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MicroRNA-218 inhibits the malignant phenotypes of glioma by
modulating the TNC/AKT/AP-1/TGFf1 feedback signaling loop
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Abstract. Gliomas are the most malignant and common
tumors of the human brain, and the prognosis of glioma
patients is extremely poor. MicroRNAs (miRNAs or miRs)
play critical roles in different types of cancer by performing
post-transcriptional regulation of gene expression. Although
miR-218 has been demonstrated to be decreased in gliomas,
its role in gliomas remains largely unknown. miR-218 expres-
sion was analyzed in gliomas and normal brain tissues (control
subjects) using a dataset from The Cancer Genome Atlas. A
series of in vitro and in vivo studies were performed to deter-
mine the biological roles of miR-218 in glioma cells. Potential
targets of miR-218 were identified using a dual-luciferase
reporter system. Western blot and dual-luciferase reporter
system experiments were performed to evaluate the regulatory
effect of miR-218 on the tenascin C (TNC)/AKT/activator
protein 1 (AP-1)/transforming growth factor f1 (TGFf1)
pathway. It was demonstrated that miR-218 was significantly
downregulated in gliomas compared with control subjects, and
played potent tumor suppressor roles in glioma cells by inhib-
iting cell proliferation, colony formation, migration, invasion
and tumorigenic potential in nude mice, as well as inducing
cell cycle arrest and apoptosis. Mechanistically, miR-218
inhibited malignant phenotypes of glioma cells by binding to
the 3'-untranslated region of its target TNC and subsequently
suppressing its expression. As a result, miR-218 could reduce
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AKT phosphorylation and subsequently inhibit transcriptional
activity of AP-1 by reducing JNK phosphorylation, down-
regulating the expression of TGFp1, while TGFf1 was able
to, in turn, activate the TNC/AKT/AP-1 signaling axis. Our
data revealed a previously unknown tumor suppressor role
of miR-218 by blocking the TNC/AKT/AP-1/TGFf1-positive
feedback loop in glioma.

Introduction

Gliomas, which represent ~70% of all brain tumors, are the
most malignant and common tumors in the human brain (1).
Currently, a combination of chemotherapy and radiation
following maximal safe surgical resection is the standard treat-
ment for newly diagnosed patients with glioma (2,3). However,
despite these treatments, the overall survival rate of patients
with glioma continues to be among the lowest of all the main
types of cancer (4). Thus, it is important to understand the
molecular mechanism of its pathogenesis to develop effective
therapeutic strategies for glioma.

MicroRNAs (miRNAs/miRs) can bind to the 3'-untrans-
lated region (UTR) of target mRNAs and induce translational
suppression, mRNA destabilization or cleavage to perform
post-transcriptional regulation of gene expression (5-9).
Increasing evidence has indicated that miRNAs, as small
non-coding single-stranded RNA molecules, are critical in the
tumorigenesis and development of different types of cancer,
including gliomas (10-13). Among them, downregulated
miR-218 expression has been reported in gliomas, but not in
normal brain tissues (14-16), which is closely associated with
poor overall survival and disease-free survival in patients
with glioma (17,18). Notably, miR-218 contains miR-218-1
and miR-218-2, located on chromosome 4p15.31 and 5q35.1,
respectively, which have different 3p sequences, but the same
5p sequences as miR-218-5p (19). However, the role of miR-218
in glioma remains unclear.

The present study identified tenascin C (TNC) as a novel
target of miR-218, which is a major constituent of the extracel-
lular matrix in the developing brain, and can be re-expressed
in wound healing, inflammation and tumors (20-23). TNC
expression is upregulated in gliomas, and is significantly
associated with poor patient survival and malignant
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progression (24). It has been reported that TNC may be a
promising therapeutic target for glioma (25). miR-218 was
confirmed as a potential tumor suppressor in glioma by
blocking the TNC/AKT/activator protein-1 (AP-1)/trans-
forming growth factor 1 (TGFp1)-positive feedback loop via
a series of in vitro and in vivo experiments.

Materials and methods

The Cancer Genome Atlas (TCGA) analysis. The miRNAs
and TNC expression profiles of TGCA-low-grade glioma
(LGG) dataset and the clinical information were obtained
from TCGA database (https:/portal. gdc.cancer.gov/) (26). A
total of 5 normal brain tissues and 526 LGG tissues from the
TCGA database were obtained. Patients without clinical infor-
mation, including age, sex, TNM stage, histological grades,
survival, and without miR-218-1, miR-218-2 and TNC expres-
sion data were excluded. An unpaired Student's t-test was used
to compare gene expression in two groups of tissues. Survival
analysis was performed using the Kaplan-Meier method and
log-rank test. The association between TNC expression and
miR-218s expression was analyzed via linear regression.

