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Abstract: Temozolomide (TMZ) with radiotherapy is the current standard of care for newly diagnosed glioma. How-
ever, glioma patients who are treated with the drug often develop resistance to it and some other drugs. Recently
studies have shown that microRNAs (miRNAs) play an important role in drug resistance. In present study, we first
examined the sensitivity to temozolomide in six glioma cell lines, and established a resistant variant, U251MG/TR
cells from TMZ-sensitive glioma cell line, U251MG. We then performed a comprehensive analysis of miRNA expres-
sions in U251MG/TR and parental cells using cancer microRNA PCR Array. Among the downregulated microRNAs
was miR-16, members of miR-15/16 family, whose expression was further validated by qRT-PCR in U251MG/TR
and U251MG cells. The selective microRNA, miR-16 mimics or inhibitor was respectively transfected into U251MG/
TR cells and AM38 cell. We found that treatment with the mimics of miR-16 greatly decreased the sensitivity of
U251MG/TR cells to temozolomide, while sensitivity to these drugs was increased by treatment with the miR-16
inhibitor. In addition, the downregulation of miR-16 in temozolomide-sensitive AM38 cells was concurrent with the
upregulation of Bcl-2 protein. Conversely, overexpression of miR-16 in temozolomide-resistant cells inhibited Bcl-2
expression and decreased temozolomide resistance. In conclusion, MiR-16 mediated temozolomide-resistance in
glioma cells by modulation of apoptosis via targeting Bcl-2, which suggesting that miR-16 and Bcl-2 would be poten-
tial therapeutic targets for glioma therapy.
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Introduction MicroRNAs (miRNAs), a class of dogenous small
non-coding RNAs of 19-25 nt in length, are a
novel type of post-transcriptional gene regula-
tor by binding to a target site in the 3’-untrans-
latedregion of target mRNAs [9]. Recent evi-
dence has shown that more than 50% of
miRNAs are located in cancer-associated

genomic break points, and can function as

Human gliomas are the most common primary
tumors of the central nervous system, account-
ing for 35% of all brain tumors; they are among
the most aggressive and lethal malignancies
[1, 2]. Glioblastoma (GBM) constitutes 55% of
all primary gliomas [3, 4]. Despite surgical oper-

ation combined with radiotherapy and chemo-
therapy, the prognosis for GBM patients
remains poor, with a median survival of about
12-15 months, one of the worst 5-year survival
rates of all human cancers [5-7]. The postop-
erative use of temozolomide (TMZ) concurrent-
ly and after radiotherapy, which has been
reported to significantly improve the overall sur-
vival and has the advantage of wide applicabil-
ity and minimal additional toxicity, has become
the current standard regimen for treatment of
GBM [8]. However, little is known about
acquired TMZ resistance, which is a serious
impediment in the treatment of GBM.

tumor suppressor genes or oncogenes, depend-
ing on their targets [10-12]. In addition, several
studies have indicated that some miRNAs like-
miR-21, miR-195 and miR-455-3p were impli-
cated in the regulation of the chemosensitivity
of glioblastoma cells to TMZ [13-18]. We previ-
ously identified miRNA-16 (miR-16) is most
strongly correlated with malignancy in nearly all
analyzed human tumors. Other authors have
shown the downregulation of miR-16 in a wide
range of cancers, including breast, prostate,
and lung cancers, as well as in chronic lympho-
cytic leukemia [19-22]. These findings suggest
that miR-16 is a possible tumor suppressor that
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acts in a variety of cancers. However, little is
known about whether miR-16 is implicated in
the regulation of the chemosensitivity of glioma
cells to TMZ.

Previous studies have reported thatmiR-16 can
significantly inhibit the in vivo growth of US7TMG
glioma [23]. And upregulation of miR-16 pro-
moted apoptosis by suppressing BCL2 expres-
sion [24]. MiR-16 was also reported to suppress
EMT mainly through the downregulation of
p-FAK and p-Akt expression, and nuclear factor-
KB and Slug transcriptional activity [25]. These
results suggested an important role of miRNA-
16 in glioma.

