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Abstract. Glioma is one of the most common primary 
tumors of the central nervous system in adults. Glioblastoma 
(GBM) is the most lethal type of glioma, whose 5-year 
survival is 9.8% at best. Glioma stem-like cells (GSCs) play 
an important role in recurrence and treatment resistance. 
MGMT is a DNA repair protein that removes DNA adducts 
and therefore attenuates treatment efficiency. It has been 
reported that interferon-α/β (IFN-α/β) downregulates the 
level of MGMT and sensitizes glioma cells to temozolomide. 
In the present study, we assessed whether IFN-α/β is able 
to sensitize GSCs to temozolomide by modulating MGMT 
expression. Upon the treatment of IFN-α/β, the efficacy of 
temozolomide against MGMT-positive GSCs was markedly 
enhanced by combination treatment with IFN-α/β when 
compared with the temozolomide single agent group, and 
MGMT expression was markedly decreased at the same 
time. Further mechanistic study showed that IFN-α/β 
suppressed the NF-κB activity, which further mediated the 
sensitization of MGMT-positive GSCs to temozolomide. Our 
data therefore demonstrated that the application of IFN-α/β 
is a promising agent with which to enhance temozolomide 
efficiency and reduce drug resistance, and our findings shed 
light on improving clinical outcomes and prolonging the 
survival of patients with malignant gliomas.

Introduction

Glioma is one of the most common primary tumors of the 
central nervous system in adults, accounting for ~31% of all 
brain tumors (1). Although multimodal treatments including 
surgery, chemotherapy and radiotherapy have shown some 
efficacy, the outcome of patients with malignant glioma 
remains poor. Recently, it was proven by a randomized 
phase III clinical study that glioblastoma (GBM) patient 
survival was improved when combining alkylating agent 
temozolomide (TMZ) with radiotherapy. Overall patient 
survival was 27.2% at 2 years and 9.8% at 5 years in the 
combination group vs. 10.9% at 2 years and 1.9% at 5 years 
in the radiotherapy alone group (2,3). However, the recur-
rence rate of malignant glioma patients remained high even 
when they were sensitive to TMZ (4).

A high level of MGMT and the existence of glioma stem-
like cells (GSCs) are considered as the two main causes of 
chemoresistance in malignant glioma patients. MGMT is a 
DNA repair protein that is unique in its ability to remove 
DNA adducts and to self-inactivate (5). Therefore, the protein 
level of MGMT was found to be inversely related to the 
chemosensitivity of gliomas to alkylating agents (6-9). GSCs 
are known as tumor-initiating cells due to their stem cell-like 
properties and the pivotal role in tumor development (10-12). 
The expression levels of multiple drug resistance enzymes 
in GSCs were also found to contribute to chemoresis-
tance (13,14).

IFN-α and IFN-β, cytokines that elicit pleiotropic 
biological effects, have been widely used either alone or 
in combination with others in the treatment of malignant 
glioma (15-19). Both IFN-α and IFN-β have been reported 
to downregulate expression of MGMT and re-sensitize 
resistant glioma cells to TMZ in vitro and in vivo. However, 
how MGMT expression is regulated following IFN-α and 
IFN-β treatment, and whether IFN-α and IFN-β help against 
GSCs have not yet been addressed. In the present study, the 
effects of IFN-α and IFN-β on the efficacy of TMZ therapy, 
as well as the possible mechanism of this enhancement were 
investigated.
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Materials and methods

Cell lines and GSC culture. Human glioma cell lines U251, 
SkMG-4 and U87 were cultured in Dulbecco's modified 
Eagle's medium (DMEM) supplemented with 10% fetal calf 
serum (Invitrogen, New York, NY, USA) in a humidified 
atmosphere containing 5% CO2 at 37˚C. GSCs were enriched 
from U251, SkMG-4 and U87 cell cultures using serum-free 
DMEM/F12 (Invitrogen) supplemented with 2% B27 (Gibco, 
Grand Island, NY, USA), 20 ng/ml EGF and 10 ng/ml bFGF 
(PeproTech, Rocky Hill, NJ, USA) according to the proce-
dure established by Singh et al (11).

