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MicroRNA-195 reverses the resistance to temozolomide
through targeting cyclin E1 in glioma cells

Honggin Wang?, Shuxian Ren®9, Yongming Xu®®¢, Wang Miao?, Xintao Huang?,
Zhizhao Qu?, Jinhu Li?, Xiaodong Liu® and Pengzhou Kong®*®

Glioma is the most common malignant tumor of the central
nervous system with poor survival. Temozolomide (TM2) is
the first-line chemotherapy drug for initial and recurrent
glioma treatment with a relatively good efficacy, which
exerts its antitumor effects mainly through cell death
induced by DNA double-strand breaks in the G1 and S
phases. However, endogenous or acquired resistance to
TMZ limits glioma patients’ clinical outcome and is also an
important cause of glioma replase. MicroRNA-195 (miR-
195) plays an important role in the regulation of G1-phase/
S-phase transition, DNA damage repair, and apoptosis of
tumor cells. We found that miR-195 expression was
significantly decreased in TMZ-resistant glioma cells
induced with TMZ and correlated to the resistance index
negatively. Also, the exogenous expression of miR-195
reversed TMZ resistance and induced the apoptosis of TMZ-
resistant glioblastoma cells. Further bioinformatics analysis
showed cyclin E1 (CCNE1) was a potential target gene of
miR-195. Knockdown of CCNE1 partially reversed the effect
of decreased miR-195 on TMZ resistance. The data from
The Cancer Genome Atlas — Cancer Genome further

Introduction

Glioma is the most common malignant tumor of the
central nervous system, with a high recurrence rate, a
high disability rate, and a high mortality rate. In high-
grade glioma [glioblastoma (GBM)], the median survival
is only 12—-15 months and the 5-year survival rate is less
than 3% [1,2]. Chemotherapy is the most common
method for the treatment of glioma and it can kill residual
tumor cells, prevent tumor recurrence, and prolong the
survival time of patients with glioma. Oral alkylating
agent temozolomide (TMZ) is the best first-line che-
motherapy drug for the treatment of primary and recur-
rent glioma [3], which plays an antitumor role depending
on its ability to alkylate/methylate DNA, through acting
on the cell cycle G1/S and interference DNA replication,
to induce apoptosis and death of tumor cells. Like other
chemotherapy drugs, some glioma patients are resistant
to TMZ already at diagnosis (primary resistance),
whereas others may develop TMZ resistance during
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suggested that hsa-miR-195 could negatively regulate the
expression of CCNET1 in glioma. In conclusion, miR-195
reverses the resistance to TMZ by targeting CCNET in
glioma cells and it could act as a potential target for
treatment in glioma with TMZ resistance. Anti-Cancer
Drugs 30:81-88 Copyright © 2018 The Author(s). Published
by Wolters Kluwer Health, Inc.
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treatment (acquired resistance). TMZ resistance leads to
increased drug doses and adverse reactions, prolonging
the chemotherapy cycle, and also adversely affects the
survival and the quality of life of patients with gliomas.
Therefore, TMZ resistance is a major obstacle toward
achievement of better survival in the treatment of this
disease. It is very important to elucidate the underlying
molecular mechanism of TMZ resistance to improve the
clinical benefit and the survival of glioma patients.

MicroRNAs (miRNAs) are endogenous noncoding reg-
ulatory RNAs with 17-22 nucleotides, which bind to com-
plementary sequences in 3’-untraslated region (3’-UTR) of
the target mRNAs and regulate the expression of target
genes at the post-transcriptional level. Increasingly more
evidence suggests that miRNAs contribute to various
human malignancies, including glioma [4-6]. Emerging
studies showed that abnormal and specific expressions of
miRNAs were closely related to tumor cell proliferation and
apoptosis, invasion, and migration and drug resistance. It is
known that microRNA-195 (miR-195) is downregulated
widely in a variety of malignant tumors, and may be the
‘key node’ of tumor cells’ abnormal proliferation and
apoptosis [7]. Our present study aims to explore whether
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miR-195 was a specific marker for intrinsic or acquired
resistance of glioma cells to TMZ and to elucidate its
underlying molecular mechanism of resistance to TMZ.