Reverse transcription-quantitative (RT-q)PCR. TRIzol
reagent (Takara Biotechnology Co., Ltd.) was used to extract
total RNA from cell lines and tissues following the manufac-
turer's protocol. The cDNA was synthesized with 500 ng total
RNA using PrimeScript RT reagent kit (Takara Biotechnology
Co., Ltd.) according to the manufacturer's instructions. gPCR
was carried out on a CFX96 Thermal Cycler Dice™ real-time
PCR system (Bio-Rad Laboratories, Inc.) using SYBR Premix
Ex Taq™ (Takara Biotechnology Co., Ltd.), as previously
described (27). The amplification conditions were as follows:
Stage 1 (holding 95°C for 10 min); stage 2 (40 cycles of dena-
turing at 95°C for 15 sec, annealing at 60°C for 45 sec and
extending at 72°C for 30 sec); stage 3 (extension at 72°C for
7 min). The relative expression levels were calculated using the
224 method (28). RT-qPCR analysis was performed using
the primer sequences listed in Table SI. Relative expression
levels were normalized to /8S rRNA cDNA. The gene-specific
RT primer sequences listed in Table SII were synthesized to
reverse transcribe the indicated miRNAs into cDNA. The
primer sequences for miRNAs are listed in Table SIII, and
expression levels were normalized to the internal reference
gene U6. All experiments were performed in triplicate.

Cell culture. The human glioma cell lines, U251 and SHG44,
were purchased from the Laboratory Animal Center of Sun
Yat-sen University (Guangzhou, China). Cells were main-
tained in DMEM (Invitrogen; Thermo Fisher Scientific,
Inc.) supplemented with 10% FBS (Biological Industries),
100 TU/ml penicillin and 100 ug/ml streptomycin, at 37°C in
a humidified atmosphere with 5% CO,. All cell lines used in
this study were authenticated by short tandem repeat (STR)
analysis using the Cell ID System (Promega Corporation) in
March 2019 with maximum 20 passages before the cells were
analyzed. Meanwhile, the one-step Quickcolor Mycoplasma
Detection kit (Shanghai Yise Medical Technology Co., Ltd.;
http://www.yisemed.com) was used according to the manu-
facturer's instructions, to demonstrate that these cell lines

were not contaminated by mycoplasma. In some experiments,
cells were treated with recombinant human TGFp1 proteins
(10 ng/ml; Sino Biological, Inc.) for 24 h. The control group
had the same volume of a vehicle.

Mimics and lentivirus transfection. miR-218 mimics (sense:
5'-UUGUGCUUGAUCUAACCAUGU-3") and negative
control (NC) mimics (sense: 5'-UUUGUACUACACAAA
AGUACUG-3") (Guangzhou RiboBio, Co., Ltd.) (25 nM) were
transfected into a total of 1x10° cells using Lipofectamine®
3000 (Invitrogen; Thermo Fisher Scientific, Inc.) (at 37°C for
24 h), according to the manufacturer's protocols, in three repli-
cates. Subsequent experimentation were performed following
48 h of transfection.

A lentivirus encoding miR-218 (Ubi-MVC-SV40-
EGFP-IRES-Puro-miR-218) and control lentivirus
(Ubi-MVC-SV40-EGFP-IRES-Puro) were purchased from
Shanghai GeneChem Co., Ltd. [obtained from 293T cells
(purchased from Cell Bank of Chinese Academy of Sciences;
cat. no. GNHul7) by transient transfection of lentivirus
construct (20 pug) as well as helper plasmids pHelper 1.0
(15 ug) and pHelper 2.0 (10 ug)]. The lentiviruses were
transfected into a total of 1x10° U251 cells, with 20-100 final
lentivirus multiplicity of infection at 50% confluence, in the
presence of 8 ug/ml polybrene (at 37°C for 24 h), and replaced
with fresh medium after 24 h. Following 72 h of infection, the
fluorescence expression was observed by fluorescence micro-
scope at a magnification of x100. Then the cells were selected
using puromycin (2 ug/ml) to establish stable cell lines. These
lentiviruses were only used in the nude mice tumorigenesis
experiment.

