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MicroRNA-30a increases the chemosensitivity of U251
glioblastoma cells to temozolomide by directly
targeting beclin 1 and inhibiting autophagy
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Abstract. Temozolomide (TMZ) is one of the most commonly
used drugs for the clinical treatment of glioblastomas. However,
it has been reported that treatment with TMZ can induce
autophagy, which leads to tumor resistance and increases the
survival of tumor cells. MicroRNA-30a (miR-30a) has been
found to have inhibitory effects on autophagy by directly
targeting beclin 1. However, the exact role of miR-30a in
TMZ-treated glioblastoma cells has not been studied previ-
ously. The present study aimed to investigate whether miR-30a
increased the cytotoxicity of TMZ to glioblastoma U251 cells,
as well as the underlying mechanism. MTT and flow cytom-
etry assay results showed that treatment with TMZ inhibited
the proliferation of U251 cells while inducing cell apoptosis in
a dose-dependent manner. Western blotting data showed that
the expression levels of LC3-II and beclin 1 as well as the ratio
of LC3-II to LC3-I were markedly increased in TMZ-treated
U251 cells compared with the untreated control cells, indi-
cating that treatment with TMZ induced autophagy. Moreover,
reverse transcription-quantitative polymerase chain reaction
data showed that treatment with TMZ led to a significant
reduction in miR-30a levels in a dose-dependent manner in
U251 cells. Elevation of the miR-30a level significantly inhib-
ited TMZ-induced autophagy, demonstrated by the decreased
LC3-II and beclin 1 levels and ratio of LC3-II to LC3-I,
accompanied by the reduced proliferation and increased
apoptosis in TMZ-treated U251 cells. Furthermore, luciferase
reporter assay data indicated that beclin 1 was a direct target of
miR-30a in U251 cells. In summary, this study demonstrated
that miR-30a increases the chemosensitivity of glioblastoma
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U251 cells to temozolomide by directly targeting beclin 1 and
inhibiting autophagy. Therefore, autophagy may be a prom-
ising target for the treatment of TMZ-resistant tumors.

Introduction

Gliomas are the most common brain tumors, accounting
for ~30% of central nervous system tumors and 80% of all
malignant brain tumors (1). Due to the resistance of gliomas to
radiotherapy, chemotherapy and adjuvant therapies, the median
survival rate of glioblastomas and high grade gliomas has
not been markedly improved over the past few decades (2-5).
Currently, temozolomide (TMZ) is one of the most commonly
used drugs for the clinical treatment of glioblastomas (6).
TMZ can inhibit the proliferation of cancer cells via the induc-
tion of cell cycle arrest, and induce tumor cell apoptosis (7,8).
However, there is evidence indicating that the administration
of TMZ also induces tumor chemotherapy resistance via the
induction of autophagy.

Autophagy, an evolutionarily conserved function, is a
cellular self-catabolic degradation process, responsible for the
lysosomal degradation of long-lived proteins as well as aged
or damaged organelles (9). The amino acids and fatty acids
generated during autophagy can be reused and thus autophagy
may be of benefit for sustainable cell survival (10). A number of
studies have strongly suggested that autophagy is activated in
cancer cells under certain chemotherapy treatments, including
TMZ, leading to tumor chemotherapy resistance (11-13).
Moreover, inhibition of autophagy has been found to enhance
the efficacy of TMZ therapy in glioblastomas (14,15).

MicroRNAs (miRs), a class of non-coding RNAs,
18-25 nucleotides in length, are able to induce mRNA
degradation or suppress protein translation via binding to
the 3'-untranslated regions (3'-UTRs) of mRNA of specific
genes (16). Moreover, miRs have been demonstrated to be
involved in a variety of cellular processes, including prolif-
eration, survival, differentiation, maturation and apoptosis, as
well as autophagy (17,18). Among these miRs, miR-30a has
been found to play a suppressive role in autophagy via the
direct targeting of beclin 1, a key autophagy-promoting gene
that is critical in the regulation of cell survival and death (19).
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In addition, miR-30a-induced inhibition of autophagy has been
reported to sensitize certain tumor cells to chemotherapy (20).
For instance, Zou et al found that miR-30a sensitized tumor
cells to cisplatin via the suppression of beclin 1-mediated
autophagy (21). Yu et al reported that inhibition of autophagy
mediated by miR-30a enhanced imatinib activity against
human chronic myeloid leukemia cells (22). However, to the
best of our knowledge, the detailed role of miR-30a in the
regulation of TMZ-induced autophagy has never been reported
in glioblastomas.