Cell proliferation analysis. GSCs, namely U251G (MGMT-
posit ive), SkMG-4G (MGMT-posit ive), and U87G 
(MGMT-negative), were plated at 5,000 cells/well in 96-well 
plates and incubated for 24 h. These GSCs were then divided 
into 6 groups: i) the control group, in which the inhibition 
of the growth rate of untreated cells was regarded as 0%; 
ii) TMZ (500 µM)-treated for 72 h; iii) IFN-α (100 U/
ml)-treated for 72 h; iv) IFN-β (100 U/ml)-treated for 72 h; 
v) IFN-α (100 U/ml)-treated for 24 h and then co-incubated 
with TMZ (500 µM) for 48 h; vi) IFN-β (100 U/ml)-treated 
for 24 h and then co-incubated with TMZ (500 µM) for 48 h. 
Four hours prior to harvest, 10 µl/well of the reagent in the 
Cell Counting kit-8 (CCk-8; Dojindo, Japan) was added, and 
the cells were incubated for 4 h at 37˚C. The absorbance was 
measured by Labsystems Mk3 ELIASA (Thermo Fisher, 
Waltham, MA, USA) at a wavelength of 490 nm. The 
percentage of cell survival (survival rate) was calculated by 
dividing the absorbance value of the treated sample by the 
absorbance value of the untreated control for every group.

Subcutaneous xenograf t tumor growth inhibit ion 
experiments. BALB/c nude mice (male, 5-6 weeks of age) 
were purchased from the SLAC Laboratory Animal Company 
(Shanghai, China). The mice were housed in laminar flow 
cabinets under specific pathogen-free conditions in the 
animal facility at our institute. All animal studies were 
performed according to the institutional ethical guidelines 
for experimental animal care and were approved by the 
Medical Ethics Committee of Sun Yat-sen University Cancer 
Center. U251G and SkMG-4G cells were harvested by 
Accutase (Gibco) and injected (1x107 cells/mouse, suspended 
in 100 µl PBS and 100 µl Matrigel) subcutaneously into the 
right flank of the mice. When the subcutaneous tumors had 

reached a volume of ~50 mm3, the animals were randomly 
divided into groups: treated with saline, TMZ only (TMZ 
50 mg/kg), IFN-α only (IFN-α 2x105 IU), IFN-β only (IFN-β 
2x105 IU), TMZ+IFN-α (TMZ 50 mg/kg + IFN-α 2x105 IU) 
or TMZ + IFN-β (TMZ 50 mg/kg + IFN-β 2x105 IU). IFN-α 
or IFN-β was administered by subcutaneous injection 6 h 
before an intraperitoneal injection of TMZ. Treatments 
were repeated at 24-h intervals for a total of 5 doses. 
Subcutaneous tumors were measured once a week, and the 
tumor growth inhibition rates were analyzed at week 5. 
Tumor volume was calculated according to the following 
formula: Volume = length x width2/2. All animal experiments 
were approved by the Institutional Animal Care and Use 
Committee of Sun Yat-Sen University and in accordance 
with the national guidelines for the care and maintenance of 
laboratory animals.