Materials and methods

Cell lines and treatment

The human glioma cell line U251MG was purchased
from Cobioer (Nanjing, China). Cells were cultured in
high-glucose DMEM medium (Gibco, Carlsbad,
California, USA) supplemented with 10% FBS (Sigma,
St. Louis, Missouri, USA), 100 pg/ml streptomycin, and
100 U/ml penicillin in a humid atmosphere containing 5%
CO,; at 37°C. Cells were digested and passaged when the
confluency reached 70-80%. The concentration gradient
method was used to establish the resistant cell lines. The
concentration of TMZ was 1, 5, 10, 15, and 20 pg/ml. The
cell line with certain resistance to TMZ was named
U251R. When the cell line was established, it was cul-
tured with 20 pg/ml of TMZ to stabilize its drug resis-
tance for one week per month.

Transfection

The cells were seeded in six-well plates (3x105/we11)
and cultured for 24 h. When the cell density reached
70-80%, the old culture medium was replaced with 2 ml
of fresh medium. The transfection mix containing the 3
pl HiPerFect Transfection Reagent (Qiagen, Hilden,
Germany) and 50 nmol/l miR-195-5p mimics or negative
control (NC) [or 100 nmol/l miR-195-5p inhibitor or
50 nmol/l siRNA for cyclin E1 (CCNE)] was added to
the medium and the cells were incubated at 37°C. After
48 h of transfection, the medium was replaced and the
cells were collected for further analyses.

Cell proliferation and drug sensitivity

Glioma cells in the logarithmic phase were collected and
plated in 96-well plates (4000 cells/well) and incubated at
37°C for 24, 48, 72, 96, and 120 h. 20 pl of methyl thia-
zolyl tetrazolium (MTT, 5mg/ml; Sigma, Shanghai,
China) was added to each well and the cells were incu-
bated for another 4 h of incubation. After removing the
medium, 200 pl dimethylsulfoxide was added and the
plate was shaken for 10 min to terminate the reaction. A
SpectraMax i3x microplate reader (Molecular Devices,
Silicon Valley, California, USA) was used to detect the
absorbance at 490 nm. Each experiment was conducted
in triplicate and included three replicates.

ICs, determination

The cell viability was detected by M'TT at different con-
centrations of TMZ (20, 50, 100, 200, 300, 400, 500, 600,
800, 1000, and 1200 pg/ml). The inhibition percent of each
test compound was calculated by comparing with the
vehicle control. The ICs value was determined by a non-
linear regression analysis of the concentration—response
curve using the Hill equation and the resistance
index =1Cjs (resistant cells)/ICs, (parent cells).

Cell apoptosis analysis

Cell apoptosis was first measured using the Hoechst 33342/
propidium iodide (PI) Staining Kit (Solarbio, Beijing,
China). Then, the cell apoptosis rate was measured using
the Annexin V:FITC Apoptosis Detection Kit (BD
Biosciences, San Jose, California, USA) according to the
manufacturer’s instructions. Briefly, the cells were collected
at 72 h after transfection and adjusted to the concentration of
1 x 10%ml. Cell suspension of 200 pl was assigned for each
sample, washed twice with cold PBS, and resuspended in
100 pl binding buffer. Then, 5 pl Annexin-V-FITC (20 pg/
ml) and 5 pl PI (50 pg/ ml) were added and the cells were
incubated on ice in the dark for 15 min. Then, 400 pl
binding buffer was added and the detection was performed
using BD FACSCanto II (BD Biosciences).

Real-time quantitative PCR

Cells were collected and lysed in RNAiso for Small RNA
(Takara, Kusatsu, Japan) for miRNA extraction. The One-
Step PrimeScript miRNA ¢cDNA Synthesis Kit (Takara) was
used for reverse transcription. 'The expression level of miR-
195-5p was detected using the One-Step qRT-PCR method.
The miR-195-5p primer, U6 primer, and EzOmics SYBR
gPCR kit were purchased from Biomics Biotechnologics
(Guangzhou, China). Briefly, for amplification of miR-195-5p,
100 ng RNA was used in a 25-pl reaction system containing
12.5pl 2x Master Mix, 0.5pul 50x SYBR-Green, 0.5pl
reverse transcription primer (10 pmol/l), 0.5 pl sense, and 0.5
pl antisense primers (10 pmol/l). One-Step PCR parameters
for miRNA quantification were as follows: 37°C for 60 min for
reverse transcription, 10 min at 95°C, and then 40 cycles of
20 s at 95°C, 30 s at 62°C, and 30 at 72°C. Each sample was
tested in triplicate.