MTT assay. After 48 h of transfection, cell numbers were
counted with a hemocytometer. A total of 5,000 cells/well were
then seeded into per 96-well plates. Following incubation for
0, 1, 3,5 and 7 days, cells were incubated with 3-(4,5-dimeth-
ylthiazol-2-yl)-2, 5-diphenylte tetrazolium bromide (MTT;
200 ul/well Sigma Aldrich; Merck KGaA) for 4 h at 37°C.
Subsequently, 150 ul of dimethyl sulfoxide was supplemented
to each well and mixed for 15 min. The absorbance of each
well was determined with an ultraviolet spectrophotometer at
490 nm.

Soft agar colony formation assay. A bottom layer of 2 ml
DMEM supplemented with 0.7% agar and 10% FBS and
a top layer of 1 ml DMEM supplemented with 0.35% agar
and 10% FBS were added in 6-well plates, which contained
3,000 cells/well and were then incubated for 2-3 weeks
at 37°C. Subsequently, with a diameter =200 pm, the total
number and sizes of colonies were calculated using a light
microscope (Olympus Corporation) in >5 fields per well for a
total of 15 fields in triplicate experiments.

Cell cycle assay. After 48 h of transfection, a total of
1x10°cells/well were then seeded into 6-well plates. Cells,
which were maintained in DMEM without FBS for 24 h
to induce cell cycle synchronization, and then maintained
in DMEM supplemented with 10% FBS for another 24 h,
were digested. After centrifugation at 500 x g for 3 min
at 4°C, the cells was washed once with PBS, and stored in
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cold 70% ethanol at -20°C overnight after washed with 4°C
PBS. Subsequently, the cells were stained with 500 u1 PBS
supplemented propidium iodide (PI) (50 p#g/ml) and RNase A
(100 U/ml) (at 4°C for 30 min) and detected by flow cytometry
(FACScan; BD Biosciences) for cell cycle analysis using the
FlowlJo software (v10.5; Tree Star, Inc.).

Apoptotic cell assay. After 48 h of transfection, a total
of 5x109 cells/well were digested, incubated with 5 ul
FITC-Annexin buffer and stained with 5 ul PI at room
temperature for 10 min, using an Annexin V-Fluorescein
isothiocyanate (FITC) Apoptosis Detection kit I
(BD Biosciences), according to the manufacturer's
instructions, and detected by flow cytometry (FACScan;
BD Biosciences) for apoptotic cell assays using the FlowJo
software (v10.5; Tree Star, Inc.).

Transwell assays. Transwell chambers (8.0-ym pore size;
Corning Life Sciences) coated with Matrigel (incubated at 37°C
for 4-5 h to make it dry and gelatinous) (BD Biosciences) or not
coated by Matrigel, on the upper chamber were used to assess
cell invasion and migration abilities, respectively. After 48 h
of transfection, 5x10* cells were seeded to the upper chamber,
which contained 200 ul serum-free medium (DMEM). The
bottom chamber was filled with 1 ml of medium containing
10% FBS. After incubation for 48 h at 37°C, the number of
cells in the bottom chamber were determined by 1% crystal
violet staining (at room temperature for 30 min) and quantified
using an inverted light microscope (Olympus Corporation) in
10 random fields. All assays were performed as previously
described (27). All experiments were performed in triplicate.

Western blot analysis. Cells were lysed in prechilled RIPA
buffer (Cell Signaling Technology, Inc.) containing protease
inhibitors. The protein concentration was determined
using A280 absorbance measurements by NanoDrop2000
Ultra Micro Spectrophotometer (Thermo Fisher Scientific,
Inc.). Equal amounts (100 ug per lane) of protein lysates
were separated by 10% SDS-PAGE and transferred to
PVDF membranes (Roche Diagnostics GmbH), and then
blocked with 10% skimmed milk at 37°C for 2 h. Next,
the membranes were incubated with the indicated primary
antibodies (Table SIV) (TNC, 1:500; phospho-Akt Serd73,
1:1,000; phospho-Akt Thr308, 1:1,000; total AKT, 1:1,000;
phospho-JNK, 1:500; total JNK, 1:1,000; JUN 1:1,000; FOS,
1:1,000; TGFp1, 1:1,000; p-actin, 1:2,000) at 4°C overnight.
After incubation of the membranes with species-specific
HRP-conjugated secondary antibodies, goat anti-rabbit anti-
body (1:3,000; cat. no. TA130023; OriGene Technologies,
Inc.) or goat anti-mouse antibody (1:3,000; TA130004;
OriGene Technologies, Inc.), for 2 h at 37°C, the Western
Bright ECL detection system (Advansta, Inc.) was used to
visualize the immunoblotting signals.