Recent studies have shown that Bcl-2 was
important for TMZ resistance in cultured glio-
blastoma cells. However, the underlying molec-
ular mechanism of Bcl-2 action in TMZ resis-
tance of GBM is still needed to be elaborated. It
has been reported that the expression of BCL2
protein gradually decreased with the increasing
degree of malignancy in glioma. Tian-Quan
Yang et al showed that miR-16 directly down-
regulated BCL2 expression and induced the
apoptosis of human glioma cells [24]. Therefore,
in this present study, we explored whether-
miR-16 was indeed involved in the effects of
Bcl-2 action on temozolomide resistance in gli-
oma cells.

In the present study, therefore, we used TMZ-
sensitive glioma cell lines to generate TMZ
resistant variants by continuous exposure to
the drug. We then performed comprehensive
analysis of miRNA expression using miRNA
microarray to explore the mechanisms of
acquired resistance against TMZ.

Materials and methods
Cell culture and treatment

Human glioblastoma cell lines (U-138MG and
A172) were obtained from American Type
Culture Collection ATCC (Rockville, MD, USA).
Other glioblastoma cell lines (LN382, AM-38,
U-251MG and KMG4) were obtained from
Biofavor company (Wuhan, China). All cell lines
were cultured in Dulbecco’s modified Eagle’s
medium (Hyclone, Logan, UT, USA) supplement-
ed with 10% fetal bovine serum (Hyclone,
Logan, UT, USA), 100 units/ml penicillin, and
0.1 mg/ml streptomycin (Invitrogen, California,
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USA) in 5% CO, atmosphere at 37°C. For miR-
16 overexpression, cells were transfected with
100 nmol/L of miR-16 mimics, which are small,
chemically modified double-strand RNA mole-
cules that are designed to mimic endogenous
mature miRNAs. For inhibition, cells were trans-
fected with miR-16 inhibitors, which are chemi-
cally modified, single-strand oligonucleotides
designed to specifically bind to and inhibit
endogenous miRNAs. The sequences were as
follows: for miR-16 mimics, 5-UAGCAGCA-
CGUAAAUAUUGGCGCCAAUAUUUACGUGCU-
GCUAUU-3’; for the negative control oligonucle-
otide, 5-UUCUCCGAACGUGUCACGUTTACGUG-
ACACGUUCGGAGAATT-3’; for miR-16 inhibitors,
5-CGCCAAUAUUUACGUGCUGCUA-3’; and for
the negative control oligonucleotide, 5-CAG-
UACUUUUGUGUAGUACAA-3'.

Cell viability assay (CCK-8 assay)

Cells were seeded into 96-well culture plates
and incubated at 37°C. Temozolomide was pur-
chased from Sigma (St. Louis, MO) and dis-
solved in DMSO. After treatment with different
concentrations of temozolomide for 72 h, 20 pL
CCK-8 reagent was added to each well and
incubated for 2 h at 37 C and the optical den-
sity (OD) was measured by a microplate reader
(Beckman Coulter, Fullerton, CA, USA) at 490
nm. Each temozolomide concentration was
tested in triplicate in 96-well plates, and experi-
ments were repeated independently at least
three times. The 50% inhibitory concentration
(IC50) was calculated with GraphPad Prism
software using the sigmoidal dose-response
function.

Establishment of temozolomide-resistant U-
251MG cell line

To establish the temozolomide-resistant cell
line, U-251MG cells were exposed to a low dose
of temozolomide in culture media for 6 months
and established temozolomide-resistant cells
designated as U-251 MG/TR. IC50 for the
growth inhibition of temozolomide to U-251MG
and U-251 MG/TR are 25.3 mM and 151.6
mM, respectively.

Cancer microRNA PCR array

The expression profile of 88 cancer-related
miRNAs was determined using a 96-well plate
cancer RT?> miRNA PCR array from SA
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Figure 1. Screen and identify the resistant glioma cell lines to temozolomide. A: The IC50 values of temozolomide
in different glioma cell lines. B: Cell viability was assessed by CCK-8 assay. C: Cell apoptosis was evaluated by flow
cytometry. All experiments were performed in triplicate.

Biosciences in an in vitro cell culture model U251TMZ-resistant (U251MG/TR) cells. Total
composed of glioma cell line U251MG and RNA was extracted using the TRIzol reagent
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(Invitrogen) and reverse transcribed using the
RT2 miRNA First Strand Kit from SA Biosciences.
The resulting cDNA was then diluted, mixed
with 2xRT? SYBR Green PCR Master Mix (SA
Biosciences), and loaded into the wells of a
PCR array plate to allow real-time PCR amplifi-
cation and detection. Data analysis was per-
formed with the Web-based software package
for the miRNA PCR array system.

