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The suppression of manganese superoxide dismutase decreased the survival of human 
glioblastoma multiforme T98G cells
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ABSTRAK

Latar belakang: Glioblastoma multiforme (GBM) merupakan 
tumor ganas otak primer dengan prognosis yang buruk. 
Tingginya resistensi terapi berbasis stres oksidatif diduga 
berhubungan dengan tingginya status antioksidan sel GBM. 
Penelitian kami sebelumnya melaporkan bahwa sel glioma 
derajat keganasan tinggi mengekspresikan antioksidan 
manganese superoxide dismutase (MnSOD) yang lebih tinggi 
bermakna dibandingkan dengan sel glioma derajat rendah. 
Penelitian ini bertujuan menganalisis dampak penekanan 
ekspresi MnSOD terhadap ketahanan hidup sel GBM.

Metode: Desain penelitian adalah penelitian eksperimental 
menggunakan sel lestari glioblastoma multiforme T98G. 
Penekanan ekspresi MnSOD dilakukan dengan transfeksi in vitro 
siRNA-MnSOD. Ekspresi MnSOD dianalisis melalui pengukuran 
mRNA menggunakan real time RT-PCR, protein dengan ELISA 
dan aktivitas spesifik enzim menggunakan inhibisi xantin 
oksidase. Kadar reactive oxygen species (ROS) intraseluler 
ditentukan dengan pengukuran radikal superoksida dan 
hidrogen peroksida. Ketahanan hidup sel dianalisis melalui 
pengukuran viabilitas, proliferasi, dan apoptosis sel.

Hasil: Transfeksi in vitro siRNA-MnSOD berhasil menekan 
mRNA, protein, dan aktivitas spesifik MnSOD. Penekanan 
ekspresi MnSOD tersebut menyebabkan peningkatan bermakna 
kadar radikal superoksida, namun tidak mempengaruhi kadar 
hidrogen peroksida. Selain itu, terjadi penurunan bermakna 
viabilitas disertai peningkatan bermakna apoptosis sel, tetapi 
tidak memengaruhi proliferasi sel.

Kesimpulan: Penekanan ekspresi gen MnSOD menurunkan 
ketahanan hidup sel glioblastoma multiforme melalui 
peningkatan apoptosis sel.

ABSTRACT

Background: Glioblastoma multiforme (GBM) is a primary 
malignant brain tumor which has poor prognosis. High 
incidence of oxidative stress-based therapy resistance could 
be related to the high antioxidant status of GBM cells. Our 
previous study has reported that manganese superoxide 
dismutase (MnSOD) antioxidant expression was significantly 
higher in high grade glioma than in low grade. The aim of 
this study was to analyze the impact of MnSOD suppression 
toward GBM cell survival.

Methods: This study is an experimental study using human 
glioblastoma multiforme T98G cell line. Suppression of 
MnSOD expression was performed using in vitro transfection 
MnSOD-siRNA. The MnSOD expression was analyzed by 
measuring the mRNA using real time RT-PCR, protein using 
ELISA technique, and specific activity of enzyme using 
inhibition of xantine oxidase. Concentration of reactive 
oxygen species (ROS) intracellular was determined by 
measuring superoxide radical and hydrogen peroxide. Cell 
survival was analyzed by measuring viability, proliferation, 
and cell apoptosis.

Results: In vitro transfection of MnSOD-siRNA suppressed the 
mRNA, protein, and specific activity of MnSOD. This treatment 
significantly increased the concentration of superoxide 
radical; however, it did not influence the concentration of 
hydrogen peroxide. Moreover, viability MnSOD-suppressing 
cell significantly decreased, accompanied by increase of cell 
apoptosis without affecting cell proliferation.

Conclusion: The suppression of MnSOD expression leads 
to decrease glioblastoma multiforme cell survival, which 
was associated to the increase of cell apoptotic.
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Glioblastoma multiforme is the most malignant 
primary brain tumor which arises from glial 
cells. Glioblastoma multiforme patients have 
poor prognosis due to the resistance and the 
recurrence of the conventional treatment which 
encompasses open craniotomy surgery followed 
by radiotherapy or chemotherapy.1 Radiotherapy 
kills cancer cells through reactive oxygen species 
which causes oxidative damage.2 However, it can 
be prevented through the action of endogenous 
antioxidant enzyme by eliminating reactive 
oxygen species (ROS).3 Therefore, endogenous 
antioxidant enzyme has an essential contribution 
for the success of the treatment. 