RNA preparation and RT-PCR. Total RNA from U251G 
and SkMG-4G cells (cell cultures grouped as previously 
described) was extracted using TRIzol reagent (Invitrogen) 
according to the manufacturer's protocol. Reverse transcrip-
tion was performed using 2 µg of total RNA from each 
sample in a total volume of 20 µl using the RevertAid™ First 
Strand cDNA Synthesis kit (Fermentas, USA). GAPDH was 
used as a loading control. The sequences of the forward and 
reverse primers for each gene are listed in Table I. Each PCR 
mixture (20 µl) contained 1 µl cDNA, 10 µl Green GoTaq 
DNA polymerase (Promega, USA) and 0.5 µl of each forward 
and reverse primers (10 µM). The PCR program was carried 
out as follows: 94˚C for 2 min for hot start; 94˚C for 30 sec, 
60˚C for 30 sec and 72˚C for 30 sec, for 35 cycles; 72˚C for 
2 min. The PCR products were separated on 2% agarose gel, 
visualized by ethidium bromide staining and photographed 
with Gel Doc XR (Bio-Rad, Hercules, CA, USA).

Immunohistochemistry. Subcutaneous xenograft tumors 
were established as previously described. When the subcu-
taneous tumors had reached a volume ~50 mm3, the animals 
were randomly divided into 4 groups (6 animals per group) 
and treated as described: with saline water, TMZ only (TMZ 
50 mg/kg), TMZ+IFN-α (TMZ 50 mg/kg + IFN-α 2x105 IU), 
or TMZ+IFN-β (TMZ 50 mg/kg + IFN-β 2x105 IU). The treat-
ments were repeated at 24-h intervals for a total of 5 doses. 
Seven days after treatment, tumor samples were harvested 
and flash frozen in liquid nitrogen. Half of the tumor samples 
were used for histological analysis, while the other half were 

Table I. Primer sequences for PCR.

Gene name Direction Sequence (5'-3') Product size (bp)

MGMT Forward GTTATGAATGTAGGAGCCCTTATG 239
 Reverse TGACAACGGGAATGAAGTAATG
NFκB Forward TGTGGGTTTCCTGTGCTAATG 208
 Reverse GAGACCAGCCTTTCTCCGTA
GAPDH Forward CGCTCTCTGCTCCTCCTGTTC 108
 Reverse ATCCGTTGACTCCGACCTTCAC
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used for western blot analysis. For histological analysis, the 
tumor samples subjected to immunohistochemical analysis 
were fixed in 4% paraformaldehyde and stained with anti-
human-MGMT (Invitrogen) and anti-human-NF-κB 
(BioVision, USA) antibodies. MGMT and NF-κB protein 
quantification was performed by counting the number of 
stained cells in 10 random fields at x400 magnification for 
each tumor sample.

Western blotting. Tumor cells or tissues were washed with 
ice-cold PBS and lysed on ice by RIPA buffer (Beyotime, 
China). The protein concentration was measured using the 
BCA assay kit (Beyotime) according to the manufacturer's 
protocol. Equal amounts (60 µg) of total protein from each 
sample were boiled at 95˚C for 5 min, separated on 10% 
SDS-PAGE and transferred to PVDF membranes (Millipore, 
USA). The membranes were then incubated in 5% milk for 
1.5 h. The following primary antibodies were probed by 
overnight incubation at 4˚C: anti-MGMT (Invitrogen), anti-
β-actin (Beyotime) and anti-NF-κB (BioVision). The next 
day, the membranes were washed and incubated with the 
secondary antibody for 1 h. Proteins were visualized using 
the ECL system (Millipore), and the bands were exposed to 
BioMax MR film (Kodak, Japan).

Statistical analysis. Each experiment was repeated at 
least three times and data are presented as mean ± SD. 
The difference was analyzed using one-way ANOVA test. 
The correlations were determined by bivariate correlation 
procedures (Spearman correlation coefficient). All statistical 
analyses were performed using SPSS 16.0. The differences 
were considered as significant at p<0.05.