For RNA analysis, total RNA was isolated from the cul-
tured cells using Trizol reagent (Invitrogen, Waltham,
Massachusetts, USA) according to the manufacturer’s
instructions. Reverse transcription was performed using
the PrimeScript RT-PCR kit (Takara). GAPDH mRNA
levels were used for normalization. The primer sequences
were as follows: CCNEI, left primer: 5-GGA AGA GGA
AGG CAA ACG 'TG-3' and right primer: 5-GCA ATA
ATC CGA GGC TTG CA-3; GAPDH, left primer:
5-TCG TGG AAG GAC TCA TGA CC-3', and right
primer: 5-ATG ATG TTC TGG AGA GCC CC-3". The
real-time PCR parameters for relative quantification were as
follows: 5 min at 94°C, followed by 30 cycles of 30's at 94°C,
45s at 57°C, and 455 at 72°C. Each sample was tested in
triplicate, and the fold change in mRNA expression was
calculated using the 2724% method.

Western blot analysis

Cell protein was extracted using RIPA lysis buffer. The
supernatant was quantified using a bicinchoninic acid assay
(Pierce, Rockford, Illinois, USA). Next, 25 pg of protein was
denatured with 5x SDS loading buffer at 95°C for 5 min.
Subsequently, whole-protein samples were separated by



10% SDS-polyacrylamide gel electrophoresis and trans-
ferred onto 0.45-pm nitrocellulose membranes. Following
1 h of blocking in 5% fat-free milk, the membranes were
incubated with the CCNE/ antibody (1:1000) and the f-
actin antibody (1:1000) (Sigma, USA) overnight at 4°C.
Blots were then washed and incubated for 1h with the
secondary antibodies. After washing with PBST, chemilu-
minescence was detected using the Odyssey scanning
system (LLI-COR, Lincoln, Nebraska, USA).

Dual-luciferase reporter assay

"The potent target genes of miR-195 were predicted using the
online tool TargetScan. CCNE/ 3'-UTR (wild type) and its
mutant were cloned into the psiCHECK-2 reporter vector,
and co-transfected with miR-195-5p mimics (50 nmol/l) or
NC when HEK-293 cells reached 80-90% confluence. 72 h
after transfection, luciferase activity was measured using
the dual-luciferase reporter assay kit (Promega, Madison,
Wisconsin, USA). Briefly, the cells were washed twice with
PBS and then lysed by incubation at room temperature for
15 min with passive lysis buffer. The supernatants were col-
lected and 20 pl of the aliquots were added to 96-well plates.

Fig. 1
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The firefly luciferase reporter was measured immediately
after adding Luciferase Assay Reagent II. Next, 100 pl of
Stop & Glo reagent (Promega, Madison, Wisconsin, USA)
was added to each well to initiate the renilla luciferase. The
psiCHECK-2 vector, which provides constitutive expression
of firefly luciferase, was co-transfected as an internal control.
All experiments were conducted three times.

Statistical analysis

All experiments were conducted in triplicate and results
were presented as the mean+ SD or mean = SE. Statistical
analysis was carried out using one-way analysis of variance
in GraphPad Prism 5 (GraphPad Software, La Jolla,
California, USA). ~Test was used for comparison between
groups. A P value less than 0.05 was considered statistically
significant.

