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Introduction

Glioma is the most common type of primary brain tumor 
with poor prognosis. Even treated with surgery, chemother-
apy, and/or radiotherapy, the median survival for patients 
with glioblastoma multiforme (GBM) is only 12–14 
months [1]. As a promising chemotherapeutic agent for 
treating glioblastoma, temozolomide (TMZ) easily crosses 
the blood–brain barrier and efficiently inhibits GBM cells 
proliferation and induces apoptosis [2]. Unfortunately, 
glioblastoma often exhibits resistance against this alkylat-
ing agent. The most popular mechanism of TMZ resist-
ance is the expression of  O6-methylguanine-DNA methyl-
transferase (MGMT) which protects the cellular genome 
from the mutagenic effects of alkylating agents [3–6]. The 
expression of MGMT is regulated by MGMT promoter 
methylation, histone acetylation, transcription factors, 
microRNAs expression and so on. Therefore, further study 
should focus on the regulation of MGMT expression.

As a small non-coding RNA molecule (19–25 nucleo-
tides in length), MicroRNAs (miRNAs) regulate gene 
expression through causing mRNA degradation or transla-
tional repression by targeting specific sequences of mRNAs 
[7–10]. Although several potential miRNAs that might be 
interacted with the 3′-untranslated region (3′-UTR) of the 
MGMT gene have been revealed by silico analysis [11], 
miRNA-dependent regulation of MGMT expression need 
further investigation in experimental study. Recently, differ-
ent studies have been conducted in order to associate mod-
ulation of expression of specific miRNAs with the response 
to TMZ in experimental cell models in vitro and in patients 
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with GBM [12–15]. However, only some of these investiga-
tions can be directly related to the therapeutic axis between 
TMZ and MGMT expression. Among these miRNAs, the 
level of miR-198 in glioblastoma tissues is much lower 
than that in normal brain tissues (NBTs) [16]. Therefore, 
the role of dysregulated miR-198 in glioblastoma biology 
need to be further illustrated.

In the present study, we seek to answer the following 
questions: (i) whether miR-198 binds to the seed map site 
in 3′-UTR of MGMT; (ii) whether miR-198 enhances che-
mosensitivity to TMZ; and (iii) whether miR-198 increases 
chemosensitivity to TMZ via reducing the expression of 
MGMT. The answers to these questions would provide new 
insights into better understanding of the role of miR-198 in 
TMZ resistance and provide a novel therapeutic strategy for 
glioblastoma.

Materials and methods

Patients and samples

The TCGA database was downloaded from the TCGA data-
base (http://tcga-data.nci.nih.gov). The CGGA database 
was downloaded from the Chinese Glioma Genome Atlas 
(CGGA, http://www.cgcg.org.cn/). A total of 30 patients 
(18 males and 12 females, 25 tumor samples and 5 non-
tumorous brain specimens) with a median age of 49.6 years 
(range 21–67 years) who had been treated surgically at the 
Department of Neurosurgery, The First Affiliated Hospital 
of Nanjing Medical University (Nanjing, China), between 
January 2013 and October 2014 were selected for the study. 
Informed consent was obtained from each subject, and the 
study was approved by the ethics committee of the hospital.

The glioma tissue samples were histologically diagnosed 
by the Department of Pathology at The First Affiliated Hos-
pital of Nanjing Medical University according to the WHO 
classification [17]. As controls, five human non-tumor 
brain tissue samples were obtained primarily from the cor-
tex of patients with decompressive surgery after physical 
injury to the brain. Samples were immediately snap-frozen 
in liquid nitrogen until use. All methods were performed in 
accordance with the approved guidelines.