Prediction of miRNA target genes. miR-218-5p-targeted
genes were predicted with different bioinformatic algorithms
from various databases, including miRanda (http://www.
microrna.org/microrna/home.do), TargetScan 3.0 (http:/www.
targetscan.org/) and miRDB (http:/mirdb.org/). The overlap-
ping genes were analyzed.
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Dual-luciferase reporter assay. The wild-type (WT) TNC
3'-UTR was amplified from cDNA of U251 cells to construct
the luciferase reporter plasmids. The TNC 3'-UTR with mutant
(MUT) binding site of miR-218 was synthesized by Sangon
Biotech Co., Ltd. These two fragments were inserted into
pre-digested pmirGLO luciferase vector (gifted by Dr Yanke
Chen at Xi'an Jiaotong University Health Science Center) to
produce the luciferase reporter plasmids, pmirGLO-TNC
3'-UTR-WT and pmirGLO-TNC 3'-UTR-MUT. The primer
sequences for plasmid constructs are listed in Table SV. The
3xAP in pGL3-Basic luciferase reporter plasmid was purchased
from Addgene, Inc. (plasmid no. 40342), which contains three
canonical AP-1 binding sites (TGACTCA) upstream of the
luciferase reporter plasmid pGL3-Basic promoter fragment.
To assess the 3'-UTR activity of TNC mRNA modulated
by miR-218, U251 and SHG44 cells were transfected with NC
or miR-218-mimics in 6-well plates and subsequently co-trans-
fected with pmirGLO-TNC 3-UTR-WT or pmirGLO-TNC
3'-UTR-MUT, using Lipofectamine® 3000 (Invitrogen;
Thermo Fisher Scientific, Inc.). To determine transcriptional
activity of AP-1 regulated by miR-218 or TGFp1, U251 and
SHG44 cells were treated with TGFf1 (10 ng/ml; at 37°C
for 24 h) or transfected with NC/miR-218-mimics, and were
subsequently co-transfected with pRL-TK plasmids and the
3xAP in pGL3-Basic luciferase reporter plasmid. Following
incubation for 36 h, luciferase activities were detected using a
dual-luciferase reporter assay system (Promega Corporation)
on an EnSpire Multimode Plate Reader (PerkinElmer, Inc.).
Firefly luciferase activity was normalized to Renilla luciferase
activity. All experiments were performed in triplicate.

Animal studies. A total of 10 male athymic mice (3-4 weeks-old;
weight 17.82+3.09 g) were obtained from Shanghai SLAC
Laboratory Animal Co., Ltd. A total of 5 mice were housed in
a cage with a controlled temperature (22+2°C) and humidity
(55+5%), maintained on a 12-h light/dark cycle, and were given
free access to water and food. The mice (5-6 weeks-old) were
subcutaneously inoculated into the root region of the right hind
leg with 6x10° U251 cells (suspended in PBS) overexpressed
with miR-218 or control cells to establish tumor xenografts.
From day 3 post-injection, the formula, width? x length x 0.5,
was used to calculate tumor volumes every 2 days. After
13 days, the mice were sacrificed via cervical dislocation and
tumors were harvested according to the National Institutes
of Health (NIH) Guidelines. The maximum tumor size was
227.3 mm?®. All animal experiments were approved by The
Laboratory Animal Center of Xi'an Jiaotong University (Xi'an,
China).