Result

MiR-195 was downregulated in TMZ-resistant
glioblastoma cells

First, we established the 'T'MZ-resistant cell line (U251R),
which was generated by stepwise (6 months) exposure of
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MiR-195 is downregulated in temozolomide (TMZ)-resistant glioblastoma cells. (a) The ICso of U251 (right) and U251R (left) cell lines. (b) The growth
curves of U251 and U251R cell lines. (c) MiR-195 is downregulated in U251R cells. The data are the result of three independent experiments and are

presented as mean+SD.*P<0.05.
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MiR-195 reverses temozolomide (TMZ) resistance in glioma cells. (a) Inhibition of miR-195 promotes TMZ resistance in U251 cells and
overexpression of miR-195 reverses TMZ resistance in U251R cells. (b) Overexpression of miR-195 induces apoptosis in U251R cells. Cell apoptosis
was measured using the Hoechst 33342/P| Staining Kit. Scale bars =100 pm. (c, d) Inhibition of miR-195 suppresses cell apoptosis, whereas
overexpression of miR-195 induces apoptosis in U251 and U251R cells. (e) Ectopic expression of miR-195 blocks G1/S transition, whereas inhibition
of miR-195 promotes G1/S transition. The data are the result of three independent experiments and are presented as mean+ SD. *P < 0.05.

parental cells to TMZ. Cell viability was detected using
the MTT method and compared at 24, 48, 72, 96, and
120 h after seeding. The viability of U251R had pro-
gressed compared with U251 cells, and significant differ-
ences were found at 72 h after seeding. The ICs, of U251
cell line was 82.35 pg/ml (Fig. 1a) and the ICs, of the
U251R cell line was 289.83 pg/ml (Fig. 1a). The resistance
index was 3.52. At the same time, we found that the
U251R had an increased proliferation rate (Fig. 1b).

As mentioned above, miR-195 was abundant in multiple
types of cancer. In this study, the downregulated miR-
195 was verified by qPCR in U251R cells (Fig. 1c).
Results showed a significant reduction in miR-195
expression in UZ251R cells than in the parent U251 cells
(P<0.05), which was consistent with previous studies,
implying that miR-195 might be related to the progres-
sion and resistance of glioma. Therefore, we furtherly
analyzed its roles and mechanism in the parent U251 and
U251R cells in the following experiments.

Inhibition of miR-195 promoted cell resistance and

suppressed cell apoptosis and cell cycle of glioma cells
The miR-195 mimics and inhibitor were used to
overexpress and inhibit miR-195, respectively. Then,
chemoresistance was detected using the MT'T method in
the U251 or U251R cells transfected with the miR-195

inhibitor or miR-195 mimics. These results indicated that
decreasing miR-195 leads to the chemoresistance of
U251 cell viability (P<0.05, Fig. 2a, left) and over-
expressing miR-195 suppressed cell chemoresistance in
U251R cells (P<0.05, Fig. 2a, right).

Next, we examined cell apoptosis using the Hoechst 33342/
PI staining method. The results showed an obvious
increase in the cell apoptosis rate when U251R cells were
transfected with miR-195 mimics compared with the NC
group (Fig. 2b). Then, the cell apoptosis rate was detected
by flow cytometry using an Annexin-V-FI'TC/PI staining
method. Results also showed an obvious increase in cell
apoptosis when U251 and U251R cells were transfected
with miR-195 mimics, which was inhibited by the miR-195
inhibitor (Fig. 2¢ and d). Apoptosis was promoted by miR-
195 upregulation (P < 0.05) and inhibition of miR-195 sig-
nificantly suppressed cell apoptosis (P < 0.05). Meanwhile,
ectopic expression of miR-195 blocked G1/S transition in
U251R cells (Fig. 2e). Taken together, this evidence
showed that miR-195 can inhibit cell resistance and pro-
mote cell apoptosis and cell cycle in GBM cells.

CCNET1 was a target gene of miR-195

To explore the potent mechanism of miR-195 in cell
resistance and apoptosis, the potential target genes of
miR-195 were predicted using the online tool TargetScan