The main endogenous antioxidant enzyme is 
manganese superoxide dismutase (MnSOD) 
which is located in mitochondrial matrix. This 
enzyme eliminates superoxide radical (O2

·) by 
catalyzing the changeover of O2

· to oxygen (O2) 
and hydrogen peroxide (H2O2).3 Several studies 
showed that the up-regulation of MnSOD in some 
cancers including glioma was correlated with 
poor tumor prognosis.4–6 Moreover, MnSOD has 
been observed as an anti-apoptotic molecule, 
and increasing of MnSOD in tumor could lead to 
treatment resistance and tumor metastatasis.7–9 

Our previous study using glioma tissues from 
glioma patients showed that the expression of 
MnSOD mRNA was higher in high grade glioma 
than in low grade glioma and it was associated 
with the increase of oxidative defects. Moreover, 
our research proved that the expression of 
MnSOD mRNA was correlated with the tumor 
grade.10 Regarding that problem, we intend to 
further explore the role of MnSOD expression 
in high grade glioma cell survival through the 
suppression of MnSOD in human glioblastoma 
multiforme T98G cell line as the highest grade 
glioma. The aim of this study is to analyze the 
impact of MnSOD suppression on intracellular 
ROS, cell proliferation, cell viability, and apoptosis. 

METHODS

The human glioblastoma multiforme T98G cell 
line (American type culture collection (ATCC) 
Number CRL-1690TM) used in this experimental 
study was kindly provided by Prof. Alexander 
Brehm from the Institut fuer Molekularbiologie 
und Tumorforschung Philipps Universitaet 
Marburg, Germany. T98G cell line was used 

because this cell line is a suitable transfection 
host according to ATCC general information. Our 
study was conducted in the Laboratory of Institute 
Human Virology and Cancer Biology Universitas 
Indonesia (IHVCB-UI), the Makmal Terpadu 
Faculty of Medicine Universitas Indonesia (FMUI), 
Biochemistry & Molecular Biology FMUI, and the 
Eijkman Institute.

Cell culture
The T98G human glioblastoma cell line was grown 
on T-25 cm2 plastic tissue culture flasks (Corning) 
in high glucose Dulbecco’s Modified Eagle’s 
Medium supplemented with 3.7 g/L of sodium 
bicarbonate, 10% heat-inactivated fetal bovine 
serum (Biowest), 1% streptomycin - penicillin, 
and 1%  amphotericine at 37°C in a humidified 
atmosphere of 95% air and 5% CO2. Subcultivation 
of the confluence cells were done using 0.25% 
trypsin and 1% ethylenediaminetetraacetic acid 
(EDTA). The medium of cell cultures was replaced 
every three days. MnSOD small interfering 
ribonucleic acid (siRNA) transfection utilized 
fifty thousand T98G cells which were grown in 
triplicated 24-well plates. The treatment was 
repeated three times at different times.    

MnSOD-siRNA transfection
MnSOD siRNA sequences (Custom 
Synthesized siRNA, Ambion) were 
5’-GGAACAACAGGCCUUAUUCTT-3’ (sense) and 
5’-GAAUAAGGCCUGUUGUUCCTT-3’ (antisense).11 
Silencer select negative control number 1 siRNA 
(Ambion) was used as a negative control. Fifty 
thousand T98G cells were grown in triplicated 
24-well plates and transfected with either 60 
nM of MnSOD-siRNA or 30 nM of the negative 
control siRNA in serum-free medium (OptiMEM 
I, Gibco) by using Lipofectamine reagent 2,000 
(Invitrogen®) according the manufacture’s 
instruction. In the following two days, the cells 
were washed, trypsinized, and extracted for 
measurement of MnSOD expression, intracellular 
ROS, cell viability, cell proliferation, and apoptosis. 

Analysis of MnSOD mRNA using real time RT-
PCR
Ribonucleic acid (RNA) was isolated from 
the T98G cells using Tripure RNA Isolation 
Kit (Roche®). RNA templates were amplified 
using iScript one step real-time polymerase 
chain reaction (RT-PCR)  Kit with SYBR Green 
(BioRad). Reaction protocols was described as 
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our previous research.12 MnSOD gene primer 
were GCACTAGCAGCATGTTGAGC (forward) 
and ACTTCTCCTCGGTGACGTTC (reverse) with 
product size 216 bp. Housekeeping gene primer 
(18S rRNA) were AAACGGCTACCACATCCAAG 
(forward) and CCTCCAATGGATCCTCGTTA 
(reverse) with product size 155 bp. Relative 
expression of MnSOD mRNA in T98G cells post-
transfection was calculated using Livax formula 
and normalized against T98G cells without the 
treatment as a control. 