Cell culture and reagents

The human GBM cell lines A172, U87, U251, U118, 
LN229, U138 and T98 were purchased from Shanghai 
Cell Bank of the Chinese Academy of Sciences (Shanghai, 
China). Normal human astrocytes (NHAs) were obtained 
from Lonza (Walkersville, MD, USA) and cultured in 
the provided astrocyte growth media supplemented with 
rhEGF, insulin, ascorbic acid, GA-1000, l-glutamine and 

5% FBS. Primary GBM1 and primary GBM2 that derived 
from GBM surgical specimens were maintained in primary 
serum-free cultures grown on laminin [18]. Before each 
experiment, the GBM cells were cultured in DMEM, sup-
plemented with sodium pyruvate, 10% FBS, l-glutamine, 
nonessential amino acids, and a vitamin solution (Invitro-
gen life technologies).

Plasmids construction, transfection and stable cell 
establishment

The entire coding sequence of MGMT was obtained from 
HUVEC mRNA by RT-PCR. MGMT cDNA were puri-
fied by Genechem (Shanghai, China) and were cloned into 
pcDNA3.1 vector to generate pcDNA3.1-MGMT recombi-
nant plasmid. Transient transfection was performed using 
Lipofectamine™ 2000 transfection reagent (Invitrogen) 
according to the manufacturer’s instructions. Lentivirus 
carrying hsa-miR-NC or hsa-miR-198 was packaged using 
the lentiviral packaging kit (Open Biosystems) according 
to the manufacturer’s manual. Human embryonic kidney 
293T cells were used to packaged lentivirus. Stable GBM 
cell lines were established as previously described [19].

Quantitative real-time PCR

Total RNA was isolated using  TRIzol® Reagent (Invitro-
gen). Quantitative real-time PCR was performed according 
to the manufacturer’s instructions. The primers for has-
MGMT: forward primer, 5′-ACC GTT TGC GAC TTG GTA 
CTT-3′; reverse primer, 5′-GGA GCT TTA TTT CGT GCA 
GACC-3′. Has-β-actin mRNA was also amplified in the 
same PCR reactions as an internal control using the prim-
ers: forward primer, 5′-CAT GTA CGT TGC TAT CCA GGC-
3′; reverse primer, 5′-CTC CTT AAT GTC ACG CAC GAT-3′. 
MiRNAs were reverse transcribed using miRNA specific 
stem-loop RT primers and RT-PCR kit (Takara) accord-
ing to the manufacturer’s protocol. Real-Time PCR was 
performed using the Applied Biosystems 7500 Sequence 
Detection System (Applied Biosystems). β-actin or U6 lev-
els were used as an internal control, and fold changes were 
calculated by relative quantification  (2−△△CT).

Western blotting

Western blotting was performed as described previously 
[20], and images were captured by Bio-Rad ChemiDoc 
XRS+ (Bio-Rad, CA, USA). The antibodies used in this 
study were: MGMT (Abcam, USA); caspase-3 (Cell Sign-
aling Technology, USA); γ-H2AX and H2AX (Cell Sign-
aling Technology, USA). β-actin (Santa Cruz, USA) was 
used as a control.

http://tcga-data.nci.nih.gov
http://www.cgcg.org.cn/
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Luciferase reporter assay

The wild-type (WT) and mutated (mut) putative miR-198 
target on MGMT 3′-UTR were cloned into pGL3-contral 
luciferase reporter plasmid (Invitrogen). Firefly and Renilla 
luciferase signals were determined using a Dual-Luciferase 
Assay Kit (Promega, Madison, WI, USA).

CCK-8 proliferation assay

The proliferative ability of GBM cells was assessed using 
Cell Counting Kit-8 (CCK-8, Dojindo, Tokyo, Japan). 
5 × 103 GBM cells stably expressing miR-198 or miR-NC 
were seeded into 96-well cell culture plates followed by 
being treated with TMZ for indicated concentration. After 
indicated times, the medium in each well was replaced with 
100 μl fresh medium with 10% CCK-8 and then the cells 
were incubated at 37 °C for an additional 2 h. The absorb-
ance was measured at 450 nm.