MicroRNA-195 reverses TMZ resistance Wang et al. 85

Fig. 3
(a) b) _ 2.5+
Position 485492 of CCNE13'UTR 5’ .. . GAACUGUUUUGUAAGLGCUGCLA. . . 5 141 - 5 s
d<a
. Z g 124 g % 20
hsa-miR-195-5p 3 COGUVAUAAAGACACGACGAU ES 104 . 2o
g 8- o 157 *
20 10+ z3
3< os 8Q 101
(c) CCNE1-3'-UTR 25 o061 ec
Rluc B 047 & @ 0.5
CCNE1-3'-UTR-WT TGCTGCTA o @ 02 o O
X a 0.0 4 o a 0.0-
» g 3 T
CCNE1-3"-UTR-MUT = NC mimics inhibitor ~ © NC  mimics _inhibitor
U251R U251
(d) (e) CCNE1 wmm wes oun G o= Su
L] *
1.2 - B-actin “wmw vy - e  (f)
* 100 " *
g 11 = £ .
E = ES 4 = 80
g o8 33 o B
§ 0.6 EE 3 2 £ 60
e Ls | 5 & - NC
2 04 gg 2 2 - MIR-195 inhibitor
s o2 _z':% 1 £ —+ miR-185 inhibitor
] 32 +CCNE1siRNA
eg 1l 1 | 0 —_——
g " X X s . Q8 5 g 2 3 0 100 200 300 400 500 600
Wi Wls MUY MUT+ E Ej E 5 Concentration of TMZ (ug/mi)
NC mimics NC mimics E = E £
U251 U251R

MiR-195 reverses temozolomide (TMZ) resistance by targeting CCNET in glioma cells. (a) Targetscan shows that CCNET is a potential target gene
of miR-195. (b) RT-gPCR shows that hsa-miR-195 mimics exert an obvious downregulation effect on CCNET mRNA, whereas the hsa-miR-195
inhibitor promotes the expression of CCNE7 mRNA in U251R and parent U251 cell lines. (c) Luciferase reporter with wild-type (WT) CCNE7 3’-UTR
and mutant (MUT) CCNET 3'-untranslated region (3’-UTR). (d) Hsa-miR-195 mimics decreases the fluorescent value of the reporter with a wild-type
CCNET1 3'-UTR. When the binding site is mutated, the fluorescence reporter could not be inhibited by miR-195 mimics. (e) Ectopic expression of
miR-195 induces a decrease in CCNET protein, whereas inhibition of mi5-195 leads to an increase in CCNET in U251R and parent U251 cell lines.
(f) Knockdown of CCNET partially reverses TMZ resistance induced by decreased miR-195. The data are the result of three independent experiments
and are presented as mean+ SD.*P < 0.05.

(htp:/fwww.targetscan.orgl). The software showed that result showed that decreasing miR-195 leads to sig-
CCNEI was a potential target gene of miR-195 (Fig. 3a). nificant TMZ resistance in U251 cell; however, when
RT-qPCR showed that hsa-miR-195 mimics exerted an ~ CCNEI was knocked down, the TMZ resistance sup-
obvious downregulation effect on CCNEI mRNA, pressed. This indicated that knockdown of CCNE1 par-
whereas the hsa-miR-195 inhibitor promoted the  tially reversed the effect of decreased miR-195 on TMZ
expression of CCNE! mRNA in U251R and parent U251 resistance (Fig. 3f).

cell lines (Fig. 3b).

To confirm the regulation of miR-195 on CCNE1, the MiR-195 was correlated negatively with CCNET in

dual-luciferase reporter assay was performed. The result ~ 9lioma samples . .
showed that hsa-miR-195 mimics decreased the fluor- T'o confirm the correlation between miR-195 and CCNE 1,

escent value of the reporter with a wild-type CCNE1 3'- we analyzed the data of glioma samples from The Cancer
UTR. When the binding site was mutated, the fluores- Genome Atlas — Cancer Genome. We selected the cohort
cence reporter could not be inhibited by miR-195 mimics of The Cancer Genome Atlas — Cancer Genome Lower
(Fig. 3c and d). Also, western blot verified that the Grade Glioma, which consisted of 530 clinical samples,

downregulation effect of miR-195 on CCNE mRNA led and obtained the complete expression data of mRNA and

to a significant decrease in CCNE/ at the protein level in miRNA. We analyzed the correlation of miR-195 and
U251 and U251R cells (Fig. 3¢). The results showed that CCNE] using the Xena browser and the result showed that
there was a probable correlation between the expression of

miR-195 and CCNE! (Fig. 4a). Further nonparametric
correlation (Spearman) analysis showed there was a nega-
Then, the effect of CCNE1 on chemoresistance induced tive correlation between the expression of miR-195 and
by decreased miR-195 was measured in U251 cells. The CCNEI (r=-0.2160, P<0.0001, Fig. 4b). The results of

hsa-miR-195 could suppress the expression of CCNE by
binding the target site in the 3’-UTR of CCNET directly.
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Fig. 4
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clinical samples further suggested that hsa-miR-195 could
negatively regulate the expression of CCNE/ in glioma.