Results

IFN-α/β enhances the sensitivity of MGMT-positive GSCs 
to TMZ. Previous studies have shown that both IFN-α and 
IFN-β enhance TMZ activity against MGMT-positive glioma 
cells (20,21). However, their effects on GSCs remain unknown. 
Therefore, whether IFN-α or IFN-β enhances the effect 
of TMZ on MGMT-positive GSCs was initially assessed. 
Following treatment with 100 IU/ml IFN-α or 100 IU/ml 
IFN-β, the viable cell rates of the U251G cells were 42.05±1.54 
and 40.86±2.83% compared to 83.87±2.33% for the TMZ only 
group (p<0.05, Fig. 1A). In the SKMG-4G cells, the viable 
cell rates of the combination groups were 42.26±2.91 and 
37.38±1.55%, respectively, compared to 81.97±1.35% for the 
TMZ only group (p<0.05, Fig. 1B). However, in the MGMT-
negative GSCs derived from U87G cells, the viable cell rates 

Figure 2. IFN-α/β sensitizes MGMT-positive GSC xenografts to TMZ in vivo. The tumor growth rate was markedly reduced following combined treatment 
with TMZ and IFN-α/β in the (A) U251G and (B) SkMG-4G xenografts (*p<0.05). The treatment conditions were as follows: control group, TMZ only, 
TMZ+IFN-α and TMZ+IFN-β. The differences between the TMZ only and combination groups were analyzed by one-way ANOVA test.

Figure 1. IFN-α/β sensitizes MGMT-positive GSCs to TMZ in vitro. Following combined treatment of TMZ with IFN-α or IFN-β, the cell viability was 
markedly decreased in the (A) U251G and (B) SkMG-4G cells (*p<0.05). (C) The cell viability was not significantly decreased in the U87G cells, following 
combined treatment of TMZ with IFN-α or IFN-β. The detailed treatment conditions are as follows: control group, TMZ (500 µM) for 72 h, IFN-α (100 U/
ml) for 72 h, IFN-β (100 U/ml) for 72 h, IFN-α (100 U/ml) for 24 h and then co-incubated with TMZ (500 µM) for 48 h, IFN-β (100 U/ml) for 24 h and then 
co-incubated with TMZ (500 µM) for 48 h. One-way ANOVA was applied for statistical analysis.



SHEN et al:  INTERFERON-α/β SENSITIZES MGMT-POSITIVE GSCs TO TMZ2718

were not markedly reduced in the combination groups when 
compared with the TMZ only group (67.94±3.57 and 62.0±2.68 

vs. 73.84±1.65%) (p>0.05, Fig. 1C). These results revealed 
that the co-treatment of IFN-α/β significantly enhanced the 
sensitivity of MGMT-positive GSCs to TMZ, while no marked 
elevation was found in the MGMT-negative GSCs.

IFN-α/β enhances the antitumor efficacy of TMZ in GSC 
xenografts. Subcutaneous xenografts were established via 
implantation of MGMT-positive U251G and SkMG-4G 
GSCs in BALB/c nude mice. After treatment for 5 weeks, the 
tumor growth rates of the U251G xenografts in the combina-
tion groups (TMZ+IFN-α and TMZ+IFN-β) were reduced 
when compared with the growth rate in the TMZ only group 
(58.9±8.66 and 55.5±1.90 vs. 83.3±1.96%, p<0.05, Fig. 2A). 
Similarly, the growth rates of SkMG-4G xenografts in the 
TMZ+IFN-α and TMZ+IFN-β groups were much lower than 
the rate in the TMZ only group (41.6±4.34 and 36.6±1.08 vs. 
64.8±2.28%, p<0.05, Fig. 2B). These data demonstrated that 
IFN-α/β enhanced the antitumor efficiency of TMZ in vivo.