Colony formation assay

Cells stably expressing MGMT, miR-198 or miR-NC were 
independently plated onto 60-mm dishs (1000 in a 60-mm 
dish) followed by being treated with TMZ (200  μM) for 
48  h, and then the culture media were refreshed without 
TMZ. After 10–12 days, visible colonies were fixed with 
100% methanol and stained with 0.1% crystal violet in 20% 
methanol for 15 min. Colony-forming efficiency was calcu-
lated as the number of colonies/plated cells × 100%.

Annexin V-FITC/PI staining

The number of apoptotic cells was counted using an 
Annexin V-FITC/PI Apoptosis Detection Kit (BD Bio-
sciences, CA, USA) according to the manufacturer’s pro-
tocol. Apoptotic cells were analyzed on a Gallios Flow 
cytometer (Beckman, CA, USA). The results are presented 
as the percentage of apoptotic cells relative to the total 
number of cells.

Orthotopic xenograft studies

All experiments involving mice were provided by The 
Model Animal Research Center of Nanjing Univer-
sity (Nanjing, China). For orthotopic xenograft studies, 
P-GBM2 cells (2.5 × 105) stably expressing miR-NC or 
miR-198 were injected intracranially into the striatum of 
NOD/SCID mice using a stereotactic device (coordinates: 
2 mm anterior, 2 mm lateral, 3 mm depth from the dura). 
At 1 week, the tumor-bearing mice were given TMZ or 
placebo by oral gavage (66  mg/kg daily for 5 days/week 
for three cycles) and killed upon signs of tumor formation 

(rough coat, hunching, and weight loss). Tumors were 
measured by luminescence imaging (IVIS Spectrum, Perki-
nElmer, USA) each week.

Immunohistochemistry (IHC)

Immunohistochemistry to detect MGMT in nude mouse 
xenograft tumor tissues was performed as described previ-
ously [21].

Statistical analysis

Quantitative data are presented as means ± SEM. The 
statistical significance levels were set at *P < 0.05 and 
**P < 0.01. One-way ANOVA and Student’s t tests were 
used to perform comparisons. Biostatistical analysis was 
performed using Office SPSS software (SPSS version 17.0) 
and GraphPad software (GraphPad Prism 5). All statistical 
tests were two-sided.

Results

Downregulation of miR-198 expression in human 
glioblastoma

The CGGA database of glioma showed that miR-198 lev-
els were significantly lower in high-grade tumors (WHO 
grades III and IV) than those in low-grade tumors (WHO 
grade II) (Fig. 1a). Next we explored the levels of miR-198 
in five NBT samples and 25 GBM samples using QRT-PCR 
assay. And miR-198 levels were higher in GBM than NBT 
samples (Fig. 1b). Then, we analyzed the levels of miR-198 
in normal human astrocytes (NHAs) and nine GBM cell 
lines (A172, LN229, T98, U138, U118, U87, U251, pri-
mary GBM1, and primary GBM2). The levels of miR-198 
were significantly downregulated in these GBM cell lines 
compared with NHAs (Fig.  1c). Further analysis of miR-
198 expression using the CGGA database and TCGA data-
base revealed that decreased expression of miR-198 was 
associated with poor prognosis in GBM patients (Fig. 1d).