Analysis of MnSOD protein
Analysis of MnSOD protein was performed using 
enzyme linked immunosorbent assay (ELISA) 
technique (NWLSSTM MnSOD ELISA kit) in 
accordance with manufacturer’s protocol. Protein 
isolated with Tripure Isolation Reagent was used 
for this assay. The human MnSOD standard (10 
ng/mL) was reconstituted by adding 1 mL of 
standard buffer into the standard protein bottle 
comprising lyophilized human MnSOD protein. 
One hundred µL of diluted standards, 100 µL 
of sample dilution buffer, and 100 µL of sample 
were added to the appropriate microtiter wells 
according to plan. The MnSOD samples were 
determined by comparing their absorbance at 
450 nm with the standard curve.   

Analysis of MnSOD specific enzyme activity
Analysis of MnSOD specific enzyme activity 
was detected using RanSOD® kit according to 
manufacturer’s protocol. Inhibition of Cu/ZnSOD 
was performed by adding sodium cyanide (5 mM) 
into each sample, followed by incubation for five 
minutes at room temperature. The percentage 
of inhibition from each samples were plotted to 
the standard curve to obtain the enzyme activity 
calculation.  The enzyme activity (in units) per mg 
protein represented the specific activity of MnSOD 
enzyme. Concentration of protein was detected 
based on the plotting of samples absorbance 
at 280 nm to the bovine serum albumin (BSA) 
standard curve.12

Determination of ROS
Analysis of intracellular hydrogen peroxide 
using DCFH-DA
Hydrogen peroxide was analyzed by measuring 
the 2’,7’-dichlorodihydrofluorescein diacetate 
(DCFH-DA, molecular probes, USA). Intracellular 
peroxide would oxidize DCFH-DA to form the 
fluorescent compound 2’,7’-dichlorofluorescein 

(DCF). Fifty thousand T98G cells were washed 
and centrifuged to obtain cell pellets. Cell pellets 
were added to 20 µM of DCFH-DA in 500 μL 
PBS and incubated for 30 minutes at 37°C in 
the dark. The cell pellets were rinsed with PBS 
(2X), and intensity of fluorescence was detected 
using a spectrofluorometer (Perkin Elmer) with 
excitation at 485 nm and emission at 530 nm.13

 
Analysis of intracellular superoxide anion by 
dihydroethidium (DHE)
Dihydroethidium (DHE) was oxidized to ethidium 
in the presence of superoxide anion. Fresh 
Dihydroethidium/DHE (invitrogen) solutions 
were prepared by dissolving 2 μL of DHE stock 
solution (5mM) in 500 μL PBS, so the final 
concentration of DHE was 20 μM. Solutions 
containing DHE were protected from light before 
and during the experiments. Twenty thousand 
T98G cells were washed and centrifuged to 
obtain cell pellets. Cell pellets were diluted in PBS 
containing 20 µM of DHE and incubated for 30 
minutes at 37°C. The cells were washed with PBS 
(2x) and intensity of fluorescence was detected 
by a spectrofluorometer with excitation at 488 
nm and emission at 585 nm.14 

Cell viability using MTS assay (The CellTiter 
96® Aqueous Assay, Promega)
The CellTiter 96® Aqueous Assay is consists 
of solutions of a novel tetrazolium substance 
[ 3 - ( 4 , 5 - d i m e t h y l t h i a z o l - 2 - y l ) - 5 - ( 3 -
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium, inner salt; MTS(a)] and an electron 
coupling reagent (phenazine methosulfate; 
PMS). Ten thousand cells after MnSOD siRNA 
transfection were washed, and 120 µL of the 
combined MTS/PMS solution in PBS into each 
well were added. The plate was incubated for one 
hour at 37°C in a humidified, 5% CO2. Cell viability 
was detected by measuring the formazan product 
at 490 nm absorbance which was  proportional to 
the total sum of viable cells in culture.

Analysis of cell proliferation
T98G cell proliferation was analyzed using The Cell 
Proliferation ELISA, BrdU kit (Roche®) according 
to manufacturer’s protocol. Twenty thousand cells 
after MnSOD siRNA transfection were added with 
20 µL/well of BrdU and incubated for 24 hours. In 
this process, the BrdU as the pyrimidine analogue 
was integrated into the DNA of proliferating cells. 
The developed color was measured using ELISA 
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reader at 490 nm absorbance. This absorbance 
numbers were directly associated with the sum of 
DNA synthesis and represent the number of cells 
proliferation. 