In the present study, the aim was to investigate whether
miR-30a has an effect on TMZ-induced autophagy in glio-
blastomas. In addition, the involvement of beclin 1 in the
underlying molecular mechanism was explored.

Materials and methods

Cell culture. Human glioblastoma U251 cells were obtained
from the China Cell Culture Center (Shanghai, China). The
U251 cells were cultured in Dulbecco's modified Eagle's
medium (DMEM; Thermo Fisher Scientific, Inc., Waltham,
MA, USA) supplemented with 10% fetal bovine serum (FBS),
100 U/ml penicillin and 100 mg/ml streptomycin (all from
Thermo Fisher Scientific, Inc.). To mimic chemotherapy, U251
cells were treated with TMZ (1, 5, 10 or 30 ug/ml) for 6 h, and
then examined by a series of assays.

Reverse transcription-quantitative polymerase chain reac-
tion (RT-qPCR) analysis. TR1zol Reagent (Thermo Fisher
Scientific, Inc.) was used to extract total RNA from U251
cells, in accordance with the manufacturer's instructions.
A RevertAid First Strand cDNA Synthesis kit (Fermentas;
Thermo Fisher Scientific, Inc., Pittsburgh, PA, USA) was
used to reverse transcribe total RNA into cDNA, according
to the manufacturer's protocol. The miRNA expression was
determined using a PrimeScript® miRNA RT-PCR kit (Takara
Biotechnology Co., Ltd., Dalian, China), in accordance with
the manufacturer's instructions. The PCR conditions were
95°C for 10 min, and 40 cycles of denaturation at 95°C for
30 sec and annealing/elongation at 60°C for 30 sec. The primer
sequences for miR-30a were: Forward, 5-GGGGTGTAA
ACATCCTCGACTG-3' and reverse, 5-ATTGCGTGTCGT
GGAGTCG-3'". The primer sequences for U6 were: Forward,
5-GCTTCGGCAGCACATATACTAAAAT-3" and reverse,
5-CGCTTCACGAATTTGCGTGTCAT-3". They were
purchased from Shanghai GenePharma Co., Ltd. (Shanghai,
China). All miRNA data are expressed relative to a U6 small
nuclear RNA from the same sample. Independent experiments
were repeated three times. The relative expression levels of
mRNA were analyzed by use of the 2“4 method (23).

Transfection. Lipofectamine 2000 (Thermo Fisher Scien-
tific, Inc.) was used to perform transfection according to the
manufacturer's protocol. Briefly, U251 cells were cultured
to 70% confluence, and resuspended in serum-free DMEM.
Serum-free DMEM was used to dilute Lipofectamine 2000,
miR-30a mimic, or scrambled miR mimic, respectively. The
diluted Lipofectamine 2000 was then added to the diluted
miR-30a mimic or diluted scrambled miR mimic. After incu-
bation for 20 min at room temperature, the mixture was added
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to the cell suspension. After incubation at 37°C with 5% CO,
for 6 h, the medium was replaced by DMEM supplemented
with 10% FBS. Following transfection for 48 h, the following
assays were performed.