MiR-198 directly targets MGMT

To better understand the underlying function and mecha-
nism of miR-198 in GBM progression, several potential 
target genes of miR-198 were detected using the bioinfor-
matic algorithm TargetScan. Among the candidates, we 
detected a predicted binding site for miR-198 in the 3′-UTR 
of MGMT (Fig. 2a). To verify whether MGMT is a novel 
direct target of miR-198 in glioma, a luciferase assay was 
performed in pGL3-contral luciferase reporter plasmids 
containing the putative wild-type (WT) and mutant (Mut) 
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MGMT 3′-UTR binding site. U138 and primary GBM2 
(P-GBM2) cells were treated with reporter vector (MGMT-
WT or MGMT-Mut) and miR-NC (negative control) or 
miR-198. Cells cotransfected with MiR-198 and MGMT-
WT reporter showed a noteworthy reduction of luciferase 
activities (Fig. 2b). However, there was no significant dif-
ference in the luciferase activities of MGMT 3′-UTR Mut 
reporter between miR-198 and miR-NC groups (Fig.  2b). 
To further verify whether miR-198 regulates MGMT 
expression through mRNA degradation or translational 
repression, we established U138 and P-GBM2 cells stably 
expressing miR-198 or miR-NC. And the protein levels 
of MGMT were downregulated in cells stably expressing 
miR-198 (Fig.  2c). However, miR-198 overexpression did 
not affect the mRNA levels of MGMT (Fig.  2d). These 
results indicated that miR-198 directly targeted MGMT by 
binding to the 3′-UTR of MGMT and inhibited the transla-
tion of the MGMT mRNA into the MGMT protein in GBM 
cells. Next, we measured the protein levels of MGMT in 
clinical GBM and NBT specimens. Immunoblotting results 
revealed that the protein levels of MGMT were observ-
ably higher in GBM tissues than that in NBTs (Fig. 2e, f). 

Moreover, a high correlation between miR-198 and MGMT 
was observed in these GBM specimens. Spearman’s corre-
lation analysis demonstrated that miR-198 levels in GBM 
tissues were inversely correlated with MGMT protein lev-
els (Fig. 2g, r = −0.514). MGMT is the most relevant mech-
anism of TMZ resistance. These findings suggest a pos-
sible relationship between miR-198 expression and TMZ 
resistance.

MiR-198 overexpression increases chemosensitivity 
to temozolomide

To explore the potential role of miR-198 in TMZ therapy, 
we treated A172 cells (TMZ sensitive cells lacking MGMT 
expression), U138 and P-GBM2 cells (highly express-
ing the MGMT, Fig.  3a, b) stably expressing miR-198 or 
miR-NC with different concentrations of TMZ. As shown 
in Fig.  3c, CCK8 assay detected a significant decrease in 
cell viability following TMZ exposure in inverse correla-
tion to TMZ concentration. Overexpressing miR-198 only 
increased chemosensitivity to TMZ in U138 and P-GBM2 
cells, but not in A172 cells. Next, we measured the viability 

Fig. 1  MiR-198 is downregulated in glioblastoma. a Expression lev-
els of miR-198 were analyzed in CGGA database. b Expression lev-
els of miR-198 in five NBTs and 25 GBM tissues were analyzed by 
stem-loop qRT-PCR and normalized to the levels of U6. c Expression 
levels of miR-198 in NHAs, A172, LN229, T98, U138, U118, U87, 
U251, P-GBM1 and P-GBM2 cells. d Kaplan–Meier curves showing 

the overall survival of patients with high or low expression of miR-
198 in GBM patients using CGGA database and TCGA database. 
NBT nontumor brain tissue, GBM glioblastoma multiforme, NHAs 
normal human astrocytes, P-GBM1/2 primary GBM1/2. Student’s 
t tests and one-way ANOVA were performed. Data are presented as 
mean ± SEM
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of GBM cells treated with TMZ (200  μM) using CCK8 
assay at different time points. The results showed that miR-
198 overexpression significantly inhibited cell survival 

of both U138 and P-GBM2 cells in the presence of TMZ 
(Fig.  3d). However, overexpression of miR-198 did not 
affect cell survival of A172 cells, indicating that miR-198 