Immunohistochemistry (IHC). IHC analysis was performed
as previously described (29) to detect Ki67 expression in the
xenograft tumors, which were fixed in 4% paraformaldehyde
at room temperature for 72 h. Briefly, after dewaxing in xylene
and rehydrating in a gradient concentration of ethanol, the
paraffin-embedded tissue slides (with a thickness of 5 pm)
were incubated in 0.3% hydrogen peroxide in distilled water
at room temperature for 10 min to block endogenous peroxi-
dase activity, then treated with an antigen retrieval method
by heating, and were then incubated with mouse anti-Ki67
antibody (1:200; cat. no. 556003; BD Biosciences) overnight
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at 4°C. Subsequently, the slides were incubated with bioti-
nylated goat anti-mouse IgG (1:3,000; cat. no. TA130009;
OriGene Technologies, Inc.) at 37°C for 1 h. Immunodetection
was performed with the Streptavidin-Peroxidase system
(ZSGB-BIO; OriGene Technologies, Inc.) according to the
manufacturer's protocol. After washing, diaminobenzidine
and hematoxylin were respectively added at room temperature
for ~20 sec to detect immunoreactive proteins. Ki67 protein
expression was scored using a light microscope (magnifica-
tion, x400; Olympus Corporation) in 5 random fields, in
double-blinded way (i.e., without knowing the group of the
case),and 0, 1, 2, 3 represents negative, weak positive, positive
and strong positive, respectively.

Statistical analysis. Statistical analysis was performed using
SPSS 11.5 software (SPSS, Inc.). Continuous variables with
normal distribution were analyzed by independent t-test
(expressed as the means + SD). A one-way analysis of variance
(ANOVA) with Tukey's post hoc test was performed to test for
the statistical significance of each quantified nuclear feature
amongst the three groups in analyzing the effect of TGFf and
miR-218 on AP-1 signaling activity. P<0.05 was considered to
indicate a statistically significant difference.

Results

miR-218 expression is frequently downregulated in gliomas.
To investigate miR-218 function in glioma tumorigenesis,
miR-218-1 and miR-218-2 expression was analyzed in gliomas
and normal brain tissues (control subjects) using a dataset
from TCGA. As presented in Fig. 1A, both miR-218-1 and
miR-218-2 expression levels were significantly downregulated
in gliomas compared with the control subjects. In addition,
miR-218-2 expression was significantly higher than miR-218-1
expression in gliomas (4.99+1.95 vs. 0.25+0.43; P<0.001), indi-
cating that mature miR-218 in gliomas is mostly constituted
by miR-218-2, which was consistent with a previous study in
thyroid cancers (30). miR-218-1 and miR-218-2 expression
in gliomas was further analyzed with different histological
grades. As revealed in Fig. 1B (left panel), miR-218-1 expres-
sion levels were not significantly different between gliomas
with histological grade 2 (G2) and grade 3 (G3) (P=0.71).
However, the gliomas with histological G3 had significantly
lower miR-218-2 expression than those with histological G2
(P=0.002; Fig. 1B, right panel).

A large cohort of gliomas in TCGA dataset was analyzed
via the Kaplan-Meier method. As revealed in Fig. 1C, the
expression levels of miR-218-1 and miR-218-2 did not affect
the survival of patients with glioma when their survival time
was <2,000 days. However, miR-218-2 downregulation but
not that of miR-218-1 was significantly associated with poor
patient survival when their survival time was >2,000 days
(Fig. 1D). Collectively, these results indicated that miR-218-2
may be a potential biomarker to predict long-term survival of
patients with glioma.

miR-218 inhibits glioma cell proliferation. To determine
the biological function of miR-218 in glioma, a series of
in vitro experiments with miR-218 gain-of-function in
glioma cells were performed using miR-218 mimics and NC

mimics (Fig. 2A). The results demonstrated that miR-218
mimics significantly suppressed the proliferation of U251
and SHG44 cells compared with the controls (Fig. 2B). The
effect of miR-218 mimics on cell proliferation using soft agar
colony formation assay was also assessed. The colonies were
divided into different groups by size. The results demonstrated
that fewer cell colonies were formed following overexpression
of miR-218 compared with the control cells in the large size
group (area of colonies >3,000 ym?) (Fig. 2C). However, the
number of colonies was not significantly different between
overexpression of miR-218 cells and control cells in the
small size group (area of colonies <3,000 ym?) (Fig. 2C).
The in vivo tumor-suppressing effect of miR-218 was also
evaluated in nude mice. Lentivirus encoding miR-218 and
control lentivirus were transfected into cells to establish
tumor xenografts. These lentiviruses were only used in the
nude mice tumorigenesis experiment. miR-218 expression was
confirmed after harvesting the tumor tissue (Fig. 2D). It was
revealed that U251 cells stably expressing miR-218 induced
tumors which had significantly smaller mean tumor volumes
and longer latency compared with the control (Fig. 2E). The
xenograft tumors were isolated and weighed at the end of the
experiments. As presented in Fig. 2F, tumors stably expressing
miR-218 weighed significantly less than the control tumors
(P=0.0009). As anticipated, the percentage of Ki67-positive
cells was significantly lower in cells stably expressing
miR-218 (Fig. 2G).