MTT assay. An MTT assay was performed to evaluate the
cell proliferation. In brief, 1x10* U251 cells from each group
were plated in a 96-well plate, and incubated for 6, 12, 24 and
48 h at 37°C with 5% CO,. MTT (5 mg/ml; Thermo Fisher
Scientific, Inc.) was then added to each well, and the plate
was incubated for 4 h at 37°C with 5% CO,. The superna-
tant was removed, and 100 ul dimethylsulfoxide (Thermo
Fisher Scientific, Inc.) was added to dissolve the precipitate.
The absorbance was detected at 492 nm using the BioTek™
ELX800™ Absorbance Microplate reader (BioTek Instru-
ments, Inc., Winooski, VT, USA).

Cell apoptosis assay. Cell apoptosis was determined using an
Annexin V-FITC Apoptosis Detection kit (BD Pharmingen,
San Diego, CA, USA), according to the manufacturer's instruc-
tion. In brief, U251 cells were harvested and washed with cold
PBS twice. After that, U251 cells (1x10°) were resuspended
in 200 yl binding buffer with 10 yl Annexin-V-FITC and
5 ul PI-PE, and incubated in the dark for 30 min. Following
incubation, 300 ul binding buffer was added and the cells
were analyzed by flow cytometry (C6 cytometer; Beckman
Coulter, Inc. (Brea, CA, USA).

Western blotting. U251 cells were solubilized in cold radio-
immunoprecipitation assay lysis buffer (Thermo Fisher
Scientific, Inc.) to extract protein, which was separated by
10% SDS-PAGE (Pierce; Thermo Fisher Scientific, Inc.),
and transferred onto a polyvinylidene difluoride (PVDF)
membrane (Pierce). The PVDF membrane was incubated
with rabbit anti-LC3-II polyclonal antibody (1:50; ab48394;
Abcam, Cambridge, MA, USA), rabbit anti-LC3-I poly-
clonal primary antibody (1:50; ab128025; Abcam), rabbit
anti-beclin 1 monoclonal antibody (1:100; ab55878; Abcam)
and rabbit anti-GAPDH polyclonal primary antibody (1:100;
ab9485; Abcam), respectively, at 4°C overnight. After washing
with PBST three times, the PVDF membrane was then incu-
bated with mouse anti-rabbit secondary antibody (1:5,000;
ab99697; Abcam) at room temperature for 40 min. Chemilu-
minescent detection was conducted using an ECL kit (Pierce).
The protein expression was analyzed using Image-Pro plus
software 6.0 (Media Cybernetics, Inc., Rockville, MD, USA),
and the expression levels were represented as the density ratio
vs. GAPDH.

Bioinformatic analysis and luciferase reporter gene assay.
Targetscan software (version 3.1; targetscan.org/mamm_31/)
was used to predict the putative target of miR-30a. The wild
type (WT) or mutant type (MUT) 3'-UTR of the beclin 1
gene (BECNI1) was obtained from Yearthbio (Qingdao,
China), amplified from human genomic DNA and then
cloned downstream of the firefly luciferase coding region in
the pmirGLO™ Luciferase vector (Promega Corporation,
Madison, WI, USA), to produce pMIR-WT BECNI and
pMIR-MUT BECNI, respectively. After that, U251 cells
were co-transfected with pMIR-WT BECNI1 or pMIR-MUT
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Figure 1. Treatment with TMZ inhibits proliferation, and induces apoptosis and autophagy in U251 cells. (A) MTT assay was performed to examine the
proliferation of U251 cells treated with TMZ (1-30 pg/ml). "P<0.05 vs. control. ¥P<0.05 vs. TMZ (1 pug/ml). (B) Flow cytometry was performed to examine
the apoptosis of U251 cells treated with TMZ (1-30 pg/ml). “P<0.05 vs. control. “P<0.05 vs. TMZ (5 ug/ml). “P<0.05 vs. TMZ (10 pug/ml). (C) Western blot
analysis was conducted to determine the levels of autophagy-related proteins in U251 cells treated with TMZ (30 ug/ml). "P<0.05 vs. control. (D) The ratio of
LC3-II to LC3-I was calculated in U251 cells treated with TMZ (30 pg/ml). “P<0.05 vs. control. Non-treated U251 cells were used as the control in each assay.
TMZ, temozolomide.