Fig. 2  MiR-198 directly targets related MGMT. a The sequence of 
miR-198 binding sites within MGMT. The reporter constructs of 
the MGMT 3′-UTR sequences and the mutated 3′-UTR sequences 
are shown in the schematic diagram. b Luciferase reporter assay 
was performed to detect the relative luciferase activities of WT and 
Mut MGMT reporters. c The protein levels of MGMT in GBM cells 
overexpressing miR-198 or miR-NC. d The mRNA levels of MGMT 

in GBM cell transfected with miR-198 or miR-NC. e, f The protein 
levels of MGMT in NBT and GBM specimens were determined 
by immunoblotting; the fold changes were normalized to β-actin. g 
Spearman’s correlation analysis was used to determine the correc-
tions between the MGMT expression and miR-198 levels in human 
GBM specimens. Student’s t tests and One-way ANOVA were per-
formed. Data are presented as mean ± SEM (**P < 0.01, #P > 0.05)
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sensitized GBM cells to TMZ might through MGMT. 
Then, Flow cytometry was performed to test whether miR-
198 overexpression enhance the pro-apoptotic effect of 
TMZ in GBM cells. Cell apoptosis rates were increased in 
U138 and P-GBM2 cells treated with TMZ plus miR-198, 
whereas the ascending cell apoptosis rates induced by TMZ 
plus miR-198 were partially abolished by forcing expres-
sion of MGMT (Fig. 3e). In addition, after TMZ treatment, 
GBM cells expressing miR-198 had a significant decrease 
in the expression of MGMT and increase in the levels of 
phosphorylated histone H2AX (γ-H2AX) and cleaved 
caspase-3 compared with vector control cells. However, 
ectopic expression of MGMT significantly reversed the 
enhancement effect of miR-198 on γ-H2AX and cleaved 
caspase-3 in the presence of TMZ (Fig. 3f). Furthermore, 
MGMT overexpression observably restored the reduction 
of colony forming capacity induced by miR-198 plus TMZ 
(Fig.  3g). These results suggest that miR-198 enhances 
GBM cells more sensitive to TMZ through targeting 
MGMT.

MiR-198 overexpression enhances 
temozolomide-induced growth inhibition in vivo

Next, we investigated the role of miR-198 overexpression 
in the reversal of TMZ resistance in vivo. 2.5 × 105 lucif-
erase-labeled P-GBM2 cells stably expressing miR-198 
or miR-NC were intracranially injected into NOD/SCID 
mice. Representative images for luminescence images of 
tumor-bearing xenografts and paralleled HE-stained ortho-
topic xenograft tumors are given in Fig. 4a–c. Xenografts 
carrying miR-198-overexpression P-GBM2 cells dis-
played a significant regression of tumor growth following 
TMZ treatment (Fig. 4a, b). Histologic analysis confirmed 
that all mice bearing tumors derived from miR-198-over-
expression P-GBM2 cells had a significant decrease in 

MGMT expression (Fig.  4c). These findings were further 
confirmed by the survival curves, in which TMZ-treated 
miR-198-overexpression xenografts exhibited significantly 
increased survival as compared with TMZ-treated miR-
NC xenografts (Fig. 4d). Together, these data suggest that 
upregulation of miR-198 sensitizes GBM cells to TMZ 
in vivo.

Discussion

Dysregulated miRNAs have been frequently indicated in 
diverse human cancers, including brain tumors such as 
glioblastoma [22]. Previous studies showed that miRNAs 
play important role in cancer progression, i.e., prolifera-
tion, invasion, metabolism, drug resistance and so on, and 
may act as candidate oncogene or tumor-suppressor gene 
in diverse cancers. In our study, we found that miR-198 
was downregulated in human GBM tissues compared with 
NBTs. And decreased expression of miR-198 was associ-
ated with poor prognosis in GBM patients. Moreover, we 
demonstrated that miR-198 overexpression decreased 
the protein levels of MGMT through directly targeting its 
3′-UTRs.