Analysis of cytochrome c
After transfection, cells (1x105) were washed, 
trypsinized, and centrifuged to obtain cell 
pellets. The cell pellets were diluted in 300 µL 
of cell lysis buffer and incubated for one hour at 
room temperature, then they were centrifuged 
at 1,000x g for 15 minutes and aspirated the 
supernatant for cytochrome c measurement 
(Human Cytochrome c Quantikine ELISA kit, R&D 
System®) in accordance with the manufacturer’s 
protocol.

TUNEL analysis
The apoptosis was analyzed by measuring 
deoxyribonucleic acid (DNA) fragmentation 
using terminal deoxynucleotydil transferase 
dUTP nick end labeling (TUNEL) technology (in 
situ Cell Death Detection kit, POD) according to 
the manufacturer’s protocol. Fifty thousand T98G 
cells were plated in slide chamber one day before 
transfection. Post-transfection, the T98G cells 
were washed and fixed in 100 μL of fresh 4% 
para formaldehyde in PBS pH 7.4, then they were 
incubated for one hour at a room temperature. In 
addition, methyl green solution (2.5 mg in 500 μL 
buffer) was used in the counterstaining process. 
The apoptotic cells were characterized by the 
brown cells, which were then calculated by using 
statistical software cell counter.

Statistical analysis
All the treatment samples were compared and 
divided to control cells to get the ratio value, 
which were presented as a mean. The difference 
of statistical significance between groups was 
analyzed by the Student’s t test and Wilcoxon 
test using predictive analytics software (PASW) 
statistic 18 software. The statistical significance 
was set at p<0.05. 

RESULTS

 
The in vitro transfection of MnSOD siRNA inhibited 
the MnSOD expression not only at the level of 
mRNA, but also at the protein and specific activity 
(Figure 1A). The electrophoresis of real time 
RT PCR product showed that the band intensity 

of MnSOD-siRNA cells was shown to decrease 
compared to the control (Figure 1B). Obviously, 
this treatment significantly increased superoxide 
radical and slightly decreased hydrogen peroxide 
(Figure 2). Suppression of MnSOD expression 
in our research significantly reduced the cells 
viability (Figure 3), even significantly increased 

B)

Figure 1. MnSOD expression was presented as the ratio 
to control. The control was T98G cells without any treat-
ment. A) In vitro MnSOD-siRNA transfection significantly 
decreased not only at MnSOD mRNA level around 62.9% re-
duction (*p<0.05), but also at protein around 35.6% reduc-
tion (*p<0.05) and specific activity around 50.8% reduction 
(*p<0.01);  B) Electrophoresis reaL time RT PCR product: 1). 
Cells; 2). Cells + siRNA negative control; 3). Cells + MnSOD 
siRNA

 

 
Figure 2. Intraselullar reactive oxygen species (ROS) was 
presented as the ratio to control. The control was T98G cells 
without any treatment. Dihydroethidium (DHE) reflected su-
peroxide radical significantly (*p<0.01) increased in MnSOD-
suppressing cells compared to the negative control
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Figure 3. Cell viability and cell proliferation were presented 
as the percentage of ratio to control. The control was T98G 
cells without any treatment. Cell viability was significantly 
lower in MnSOD-suppressing cells (*p<0.05) compared to 
the negative control. MnSOD-suppressing cell proliferation 
was slightly decreased, but it is not statistically significant

 

 Figure 4. Apoptosis and cytochrome c were presented as 
the ratio to control. The control was T98G cells without 
any treatment. Fragmentation DNA by TUNEL analysis sig-
nificantly increased in MnSOD-suppressing cell (∗p<0.01) 
compared to the negative control. Cytochrome C slightly in-
creased in MnSOD-suppressing cells but it is not significant

 

 

 

 

 

 Figure 5. Microscopic TUNEL results (200X magnification). Apoptotic cells were characterized by dark brown cells A) positive 
control (cells + DNAse); B) negative control (cells + PBS); C) cells control (without treatment); D) cells + negative control siRNA; 
E) Cells + MnSOD siRNA

cells apoptosis (Figure 4). Cell proliferation also 
slightly decreased in MnSOD-siRNA transfected 
T98G cells; however, it was not statistically 
significant (Figure 3). Cytochrome c slightly 

increased in MnSOD-siRNA transfected T98G 
cells, but was not statistically significant (Figure 
4). Figure 5 shows the microphotograph results 
of cells apoptosis using TUNEL technique.