NF-κB and MGMT are downregulated by the combination 
treatment. As a previous study showed that NF-κB regulates 
the expression of MGMT in the process of DNA repair (22), 
we detected the levels of NF-κB and MGMT by RT-PCR and 
western blot assays following the treatments. Both the mRNA 
and protein levels of MGMT were reduced following treatment 
with IFN-α/β and further decreased with the combination 
treatment (Fig. 3A). NF-κB was reduced following IFN-α/β 
treatment but remained at the same level in the co-treatment 
cell lysates (Fig. 3A). The effect of TMZ on the level of MGMT 
was not marked. In SkMG-4G cells, we obtained consistent 
data that IFN-α/β treatment led to a reduction in both MGMT 
and NF-κB; the combined treatment further decreased MGMT 
but not NF-κB (Fig. 3B). Our data indicated that IFN-α or 
IFN-β sensitized MGMT-positive GSCs to TMZ, which may 
be through the donwregulation of NF-κB leading to a reduc-
tion in MGMT.

IFN-α/β decreases NF-κB and MGMT protein levels in 
the GSC xenografts. We collected U251G xenografts and 
performed immunohistochemical staining following standard 
procedures. The expression levels of NF-κB and MGMT in 

Figure 3. NF-κB and MGMT are decreased in the MGMT-positive GSCs following combination treatment in vitro. (A) The mRNA (left panel) and protein 
(right panel) levels of MGMT and NF-κB in the U251G cells. (B) The mRNA (left panel) and protein (right panel) levels of MGMT and NF-κB in the 
SkMG-4G cells. The treatment conditions were as follows: control group, TMZ (500 µM) for 72 h, IFN-α (100 U/ml) for 72 h, IFN-β (100 U/ml) for 72 h, 
IFN-α (100 U/ml) for 24 h and then co-incubated with TMZ (500 µM) for 48 h, IFN-β (100 U/ml) for 24 h and then co-incubated with TMZ (500 µM) for 48 h.

Figure 4. Expression levels of NF-κB and MGMT in GSC xenograft are 
reduced following IFN-α/β treatment in vivo. The expression levels of NF-κB 
(A-D) and MGMT (E-H) were reduced in the combination group when com-
pared with levels in the TMZ group, which were lower than those in the 
control group in the U251G xenografts. (A and E) Control group, (B and 
F) TMZ only group, (C and G) TMZ+IFN-α group, (D and H) TMZ+IFN-β 
group. Magnification, x400.



ONCOLOGY REPORTS  34:  2715-2721,  2015 2719

the control group were considered as normal (Fig. 4A and E). 
In the TMZ-treated group, the expression levels of NF-κB 
and MGMT were slightly reduced when compared with these 
levels in the control group (Fig. 4B and F), which was further 
decreased in the xenografts co-treated with TMZ and IFN-α 
or IFN-β (Fig. 4C and G, D and H). Our data demonstrated 
that IFN-α or IFN-β decreased the level of NF-κB. Consistent 
with previous reports, MGMT was reduced accompanied by 
decreased NF-κB, which may be the potential mechanism for 
the enhanced sensitivity of MGMT-positive GSCs to TMZ by 
IFN-α/β.

MGMT levels are positively correlated with NF-κB in the 
GSC xenografts. To confirm the results from IHC analysis, 
we collected xenografts derived from U251G and SkMG-4G 
cells, and determined the levels of NF-κB and MGMT by 
western blot assay. Levels of NF-κB and MGMT were slightly 
decreased following TMZ treatment compared to levels in 
the untreated control group, while NF-κB and MGMT levels 
were markedly reduced in the groups treated with TMZ 
and IFN-α/β (Fig. 5A and B, left panels). The protein levels 
of NF-κB and MGMT in each xenograft were detected by 
western blotting, and then subjected to Spearman correlation 
analysis. We found that a lower level of MGMT was detected 
with a decrease in NF-κB. Statistical analysis also confirmed 
that the MGMT level was positively associated with NF-κB 
in both the U251G (r=0.633, p<0.05, Fig. 5A, right panel) 
and SKMG-4G xenografts (r=0.562, p<0.05, Fig. 5B, right 
panel). Therefore, our data confirmed that the MGMT level 
was correlated with NF-κB upon the combination treatment 
of TMZ and IFN-α/β.

