127 

13. Caporali S, Falcinelli S, Starace G, Russo MT, Bonmassar E, Jiricny J, D'Atri S: 

DNA damage induced by temozolomide signals to both ATM and ATR: Role of the 

mismatch repair system, Mol Pharmacol 2004, 66:478-491 

14. Kanzawa T, Germano IM, Komata T, Ito H, Kondo Y, Kondo S: Role of autophagy 

in temozolomide-induced cytotoxicity for malignant glioma cells, Cell death and 

differentiation 2004, 11:448-457 

15. Hirose Y, Berger MS, Pieper RO: p53 effects both the duration of G2/M arrest and 

the fate of temozolomide-treated human glioblastoma cells, Cancer Res 2001, 

61:1957-1963 

16. Christmann M, Nagel G, Horn S, Krahn U, Wiewrodt D, Sommer C, Kaina B: 

MGMT activity, promoter methylation and immunohistochemistry of pretreatment 

and recurrent malignant gliomas: a comparative study on astrocytoma and 

glioblastoma, International journal of cancer Journal international du cancer 2010, 

127:2106-2118 

17. Hegi ME, Diserens AC, Godard S, Dietrich PY, Regli L, Ostermann S, Otten P, Van 

Melle G, de Tribolet N, Stupp R: Clinical trial substantiates the predictive value of 

O-6-methylguanine-DNA methyltransferase promoter methylation in glioblastoma 



Effect of temozolamide in the U-118 glioma cell line 

33 
 

patients treated with temozolomide, Clinical cancer research : an official journal of 

the American Association for Cancer Research 2004, 10:1871-1874 

18. Sarkaria JN, Kitange GJ, James CD, Plummer R, Calvert H, Weller M, Wick W: 

Mechanisms of chemoresistance to alkylating agents in malignant glioma, Clinical 

cancer research : an official journal of the American Association for Cancer 

Research 2008, 14:2900-2908 

19. Esteller M, Garcia-Foncillas J, Andion E, Goodman SN, Hidalgo OF, Vanaclocha 

V, Baylin SB, Herman JG: Inactivation of the DNA-repair gene MGMT and the 

clinical response of gliomas to alkylating agents, The New England journal of 

medicine 2000, 343:1350-1354 

20. Knizhnik AV, Roos WP, Nikolova T, Quiros S, Tomaszowski KH, Christmann M, 

Kaina B: Survival and death strategies in glioma cells: autophagy, senescence and 

apoptosis triggered by a single type of temozolomide-induced DNA damage, PloS 

one 2013, 8:e55665 

21. Hirose Y: [Therapeutic strategy against gliomas based on their molecular biological 

nature], No shinkei geka Neurological surgery 2011, 39:837-847 

22. Hirose Y: [Problems of chemotherapy for glioma], Gan to kagaku ryoho Cancer & 

chemotherapy 2011, 38:923-926 

23. Akhavan D, Cloughesy TF, Mischel PS: mTOR signaling in glioblastoma: lessons 

learned from bench to bedside, Neuro-oncology 2010, 12:882-889 

24. Meloche S, Pouyssegur J: The ERK1/2 mitogen-activated protein kinase pathway as 

a master regulator of the G1- to S-phase transition, Oncogene 2007, 26:3227-3239 

25. Keating AK, Kim GK, Jones AE, Donson AM, Ware K, Mulcahy JM, Salzberg DB, 

Foreman NK, Liang X, Thorburn A, Graham DK: Inhibition of Mer and Axl receptor 



Effect of temozolamide in the U-118 glioma cell line 

34 
 

tyrosine kinases in astrocytoma cells leads to increased apoptosis and improved 

chemosensitivity, Molecular cancer therapeutics 2010, 9:1298-1307 

26.Gladson CL, Prayson RA, Liu WM: The pathobiology of glioma tumors, Annu Rev 

Pathol 2010, 5:33-50 

27. Neves BM, Cruz MT, Francisco V, Goncalo M, Figueiredo A, Duarte CB, Lopes 

MC: Differential modulation of CXCR4 and CD40 protein levels by skin sensitizers 

and irritants in the FSDC cell line, Toxicol Lett 2008, 177:74-82 

28. Van Meir EG, Hadjipanayis CG, Norden AD, Shu HK, Wen PY, Olson JJ: Exciting 

New Advances in Neuro-Oncology The Avenue to a Cure for Malignant Glioma, Ca-

a Cancer Journal for Clinicians 2010, 60:166-193 

29. Jones TS, Holland EC: Molecular pathogenesis of malignant glial tumors, 

Toxicologic pathology 2011, 39:158-166 

30. Roos WP, Batista LF, Naumann SC, Wick W, Weller M, Menck CF, Kaina B: 

Apoptosis in malignant glioma cells triggered by the temozolomide-induced DNA 

lesion O6-methylguanine, Oncogene 2007, 26:186-197 

31. Friedman HS, McLendon RE, Kerby T, Dugan M, Bigner SH, Henry AJ, Ashley 

DM, Krischer J, Lovell S, Rasheed K, Marchev F, Seman AJ, Cokgor I, Rich J, 

Stewart E, Colvin OM, Provenzale JM, Bigner DD, Haglund MM, Friedman AH, 

Modrich PL: DNA mismatch repair and O6-alkylguanine-DNA alkyltransferase 

analysis and response to Temodal in newly diagnosed malignant glioma, J Clin 

Oncol 1998, 16:3851-3857 

32. Portnow J, Badie B, Chen M, Liu A, Blanchard S, Synold TW: The 

neuropharmacokinetics of temozolomide in patients with resectable brain tumors: 

potential implications for the current approach to chemoradiation, Clinical cancer 