Corporation). A luciferase reporter gene assay was then
conducted using the Dual-Luciferase Reporter Assay system
(Promega Corporation), in accordance with the manufac-
turer's instructions.

BECNI vector and miR-30a mimic or scrambled miR mimic,
and the pRL-TK plasmid (Promega Corporation) for internal
normalization, respectively, and cultured for 48 h. The
transfected cells were then lysed using lysis buffer (Promega
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Figure 2. Treatment with TMZ decreases the expression of miR-30a in U251
cells. Reverse transcription-quantitative polymerase chain reaction was
conducted to examine the relative miR-30a levels (relative to U6) in U251
cells treated with TMZ (1-30 pg/ml). Non-treated U251 cells were used as
a control. 'P<0.05 vs. control. “P<0.05 vs. TMZ (1 ug/ml). “P<0.05 vs. TMZ
(5 pg/ml). *P<0.05 vs. TMZ (10 pg/ml). TMZ, temozolomide.

Statistical analysis. All data are represented as the mean of
at least triplicate samples + standard deviation. Statistical
analysis of differences was performed by one-way analysis
of variance using SPSS version 17.0 software (SPSS, Inc.,
Chicago, IL, USA). P<0.05 was considered to indicate a
statistically significant difference.

Results

Treatment with TMZ inhibits proliferation and induces apop-
tosis and autophagy in U251 cells. U251 cells were treated
with TMZ (1-30 ug/ml). Following treatment for 6-48 h, an
MTT assay was performed to examine the cell proliferation.
As shown in Fig. 1A, the administration of TMZ markedly
inhibited U251 cell proliferation in a concentration-depen-
dent manner. As 1 pg/ml of TMZ showed no effect on U251
cell proliferation, this concentration was not used in the
following experiments. Subsequently, the effect of TMZ on
U251 cell apoptosis was examined. The results indicated that
treatment with TMZ (5, 10 or 30 ug/ml) significantly induced
U251 cell apoptosis in a concentration-dependent manner
(Fig. 1B). Therefore, the highest concentration (30 pg/ml) of
TMZ was used when analyzing the effect of TMZ on protein
expression. Western blot analysis was conducted to deter-
mine the levels of autophagy-related proteins. As shown in
Fig. 1C, higher levels of LC3-II and beclin 1 were observed
in TMZ-treated U251 cells compared with the control group.
Furthermore, the ratio of LC3-II to LC3-I in the U251 cells
was also increased following treatment with TMZ (Fig. 1D).
These findings indicate that treatment with TMZ inhibits
proliferation, while inducing apoptosis and autophagy in
U251 glioblastoma cells.

Treatment with TMZ decreases the expression of miR-30a
in U251 cells. As miR-30a has been demonstrated to play
a suppressive role in autophagy, the expression level of
miR-30a in U251 cells with or without treatment with
TMZ (1-30 ug/ml) was determined. As shown in Fig. 2, the
expression level of miR-30a was significantly reduced in
U251 cells treated with TMZ in a concentration-dependent
manner, when compared with the control group. Therefore,
miR-30a may be involved in TMZ-induced autophagy in
U251 cells.
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Figure 3. Restoration of miR-30a level suppresses TMZ-induced autophagy
in U251 cells via inhibition of beclin 1. (A) Reverse transcription-quantitative
polymerase chain reaction was conducted to examine the relative miR-30a
levels in U251 cells transfected with miR-30a mimic or miR-NC, respec-
tively. (B) Western blot analysis was conducted to determine the levels of
autophagy-related proteins in the transfected U251 cells treated with TMZ
(30 pg/ml). (C) The ratio of LC3-II to LC3-I was calculated. Non-transfected
U251 cells treated with TMZ were used as the control. 'P<0.05 vs. TMZ.
TMZ, temozolomide; miR-NC, scrambled miR.