Discussion

The unique characteristics of GSCs, including self-renewal, 
unlimited proliferation and differentiation abilities, provide 
them with the ability to promote tumor initiation, growth and 
recurrence. They also have altered signaling pathways that are 
involved in the regulation of cell survival and proliferation. 
GSCs have also been demonstrated to correlate with chemo-
resistance and poor survival since they express high levels of 
multidrug resistance proteins and DNA repair enzymes (23). 
A previous study carried out by us showed that MGMT was 
unmethylated, and the protein level was increased in U251G 
and SkMG-4G cells when compared with their parental U251 
and SkMG-4 cells. In vitro experiments revealed that U251G 
and SkMG-4G cells are more resistant to TMZ than their 
parental cells with low level of MGMT expression (24).

MGMT is a DNA repair enzyme that specifically removes 
unfavorable methyl groups from the O6 position of guanine, 
thereby restoring the nucleotide to its native form without 
causing any DNA damage. It is a crucial protein both for cancer 
prevention and treatment due to its ability to repair mutagenic 
lesions in DNA and limit the effectiveness of alkylating 
chemotherapies (25). Previous studies have shown that high 
MGMT expression is correlated with poor clinical outcome 
in glioma patients treated with chloroethylnitrosoureas and 
alkylating agents (26-28). In the clinical setting, the benefits 
of TMZ therapy are mainly observed in those patients with 
methylated MGMT promoter for whom TMZ-induced DNA 
damage is unable to be repaired. Patients with unmethylated 
MGMT promoter fail to benefit from TMZ chemotherapy. 
Even with methylated MGMT, gliomas are usually sensitive to 

Figure 5. Expression levels of NF-κB and MGMT are correlated in the GSC xenografts (A) The expression of MGMT and NF-κB in U251G xenografts (left 
panels), and the correlation between their expression levels (right panels). (B) The expression of MGMT and NF-κB in SkMG-4G xenografts (left panels), and 
the correlation between their expression levels (right panels). Each dot indicates the level of NF-κB and MGMT for each xenograft.
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TMZ chemotherapy at the beginning and develop resistance 
shortly after.

Natsume et al reported that IFN-β treatment decreases 
MGMT levels in glioma cells via transcription inhibition. 
Moreover, pre-treatment with IFN-β markedly enhances 
chemosensitivity of glioma cells to TMZ (20,21). Another study 
showed that IFN-β provides a survival benefit for patients after 
radiation (29). Recently, a multi-center study demonstrated that 
both the presence of methylated MGMT and patient response 
to combination treatment (IFN-β and TMZ) were independent 
favorable prognostic indicators for GBM patients (30). It was 
reported that the MGMT level is related with NF-κB activity, 
since there are two putative NF-κB binding sites in the MGMT 
promoter region that regulates MGMT expression. Thus, 
NF-κB plays an important role in MGMT-mediated chemo-
resistance (31,32). A study by Lavon et al showed that cell 
lines with high constitutive NF-κB activity are less sensitive 
to nitrosourea treatment, and suppression of MGMT activity 
by small molecules completely abolished the chemoresistance 
regulated by NF-κB (22).

The present study aimed to explore whether GSCs also 
contribute to TMZ-resistance in malignant glioma patients with 
unmethylated MGMT and whether manipulating the MGMT 
level by combination therapy will benefit glioma patients. We 
demonstrated that the efficacy of TMZ on MGMT-positive 
GSCs was markedly enhanced by the combination treatment 
with IFN-α/β when compared with the TMZ single agent 
group, and MGMT expression was markedly decreased at 
the same time. We also provided evidence that IFN-α/β 
suppressed NF-κB activity, which further mediated the sensi-
tization of MGMT-positive GSCs to TMZ by decreasing the 
MGMT protein level. Our data therefore suggest that inhibi-
tion of NF-κB may improve clinical outcomes and prolong the 
survival of patients with malignant gliomas.
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