Quantitative real-time RT-PCR

Total RNA was extracted using Trizol reagents
(Invitrogen) according to the manufacturer’s
instructions and diluted to 200 ng/mL. Then,
quantitative real-time RT-PCR (qRT-PCR) was
performed using One Step SYBR® PrimeScript™
RT-PCR Kit Il (TaKaRa, China) according to stan-
dard protocol. GAPDH gene was used as an
internal control.

Western blot analysis

Cells were harvested and homogenized with
cell lysis buffer (Beyotime, China). Then, the
homogenates were centrifuged for 30 min at
4°C, 12000 rpm, and the supernatants were
collected as protein samples. Protein amounts
were measured using BCA Protein Assay Kit
(Beyotime, China). Equal amounts of protein
samples were separated by denaturing 10%
SDS-PAGE and transferred onto polyvinyli-
denedifluoride (PVDF) membranes. After trans-
fer, membranes were incubated in blocking
solution, probed with various antibodies,
washed, and visualized using horseradish per-
oxidase (HRP)-conjugated secondary antibod-
ies (GE Healthcare) and enhanced chemilumi-
nescence reagents (Amersham).

Determination of apoptosis

The extent of apoptosis was determined by
the flow cytometric measurement through
AnnexinV-FITC apoptosis detection kit (Beyo-
time, China). Cells treated as above described.
After 4 d, cells were harvested and washed
twice with cold PBS. Then, cells were stained in
1 mL AnnexinVbinding buffer with 10 uL of PI
solution and 5 pL of AnnexinV-FITC for 10 min
at RT and analyzed by flow cytometry.

Statistical analysis

Data are reported as mean + standard devia-
tion (SD). Statistical significance was deter-
mined using Double-sided Student’s t test.
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Multiple groups were analyzed using ANOVA. A
P value of less than 0.05 was considered to be
significant.

Results

Establishment and characterization of temo-
zolomide-resistant sublines

To determine whether temozolomide was asso-
ciated with chemoresistance of glioma cells,
CCK-8 assay was performed to detect temo-
zolomide sensitivity in six glioma cell lines. Two
of them LN382, and U138MG, exhibited a high-
er IC50 than the other four cell lines A-172,
AM-38, U-251MG and KMG4 (Figure 1A). Next,
U251MG wild type (U251Wt) cells were exposed
to 100 uyM TMZ for 2 weeks to generate TMZ-
resistant variant. The majority of the cells died,
but a small population survived and propagat-
ed. We then selected surviving colonies and
established U251MG TMZ-resistant cells
(U251MG/TR). IC50 for the growth inhibition of
temozolomide to U-251MG and U-251MG/TR
are 25.3 mM and 151.6 mM, respectively
(Figure 1B). Furthermore, flow cytometry was
used to detect cells apoptosis of U-251MG and
U-251MG/TR cells after temozolomide treat-
ment (50 uM), and showed that apoptosis of
U-251MG significantly increased compared
with control cells, But the correspondingly con-
verse results was observed in U-251MG/TR
cells (Figure 1C).

MiR-16 is significantly downregulated in temo-
zolomide-resistant cell line (U-251MG/TR)
compared with parental cell line (U-251MG)

To identify miRNAs specifically deregulated in
U251MG/TR cells, we performed a comprehen-
sive analysis of miRNA expression in U251MG
and U251MG/TR cells using cancer microRNA
PCR Array. Twelve miRNAs were overexpressed
(>2.0-fold) and eight were under expressed
(<2.0-fold) in U251MG/TR cells compared to
U251MG cells. Fold changes of representative
miRNAs expression are listed in Figure 2A. To
validate the microRNA PCR Array data, we uti-
lized TagMan real-time RT-PCR assay for miR-
150, let-7a, miR-9, miR-16, miR-98 and miR-
125b, the three most up-regulated miRNAs and
the three most down-regulated miRNAs. As
shown in Figure 2B, these miRNAs were cer-
tainly up-regulated and down-regulated in
U251MG/TR cells, suggesting that deregula-