The effects of miR-218 mimics on cell cycle distribution
and apoptosis in U251 and SHG44 cells were assessed. The
results demonstrated that the cell cycle of miR-218-overex-
pressing cells was arrested at the G,/G, phase compared with
the control cells (Fig. 3A). The percentage of cells in the G/G,
phase increased from 51.7+2.4 to 62.3+2.0% in U251 cells
(P=0.004) and from 52.3+2.7 to 66.6+3.7% in SHG44 cells
(P=0.005). In addition, transfection with miR-218 mimics
increased both early and late apoptosis compared with the
control (20.5x1.1 vs. 28.9+1.8% in U251 cells, P<0.002; and
7.2+1.3 vs. 16.0+£2.1% in SHG44 cells, P=0.003; Fig. 3B).
Collectively, these results indicated that miR-218 acts as a
tumor suppressor in glioma cells.

miR-218 inhibits glioma cell migration and invasion. The
effect of miR-218 mimics on migration and invasion potential
was assessed in U251 and SHG44 cells. The results demon-
strated that overexpression of miR-218 significantly suppressed
the migration in U251 and SHG44 cells (Fig. 4). In addition,
transfection with miR-218 mimics significantly downregu-
lated the ability of cells to invade through the Matrigel-coated
membrane (Fig. 4). Collectively, these results indicated that
miR-218 is closely associated with metastatic phenotypes of
glioma cells.

TNC is a novel target of miR-218. A panel of candidate genes,
which are potentially targeted by miR-218, were identified
using target predicting tools, such as miRanda, TargetScan
and miRDB. Among them, genes involved in vital signaling
pathways were selected, including inhibitor of NF-«xB
kinase subunit § (IKBKB), TNC and WNT2B. As revealed
in Fig. 5A and B, and Fig. S1, only TNC was notably downregu-
lated following transfection with miR-218 mimics in these two
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Figure 1. Downregulation of miR-218 in gliomas. (A) Expression of miR-218-1 and miR-218-2 in a panel of gliomas (T) and normal brain tissues (N). (B) The
expression of miR-218-1 and miR-218-2 in gliomas with different histologic grades. (C) The association of miR-218-1/2 expression with short-term survival
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obtained from The Cancer Genome Atlas database and were expressed as the mean + SD. miR, microRNA.

cell lines, at both the mRNA and protein levels. In addition, 7NC 3'-UTR (attached to luciferase coding region) luciferase
miR-218 modulated TNC via a direct interaction. A total of two  reporter plasmids, which contained putative miR-218 binding
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Figure 2. Inhibitory effect of miR-218 on glioma cell growth. (A) U251 and SHG44 cells were transfected with miR-218 mimics and the negative control (NC)
mimics, and reverse transcription-quantitative PCR was performed to monitor miR-218 expression. U6 was used as a reference gene. (B) The MTT assay was
used to evaluate the inhibitory effect of miR-218 mimics on the proliferation of the indicated glioma cells. (C) The effect of miR-218 mimics on colony forma-
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analysis of colony numbers. (D) Lentivirus encoding miR-218 and control lentivirus were transfected into cells to establish tumor xenografts. Those lentivi-
ruses were only used in nude mice tumorigenesis experiment. miR-218 expression was confirmed after harvesting the tumor tissue. (E) Tumor growth curves
were compared between U251 cells stably expressing miR-218 and control cells in nude mice (n=5/group). Tumor cells were injected at day 0. (F) Images (left
panel) and histogram of tumor weight (right panel) of dissected tumors from miR-218-overexpression and control groups. (G) Representative Ki67 staining of
dissected tumors from the indicated groups was revealed in upper panel. The histogram (lower panel) represents the percentage of Ki67-positive cells from
5 microscopic fields in each group (magnification, x400; upper panel). Scale bars, 200 ym. The data are expressed as the mean + SD. "P<0.05, “P<0.01 and
“"P<0.001. miR, microRNA; NC, negative control.

sites, WT 5'-AAGCACA-3' and MUT 5'-ACGAATA-3', mimics in U251 and SHG44 cells transfected with WT lucif-
were constructed (Fig. 5C). The results demonstrated that  erase reporter plasmid (Fig. 5D). Notably, luciferase activity
luciferase activity was significantly suppressed by miR-218  remained unchanged in cells transfected with MUT luciferase
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reporter plasmid (Fig. 5D). Collectively, these results indicated
that TNC is a direct target of miR-218.