Elevation of miR-30a level suppresses TMZ-induced
autophagy in U251 cells via inhibition of beclin 1. To further
determine the role of miR-30a in the beclin 1-mediated
autophagy of TMZ-treated glioblastoma cells, U251 cells were
transfected with miR-30a mimic or scrambled miR mimic as a
negative control prior to TMZ treatment. As shown in Fig. 3A,
transfection with miR-30a mimic markedly increased the
miR-30a levels, while transfection with scrambled miR mimic
had no effect on the miR-30a level, when compared with that
of the control group. U251 cells were then treated with TMZ
(30 ug/ml) for 6 h, and expression levels of autophagy markers
were examined using western blot assay. As shown in Fig. 3B,
the protein levels LC3-II and beclin 1 were lower in U251
cells transfected with miR-30a mimic, compared with the
control. Moreover, the ratio of LC3-II to LC3-I was reduced
in miR-30a-overexpressing U251 cells treated with TMZ,
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Figure 4. Overexpression of miR-30a increases the cytotoxicity of TMZ to U251 cells. (A) MTT assay was performed to examine the proliferation of TMZ

(30 pg/ml)-treated U251 cells transfected with miR-30a mimic or miR-NC,
Non-transfected U251 cells treated with TMZ (30 pg/ml) were used as control

compared with the control cells (Fig. 3C). These findings indi-
cate that overexpression of miR-30a significantly suppressed
TMZ-induced autophagy in U251 glioblastoma cells.

Overexpression of miR-30a increases the cytotoxicity of
TMZ to U251 cells. Whether miR-30a upregulation could
promote the TMZ-induced inhibition of proliferation and/or
TMZ-induced apoptosis of U251 cells was investigated. As
shown in Fig. 4A, MTT assay results showed that the overex-
pression of miR-30a significantly suppressed the proliferation
of TMZ (30 pg/ml)-treated U251 cells compared with the
control group. However, transfection with scrambled miR
mimic caused no difference in the proliferation of U251 cells,
when compared with the control group. These data indicate
that overexpression of miR-30a increased the TMZ-induced
inhibition of glioblastoma cell proliferation. It was further
observed that an upregulated level of miR-30a also led to a
significant increase in the apoptosis of TMZ-treated U251
cells, when compared with the control group (Fig. 4B),
indicating that upregulation of miR-30a also promoted the
TMZ-induced apoptosis of glioblastoma cells. Together, these
results indicate that overexpression of miR-30a increased the
cytotoxicity of TMZ to glioblastoma U251 cells.

respectively. (B) Flow cytometry was conducted to examine cell apoptosis.
. "P<0.05 vs. TMZ. TMZ, temozolomide; miR-NC, scrambled miR.

Beclin 1 is a direct target gene of miR-30a in U251 cells.
Finally, the relationship between miR-30a and beclin 1 in
U251 cells was examined. Bioinformatic prediction data indi-
cated that beclin 1 is a direct target gene of miR-30a (Fig. 5A).
To clarify this relationship, WT or MUT BECNI 3'-UTR was
cloned into the pmirGLO vector, downstream of the firefly
luciferase coding region, to generate pMIR-WT BECNI and
pMIR-MUT BECNI, respectively (Fig. 5B and C). A luciferase
reporter assay was further conducted in the U251 cells. As
indicated in Fig. 5D, co-transfection with pMIR-WT BECNI1
and miR-30a mimic led to a significant reduction in luciferase
activity; however, co-transfection with pMIR-MUT BECNI1
and miR-30a mimic caused no change in luciferase activity,
indicating that miR-30a could directly bind to the 3'-UTR of
beclin 1 mRNA in U251 cells. These results demonstrate that
beclin 1 is a direct target of miR-30a in U251 cells, and suggest
that the role of miR-30a in TMZ-induced autophagy involves
the mediation of beclin 1 expression in U251 cells.