Int J Clin Exp Pathol 2015;8(10):12698-12707
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Figure 2. Eighty-eight cancer-related microRNAs were profiled using cancer microRNA PCR Array in U251 MG/TR
and U251 MG cells. A: A graphic representation of the 88 microRNA readouts for U251 MG/TR and U251 MG cells.
Each vertical line represents a single microRNA value of relative expression in U251 MG/TR and U251 MG cells. B:
miR-150, let-7a, miR-9, miR-16, miR-98 and miR-125b were determined to be differentially expressed by cancer
microRNA PCR Array in U251 MG/TR and U251 MG cells, and this result was validated by quantitative polymerase
chain reaction result (QPCR). miR-150, let-7a and miR-125b, 3 specifically up-regulated microRNAs in U251MG/TR
cells, were confirmed to be highly expressed in U251MG/TR cells, while miR-16 was confirmed to be down-regulated

in U251MG/TR cells.

tion of those miRNAs is involved in the acquisi-
tion of TMZ resistance in GBM cells.

From the list of differentially expressed
LncRNAs, we focused on miR-16, as previous
reports showed that it was related with
resistance.

MiR-16 contributed to TMZ resistance in
glioma cells

To identify the effect of miR-16 on TMZ sensitiv-
ity in U251MG cells, we examined the mRNA
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expression of miR-16 in these cell lines firstly
(Figure 3A). The correlation between the IC50
values and the relative mRNA expression of
miR-16 was analyzed. The IC50 values of temo-
zolomide significantly correlated with the
expression level of miR-16 in these glioma cells
(Figure 3B, Spearman r=-0.9014, P=0.0141).
Furthermore, we performed CCK-8 assay to
detect the cell viability of AM38 cells transfect-
ed with miR-16 inhibitor or U251MG/TR cells
transfected with miR-16 mimics for 24 h,
respectively, followed by treatment with TMZ

Int J Clin Exp Pathol 2015;8(10):12698-12707
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Figure 3. Correlation between miR-16 expression and temozolomide resistance in glioma cells. A: The expression of
miR-16 in different glioma cell lines by gRT-PCR. B: The correlation between the relative miR-16 expression and the
IC50 values in glioma cells was quantified by Spearman’s rank correlation. C: Temozolomide-sensitive AM38 cells
were transfected with specific inhibitor to miR-16. D: Temozolomide-resistant U251MG/TR cells were transfected
with miR-16 mimics. After incubation with temozolomide for 48 hr, cell viability was assessed using CCK-8 assay
and IC50 value to temozolomide was calculated. All experiments were performed in triplicate.

for 48 h. Results showed that overexpression
of miR-16 rendered U251MG/TR cells more
resistant to temozolomide. U251MG/TR cells
transfected with vector control had an IC50
value of 38.2 uM; whereas the IC50 value of
U251MG/TR cells overexpressed with miR-16
was 93.6 uM (Figure 3C). Instead, transfection
of miR-16 inhibitor significantly increased TMZ
resistance in AM38cells (IC50,  :151.6 uM;
lC50AM38/miR-16inhibitor: 50.4 uM, P<0.05). In sum-
mary, these results suggest that miR-16 con-
tribute to TMZ resistance in glioma cells.

MIiR-16 inhibits temozolomide induced apopto-
sis via upregulation of Bcl-2

To determine the mechanisms by which miR-16
decreased resistance of glioma cells to temo-
zolomide, we analyzed the effect of miR-16 low
expression on temozolomide induced apopto-
sis. AM38 cells stably transduced with miR-16
were treated with 50 uM temozolomide for 6 h,
and then cells were washed twice and placed in
temozolomide free medium to grow for 48 h.
Cell apoptosis was determined by Annexin V/PI
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flow cytometry assays. The apoptosis rate of
AM38 cells group and miR-16 inhibitor group
were 3% and 6%, respectively (*P>0.05, Figure
4Ai). It suggests that low expression of miR-16
inhibits temozolomide induced apoptosis. To
study underlying molecular mechanisms by
which miR-16 inhibits temozolomide induced
apoptosis, we analyzed several apoptosis relat-
ed proteins and found Bcl-2 was significantly
upregulated in AM38 cells stably transduced
with miR-16 (Figure 4Aii), But the correspond-
ingly converse results was observed in
U251MG/TR cells (Figure 4Bi and 4Bii). Taken
together, these data suggest that miR-16 inhib-
its temozolomide-induced apoptosis via upreg-
ulation of Bcl-2 in glioma cells.