DISCUSSION

Our previous study showed that MnSOD mRNA 
expression in the high grade glioma cells from 
the glioma patients significantly increased 
compared to the low grade one.10 Several other 
studies showed that high expression of MnSOD 
in some cancer cells were correlated with 
resistance to the treatment, metastasis, and poor 
prognosis.4–9,15 Reddy et al16 identified several 
genes that regulate the degree of malignancy 
in glioblastoma multiforme. One of them is 
MnSOD that increased in most of primary GBM. 
Therefore, to further analyze the role of MnSOD in 
the high grade glioma, we suppressed the MnSOD 
mRNA expression using in vitro MnSOD-siRNA 
transfection. Indeed, glioblastoma multiforme 
T98G cell line was used for this research since 
the amount limitation of the tissues samples 
from glioma patient made it difficult to perform 
primary culture. We demonstrated that the in 
vitro transfection of MnSOD siRNA inhibited the 
MnSOD expression not only at the level of mRNA, 
but also at level of protein and specific activity.  

MnSOD catalyzes the dismutation of superoxide 
anion into hydrogen peroxide and water molecule.3 
Therefore, superoxide radical will increase when 
MnSOD is suppressed, as shown in our result. The 
inhibition of MnSOD mRNA expression obviously 
increases the DHE that reflects superoxide 
radical.17 On other hand, hydrogen peroxide as a 
product of MnSOD conversion will be decreased 
because the accumulation of superoxide radical is 
not converted into hydrogen peroxide due to lack 
of MnSOD. That reason was proved in our results 
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that DCFH-DA as a selective marker for hydrogen 
peroxide, lipid peroxidation, and hydroxyl17 
decreased in MnSOD-siRNA transfected cells. 
Teoh et al18 also demontrated that DCFH-DA in 
MnSOD-suppressing pancreatic cells was lower 
than in the negative control, which was similar 
with our results.

The suppression of MnSOD expression 
significantly decreased the survival rates of T98G 
cells which was identified by the decreasing 
cells viability and the increasing apoptosis. 
Similar result was also found by Kuninaka et al19 
which showed that cell viability in the MnSOD-
suppressing colorectal cancer cells was lower 
than in the negative control. Moreover, the 
study demonstrated that suppression of MnSOD 
activity on colon cancer cells increased the 
apoptosis induced by radiation, hyperthermia, 
and doxorubicin drug. Otherwise, upregulation of 
MnSOD in esophageal cancer cells was associated 
with apoptosis resistance.9 Mechanism of 
increasing apoptosis in MnSOD-suppressing 
cells was probably due to the increasing of 
superoxide radical. Hileman et al20 suggested that 
SOD inhibition could be used for inhibiting the 
grow rate of cancer cells due to accumulation of 
superoxide radical that cause cell death. 

The augmentation of ROS leads to increase the 
permeability of mitochondria outer membrane. 
Therefore, Cytochrome c will be released 
from mitochondria inter-membrane space 
into cytosol. Cytochrome c binds with Apaf-1 
forming apoptosome. Apoptosome formation will 
activate caspase-9, which causes cascade caspase 
activation to a cell death.21 Cell proliferation 
slightly decreased in MnSOD-suppressing cells, 
but it was not statistically significant. Decreased 
in MnSOD-suppressing T98G cell proliferation in 
our research probably was caused by superoxide 
radical accumulation. That condition may activate 
the JNK signaling cascade thereby cell division 
stop.22 The increase of superoxide radical also 
inhibites human aortic endothelial and rat 
stellate cells.23–24 Nevertheless, the accumulation 
of superoxide radical in this research clearly 
causes more apoptosis than in cells proliferation 
inhibition.  

This result is still limited at the level in vitro 
study which has not yet represented the real of 
high grade glioma condition. Nevertheless, the 

impact of this research has promising therapeutic 
potential for glioma patients. Indeed, further 
studies are required with in vivo MnSOD-siRNA 
transfection in animals with glioblastoma 
multiforme to ensure the role of MnSOD on glioma 
cell survival as the early step to do MnSOD-siRNA 
transfection for the therapy of glioma patients. 
Probably, intra-tumor transfection by injecting to 
the tumor site directly can be chosen to make it 
selective for tumor cells.

We conclude that the suppression of MnSOD 
expression causes a significantly decreased 
glioblastoma multiforme T98G cell survival 
associated with the increase of cell apoptotic. 
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