Discussion

Autophagy has been demonstrated to be important not only in
the recirculation of degraded components to sustain metabolic
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homoeostasis, but also in the prevention of the toxic accumula-
tion of damaged components (9). Elevated autophagy has been
found in a variety of tumor cells subjected to certain stresses,
including chemotherapy drug treatment, and it has been well
established that autophagy can lead to the chemotherapy resis-
tance of various human cancers (11-13). Therefore, inhibition of
chemotherapy drug-induced autophagy appears to be a prom-
ising strategy for enhancing the efficiency of chemotherapy in
human cancers. In the present study, it was found that treatment
with TMZ not only inhibited glioblastoma cell proliferation and
induced apoptosis in a concentration-dependent manner, but
also induced the activation of autophagy, which might attenuate
the cytotoxicity of TMZ to U251 glioblastoma cells. The study
further demonstrated that overexpression of miR-30a inhibited
TMZ-induced autophagy by targeting beclin 1, and increased
the TMZ-induced inhibition of cell proliferation in addition to
TMZ-induced cell apoptosis in U251 cells.

TMZ has been widely used for the treatment of many
types of human cancers, including glioblastoma. It has been
reported that the antitumor activity of TMZ is achieved through
DNA damage via induction of loop structures as well as DNA
condensation (24). However, treatment with TMZ often leads
to tumor cell resistance to TMZ due to autophagy (13). Indeed,
in the present study, treatment with TMZ not only caused
cytotoxicity but also increased glioblastoma cell autophagy, as
demonstrated by the upregulated protein levels of beclin 1 and
LC3-II, which was probably caused by the downregulation of
miR-30a.

miR-30a has been found to play a key role in multiple types of
human cancers, mainly acting as atumor suppressor. For instance,
Fu et al reported that miR-30a suppressed breast cancer cell
proliferation and migration by targeting Eya2 (25). Zhong et al
found that miR-30a suppressed cell migration and invasion
through downregulation of phosphatidylinositol-4,5-bisphos-
phate 3-kinase catalytic subunit d in colorectal carcinoma (26).
Several studies have indicated that miR-30a has suppressive
effects on autophagy in different cell types via the direct
targeting of beclin 1 (27-29). For instance, Wang et al found that
inhibition of miRNA-30a alleviated cerebral ischemic injury
by increasing beclin 1-mediated autophagy (30). In the present
study, it was found that treatment with TMZ induced a signifi-
cant reduction in miR-30a level in a dose-dependent manner in
U251 cells. In addition, beclin 1 has been demonstrated to func-
tion as a key inducer of autophagy (31), and has been found to
participate in the regulation of tumorigenesis (32). In the present
study, the protein level of beclin 1 was significantly increased in
U251 cells treated with TMZ, while overexpression of miR-30a
inhibited the TMZ-induced upregulation of beclin 1 in U251
cells. As beclin 1 was found to be a direct target of miR-30a in
U251 cells, it is suggested that the suppressive effect of miR-30a
on TMZ-induced autophagy is achieved through the direct
mediation of beclin 1 expression in U251 cells.

miR-30a has been found to sensitize tumor cells to several
different chemotherapy drugs. Zou et al (21) found that
miR-30a sensitized tumor cells to cisplatin via the suppression
of beclin 1-mediated autophagy. Furthermore, knockdown of



4804

miR-30a has been demonstrated to increase the expression of
beclin 1 and inhibit imatinib-induced cytotoxicity (23). In the
present study, it was found that elevation of the miR-30a level
in TMZ-treated U251 cells notably increased the cytotoxicity
of TMZ to tumor cells, as demonstrated by the reduced cell
proliferation as well as the increased cell apoptosis.

In conclusion, the present study demonstrated that treat-
ment with TMZ induced an activation of autophagy as well as
a downregulation of miR-30a, while overexpression of miR-30a
inhibited the expression of beclin 1, and thus suppressed
TMZ-induced autophagy in U251 cells. Inhibition of autophagy
by the elevation of miR-30a expression enhanced the cytotoxicity
of TMZ to U251 cells. Based on these findings, it is suggested
that autophagy may be a promising target for the treatment of
TMZ-resistant tumors.
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