Discussion

In the present study, we used TMZ-sensitive
glioma cell lines to generate TMZ resistant vari-
ants by continuous exposure to the drug. We
then found that miR-16 was downregulated in
the human U251MG/TR cell lines. Furthermore,
our findings demonstrate that the mechanism

Int J Clin Exp Pathol 2015;8(10):12698-12707
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Figure 4. MiR-16 inhibits temozolomide induced apoptosis via upregulation of Bcl-2. A and B: AM38 cells transfected with miR-16 inhibitor and U251MG/TR cells
were transfected with miR-16 mimics were labeled with FITC-Annexin V/PI, and cell apoptosis was evaluated by flow cytometry. Western blot analysis showed miR-16
upregulated Bcl-2 expression in AM38 cells and downregulated Bcl-2 expression in U251MG/TR cells, *P<0.05, **P<0.01 compared to NC, #P<0.01. B-actin was
used as an internal control. All data represent the means + SEM of three replications.
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responsible for resistance of glioma cells to
temozolomide is associated with miR-16-medi-
ated downregulation of Bcl-2.

Recently much research effort had been
intensely focused on studying the role of altered
MiRNA expression in tumor progression and
drug resistance. There have been several
reports regarding the relationship between
mMiRNAs and TMZ resistance in glioma, such as
miR-181b, miR-183/96/182, miR-221/222,
miR-17 and miR-9 [26-31]. One particularly
well-studied example was the ubiquitously
expressed and highly conserved miR-16, one of
the first miRNAs to be linked to human malig-
nancies [19]. Evidence indicated that miR-16
could modulate the cell cycle, inhibited cell pro-
liferation, promoted cell apoptosis and sup-
pressed tumorigenicity both in vitro and in vivo
[32]. Consistently, miR-16 was frequently delet-
ed and/or downregulated in many types of can-
cer, such as chronic lymphocytic leukemia [19,
33], prostate cancer [34] and lung cancer [35].
However, the correlation of miR-16 with chemo-
sensitivity of tumor cells is unclear and remains
to be elucidated.

Here, we demonstrated an altered miR-16
expression in TMZ resistant U251MG cells. To
further determine whether the miR-16 could
modulate the chemosensitivity of U251MG/TR
cells, the miR-16 mimics or inhibitor were
respectively transfected into U251MG/ TR cells.
We found that treatment with the mimics of
miR-16 greatly decreased the sensitivity of
U251MG/TR cells to temozolomide, while sen-
sitivity to temozolomide was increased by treat-
ment with the miR-16 inhibitor. All these results
indicated that miR-16 may be an important
modulator of TMZ resistance in glioma cells.

Dysregulation of apoptosis-regulating genes
and proteins was one of the most common
mechanisms of temozolomide resistance [36].
Bcl-2 translation was repressed by binding of
miR-16 to a seed sequence in Bcl-2 mRNA
3’-untranslated regions, and loss of miR-16 in
several cancer cell lines and tumors was asso-
ciated with BCL-2 upregulation [20, 22, 34].
Therefore, we measured the expression of the
Bcl-2 through miRNA overexpression or knock-
out experiment under in vitro condition to verify
if miR-16 could regulateBcl-2 expression by
Western blot. We found that miR-16 knockdown
led to up-regulation of Bcl-2 protein levels in
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AM38 cells, while overexpression of miR-16
resulted in decreased expression of Bcl-2 pro-
tein levels in U251MG/TR cells. Previous stud-
ies reported that Bcl-2 was essential for temo-
zolomide induced cell death in human glioma,
and thus may be a target to overcome thera-
peutic resistance toward temozolomide [22,
37]. Consistent with previous studies, our
results also showed that miR-16 inhibited
temozolomide induced apoptosis via downreg-
ulation of Bcl-2.

In conclusion, our findings demonstrate that
the mechanism responsible for resistance of
glioma cells to temozolomide was associated
with miR-16-mediated downregulation of Bcl-2.
MiR-16 may function as an important modifier
of the response of glioma cells to temozolo-
mide. A new strategy combining current regi-
mens with compounds targeting miR-16 may
significantly improve the therapeutic outcome
of temozolomide-resistant glioma.
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