Discussion

In our present study, miR-195 was found to be down-
regulated in TMZ-resistant glioma cell line — U251R.
The function experiment indicated that miR-195 can
reverse the resistance to 'TMZ and inhibit cell prolifera-
tion and promote apoptosis of glioma cells. Also, we
found that CCNE1 was one of the targets of miR-195 and
its expression was suppressed by upregulated miR-195,
implying the possible regulatory mechanism of miR-195
in glioma resistance to TMZ chemotherapy.

As a mature miRNA, miR-195 was reported to be
involved in multiple tumors. It plays a tumor-suppressor
role in multiple tumors, including colorectal cancer [8],
osteosarcoma [9], breast cancer [10-12], prostate cancer
[13,14], in gliomas [15], cervical cancer [16], bladder
tumor [17], and hepatocellular carcinoma [18,19] by tar-
geting different target genes. Some studies have reported
that miR-195 participates in the chemotherapy resistance
of cancer cells. In non-small-cell lung cancer, miR-195
was associated with gefitinib sensitivity [20]. In breast

cancer, it has been shown to increase drug responsiveness
to doxorubicin [21] and adriamycin [22] by targeting
Raf-1. In gastric cancer, miR-195 was involved in che-
motherapy/radiotherapy response by targeting CHKI
[23]. However, its role and mechanism in the TMZ
resistance in glioma remains unclear.

Our study showed that miR-195 is downregulated in the
"TMZ-resistant glioma cells and CCNE]T is its direct target
gene. Cyclins were the key regulators of the cell cycle,
playing important roles in tumorigenesis [24,25]. As a
potent oncogene, CCNE functions as a regulatory subunit
of CDKZ2 and regulates the transition from the G1 phase to
the S phase of the cell cycle. CCNE protein accumulates
at the G1-S phase boundary and is degraded as cells
progress through the S phase. Overexpression of this gene
has been observed in many tumors and its deregulation is
considered to play a fundamental role in tumorigenesis
[25]. CCNET has also been reported to contribute toward
the progression of many types of cancer [26,27]. Its gene
amplification or overexpression has been observed in
esophageal adenocarcinoma [28], gastric carcinoma patient
[26], endometrioid endometrial carcinomas [29], ovarian
cancer [30], endometrial intraepithelial carcinoma, and



uterine serous carcinoma [31]. Its amplification was con-
sidered an early genetic event during tumor progression
[31]. Thus, CCNEI may present as a target for precision
cancer therapy [32].

CCNEI has been also reported to be associated with
chemoresistance. In ovarian carcinomas, high CCNE/
copy number and protein expression were associated
with primary chemoresistance [33]. In multiple myeloma,
overexpression of CCNEI reduced the sensitivity to
seliciclib [34]. In bladder cancer, upregulation of CCNE1
was associated with cisplatin resistance [35]. Our result
showed that CCNE]! is upregulated in TMZ-resistant
glioma cells and its knockdown suppressed cell viability
and reduced the resistance to TMZ. Thus, CCNE1 may
be a key gene associated with chemoresistance. Recently,
CCNEI has been reported to play a role in mediating
asymmetric cell division, specifying cell fate and,
importantly, in driving stem cell self-renewal, indepen-
dent of its activity in cellular proliferation [36,37]. Thus,
its effect on cancer stem cells may be its underlying
mechanism of chemoresistance. Thus, as one of the tar-
gets of miR-195, CCNE expression is suppressed by
upregulated miR-195, implying the possible regulatory
mechanism of miR-195 in glioma resistance to TMZ
chemotherapy.

Conclusion

MiR-195 was decreased in TMZ-resistant glioma cells
and its overexpression can inverse the resistance to TMZ
and CCNE] is a direct target gene of miR-195. As a
promising candidate for the treatment of 'TMZ-resistant
glioma, further research is needed to clarify the function,
mechanism, and the potential clinic value of miR-195 in
detail in the treatment of glioma.
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