Effect of temozolamide in the U-118 glioma cell line 

35 
 

research : an official journal of the American Association for Cancer Research 2009, 

15:7092-7098 

33. Ogier-Denis E, Codogno P: Autophagy: a barrier or an adaptive response to cancer, 

Biochimica et biophysica acta 2003, 1603:113-128 

34. Ronellenfitsch MW, Brucker DP, Burger MC, Wolking S, Tritschler F, Rieger J, 

Wick W, Weller M, Steinbach JP: Antagonism of the mammalian target of 

rapamycin selectively mediates metabolic effects of epidermal growth factor receptor 

inhibition and protects human malignant glioma cells from hypoxia-induced cell 

death, Brain : a journal of neurology 2009, 132:1509-1522 

35. Munoz J, Inda Mdel M, Lazcoz P, Zazpe I, Fan X, Alfaro J, Tunon T, Rey JA, 

Castresana JS: Promoter Methylation of RASSF1A Associates to Adult Secondary 

Glioblastomas and Pediatric Glioblastomas, ISRN neurology 2012, 2012:576578 

36. Lorente A, Mueller W, Urdangarin E, Lazcoz P, von Deimling A, Castresana JS: 

Detection of methylation in promoter sequences by melting curve analysis-based 

semiquantitative real time PCR, BMC cancer 2008, 8:61 

37. Wong VK, Li T, Law BY, Ma ED, Yip NC, Michelangeli F, Law CK, Zhang MM, 

Lam KY, Chan PL, Liu L: Saikosaponin-d, a novel SERCA inhibitor, induces 

autophagic cell death in apoptosis-defective cells, Cell death & disease 2013, 4:e720 

38. Esteve JM, Knecht E: Mechanisms of autophagy and apoptosis: Recent 

developments in breast cancer cells, World journal of biological chemistry 2011, 

2:232-238 

39. Wang RC, Levine B: Autophagy in cellular growth control, FEBS letters 2010, 

584:1417-1426 

40. Wang X, Proud CG: Nutrient control of TORC1, a cell-cycle regulator, Trends in 

cell biology 2009, 19:260-267 



Effect of temozolamide in the U-118 glioma cell line 

36 
 

41. Tasdemir E, Maiuri MC, Galluzzi L, Vitale I, Djavaheri-Mergny M, D'Amelio M, 

Criollo A, Morselli E, Zhu C, Harper F, Nannmark U, Samara C, Pinton P, Vicencio 

JM, Carnuccio R, Moll UM, Madeo F, Paterlini-Brechot P, Rizzuto R, Szabadkai G, 

Pierron G, Blomgren K, Tavernarakis N, Codogno P, Cecconi F, Kroemer G: 

Regulation of autophagy by cytoplasmic p53, Nature cell biology 2008, 10:676-687 

42. Harun FB, Syed Sahil Jamalullail SM, Yin KB, Othman Z, Tilwari A, Balaram P: 

Autophagic cell death is induced by acetone and ethyl acetate extracts from 

Eupatorium odoratum in vitro: effects on MCF-7 and vero cell lines, 

TheScientificWorldJournal 2012, 2012:439479 

43.Carmo A, Crespo I, Lopes MC: Genetics and Biology of Glioblastoma Multiforme. 

Edited by Garami M. http://www.intechopen.com/books/molecular-targets-of-cns-

tumors/genetics-and-biology-of-glioblastoma-multiforme, InTech, 2011, p. pp. 289-

314 

44. Dasari VR, Velpula KK, Kaur K, Fassett D, Klopfenstein JD, Dinh DH, Gujrati M, 

Rao JS: Cord blood stem cell-mediated induction of apoptosis in glioma 

downregulates X-linked inhibitor of apoptosis protein (XIAP), PloS one 2010, 

5:e11813 

45. Murphy LO, Blenis J: MAPK signal specificity: the right place at the right time, 

Trends in biochemical sciences 2006, 31:268-275 

46. Tran SE, Holmstrom TH, Ahonen M, Kahari VM, Eriksson JE: MAPK/ERK 

overrides the apoptotic signaling from Fas, TNF, and TRAIL receptors, The Journal 

of biological chemistry 2001, 276:16484-16490 

47. Cagnol S, Chambard JC: ERK and cell death: mechanisms of ERK-induced cell 

death--apoptosis, autophagy and senescence, The FEBS journal 2010, 277:2-21 



Effect of temozolamide in the U-118 glioma cell line 

37 
 

48. Dagda RK, Zhu J, Kulich SM, Chu CT: Mitochondrially localized ERK2 regulates 

mitophagy and autophagic cell stress: implications for Parkinson's disease, 

Autophagy 2008, 4:770-782 

49. Hansen K, Wagner B, Hamel W, Schweizer M, Haag F, Westphal M, Lamszus K: 

Autophagic cell death induced by TrkA receptor activation in human glioblastoma 

cells, Journal of neurochemistry 2007, 103:259-275 

50. Rasola A, Sciacovelli M, Chiara F, Pantic B, Brusilow WS, Bernardi P: Activation 

of mitochondrial ERK protects cancer cells from death through inhibition of the 

permeability transition, Proceedings of the National Academy of Sciences of the 

United States of America 2010, 107:726-731 

 

 

 