TNC expression was analyzed in gliomas and normal brain
tissues using a dataset from TCGA. The results demonstrated
that TNC expression was significantly upregulated in gliomas
(Fig. S5E), which was consistent with a previous study (24). In
addition, the correlation between miR-218-1/miR-218-2 and
TNC expression in gliomas was also investigated. As revealed
in Fig. 5F, TNC expression was significantly correlated with
miR-218-1 expression (P=0.024, r=-0.10; Pearson's correlation
coefficient, left panel), and was significantly correlated with
miR-218-2 expression (P<0.0001, r=-0.26; Pearson's correla-
tion coefficient, right panel).

miR-218 functions as a tumor suppressor in glioma cells
by inhibiting the TNC/AKT/AP-1/TGFpI-positive feedback

loop. The molecular mechanism of malignant phenotypes of
glioma cells inhibited by miR-218 was investigated. Increasing
evidence has indicated that TNC can increase phosphoryla-
tion of AKT at Ser473 by interacting with integrins, thereby
activating the PI3K/AKT pathway (31-33). Thus, it was hypoth-
esized that miR-218 may inhibit the PI3K/AKT signaling by
targeting TNC. The results demonstrated that transfection
with miR-218 mimics downregulated TNC expression, and
notably inhibited phosphorylation of AKT at Ser473, while it
slightly affected phosphorylation of AKT at Thr308 in U251
and SHG44 cells (Fig. 6A).

Targeted by the PI3K/AKT signaling pathway, transcrip-
tion factor AP-1 is constitutively activated in glioma and is
important in cell proliferation (34-37). AP-1, which can bind to
a common DNA binding sequence, is a heterodimer composed
primarily by the FOS and JUN families (38,39). AP-1 activation
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involves complex processes, such as increased expression or
phosphorylation of FOS and JUN (40). As revealed in Fig. 6A,
transfection with miR-218 mimics markedly inhibited JNK
phosphorylation, while it slightly affected FOS, JUN and total
JNK expression in U251 and SHG44 cells. Considering that
TGFp1 is a well-known target of AP-1 (41-43), it was hypoth-
esized that miR-218 could downregulate TGFf31 expression by
suppressing AP-1 activity. As revealed in Fig. 6A, transfection
with miR-218 mimics decreased TGFf1 expression in U251
and SHG44 cells compared with the control. Collectively,
these results indicated that transcriptional activity of AP-1
could be inhibited by miR-218, as supported by the AP-1 lucif-
erase reporter assay (Fig. 6B).

To confirm the in vivo findings, western blot analysis was
performed to detect the indicated gene expression in the xeno-
graft tumors. The results demonstrated that TNC expression
was significantly decreased in tumors overexpressing miR-218
(transfected with lentivirus encoding miR-218) compared with
control tumors (transfected with control lentivirus) (Fig. 6C).
As anticipated, phosphorylation of AKT at Ser473, p-JNK and
TGFp1 expression was markedly decreased in tumors overex-
pressing miR-218 compared with the control tumors. However,
no significant differences were observed in phosphorylation
of AKT at Thr308 and the expression levels of FOS, JUN and
total JNK between the two groups, further supporting the
in vitro findings. Notably, TGFf1 has been reported to induce
TNC expression involving Smad3/4, Spl transcription factor,
ETS proto-oncogene 1, transcription factor and CBP300 (44).

Thus, it was hypothesized that TGFf1 could activate the
AKT/AP-1 signaling axis by upregulating TNC expression,
thereby forming a positive feedback loop. To demonstrate this,
U251 and SHG44 cells were treated with recombinant human
TGFp1 proteins. The results demonstrated that treatment with
TGFR1 markedly induced TNC expression and subsequently
increased phosphorylation of AKT at Ser473 and JNK expres-
sion, the effects of which were reversed following transfection
with miR-218 mimics (Fig. 6D). This was also supported by
the AP-1 luciferase reporter assay (Fig. 6E). Collectively, these
results indicated that miR-218 acts as a tumor suppressor in
glioma cells by blocking the TNC/AKT/AP-1/TGFp1-positive
feedback loop.