The DNA repair protein MGMT recovers the struc-
tural integrity of  O6-meG bases by transferring the methyl 
group to a cysteine residue (Cys145) within its own active 
site. Although  O6-meG only accounts for a minor pro-
portion of the TMZ-induced base lesions, it is thought to 
be the most cytotoxic one since it strictly obstructs DNA 
replication. Preclinical studies demonstrated that MGMT 
expression mediates increased cellular resistance towards 
 O6-alkylating agents such as TMZ both in vitro and in vivo 
[23]. The level of MGMT is downregulated by different 
mechanisms, namely methylation of the CpG islands in 
the promoter regions [24], di-methylation of histone H3K9 
[25], interference with protein translation by miR-648 
[14], degradation of mRNA by miR-181d, -767-3p, -221, 
-222, -603 [13, 14, 26, 27]. And the expression of MGMT 
is upregulated by a variety of mechanisms, i.e., the acety-
lation of histones H3 and H4 [28], different nuclear tran-
scription factors (AP-1, HIF-1α, CEBP, Sp1 and NF-κB) 
[29–34] and the stabilization by binding of N-myc down-
stream regulated gene 1 protein [35].The present study 
confirmed that miR-198 decreased the protein expression 
of MGMT through inhibiting the translation of the MGMT 
mRNA into the MGMT protein in vitro and in vivo. More-
over, analysis of clinical samples revealed that MGMT lev-
els were upregulated in GBM specimens, and the increased 
protein levels of MGMT were inversely correlated with 
the decreased miR-198 levels, indicating that MGMT were 
downregulated by miR-198. Meanwhile, miR-198 over-
expression rendered GBM cells more sensitive to TMZ 

Fig. 3  MiR-198 increases chemosensitivity of GBM cells to TMZ 
through MGMT. a The RNA levels of MGMT in nine GBM cell 
lines. b Expression of MGMT protein was analyzed in nine GBM cell 
lines. c Cell proliferation was evaluated in GBM cells stably express-
ing miR-NC or miR-198, with or without the TMZ treatments at dif-
ferent concentration. CCK8 assay was performed 48 h after treatment. 
d Cell proliferation in 200  μM TMZ treatments were tested every 
24 h in U138, P-GBM2 and A172 cells overexpressing miR-198 and 
miR-NC. e GBM cells were cotransfected with miR-198 or miR-NC, 
pcDNA3.1-MGMT plasmid and cultured in 200 μM TMZ, then sub-
jected to apoptosis analysis by flow cytometry 48 h later. f Western 
blot analysis of MGMT, caspase-3, cleaved caspase-3 and γ-H2AX 
expression in GBM cells cotransfected with miR-198 or miR-NC, 
pcDNA3.1-MGMT plasmid and cultured in 200  μM TMZ. g GBM 
cells cotransfected with miR-198 or miR-NC, pcDNA3.1-MGMT 
plasmid were exposed to 200 μM TMZ for 48 h and the proliferation 
was measured by colony formation assays. Student’s t tests and One-
way ANOVA were performed. Data are presented as mean ± SEM 
(*P < 0.05, **P < 0.01, #P > 0.05)

◂
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through targeting MGMT in  vitro and in  vivo. Thus, the 
miR-198 plus TMZ combination could be an effective ther-
apeutic strategy for glioblastoma.

It is known that each miRNA can modulate the expres-
sion of hundreds of gene transcripts [36]. MiR-198 also 
modulates the expression of c-MET [37], cyclin D2 [38] 
and PLAU [39]. Our study only focuses on miR-198 as a 
regulator of MGMT in glioma. Therefore, it will be inter-
esting to explore whether miR-198 impact the expression of 
other genes and other functions of miR-198 in glioma.

Collectively, we showed that miR-198 rendered GBM 
cells more sensitive to TMZ by negatively regulating 
MGMT expression. Our study further illustrated the role of 
microRNA in TMZ resistance in glioblastoma. Although 
miRNA-based therapeutics are still in the initial stages of 
development, our findings present miR-198 involved in 
TMZ resistance as possible targets for cancer therapy.
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