In the present study, a model was proposed to investigate
the molecular mechanism of miR-218 inhibiting malignant
progression of glioma (Fig. 6F). Briefly, miR-218 suppresses
TNC expression by binding to its 3'-UTR. This in turn
decreases AKT phosphorylation and subsequently suppresses
transcriptional activity of AP-1 by decreasing JNK phosphor-
ylation, thereby downregulating TGFf1 expression, which
activates the TNC/AKT/AP-1 signaling axis. Thus, miR-218
acts as a potent tumor suppressor in glioma by blocking the
TNC/AKT/AP-1/TGFp1-positive feedback loop.

Discussion

miR-218 has been widely reported to act as a putative tumor
suppressor that is downregulated in several types of human
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UTR, untranslated region; MUT, mutant; WT, wild-type; NC, negative control.

cancer, including gastric, nasopharyngeal, lung, cervical, oral
and brain tumors (14-16,45-49). Low miR-218 expression is
closely associated with poor overall survival and disease-free
survival in patients with glioma (17). However, the role and
underlying molecular mechanism of miR-218 in glioma
remains unclear.

The results of the present study demonstrated that
miR-218 acted as a potent tumor suppressor in glioma.

TCGA dataset was systematically analyzed, and the results
demonstrated that both miR-218-1 and miR-218-2 expres-
sion levels were significantly downregulated in gliomas
compared with the control subjects. In addition, the results
confirmed that miR-218-2 constituted most of the mature
miR-218 in gliomas. miR-218-2 expression was negatively
correlated with histological grading of patients with
gliomas. Notably, downregulated miR-218-2 expression
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was closely associated with poor long-term survival of  for patients with glioma. Furthermore, transfection with
patients with glioma. Collectively, these results indicated miR-218 mimics significantly suppressed the malignant
that miR-218-2 may be a potential prognostic biomarker phenotypes of glioma cells, which validated the tumor



suppressive role of miR-218 in glioma cells, which was
consistent with a previous study (50).

To further understand the tumor suppressive role of
miR-218 in gliomas, TNC was identified as a novel target
of miR-218 using target prediction tools, western blotting
and the dual-luciferase reporter assay. Analysis of TCGA
dataset demonstrated that TNC expression was significantly
increased in gliomas compared with the control subjects, and
was negatively correlated with miR-218 expression, particu-
larly miR-218-2. TNC, which is characterized by a modular
construction and a six-armed quaternary structure, is a large
secreted oligomeric extracellular matrix glycoprotein that
binds to integrin cell adhesion receptors, periostin, syndecan
membrane proteoglycans and fibronectin (51-53). In the present
study, transfection with miR-218 mimics downregulated TNC
mRNA and protein expression levels, both in vitro and in vivo.

TNC has been reported to activate the PI3K/AKT signaling
pathway by interacting with integrins (31-33). Thus, the present
study assessed the effect of miR-218 on PI3K/AKT pathway
activity. The results demonstrated that transfection with
miR-218 mimics markedly inhibited phosphorylation of AKT
at Ser473, but not at Thr308, in glioma cells. Furthermore,
transcriptional activity of AP-1, a downstream target of the
PI3K/AKT pathway (34-37), was markedly inhibited by
miR-218 by decreasing JNK phosphorylation. Considering
that AP-1 transcriptionally induces TGFp1 by binding to its
promoter region (41-43), it was hypothesized that miR-218 may
downregulate TGFf1 expression by suppressing AP-1 activity
through blocking PI3K/AKT signaling. The results confirmed
that miR-218 mimics markedly decreased TGFf1 expression
in both glioma cell lines and xenograft tumors, accompanied
by decreased TNC expression and inhibition of AKT/JNK
phosphorylation.

TGFf1 has been reported to induce TNC expression (44,54).
Thus, it was hypothesized that TGFp1 can form a positive
feedback loop with the TNC/AKT/AP-1 signaling axis. The
results demonstrated that exogenous TGFf1 notably increased
TNC expression and subsequently enhanced phosphorylation
of AKT at Ser473 and AP-1 activity, the effects of which were
reversed following transfection with miR-218 mimics.

In conclusion, the results of the present study indicated that
miR-218 acts as a tumor suppressor in glioma. Furthermore,
TNC was identified as a novel target of miR-218. Notably,
miR-218 inhibited the malignant phenotypes of glioma cells
by blocking the TNC/AKT/AP-1/TGFp1-positive feedback
loop.
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